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PREFACE

Comprehensive Inorganic Chemistry III is a new multi-reference work covering the broad area of Inorganic
Chemistry. The work is available both in print and in electronic format. The 10 Volumes review significant
advances and examines topics of relevance to today’s inorganic chemists with a focus on topics and results after
2012.

The work is focusing on new developments, including interdisciplinary and high-impact areas. Compre-
hensive Inorganic Chemistry III, specifically focuses on main group chemistry, biological inorganic chemistry,
solid state and materials chemistry, catalysis and new developments in electrochemistry and photochemistry, as
well as on NMR methods and diffractions methods to study inorganic compounds.

The work continues our 2013 work Comprehensive Inorganic Chemistry II, but at the same time adds new
volumes on emerging research areas and techniques used to study inorganic compounds. The new work is also
highly complementary to other recent Elsevier works in Coordination Chemistry and Organometallic Chem-
istry thereby forming a trio of works covering the whole of modern inorganic chemistry, most recently COMC-4
and CCC-3. The rapid pace of developments in recent years in all areas of chemistry, particularly inorganic
chemistry, has again created many challenges to provide a contemporary up-to-date series.

As is typically the challenge for Multireference Works (MRWs), the chapters are designed to provide a valu-
able long-standing scientific resource for both advanced students new to an area as well as researchers who need
further background or answers to a particular problem on the elements, their compounds, or applications.
Chapters are written by teams of leading experts, under the guidance of the Volume Editors and the Editors-in-
Chief. The articles are written at a level that allows undergraduate students to understand the material, while
providing active researchers with a ready reference resource for information in the field. The chapters are not
intended to provide basic data on the elements, which are available from many sources including the original
CIC-I, over 50-years-old by now, but instead concentrate on applications of the elements and their compounds
and on high-level techniques to study inorganic compounds.

Vol. 1: Synthesis, Structure, and Bonding in Inorganic Molecular Systems; Risto S. Laitinen

In this Volume the editor presents an historic overview of Inorganic Chemistry starting with the birth of
inorganic chemistry after Berzelius, and a focus on the 20th century including an overview of “inorganic”Nobel
Prizes and major discoveries, like inert gas compounds. The most important trends in the field are discussed in
an historic context. The bulk of the Volume consists of 3 parts, i.e., (1) Structure, bonding, and reactivity in
inorganic molecular systems; (2) Intermolecular interactions, and (3) Inorganic Chains, rings, and cages. The
volume contains 23 chapters.

Part 1 contains chapters dealing with compounds in which the heavy p-block atom acts as a central atom.
Some chapters deal with the rich synthetic and structural chemistry of noble gas compounds, low-coordinate
p-block elements, biradicals, iron-only hydrogenase mimics, and macrocyclic selenoethers. Finally, the chem-
istry and application of weakly coordinating anions, the synthesis, structures, and reactivity of carbenes con-
taining non-innocent ligands, frustrated Lewis pairs in metal-free catalysis are discussed. Part 2 discusses
secondary bonding interactions that play an important role in the properties of bulk materials. It includes
a chapter on the general theoretical considerations of secondary bonding interactions, including halogen and
chalcogen bonding. This section is concluded by the update of the host-guest chemistry of the molecules of
p-block elements and by a comprehensive review of closed-shell metallophilic interactions. The third part of the
Volume is dedicated to chain, ring and cage (or cluster) compounds in molecular inorganic chemistry. Separate

xix



chapters describe the recent chemistry of boron clusters, as well as the chain, ring, and cage compounds of
Group13 and 15, and 16 elements. Also, aromatic compounds bearing heavy Group 14 atoms, polyhalogenide
anions and Zintl-clusters are presented.

Vol. 2: Bioinorganic Chemistry and Homogeneous Biomimetic Inorganic Catalysis; Vincent L. Pecoraro and
Zijian Guo

In this Volume, the editors have brought together 26 chapters providing a broad coverage of many of the
important areas involving metal compounds in biology and medicine. Readers interested in fundamental
biochemistry that is assisted by metal ion catalysis, or in uncovering the latest developments in diagnostics or
therapeutics using metal-based probes or agents, will find high-level contributions from top scientists. In the
first part of the Volume topics dealing with metals interacting with proteins and nucleic acids are presented (e.g.,
siderophores, metallophores, homeostasis, biomineralization, metal-DNA and metal-RNA interactions, but
also with zinc and cobalt enzymes). Topics dealing with iron-sulfur clusters and heme-containing proteins,
enzymes dealing with dinitrogen fixation, dihydrogen and dioxygen production by photosynthesis will also be
discussed, including bioinspired model systems.

In the second part of the Volume the focus is on applications of inorganic chemistry in the field of medicine:
e.g., clinical diagnosis, curing diseases and drug targeting. Platinum, gold and other metal compounds and their
mechanism of action will be discussed in several chapters. Supramolecular coordination compounds, metal
organic frameworks and targeted modifications of higher molecular weight will also be shown to be important
for current and future therapy and diagnosis.

Vol. 3: Theory and Bonding of Inorganic Non-molecular Systems; Daniel C. Fredrickson

This volume consists of 15 chapters that build on symmetry-based expressions for the wavefunctions of
extended structures toward models for bonding in solid state materials and their surfaces, algorithms for the
prediction of crystal structures, tools for the analysis of bonding, and theories for the unique properties and
phenomena that arise in these systems. The volume is divided into four parts along these lines, based on major
themes in each of the chapters. These are: Part 1: Models for extended inorganic structures, Part 2: Tools for
electronic structure analysis, Part 3: Predictive exploration of new structures, and Part 4: Properties and
phenomena.

Vol. 4: Solid State Inorganic Chemistry; P. Shiv Halasyamani and Patrick M. Woodward

In a broad sense the field of inorganic chemistry can be broken down into substances that are based on
molecules and those that are based on extended arrays linked by metallic, covalent, polar covalent, or ionic
bonds (i.e., extended solids). The field of solid-state inorganic chemistry is largely concerned with elements and
compounds that fall into the latter group. This volume contains nineteen chapters covering a wide variety of
solid-state inorganic materials. These chapters largely focus on materials with properties that underpin modern
technology. Smart phones, solid state lighting, batteries, computers, and many other devices that we take for
granted would not be possible without these materials. Improvements in the performance of these and many
other technologies are closely tied to the discovery of newmaterials or advances in our ability to synthesize high
quality samples. The organization of most chapters is purposefully designed to emphasize how the exceptional
physical properties of modern materials arise from the interplay of composition, structure, and bonding. Not
surprisingly this volume has considerable overlap with both Volume 3 (Theory and Bonding of Inorganic Non-
Molecular Systems) and Volume 5 (Inorganic Materials Chemistry). We anticipate that readers who are inter-
ested in this volume will find much of interest in those volumes and vice versa

Vol. 5: Inorganic Materials Chemistry; Ram Seshadri and Serena Cussen

This volume has adopted the broad title of Inorganic Materials Chemistry, but as readers would note, the title
could readily befit articles in other volumes as well. In order to distinguish contributions in this volume from
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those in other volumes, the editors have chosen to use as the organizing principle, the role of synthesis in
developing materials, reflected by several of the contributions carrying the terms “synthesis” or “preparation” in
the title. It should also be noted that the subset of inorganic materials that are the focus of this volume are what
are generally referred to as functional materials, i.e., materials that carry out a function usually through the way
they respond to an external stimulus such as light, or thermal gradients, or a magnetic field.

Vol. 6: Heterogeneous Inorganic Catalysis; Rutger A. van Santen and Emiel J. M. Hensen

This Volume starts with an introductory chapter providing an excellent discussion of single sites in metal
catalysis. This chapter is followed by 18 chapters covering a large part of the field. These chapters have
been written with a focus on the synthesis and characterization of catalytic complexity and its relationship
with the molecular chemistry of the catalytic reaction. In the 1950s with the growth of molecular inorganic
chemistry, coordination chemistry and organometallic chemistry started to influence the development of
heterogeneous catalysis. A host of new reactions and processes originate from that time. In this Volume
chapters on major topics, like promoted Fischer-Tropsch catalysts, structure sensitivity of well-defined alloy
surfaces in the context of oxidation catalysis and electrocatalytic reactions, illustrate the broadness of the
field. Molecular heterogeneous catalysts rapidly grew after high-surface synthetic of zeolites were intro-
duced; so, synthesis, structure and nanopore chemistry in zeolites is presented in a number of chapters.
Also, topics like nanocluster activation of zeolites and supported zeolites are discussed. Mechanistically
important chapters deal with imaging of single atom catalysts. An important development is the use of
reducible supports, such as CeO2 or Fe2O3 where the interaction between the metal and support is playing
a crucial role.

Vol. 7: Inorganic Electrochemistry; Keith J. Stevenson, Evgeny V. Antipov and Artem M. Abakumov

This volume bridges several fields across chemistry, physics and material science. Perhaps this topic is best
associated with the book “Inorganic Electrochemistry: Theory, Practice and Applications” by Piero Zanello that
was intended to introduce inorganic chemists to electrochemical methods for study of primarily molecular
systems, including metallocenes, organometallic and coordination complexes, metal complexes of redox active
ligands, metal-carbonyl clusters, and proteins. The emphasis in this Volume of CIC III is on the impact of
inorganic chemistry on the field of material science, which has opened the gateway for inorganic chemists to use
more applied methods to the broad areas of electrochemical energy storage and conversion, electrocatalysis,
electroanalysis, and electrosynthesis. In recognition of this decisive impact, the Nobel Prize in Chemistry of
2019 was awarded to John B. Goodenough, M. Stanley Whittingham, and Akira Yoshino for the development of
the lithium-ion battery.

Vol. 8: Inorganic Photochemistry; Vivian W. W. Yam

In this Volume the editor has compiled 19 chapters discussing recent developments in a variety of developments
in the field. The introductory chapter overviews the several topics, including photoactivation and imaging
reagents. The first chapters include a discussion of using luminescent coordination and organometallic
compounds for organic light-emitting diodes (OLEDs) and applications to highlight the importance of
developing future highly efficient luminescent transition metal compounds. The use of metal compounds in
photo-induced bond activation and catalysis is highlighted by non-sacrificial photocatalysis and redox pho-
tocatalysis, which is another fundamental area of immense research interest and development. This work
facilitates applications like biological probes, drug delivery and imaging reagents. Photochemical CO2 reduc-
tion and water oxidation catalysis has been addressed in several chapters. Use of such inorganic compounds in
solar fuels and photocatalysis remains crucial for a sustainable environment. Finally, the photophysics and
photochemistry of lanthanoid compounds is discussed, with their potential use of doped lanthanoids in
luminescence imaging reagents.
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Vol. 9: NMR of Inorganic Nuclei; David L. Bryce

Nuclear magnetic resonance (NMR) spectroscopy has long been established as one of the most important
analytical tools at the disposal of the experimental chemist. The isotope-specific nature of the technique can
provide unparalleled insights into local structure and dynamics. As seen in the various contributions to this
Volume, applications of NMR spectroscopy to inorganic systems span the gas phase, liquid phase, and solid
state. The nature of the systems discussed covers a very wide range, including glasses, single-molecule magnets,
energy storage materials, bioinorganic systems, nanoparticles, catalysts, and more. The focus is largely on
isotopes other than 1H and 13C, although there are clearly many applications of NMR of these nuclides to the
study of inorganic compounds and materials. The value of solid-state NMR in studying the large percentage of
nuclides which are quadrupolar (spin I > ½) is apparent in the various contributions. This is perhaps to be
expected given that rapid quadrupolar relaxation can often obfuscate the observation of these resonances in
solution.

Vol. 10: X-ray, Neutron and Electron Scattering Methods in Inorganic Chemistry; Angus P. Wilkinson and
Paul R. Raithby

In this Volume the editors start with an introduction on the recent history and improvements of the instru-
mentation, source technology and user accessibility of synchrotron and neutron facilities worldwide, and they
explain how these techniques work. The modern facilities now allow inorganic chemists to carry out a wide
variety of complex experiments, almost on a day-to-day basis, that were not possible in the recent past. Past
editions of Comprehensive Inorganic Chemistry have included many examples of successful synchrotron or
neutron studies, but the increased importance of such experiments to inorganic chemists motivated us to
produce a separate volume in CIC III dedicated to the methodology developed and the results obtained.

The introduction chapter is followed by 15 chapters describing the developments in the field. Several
chapters are presented covering recent examples of state-of-the-art experiments and refer to some of the pio-
neering work leading to the current state of the science in this exciting area. The editors have recognized the
importance of complementary techniques by including chapters on electron crystallography and synchrotron
radiation sources. Chapters are present on applications of the techniques in e.g., spin-crossover materials and
catalytic materials, and in the use of time-resolved studies on molecular materials. A chapter on the worldwide
frequently used structure visualization of crystal structures, using PLATON/PLUTON, is also included. Finally,
some more specialized studies, like Panoramic (in beam) studies of materials synthesis and high-pressure
synthesis are present. Direct observation of transient species and chemical reactions in a pore observed by
synchrotron radiation and X-ray transient absorption spectroscopies in the study of excited state structures, and
ab initio structure solution using synchrotron powder diffraction, as well as local structure determination using
total scattering data, are impossible and unthinkable without these modern diffraction techniques.

Jan Reedijk, Leiden, The Netherlands
Kenneth R. Poeppelmeier, Illinois, United States

March 2023
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Abstract

Whereas inorganic substances have been known and studied since the antiques, it is only during the 19th century that
inorganic chemistry was born as an independent scientific discipline. The advances during the 20th, which have beenmade in
inorganic molecular chemistry, have had an impact in the development of the whole field of chemistry and physical sciences.
Several species with novel bonding arrangements, unprecedented structures, and unusual reactivities have been prepared
comprising also compounds, which at the time were regarded impossible. The current driving force in chemical research
arises from demands of materials science to establish the relationship of the molecular and electronic structures with the bulk
properties of thematerials. Molecular level understanding is needed to develop further electrical conductors, semiconductors,
insulators, coatings, ceramics, catalysts, nanotubes, polymers, and thin films, all of which play a significant role in modern
technology. The need to replace fossil fuels demands the development of environmentally friendlier energy sources in which
molecular inorganic chemistry plays one of the a key roles. This chapter briefly outlines some important developments in
bonding and reactivity of molecular inorganic compounds comprising (a) multiple bonding in p-block compounds,
(b) secondary bonding interactions, (c) small-molecule activation, (d) weakly coordinating anions, and (e) biradicals and
biradicaloids. This list is not exhaustive but serves as an introduction to the 23 chapters in Volume 1 of Comprehensive
Inorganic Chemistry III. These chapters describe the spectacular progress in their respective fields during the recent decades.

1.01.1 Birth of inorganic chemistry

It is generally considered that the last person, who could fully handle and understand the whole field of chemistry, was Jöns Jacob
Berzelius (1779–1848) (see Fig. 1A). Between 1822 and 1841, he published annually “Jahresbericht über die Fortschritte der phys-
ischen Wissenschaften” to review the progress in physical sciences. This series is probably the first regularly appearing review publi-
cation in chemistry (Fig. 1B).

After Berzelius, chemistry was subdivided into inorganic and organic chemistry and was gradually further divided into physical
and analytical chemistry, and biochemistry. While inorganic materials have been known and investigated since the antiques, the
birth of inorganic chemistry as an independent subdiscipline took place in the late 18th and early 19th century. While there are
numerous scientists, who have contributed to this process, possibly the main protagonists are Antoine Lavoisier (1743–94),
John Dalton (1766–1844), Friedrich Wöhler (1800–1882), Dmitri Mendeleev (1834–1907), and Alfred Werner (1866–1919).

Lavoisier [see Fig. 2A] was a co-discoverer of oxygen together with Joseph Priestley (1733–1804) and Carl Wilhelm Scheele
(1742–1786). The dispute about the discovery of oxygen is well-described in the play “Oxygen” by Carl Djerassi and Roald Hoff-
mann.1 Lavoisier repeated the experiments of Priestley and showed that “air” is composed of two components, one of which
combines with metals, sustains combustion, and is the source of acidity. The names “oxygen” (Greek for acid-former) and azote
(Greek for no life) for the two components in “air” are also given by Lavoisier. In 1789 Lavoisier published a book “Traité Élémen-
taire de Chimie, présenté dans un ordre nouveau et d’après les découvertes modernes,” which is considered the first textbook of
modern chemistry [see Fig. 2B].

John Dalton is famous for his atomic theory of 1807 and Friedrich Wöhler for showing that the organic compound, urea
(H2N)2CO, can be synthesized by heating of an inorganic compound, ammonium cyanate (NH4)(OCN), thus refuting the concept
of vitalism of organic compounds. Both scientists have also made other significant advances in chemistry. For instance, Wöhler
discovered several elements, such as crystalline boron and silicon. The Periodic Table that was presented by Dmitri Mendeleev
in 1869 is the corner stone of modern chemistry.

Comprehensive Inorganic Chemistry III, Volume 1 https://doi.org/10.1016/B978-0-12-823144-9.00180-1 1
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Fig. 1 (A) Jöns Jacob Berzelius (1779–1848), lithography portrait from 1836 by P.H. van den Heuvell. (B) The title page of the 1832 issue of the
“Jahresbericht über die Fortschritte der physischen Wissenschaften.” (A) Reproduced under the terms of the CC 0 license https://creativecommons.
org/publicdomain/zero/1.0/.

Fig. 2 (A) Antoine Laurent Lavoisier (1743–1794) and his wife Marie Anne Pierrette Paulze (1758–1836). Portrait by Jacques-Louis David.
Metropolitan Museum of Art, USA. (B) Title page of the textbook by Lavoisier. (A) Reproduced under the terms of the CC 0 license https://
creativecommons.org/publicdomain/zero/1.0/.
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Alfred Werner (see Fig. 3) is considered to be the father of inorganic chemistry. His main contribution is in the creation of coor-
dination chemistry. Werner prepared numerous molecular complexes and inferred their structures. There are 228 publications
credited to him in Scifinder during the years 1890–1919. He also established that complexes containing different ligands might
show isomerism. His work on metal complexes culminated in the discovery of optically active isomers in octahedral complexes.
He was awarded Nobel prize in 1913. A more detailed biography of his life and accomplishments has been presented in Nobel
Prize lectures.2

1.01.2 Inorganic chemistry in the 20th century

The development of inorganic chemistry in the 20th century has been excellently reviewed by McCleverty.3 As he notes, the progress
often rests on the shoulders of the discoveries made in other disciplines. For instance, the advance onmodern instrumental methods
of analysis in the latter half of 20th century, and the birth of the digital age with the development of ever more powerful computing
facilities had enabled the study of unstable species and provided for new understanding on chemical bonding and intermolecular
interactions, as well as chemical reactions thus leading to materials with new functions and applications. McCleverty3 has divided
the 20th century highlights to those, which have been recognized by the Nobel prize, and to those, which have not.

During the history of the Nobel prize in chemistry from 1901, every major field of chemistry has seen recognition by the Nobel
committee, though it is naturally a matter of opinion, how research on individual prizes should be categorized in different subdis-
ciplines (Fig. 4).

It is important to note that development of chemistry relies significantly on the progress in Physics. The electronic structures of
atoms, molecules, and materials, which form the basis of all current-day chemistry, is based on the work by the so-called Quantum
ten (N. Bohr, M. Born, L. de Broglie, P. Dirac, P. Ehrenfest, A. Einstein, W. Heisenberg, P, Jordan, W. Pauli, E. Schrödinger). With the
exception of Ehrenfest and Jordan, they all won Nobel prizes in physics. The early history of quantummechanics and the key players
have been reported several times (see, for instance refs. 4, 5). Their collaborations, discussions, and disagreements laid the foun-
dation to the high-level quantum chemical computations that are currently routinely used to understand bonding and reactivity
of chemical substances.

The most important discovery for inorganic chemistry has been the use of X-ray diffraction for the crystal structure determina-
tions (M. von Laue, Nobel Prize in 1914; W. H. Bragg and W. L. Bragg, Nobel prize in 1915). The two Nobel prizes for supercon-
ductivity (H. Kamerlingh-Onnes for the discovery of superconductivity in 1913) and J. G. Bednorz and K. A. Müller for the
superconductivity in ceramic materials 1987), M. Siegbahn for his work on X-ray spectroscopy (1924), J. Chadwick for the discovery
of neutron (1935), and C. J. Davisson and G. P. Thomson for the discovery of electron diffraction (1937) also had a significant
impact on inorganic chemistry.

The Nobel prizes in chemistry that are directly concerned with inorganic chemistry or have impact on it are shown in Table 1.
The early awards involved discovery of radioactive elements and progress in nuclear physics (M. Curie in 1911, and F. Joliot and I.

Fig. 3 Alfred Werner (1866–1919). ETH-Bibliothek Zürich, Bildarchiv. Reproduced under the terms of the CC BY-Sa 3.0 license https://
creativecommons.org/licenses/by-sa/3.0/.
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Joliot-Curie in 1935). The chemical interpretation of bonding and its significance inmolecular structures were awarded to A. Werner
(1913), L. Pauling (1954), and G. Herzberg (1971). W. N. Lipscomb received his prize in 1976 for the model of 3c-2e bonding in
boranes and other electron-deficient substances. Grignard (1912) and Wittig (1979) reagents as well as the use of boron and silicon
hydrides in synthetic chemistry have applications, which go beyond inorganic chemistry. The increasing computer power enabled
rapid progress in the techniques of X-ray crystallography (H. A. Hauptman and J. Karle 1985), and the development of high-
resolution multinuclear NMR spectroscopy (F. Bloch and E. M. Purcell 1952, and R. R. Ernst 1991). The computational methods
and techniques involving molecular orbitals and density functional theory (W. Kohn and J. A. Pople 1998) have become common-
place in understanding structures and bonding of molecules and chemical reactions. Several Nobel prizes in the latter half of 20th
century have been awarded for synthetic chemistry and exploration of reaction mechanisms (see Table 1). The advent of metallo-
cenes (E. O. Fischer and G. Wilkinson 1973) and the routine use of the working techniques using protective atmosphere in Schlenk
lines or glove boxes have been part of the rise of organometallic chemistry. The Nobel prize of Ziegler and Natta (1963) together
with the discovery of organometallic catalysts have opened new vistas for the study and industrial applications of polymers.

There are several important main-group discoveries in the 20th century, which have not been awarded the Noble prize, but may
have resulted in awarding Nobel prizes in a later stage, as discussed by McCleverty3 and Chivers and Konu.7 This is exemplified by
crown-ethers8 and their s-block metal complexes,9 which paved the way to the Noble prize of Cram, Lehn, and Pedersen about
20 years later.

The oxidation of O2 by N. Bartlett using the very reactive gas PtF6 unexpectedly resulted in the formation of (O2)[PtF6].
10 Since

the first ionization energies of O2 and Xe are similar, Bartlett assumed that xenon could be oxidized using PtF6. His experiment of
mixing colorless xenon and red PtF6 to form immediately yellow solid is well described by him11 and is shown in Fig. 5. This pio-
neering synthesis opened a rich and versatile chemistry of noble gases, which had been considered completely inert till then. It has
also forced the chemists to look at the chemical bonding with new eyes. The discovery of noble-gas compound would certainly have
merited the Nobel prize.

Electron counting has become a useful tool to predict and rationalize molecular structures. One of the oldest tools is VSEPR
(Valence Shell Electron Pair Repulsion) model13 originally formulated by Gillespie and Nyholm14 based on the paper by Sidgwick
and Powel.15 While VSEPR is powerful in predicting molecular geometries of main group compounds, its theoretical basis has not
been clear. Gillespie16 has utilized the AIM approach to rationalize the justification of electron density distribution around atoms
on which the geometries of themolecules are dependent. He also extended electron-counting principles tomain group rings, chains,
and cages, which are electron-precise or electron-rich.17

Wade’s rules provide another approach to utilize electron-counting principles to deduce molecular geometry.18 This method-
ology is best applied to so-called electron-deficient compounds and has been originally formulated for boranes. Wade’s rules serve
to complement Gillespie’s rules for classical and electron-rich cages. While Wade’s rules work also well for carboranes19 and tran-
sition metal clusters,20 Gillespie’s rule rationalize best the p-block element cages at the right end of the Periodic Table.

Whereas main group chemistry was the principal theme in inorganic chemistry in the first half of the 20th century, the latter half
saw the rapid rise of coordination chemistry of transition metal complexes followed by the advent of organometallic chemistry and
supramolecular chemistry in 1980s, and bioinorganic chemistry in 1990s. Main group chemistry has, however, been and continues
to be the source of fundamental discoveries that has impact in other fields of chemistry.

Fig. 4 The classification of Nobel prizes in different subdisciplines of chemistry.3
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1.01.3 Current trends in molecular inorganic chemistry

1.01.3.1 General

The important opinion papers by Chivers and Konu,7 Power,21 and Yam22 discuss the current state of molecular inorganic chem-
istry. Several species with novel bonding arrangements, unprecedented structures, and unusual reactivities have been prepared
comprising also syntheses, which were earlier regarded impossible.

Chivers and Konu7 have discussed the future trends in main group chemistry. The main points they enumerate are shown in
Table 2. Some of the entries listed in the table are discussed in more detail below, as they have relevance to Volume 1 of Compre-
hensive Inorganic Chemistry III. There are also other emerging features of molecular inorganic chemistry that have not been
mentioned by Chivers and Konu.7 Some of them will also be introduced below, since they are discussed in Volume 1 of Compre-
hensive Inorganic Chemistry III.

Table 1 Nobel prizes awarded in themes involving inorganic chemistry.6

Year Nobel-prize winners Justification

1904 Sir W. Ramsay Inert gaseous elements in air and their place in periodic
system

1906 H. Moissant Isolation of fluorine
1911 M. Curie Discovery and study of radium and polonium
1912 V. Grignard

P. Sabatier
Discovery of Grignard reagent
Method of hydrogenating organic compounds

1913 A. Werner Linkage of atoms of molecules
1918 F. Haber Ammonia synthesis from the elements
1934 H. C. Urey Discovery of heavy hydrogen
1935 F. Joliot and I. Joliot-Curie Synthesis of new radioactive elements
1944 O. Hahn Discovery of fission of heavy nuclei
1951 E. M. McMillan and G. T. Seaborg Discoveries in chemistry of transuranium elements
1954 L. Pauling The nature of the chemical bond
1963 K. Ziegler and G. Natta Chemistry and technology of high polymers
1965 R. B. Woodward Outstanding achievements in the art of organic synthesis
1966 R. S. Mulliken Chemical bonds by the molecular orbital method
1971 G. Herzberg Electronic structure and geometry of molecules; free

radicals
1973 E. O. Fischer and G. Wilkinson Chemistry of the organometallic sandwich complexes
1976 W. N. Lipscomb Structure of boranes illuminating problems of chemical

bonding
1979 H. C. Brown and G. Wittig The use of boron- and phosphorus-containing

compounds in organic synthesis
1981 K. Fukui and R. Hoffmann Theories concerning the course of chemical reactions
1982 A. Klug Development of crystallographic electron microscopy
1983 H. Taube Mechanism of electron transfer reactions, especially in

metal complexes
1984 R. B. Merrifield Chemical synthesis on a solid matrix
1985 H. A. Hauptman and J. Karle Direct methods for the determination of crystal structures
1986 D. R. Herschbach, Y. T. Lee, and J. C. Polanyi Dynamics of chemical elementary processes
1987 D. J. Cram, J.-M. Lehn, and C. J. Pedersen Molecules with structure-specific interactions of high

selectivity
1991 R. R. Ernst High-resolution NMR spectroscopy
1992 R. A. Marcus Theory of electron transfer reactions in chemical systems
1994 G. A. Olah Carbocation chemistry
1995 P. J. Crutzen, M. J. Molina, and F. S. Rowland Formation and decomposition of ozone
1996 R. F. Curl Jr., Sir H. W. Kroto, and R. E. Smalley Discovery of fullerenes
1998 W. Kohn

J. A. Pople
Development of DFT method
Development of computational methods in quantum
chemistry

2000 A. J. Heeger, A. G. MacDiarmid, and H. Shirakawa Discovery and development of conductive polymers
2005 Y. Chauvin, R. H. Grubbs, and R. R. Schrock Methathesis in organic synthesis
2011 D. Shechtman Quasicrystals
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1.01.3.2 Multiple bonding in p-block compounds

It was long considered that heavy p-block elements do not form stable multiple bonds due to the poor np(p)-np(p) (n � 3)
overlap. In 1981, however, West et al.23 and Yoshifuji et al.24 reported the preparations of tetramesityldisilene and bis(2,4,6-
tri-tert-butylphenyl)diphosphene, respectively. Since then, the chemistry of multiply-bonded heavy Group 13–15 compounds
have seen active research interest, and their preparations, structures, bonding, and reactivities have been reviewed several times,
as exemplified by some of the most recent reviews.25–30 The progress in this chemistry is strongly dependent on the application
of sterically bulky protective groups, such as 2,4,6-tris[bis(trimethylsilyl)methyl]phenyl31 and 2,4,6-tris(2-propyl)phenyl32 [see
Chart 1A and B].

Heavy Group 14 element analogs of alkynes (RMMR; M ¼ Si, Ge, Sn, Pb) have also been prepared and structurally character-
ized.27 Their stabilization requires an even bulkier protective groups, such as terphenyl derivatives [see example in Chart 1C] or
silyl derivatives with a very bulky substituent [see Chart 1D].

By contrast to the ethene derivatives in which the >C]C< moiety is planar, the M atoms in R2M ¼MR2 (M ¼ Si, Ge, Sn, Pb;
R ¼ is the protective organic group) show pyramidal bonding geometry. In the similar fashion, while eC^Ce is linear, the higher
congeners are bent. These differences in the bonding environments have been discussed in terms of Jahn-Teller effect27 and are
shown in Fig. 6.

In case of the heavy Group 14 elements, the distortion of the geometry from the planar (R2MMR2) or the linear (RMMR) struc-
ture can be explained by the mixing of molecular orbitals, which have different symmetries in the undistorted structures but the
same symmetries in the pyramidal or bent structures. In case of disilenes, digermenes, stannenes, and plumbenes, these energy

(A) (B)

Fig. 5 Oxidation of xenon by platinum hexafluoride.12 (A) Xenon and platinum hexafluoride before mixing of the two gases. (B) Yellow solid
product after the mixing. Reproduced with permission from Bartlett, N., in Banks, R. E. (ed.), Fluorine Chemistry at the Millenium, Fascinated by

Fluorine, Elsevier: Amsterdam, 2000, pp. 29–55. @ Elsevier 2000.

Table 2 Future trends in main group chemistry.7

New aspects of bonding New reagents in synthesis

Alternative energy

sources New materials Catalysis

Medicinal

chemistry

- Multiply bonded compounds
- Biradicals
- Homoconjugation and
homoaromaticity

- Metal-metal bonding in s-
block metals

- Bimetallic reagents
- Weakly coordinating anions
- Ligand-stabilized polycations of isolated
p-block elements

- Low-coordinate main group element
centers

- Activation of small molecules

- Hydrogen storage
- Solar and thermoelec-
tric energy

- Electronics
industries

- Nanomaterials
- Inorganic
polymers

- Chemical
sensors

- Lactic
polymerization

- Organic
synthesis

- Chemotherapy
- Radionuclide
therapy

- Contact lenses
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levels in the planar geometry are sufficiently close to each other due to the weak bonding to enable their mixing, which leads to the
lowering of energy and thus to the distortion of the structure. Since the original s bonds of ag symmetry are also weakened by the
distortions, and the distortion increases, when going down the Periodic Table, the alkene analog of lead is not stable and dissociates
into two monomers. The triple bond, which in organic alkynes is composed of a s bond and two p bonds, ultimately becomes two

Me3Si

SiMe3

SiMe3

Me3Si

Me3Si

Me3Si

iPr

iPr

iPr

(A) (B)

iPr

iPr

iPr

iPr

iPr

iPr

(C) (D)

SiiPr

H

Si
Si

Si
Si

Me Me

Me

Me Me

Me

Me

Me

Me

Me

Me
Me

H

Chart 1 Protective organic groups in the synthesis of reactive multiply-bonded p-block compounds. (A) 2,4,6-bis[bis(trimethylsilyl)methyl]phenyl,31

(B) 2,4,6-tris(2-propyl)phenyl,32 (C) 2,4,6-tris[2,6-bis(2-propyl)phenyl]phenyl,33 and (D) (2-propyl)bis[bis(trimethylsilyl)]silyl.34

(A)

(ag)

trans-Pyramidal (C2h)Planar (D h)
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* (b1g)
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+)

trans-Bent (C2h)Linear (D h)

( u)

*, ( g)
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-)

(ag)

n- (bu)
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* (bu)

* (bg)

(au)

(B)
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∞

Fig. 6 The orbital interactions upon distortion of (A) the planar structure (D2h) to trans-pyramidal (C2h), and (B) the linear structure (DN h) to trans-
bent structure (C2h).27
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lone pair orbitals mostly of 6s character and the Group 14 elements in this case are only linked by a single s-bond. The behavior of
heavy Group 15 elements is analogous to that of Group 14 elements.

Heavier Group 14 andGroup 15 atoms formmultiple bondswith chalcogen atoms. Lawesson’s andWoollins’ reagents are impor-
tant members in this class of compounds. They are efficient sulfur- and selenium-transfer reagents, respectively (see Scheme 1).

1.01.3.3 Secondary bonding interactions

Secondary bonding interactions (SBIs) describe interatomic interactions, which are longer than covalent single bonds but shorter
than the sums of the van der Waals radii. The term was originally coined by Alcock.37 They have also been called soft-soft, closed-
shell, nonbonding, semi-bonding, non-covalent, weakly bonding, or s–hole interactions. In specific case of halogen, chalcogen,
pnictogen (or pnicogen), and tetrel atoms, they are also known as halogen, chalcogen, pnictogen, and tetrel bonds, respectively.
The SBIs are most significant in case of the heaviest p-block elements in the Periodic Table.

The halogen bond is the best-studied secondary bonding interaction of the compounds involving p-block elements38–41 and has
been defined by IUPAC as an attractive interaction between a positive region in the electrostatic surface potential of a halogen atom
and a nucleophile.42 Chalcogen bonds have also recently been defined by IUPAC43 and have been reviewed on several occasions.44–
47 Pnictogen and tetrel bonds have seen lesser attention, but the secondary bonding interactions are important also in the solid-state
lattices of heavy Group 15 and 14 compounds.48–51

Whereas halogen bonds can mainly be rationalized in terms of electrostatic s-hole interactions [see Fig. 7A], they and, more
significantly, the chalcogen bonds must be understood as combinations of orbital interactions and dispersion contributions in addi-
tion the electrostatic interactions [see Fig. 7B]. The covalent aspects of the secondary bonding interactions can be described as
donor-acceptor interactions n2(D) / s*(E-X) with the lone pair orbital of the electron donor atom D overlapping with the anti-
bonding s* orbital of the E-X bond (E ¼ heavy p-block element; X ¼ an electronegative atom). The strength of this 3c-4e arrange-
ment varies from a very weak interaction to that of a hypervalent single bond. The heaviest p-block elements show strongest SBIs,
because the energy difference between the s(E-X) and s*(E-X) orbitals diminishes when going down the Periodic Table. At the same
time, the orbital overlap diminishes, since the orbitals become more diffuse. The dispersion effects become more significant with
increasing periodic number and play the major role in the interactions between the heaviest p-block elements.

SBIs affect the solid-state structures, solution behavior, and reactivities of the bulk materials. Interest in these interactions have
given birth to new research areas in chemistry, such as supramolecular chemistry and crystal engineering. Since the weak intermo-
lecular forces play an essential role in the material properties, their study has become an important emerging trend, which will also
have an impact on the future research activities in inorganic chemistry.

Metallophilic interactions can also be considered to belong to the class of secondary bonding interactions. They are now well-
established in chemistry with numerous reviews of different homonuclear and heteronuclear metal combinations (for some recent
examples, see refs. 53–55). The complexes are generally dinuclear, but polynuclear species are also known. Their characterization
relies mainly on X-ray diffraction, but currently the use of solution and solid-state spectroscopic techniques, and in particular, high-

Scheme 1 Examples of use of (A) Lawesson’s reagent as a sulfur-transfer reagent35 and (B) Woollins’ reagent as a selenium-transfer reagent.36

8 Introduction: Significance of molecular inorganic chemistry



level MO calculations have increased the understanding of these interactions. Early literature on theoretical calculations is reviewed
by Pyykkö56 with more recent literature discussed by Zheng et al.57

The metallophilic interactions involve neither conventional covalent bonds nor metal-metal bonds with delocalized electrons in
the conduction band. The neighboring metal centers, however, lie closer to each other than the sum of their van der Waals radii. The
formal metal electron configurations in these interactions are closed-shell d10-d10 [M(I) in Group 11 or M(II) in Group 12], s2-s2

[M(I) in Group 13, M(II) in Group 14, or M(III) in Group 15] or d8-d8 [M(0) in Group 8, M(I) in Group 9, or M(II) in Group 10].
The metallophilic interactions are therefore also called closed-shell interactions. A few typical examples are shown in Fig. 8.

It has been suggested that the bite size of the bridging ligands (donor atom-donor atom distance) correlates with M$ $ $M
distance. It can be seen from Fig. 9 for dinuclear silver complexes containing nitrogen-donor ligands that there is indeed a loose
correlation between the Ag$ $ $Ag distance and the N$ $ $N bite size. However, short M$ $ $M contacts are also found in cases,
when the bite size is large, as shown in Fig. 9. The metal-metal distance may also be short in case of monodentate ligands, as shown
by two illustrative examples for the ligand-unsupported complexes.

The stabilization due to the close-shell d10-d10 interaction can be explained by the simplified molecular orbital description,
which is shown in Fig. 10.65 The mixing of the empty (n þ 1)s orbital with the filled d orbitals leads to the stabilization of the
bonding 1s orbital and to a smaller extent of the antibonding 2s orbital. It can be seen from Fig. 10 that the (n þ 1)s contribution
to the 1s orbital is 11.0, 8.8, and 2.6% for Cu, Au, and Ag, respectively.

1.01.3.4 Small-molecule activation

Power21 has noted that the third-row or heavier p-block elements differ significantly from their second-row congeners. It has grad-
ually been realized that the properties of their compounds are closer to those of the transition metal complexes. For instance, H2 is
activated under mild conditions in the same fashion by the germanium or tin analogs of alkynes as by the transition metal
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Br
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n2(Br-) *(C-Br)

*(C-Br)

n2(Br-)

Br
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F
Se

ClC
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F
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Fig. 7 (A) Surface electrostatic potentials of 1,2-I2(CF)2, SeFCl, PH2Cl, and GeH3Br.41,52 The positive region is denoted in red, the negative region in
blue, and the transition region in green/yellow. (B) Example of the charge-transfer n2 / s* interaction between the Lewis base Br� and the formal
Lewis acid CBr4.41 (A) Adapted with permission from Politzer, P.; Murray, J. S.; Clark, T., Phys. Chem. Chem. Phys. 2013, 15, 11178–11189. @ 2013,
RSC. (B) Adapted with permission from Gilday, L. C.; Robinson, S. W.; Barendt, T. A.; Langton, M. J.; Mullaney, B. R.; Beer, P. D., Chem. Rev. 2015,
115, 7118–7195. @ ACS. 2015.
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(A) (B) (C)

Fig. 8 Examples of metallophilic interactions in (A) [AuPMe2(C6F4)]2,58 (B) [PtI{m-(PMe2)2CH2}]2,59 and (C) [Hg3(m-C6F4)3]2.60

Fig. 9 The survey of the dependence of the M$ $ $M distance on the bite size N$ $ $N and the deviation of the N2Ag$ $ $AgN2 fragment from
planarity (angle Q).61 a Ref. 62. b Ref. 63. c Ref. 64. Adapted with permission from Risto, M.; Takaluoma, T. T.; Bajorek. T.; Oilunkaniemi, R.;
Laitinen, R. S.; Chivers, T., Inorg. Chem. 2009, 48, 6271–6279. @ 2009. ACS.
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complexes.66 The initial step in both activations involves oxidative addition (see Fig. 11). It was argued by Power21 that this is
a consequence of the small energy separation between the HOMO and LUMO in the heavy p-block compounds.

Spikes et al.66 have shown that ArGeGeAr fAr ¼ [2,6-iPr2(C6H3)]2C6H5g reacted with H2 at ambient temperature and pressure to
afford ArHGeGeHAr, ArH2GeGeArH2, and ArGeH3. Their relative yields depend on the initial molar ratios of the reactants. The
related reaction with ArSnSnAr gives exclusively ArSn(m-H)2SnAr.

67 Alkenes and alkynes can also be activated by multiply-
bonded Group 14 compounds (for a review, see ref. 68).

Singlet carbenes can also mimic the behavior of transition metal complexes. Frey et al.69 have shown that while electrophilic
diaminocarbenes are inert towards molecular hydrogen, the more nucleophilic alkylaminocarbenes activate H2 under mild condi-
tions probably involving oxidative addition in the similar manner to that in ArMMAr or in transition metal complexes (c.f. Fig. 11).
Because of the higher nucleophilicity of these carbenes compared to transition metals, they have been shown to activate also
ammonia affording a primary amine.69

Fig. 10 Simplified molecular orbital diagram for the formation of M$ $ $M metallophilic interactions.65 The contribution of the vacant s-orbitals of
Cu, Ag, and Au are also indicated in the figure. Adapted with permission from Brands, M. B.; Nitsch, J.; Guerra, C. F., Inorg. Chem. 2018, 57, 2603–
2608. @ 2018 ACS.
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In 2006, Welch et al.70 reported the first metal-free reversible activation of H2 under mild conditions by involving a bulky phos-
phinoborane (see Scheme 2). In this connection, Stephan coined the term frustrated Lewis pair to describe a situation, where due to
steric reasons the Lewis acid and base cannot form an adduct.70

The orbital interaction between the FLP and H2 is shown schematically in Fig. 12.
The lone pair on phosphorus can donate electron density to the antibonding s* orbital of H2, and the empty p orbital on boron

can accept electron density from the bonding s orbital of H2 resulting in the cleavage of the HeH bond and the formation of both
PeH and BeH bonds. FLPs have opened a rapidly expanding field of transition-metal free catalysts. While hydrogenation reactions
continue to play an important part in FLP reactivity, new applications involve the reduction of other small molecules such as CO
and CO2, as well as the generation of solid-state FLP catalysts, as reviewed recently.71

1.01.3.5 Weakly coordinating anions

p-Block elements can form polyatomic cations, such as E4
2þ or E8

2þ (E ¼ S, Se, Te), but they are highly electrophilic and therefore
they can be isolated only by use of the anions of very strong acids like SO3F

� or MF6
� (M ¼ As, Sb) (for two reviews, see refs. 72, 73).

The advent of weakly coordinating anions (WCAs) stems from the search of “noncoordinating” anions74 to improve the stability of
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Scheme 2 Reversible metal-free activation of H2.70
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Fig. 12 Simplified hypothetical orbital interactions and charge transfer in the activation of H2 by a FLP.

(A) (B)

Fig. 11 (A) The interaction of s(HeH) (HOMO) of H2 with nþ (LUMO) of ArMMAr (M ¼ Ge, Sn; Ar ¼ moderately bulky aromatic group), and the
back-donation from p(HOMO) of ArMMAr to s*(HeH) (LUMO) of H2. (B) The related interaction of H2 with the d orbitals of the transition metal.21

Reproduced with permission from Power, P. P., Nature 2010, 463, 171–177. @ 2010 McMillan Publishers Limited.
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materials containing such cations. However, WCAs have also had impact on areas like olefin polymerization, lithium battery tech-
nology, and ionic liquids.7 [Ag2(Se6)(O2S)4][Al(OC(CF3)3]4]2 is an example of the use of WCAs in stabilization of otherwise
unstable cations (see Fig. 13).

Krossing and Raabe74 have discussed the potential candidates for WCAs. They define the requirements as chemical robustness
towards electrophiles and oxidizing agents, minimal tendency for coordination, high solubility in non-polar media, pseudo gas-
phase conditions in the solid state or solution, and the stabilization of weakly-bound and low-charged complexes. Several classes
of compounds have been considered (see Table 3).

The number of applications of WCAs is rapidly increasing. In addition to the stabilization of low-stability cations, they can act to
enhance solubility of s.c. naked Liþ-ions in non-polar solvents, which is important in Liþ-ion catalyzed organic transformations,
such as in Diels-Alder reactions. Air- and moisture-stable [Ag(PPh3)]

þ[CB11H6Br6]
� is considered to be the best catalyst for hetero

Diels-Alder reactions.[76] The use of WCAs in supporting electrolytes in cyclic voltammetry enhances the solubility of the polyca-
tionic products and hinders inadvertent oxidization.[74] Other applications for salts containing WCAs include their use in low-
viscosity ionic liquids, and in extraction of electrophilic metal ions.

1.01.3.6 Biradicals and biradicaloids

Radicals are molecular species containing an unpaired electron. They are often only transient species in the course of a chemical
reaction. A radical is called stable, if the species can be isolated and stored for an extended period of time under an inert atmosphere
in ambient temperature. The persistent radical is long-lived under the conditions of its generation (For a review of the stable and
persistent radicals of the Group 13–17 elements, see ref. 77).

In addition to persistent radicals, biradicals have attracted increasing research attention in recent decades.74 They contain two
unpaired electrons in two nearly degenerate non-bonding orbitals. In the ground state, the biradicals show either the singlet or
triplet spin states. While organic biradicals are very short-lived species, some related main-group biradicals may be isolated and
structurally characterized by X-ray diffraction.7,77,78 The increased stability, however, leads to the reduction of the biradical char-
acter. These kinds of species are designated as biradicaloids.78–80

The biradicaloid nature is exemplified by (RBPR’2)2 (see Table 4).81 (PhBPiPr2)2 and (tBuBPiPr2)2 both have 22 valence elec-
trons. Their B2P2 rings are planar and the molecules show singlet biradical character with unpaired electrons localized in the
two boron centers. The respective transannular B$ $ $B distances of 2.563(2) and 2.559(2) Å are significantly longer than the
BeB single bonds. Upon controlled modification of the substituents on boron and phosphorus, it was observed that the four-
membered B2P2 ring is folded and the transannular B$ $ $B becomes shorter (see Table 4). The BeB distance is the shortest in

Ag

Se

S

F

O

C

Fig. 13 Crystal structure of [Ag2(Se6)(O2S)4][Al(OC(CF3)3]4]2.75
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the case of (PhBPPh2)2 [1.835(2)] approaching that of the single bond. At the same time the folding is the most pronounced.
Scheschkewitz et al.81 have discussed the factors affecting the folding.

The electronic structures of the four-membered cyclic molecule S2N2 and it isoelectronic cations E4
2þ (E ¼ S, Se, Te) have been

under extensive discussion. S2N2 is formally a 6p aromatic molecule, but it has been shown to be only a 2p aromatic system.82

Several reports conclude that the ground-state wavefunction of S2N2 has singlet biradical character, but there is a wide range of esti-
mates of the weight of the contribution of the singlet biradical character in the wavefunction.83

The situation in the square-planar E4
2þ (E ¼ S; Se, Te) cation is somewhat different with that in S2N2. The positive charge is

delocalized over all chalcogen atoms, and the two main biradical structures.

contribute equally to the wavefunction.83 It was inferred that the biradical character of these cations are comparable to that of O3.

Table 3 Some examples of commonly used weakly coordinating anions.74

Borate-based anions

[B(C6F5)4]� [B{C6H3(CF3)2}4]�

Carborane-based anions

[CB11H6Cl6]� [CB11HMe5Cl6]�

Fluorinated alkoxymetallates

[Al{OC(CF3)3}4]�

Teflate-based anions

[Sb(OTeF5)6]�

Anions from Lewis acid-base reaction

[Sb2F11]� [Sb3F16]�
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1.01.4 Volume 1 of Comprehensive Inorganic Chemistry III

The first edition of Comprehensive Inorganic Chemistry84 contained five volumes and discussed the chemistry of the elements
according to their position in the Periodic Table. First two volumes concentrated on main group chemistry, volume three described
transition metals, and volumes four and five treated the chemistry of lanthanoids and actinoids. The style and approach in this five-
volume book were close to that in an extended textbook. For a long time, it was the key authority in inorganic chemistry.

The second edition (CIC II) was published in 2013.85 Its connection to the Periodic Table as a directing tool was looser than in
the first edition. Each of the nine volumes has a specific thematic issue, as shown in Table 5. This nine-volume set was less of a text-
book and resembled more closely a review publication, but it still aimed at providing a comprehensive overview on the then present
state in inorganic chemistry.

The current, third edition, Comprehensive Inorganic Chemistry III (CIC III) continues the same topical approach to the current
mainstream in inorganic chemistry as the previous version. This edition contains 10 volumes. Their topics are listed in Table 6.

Table 4 The influence of the substituents on boron and phosphorus on the biradical nature of (RBPR’2)2.81

Compound rBP (Å) q ( �) a B$ $ $B (Å) P$ $ $P (Å)

(PhBPiPr2)2 1.8915(16)-1.8942(16) 180.00(8) 2.563(2) 2.7861(6)

(tBuBPiPr2)2 1.8904(14)-1.8933(17) 180.00(9) 2.559(2) 2.7868(6)

[(2,3,5,6-Me4C6H)BPiPr2]2 1.8879(10)-1.8891(11) 133.38(4) 2.2405(17) 2.7924(3)

(tBuBPPh2)2 1.8859(17)-1.8956(17) 115.50(5) 1.989(2) 2.7498(6)

[(2,3,5,6-Me4C6H)BPEt2]2 1.8910(19)-1.8952(18) 114.72(8) 1.892(3) 2.7615(6)

(PhBPPh2)2 1.893(5)-1.897(4) 114.07(18) 1.835(8) 2.7833(16)

a
a
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Topics in Volume 1 of the current edition follow logically those of Volume 1 in the 2nd edition. While the principal theme in the
2nd edition was main group chemistry, the current volume of the 3rd edition addresses molecular systems as they appear both in
main group and transition metal chemistry. Many themes in the 2nd edition 9 years ago are still relevant today, and many chapters
provide the update of the progress during the past years, though not forgetting to give sufficient historical overview for the reader to
appreciate the advent and development in any given topic. There were 40 chapters in Comprehensive Inorganic Chemistry II (CIC II),
but the current Volume 1 contains only 23 chapters. Each chapter in CIC III therefore describes a wider range of topics than those in
CIC II. The distribution of themes in the different volumes of CIC III is also different compared to CIC II. This has also affected the
choice of actual chapters in any of the 10 volumes.

There are three sections in Volume 1 of CIC III:

(1) Structure, bonding, and reactivity in inorganic molecular systems
(2) Intermolecular interactions
(3) Inorganic chains, rings, and cages

Section 1 contains nine chapters. There is a very comprehensive review of coordination chemistry of complexes in which the heavy
p-block atom acts as a central atom. This is a vast field. Therefore, the discussion has been restricted to single-donor ligands. There
are also chapters reviewing recent progress in the rich synthetic and structural chemistry of noble gas compounds, low-coordinate p-
block elements, biradicals, [Fe,Fe]-hydrogenase mimics, and macrocyclic selenoethers. There has been a very rapid progress in the
chemistry and application of weakly coordinating anions, and Volume 1 of CIC III provides a thorough review of the development
since the publication of CIC-II. Two last chapters (see chapters 1.08 and 1.09) in this Section treat the preparation, structures, and
reactivity of carbenes containing non-innocent ligands, and the application of frustrated Lewis pairs in metal-free catalysis.

Section 2 is concerned with secondary bonding interactions (SBI), which play an important role in the properties of bulk mate-
rials. The term SBI was originally coined by Alcock in 1960s, but nowadays this term starts to be superseded bymore popular expres-
sions like halogen, chalcogen, pnictogen (or pnicogen), and tetrel bonding. Section 2 of Volume 1 contains a separate chapter on
the general theoretical considerations of the secondary bonding interactions, and then more specialized treatments of halogen and

Table 5 Themes of the nine volumes in Comprehensive Inorganic
Chemistry II (CIC II).84

Volume Theme

1 Main-group elements, including noble gases
2 Transition elements, lanthanides and actinides
3 Bioinorganic fundamentals and applications: Metals in

natural living systems and metals in toxicology and
medicine

4 Solid-state materials, including ceramics and minerals
5 Porous materials and nanomaterials
6 Homogeneous catalytic applications
7 Surface inorganic chemistry and heterogeneous catalysis
8 Coordination and organometallic chemistry
9 Theory and methods

Table 6 Themes in Comprehensive Inorganic Chemistry III.

Volume Theme

1 Synthesis structure and bonding of inorganic molecular
systems

2 Bioinorganic chemistry and homogeneous biomimetic
inorganic catalysis

3 Theory and bonding of inorganic non-molecular systems
4 Solid-state inorganic chemistry including supramolecular
5 Inorganic materials chemistry
6 Heterogeneous inorganic catalysis
7 Inorganic electrochemistry
8 Inorganic photochemistry
9 NMR of inorganic nuclei
10 Xray, neutron and electron scattering methods in

inorganic chemistry
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chalcogen bonding. This section is concluded by the update of the host-guest chemistry of the molecules of p-block elements and by
a comprehensive review of closed-shell d10-d10, d8-d8, and s2-s2 metallophilic interactions.

Catenation continues to be one of the key characteristics in compounds of p-block elements. The third Section of Volume 1 is
therefore dedicated to chain, ring, and cage (also called cluster) compounds in molecular inorganic chemistry. Separate chapters
describe the recent chemistry of boron clusters, as well as the chain, ring, and cage compounds of Group13 and 15, and 16 elements.
A more specialized treatises are given on the aromatic compounds bearing heavy Group 14 atoms, Zintl-anions and -clusters, and
a comprehensive account on polyhalogenide anions. This Section will be concluded by a review on organometallic clusters.

The driving force in chemical research arises from demands of materials science to develop new materials with innovative func-
tionalities. It is important to establish the relationship of the molecular and electronic structures with the properties in the bulk
material. Both new and old materials based on main group compounds show virtually unlimited number of interesting applica-
tions. Electrical conductors, semiconductors, insulators, coatings, ceramics, catalysts, nanotubes, polymers, and thin films all
play a significant role in the current research in chemistry as well as in the modern technology. The increasing need to replace fossil
fuels demands the development of environmentally friendlier energy sources in which molecular inorganic compounds are poised
to play an important role due to their high availability and low manufacturing costs.
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Abbreviations
8Se2 1,5-Diselenacyclooctane
9S3 1,4,7-Trithiacyclononane
10S3 1,4,7-Trithiacyclodecane
12S4 1,4,7,10-Tetrathiacyclododecane
14S4 1,4,8,11-Tetrathiacyclotetradecane
16S4 1,5,9,13-Tetrathiacyclohexadecane
16Se4 1,5,9,13-Tetraselenacyclohexadecane
18S6 1,4,7,10,13,16-Hexathiacyclooctadecane
24Se6 1,5,9,13,17,21-Hexaselenacyclotetracosane
24S8 1,4,7,10,13,16,19,22-Octathiacyclotetracosane
AcOH Acetic acid
amgu Aminoguanidine
Bz18-crown-6 6,7,9,10,17,18,20,21-Octahydrodibenzo[b,k][1,4,7,10,13,16]hexaoxacyclooctadecine
[BArF4]

L [{3,5-(CF3)2C6H3}4B]
�

bbp 2,6-Bis(benzimidazol-2-yl)pyridine
bpy 2,20-Bipyridine
bpydo 2,20-Bipyridine N,N0-dioxide
4,40-bpy 4,40-Bipyridine
4,40-bpydo 4,40-Bipyridine N,N0-dioxide
tBu2acac 2,2,6,6-Tetramethyl-3,5-heptanedione
tBuOacac tert-Butyl 3-oxobutanoate
tBuO2acac Di-tert-butyl malonate/di-tert-butyl propanedione
Bz Benzyl
4-ClC6H4tpy 40-(4-Chlorophenyl)-2,20:60,200-terpyridine
CMA Calcium magnesium acetate
CN Coordination number
4-HO2Cpy Pyridine-4-carboxylic acid
CVD Chemical vapor deposition
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Cy Cyclohexyl
dab 1,4-Diaminobutane
dabco 1,4-Diazabicyclo[2.2.2]octane
dgm Bis(2-methoxyethyl) ether (or diglyme)
Dipp 2,6-iPr2C6H3

depe 1,2-Bis(diethylphosphano)ethane
depeO2 1,2-Bis(diethylphosphano)ethane dioxide
dien N1-(2-Aminoethyl)ethane-1,2-diamine (or diethylenediamine)
diox 1,4-Dioxane
dith 1,4-Dithiane
dmap 4-Dimethylaminopyridine
dme 1,2-Dimethoxyethane
dmpbz 1,2-Bis(dimethylphosphano)benzene
dmpe 1,2-Bis(dimethylphosphano)ethane
dpae 1,2-Bis(diphenylarsano)ethane
dpp-bian 1,2-Bis{(2,6-diisopropylphenyl)imino}acenaphthene
dppb 1,4-Bis(diphenylphosphano)butane
dppbO2 1,4-Bis(diphenylphosphano)butane dioxide
dppbz 1,2-Bis(diphenylphosphano)benzene
dppe 1,2-Bis(diphenylphosphano)ethane
dppeO2 1,2-Bis(diphenylphosphano)ethane dioxide
dppeeO2 1,2-Bis(diphenylphosphano)ethene dioxide
dppm Bis(diphenylphosphano)methane
dppmO Bis(diphenylphosphano)methane monoxide
dppmO2 Bis(diphenylphosphano)methane dioxide
en Ethane-1,2-diamine
Hacac 2,4-Pentanedione
[HBpz3]

L Tris(pyrazolyl)borate
[emim]D 1-Ethyl-3-methylimidazolium
HGu Guanidine
Hhfacac 1,1,1,5,5,5-Hexafluoropentane-2,4-dione
Him Imidazole
MeHim 1-Methyl-1H-imidazole
Hinz Indazole
hmpa Hexamethylphosphoramide (hexamethylphosphoric triamide)
Hppy 2-Phenylpyridine
Hpz Pyrazole
Hpz-3,5-Me2 3,5-Dimethylpyrazole
Hpz-3,5-Ph2 3,5-Diphenylpyrazole
Hpz-4-CO2H 1H-Pyrazole-4-carboxylic acid
Hpz-4-SO3H 1H-Pyrazole-4-sulfonic acid
Hpz-5-th 5-(2-Thienyl)pyrazole
H(4-Meppy) 2-(4-Methylphenyl)pyridine
HRtfacac 1–R–4,4,4-Trifluorobutane-1,3-dione (substituent R is specified in the text)
Htfacac 1,1,1-Trifluoropentane-2,4-dione
HtButfacac 1,1,1-Trifluoro-5,5-dimethyl-2,4-hexanedione
H2adip Adipic acid (hexanedioic acid)
H2boa 4-(Carboxymethoxy)benzoic acid
H2edt Ethane-1,2-dithiol
H2iQ 1,2-Dihydroisoquinoline
4-H2Npy 4-Aminopyridine
H2pc Phthalocyanine
H2pin

F 2,3-Bis(trifluoromethyl)perfluorobutane-2,3-diol
H4tabht 2,10-Dioxo-1,4,8,11-tetraazabicyclo[11.4.0]1,12-heptadeca-1 (12),14,16-triene
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Htmp 2,2,6,6-Tetramethylpiperidine
H2tmtaa 5,14-Dihydro-6,8,15,17-tetramethyldibenzo[b,i][1,4,8,11] tetraazacyclotetradecine
H2tpp 5,10,15,20-Tetraphenylporphyrin
H2tppBr 5,10,15,20-Tetrakis(4-bromophenyl)porphyrin
H2tpp

tBu 5,10,15,20-Tetrakis(4-tbutylphenyl)porphyrin
iQ Isoquinoline
Me3tacd 1,4,7-Trimethyl-1,4,7,10-tetraazacyclododecane
Me4tacd 1,4,7,10-Tetramethyl-1,4,7,10-tetraazacyclododecane
Me6trien 1,1,4,7,10,10-Hexamethyltriethylenetetramine
5,50-Me2bpy 5,50-Dimethyl-2,20-bipyridine
2,9-Me2phen 2,9-Dimethyl-1,10-phenanthroline
2-Mepy 2-Methylpyridine
4-Mepy 4-Methylpyridine
3,5-Me2py 3,5-Dimethylpyridine
MeO2acac Dimethyl malonate/dimethyl propanedione
4,40-(MeO)2bpy 4,40-Dimethoxy-2,20-bipyridine
Mes Mesityl
NBO Natural bond orbital
NLO Non-linear optical
pentagm 2,5,8,11,14,17-Hexaoxaoctadecane
phen 1,10-Phenanthroline
Ph2acac 1,3-Diphenylpropane-1,3-dione
pip Piperidine
pipz Piperazine
pmdeta N1-(2–N,N-Dimethylaminoethyl)–N1,N2,N2-trimethylethane-1,2-diamine (N,N,N0,N00,N00-
pentamethyldiethylenetriamine)
pn Propane-1,3-diamine
py Pyridine
pym Pyrimidine
pyz Pyrazene
quin Quinuclidine
salen N,N-Bis(salicylidene)ethylenediamine
seth Selenanthrene
tacd 1,4,7,10-Tetraazacyclododecane
tacn 1,4,7-Triazacyclononane
teg 2,20-((Oxybis(ethane-2,1-diyl))bis(oxy))bis(ethan-1-ol)
tetraen (N,N-Bis(2-((2-aminoethyl)amino)ethyl)amine)
tetragm 2,5,8,11,14-Pentaoxapentadecane
TFSI Bis(trifluoromethanesulfonyl)imide
tgm 2,5,8,11-Tetraoxadodecane
THF Tetrahydrofuran
3-(Thiophen-20-yl)phen 3-(Thiophen-20-yl)-1,10-phenanthroline
thp Thiophene
tht Tetrahydrothiophene
tmbp 4,40,5,50-Tetramethyl-2,20-biphosphinine
tmeda 1,2-Bis(dimethylamino)ethane
tmpda 1,3-Bis(dimethylamino)propane
tpy 2,20:60,200-Terpyridine
trien N1,N10-(ethane-1,2-diyl)bis(ethane-1,2-diamine)
tripodSe3 1,1,1-Tris(methylselenomethyl)ethane
Tripp 2,4,6-iPr3C6H2

TROP [5H]Dibenzo[a,d]cyclohepten-5-yl
tth Thianthrene
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Abstract

This article surveys the coordination chemistry of the main groupmetals (s- and p-block metals) published during the period
2000–2021. Within the p-block, metallic elements include Al–Tl for group 13, Ge–Pb for group 14, Sb and Bi for group 15,
and Te for group 16. The lighter elements in groups 15 (N, P, As) and 16 (O, S, Se) typically behave as donor atoms in ligands.
However, the distinction is blurred, and As(III) is included as a metal center with, for example, S- and Se-donor ligands, and
Al(III) and Ga(III) complexes containing Sb-donor ligands are included. The aim of the review is to provide as compre-
hensive as coverage as possible so as to demonstrate different bonding modes of ligands, and the range of metal centers to
which they coordinate. At the same time, the number of structurally characterized main group metal complexes is so
extensive that a totally comprehensive survey has not been possible within the page constraints.

1.02.1 Introduction

This chapter deals with the coordination chemistry of the main group elements and covers coordination compounds of metals in
group 1 (Li–Cs), group 2 (Be–Ba) and group 13 (Al–Tl), and of metals or semi-metals in group 14 (Ge–Pb), group 15 (Sb, Bi), and
group 16 (Te). The lighter elements in groups 15 (N, P, As) and 16 (O, S, Se) typically behave as donor atoms in ligands. Although
Comprehensive Inorganic Chemistry II (CIC II) was published in 2013, it did not include a chapter dealing with main group coordi-
nation chemistry and, therefore, this article covers the literature from the year 2000 to date. A number of reviews published since
2000 complement the present survey of metal coordination compounds: group 1 and 2 metals including thermodynamic aspects
and metal ion sensors,1–14 aluminum including speciation in solution and under physiological conditions,15–34 group 13 metals
Ga–Tl including precursors for chemical vapor deposition (CVD) materials,26,30–47 group 14,34,48–58 group 15,59–63 and tellurium-
centered compounds.64–67 With an emphasis on ligand-types, the following reviews cover the coordination chemistry of the main
group elements with phosphane, arsane and stibane ligands,68 with amidinate and guanidinate ligands,69 with tripodal amido
ligands,70 with ligands derived from (XPR2)(YPR0

2)NH acids (X, Y ¼ O, S, Se; R, R0 ¼ alkyl, aryl, OR),71 with a-diimine ligands,72

with semicarbazone and thiosemicarbazone ligands,73,74 with anionic scorpionate ligands,75 with boraamidinate ligands,76 with
imido ligands,77–79 with nitrido ligands,80 with ene-diamido ligands,9 with formazanate ligands (formazan ¼ Ar1–NH–N]CR-
N]N–Ar2),81 with amidoborane ligands,13 with bis(phosphinimino)methanide ligands,82 with N-heterocyclic imines83 and N-
heterocyclic carbenes,84,85 and with sterically demanding monodentate amide ligands.86 Tan and García have reviewed the use
of mechanochemical methods in main group metal chemistry.87

The literature concerning the coordination chemistry of main group elements is very extensive and we have focused our attention
on compounds that are structurally characterized, and on single donor ligands. The primary source of data was the Cambridge Struc-
tural Database (CSD)88,89 with searches made using Conquest v. 2021.3.0 and v. 2022.1.088 and figures drawn using Mercury
2021.3.0 and v. 2022.1.0.90 We have also sourced data from the Inorganic Crystal Structure Database (ICSD, v. 4.7.1, data release
2021.2).91 Coordination compounds are organized in the following sections by ligand type, with binary metal halide and hydride
complexes excluded. The latter have been detailed in several reviews.92–95 Compounds which include M–C bonds, including metal-
locene units, have been excluded. Our aim has been to provide an overview that illustrates structure-types rather than a comprehen-
sive coverage since the latter is neither possible within the page-extent available, nor of help to the reader.

After considerable debate, we have decided not to ‘standardize’ ligand names and abbreviations to IUPAC recommendations. In
part, this represents a desire to retain the nomenclature associated with the original publications and the intimate community.
Ligand abbreviations used in this review are listed at the beginning of the article.

1.02.2 Nitrogen-donor ligands

1.02.2.1 Monodentate ligands

1.02.2.1.1 NH3, RNH2, R3N
Homoleptic main-group metal ammine complexes are restricted to the s-block (groups 1 and 2) metals and aluminum. One moti-
vation for investigations of these complexes is their potential for hydrogen storage, e.g., using [Mg(NH3)6]Cl2, it is possible to store
9.1% hydrogen by weight in the form of ammonia.96 The use of liquid NH3 as a solvent, for example, in reactions to form Zintl ions
or hydroborate clusters, is also a method by which s-block metal ammine complexes are accessed. Fig. 1 illustrates the structures of
the group 1metal complex cations [Li(NH3)3]

þ,97 [Li(NH3)4]
þ,97–102 [Na(NH3)4]

þ,102 [K(NH3)6]
þ,103 [K2(NH3)10(m-NH3)2]

2þ,104

and [Rb2(NH3)4(m-NH3)4]
2þ.100 The increase in coordination number with size of metal ion is as expected. The 3-coordinate

[Li(NH3)3]
þ occurs (along with [Li(NH3)4]

þ) in the salt Li2B12H12
�
$7NH3 and is stabilized by additional Li/H–B contacts in

the solid state.97 In contrast to Li2B12H12$7NH3,
97 Li2B12H12$10NH3 contains tetrahedral [Li(NH3)4]

þ and NH3 solvate,100 and
the tetrahedral [Li(NH3)4]

þ ion is more usual than [Li(NH3)3]
þ. The square-planar structure of [Na(NH3)4]

þ is found in the indenyl
salt [Na(NH3)4][In] which forms a layered structure, in contrast to the non-layered [Li(NH3)4][In] which contains tetrahedral

Main group metal coordination chemistry 23



[Li(NH3)4]
þ ions.102 Ammine complexes of Kþ are represented by the octahedral [K(NH3)6]

þ and the dinuclear [K2(NH3)10(m-
NH3)2]

2þ (Fig. 1E) in which Kþ is 7-coordinate; the K–N distances for the bridging NH3 ligands are only slightly longer
(3.087(2) Å) than the terminal bonds (2.933(2)–2.998(2) Å).104 The [K(NH3)7]

þ ion has also been structurally characterized
(see later).105 The [Rb2(NH3)4(m-NH3)4]

2þ ion (Fig. 1F) is present in Rb2[B12H12]$8NH3, whereas in Cs2[B12H12]$6NH3, the
Csþ ion is bound by only two NH3 molecules (Cs–N ¼ 3.259(2) and 3.125(2) Å) with Cs/H–B contacts completing the Csþ coor-
dination sphere.100 The competition between M–NH3 coordinate bond formation and M/H–B interactions is often seen in the
solid-state structures of ammine s-block metal borohydride salts, and further examples are found in Li2B12H12$4NH3,
Na2B12H12$2NH3 and NaB12H12$3NH3,

106 and in Na2B10H10$2NH3 and a-Na2B10H10$NH3.
107

As in group 1, the increased size of the group 2 metal ion on descending the group leads to higher coordination numbers (CNs).
The tetrahedral [Be(NH3)4]

2þ ion is present in [Be(NH3)4]2Cl4$17NH3. The isolation and structural characterization of this
compound in 2012 by Kraus et al. provided valuable insight into similarities and differences between aqua and ammine chemistry
of the Be2þ ion.108 Fig. 2A shows the octahedral [Mg(NH3)6]

2þ ion characterized in Li2Mg(BH4)4$6NH3.
109 The [Ca(NH3)7]

2þ ion

(A) (B) (C) (D)

(E)

(F)

Fig. 1 Structures of group 1 metal ammine complexes: (A) [Li(NH3)3]þ (CSD refcode XUNYAH), (B) [Li(NH3)4]þ (refcode COVLUV), (C)
[Na(NH3)4]þ (refcode XICMED), (D) [K(NH3)6]þ (refcode QOTQOH), (E) [K2(NH3)10(m-NH3)2]2þ (refcode XEJWAL), and (F) [Rb2(NH3)4(m-NH3)4]2þ

(refcode VIHGUQ).

(A) (B) (C) (D)

Fig. 2 Structures of group 2 metal ammine complexes: (A) [Mg(NH3)6]2þ (CSD refcode HIPFIX), (B) [Sr(NH3)8]2þ (refcode IFUZEO), (C)
[Ba(NH3)7]2þ (refcode NUSVAY), and (D) [Ba(NH3)9]2þ (H atoms omitted, refcode EBOYOJ).
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is present in [NH4(NH3)4][Ca(NH3)7]As3S6$2NH3 which was prepared by the reduction of As4S4 using Ca in liquid NH3. The coor-
dination geometry of [Ca(NH3)7]

2þ is a monocapped trigonal prism,110 and is structurally similar to that reported by Kolis and
coworkers in [Ca(NH3)7][S6].

111 Heavier group 2 metal ammine complexes include those associated with the syntheses of fulleride
anions in liquid NH3 by reduction of C60 or C70 with a group 2 metal. The coordination geometries of the [Sr(NH3)8]

2þ ion in
different salts are described as a distorted, bicapped trigonal prism (Fig. 2B)112 or distorted tetragonal anti-prism.113 Ammine
complexes of the heavy group 2 M2þ ions are rather sparse. The structure of [Ba(NH3)7]

2þ (Fig. 2C) in [Ba(NH3)7][C60]$NH3 is
a mono-capped trigonal antiprism,105,114 and this coordination geometry is replicated in [K(NH3)7]

þ and [Sr(NH3)7]
2þ.105 The

highest CN of nine is found in [Ba(NH3)9]
2þ which adopts a distorted, tricapped trigonal prismatic structure (Fig. 2D).115

In addition to their relevance for hydrogen storage, group 13 ammine complexes are of interest as precursors for III-V semicon-
ducting materials, and are represented by the octahedral [Al(NH3)6]

3þ and [Ga(NH3)6]
3þ ions.116–118

Examples of main groupmetal complexes incorporating monodentate amino ligands are restricted to simple ligands and include
complexes with bridging ethane-1,2-diamine (en), i.e., en in a bis(monodentate) bonding mode. Simple methylamine complexes
include [Pb(MeNH2)6]I2 and [Pb(MeNH2)4I]I formed from PbI2 in liquid MeNH2; the former has a cubic anti-K2PtCl6 structure. In
[Pb(MeNH2)4I]I, the I� ion essentially fills the sixth coordination site of the Pb(II) center, but with a long Pb–I distance of
3.8801(4) Å.119 Interest in these systems stems from relationships to MeNH3PbI3 perovskite materials. Reactions of LiGaH4 with
the hydrochloride of MeNH2 or

iPrNH2 lead to [Ga(RNH2)2H2]Cl which are structurally similar,120 and [Ga(tBuNH2)2H2]Cl has
also been reported.121 [Ga(MeNH2)2H2]Cl exhibits short N–H/Cl� contacts in the solid state (Fig. 3A). [Ga(iPrNH2)2H2]

þ reacts
with LiGaH4 to yield a trigallium amino complex.120 [Ba(MeNH2)3Te3]n has the layer structure shown in Fig. 3B in which the
methylamine ligands protrude above and below the sheet.122 A study of solvates of Mg(BH4)2 includes [Mg(tBuNH2)3(BH4)2]
in which the Mg2þ center can be described as being in a distorted trigonal bipyramidal coordination sphere with bidentate
[BH4]

� ligands bound in the axial sites (Fig. 3C); a similar structure is found for [Mg(pip)3(BH4)2] (pip ¼ piperidine). When
the solvent was benzylamine (BzNH2), the [BH4]

� ions were non-coordinated and the octahedral [Mg(BzNH2)6]
2þ cation was

formed.123 In [In(BzNH2)3(PhCH2CO2)3], the In(III) center is octahedral with a fac-arrangement of BzNH2 ligands.124 The
[K2(

tBuNH2)4]
2þ ion (Fig. 3D) was isolated in a paramagnetic salt with the 3-oxyl-4,4,5,5-tetramethyl-2-oxoimidazolidin-1-

olate anion.125 Complexes of aniline are represented by [Li(PhNH2)3(BH4)] which contains a tetrahedral Liþ center with a tridentate
BH4

� ion occupying one of the four coordination sites.126 Mixtures of 2,6-dimethylaniline (DmpNH2) and SbCl3 in toluene yielded
a co-crystalline mixture of [SbCl3(DmpNH2)2] and [SbCl3(DmpNH2)] in which the Sb atoms are in square-based pyramidal and
see-saw (disphenoidal) geometries, respectively.127

Monodentate, terminal en ligands coordinating to main group metal centers are found in [Be(en)3]Cl2 and [Be(en)3]Br2 (one
chelating and two monodentate en). A change to BeF2 leads to a polymeric structure (see later).128

Group 1 metal complexes with {M(RNH2)2(18-crown-6)}
þmotifs are well represented, both with terminal and bridging amino

ligands. In 1993, Dye et al. reported the sodide (Na�) salts [Li(MeNH2)2(18-crown-6)][Na] and [Li(MeNH2)2(18-crown-6)][Na]$
3(18-crown-6). In the former, the Liþ ion is tetrahedrally sited with Li–N distances of 2.021 and 1.955 Å (Fig. 4A) while in the latter,
the Liþ ion sits centrally in the ring (Fig. 4B) with unusually short Li–N distances of 1.733 Å and an apparently linear Li–N–C unit;
a model with a three-fold disorder was suggested but residual electron density did not support the model.129 While Liþ is not size-
compatible with the cavity in 18-crown-6, the latter is ideally suited for Kþ, as illustrated in Fig. 4C with the structure of [K(en)2(18-
crown-6)]þ.130 {K(18-crown-6)}þ domains connected by bridging en ligands are exemplified in 1D-polymers and cyclic arrays. The
chain shown in Fig. 4D is one of two independent chains present in the salt of the [Ge16Sb2]

4� Zintl ion,131 and other studies of
Zintl ions give rise to examples of {K(18-crown-6)(m-en)} units in which the en ligand bridges two Kþ centers or one Kþ and
a second metal ion.132–134 A hexanuclear cyclic array (Fig. 4E) has also been structurally characterized.135

The use of en as a solvent and Li metal as a reductant in reactions to give Chevrel-like clusters has led to the assembly of an
[Li4(en)10]n

4nþ network comprising sheets of double layers (Fig. 5A) which host the Chevrel clusters.136 In contrast, a 1D-
coordination polymer with both bridging and chelating en ligands (Fig. 5B) is present in {[Li(en)2][BH4]}n.

126 Other examples
of 1D- and 2D-assemblies with en ligands connecting Liþ centers have been described by Dehnen et al.137 and Thiele et al.138 In
{K2[Li4(en)8][Ge18]}n, each Liþ center acts as a 4-connecting node to give a 3D (sra) net (Fig. 5C).139 The reduction of red P by

(A) (B) (C) (D)

Fig. 3 (A) The structure of [Ga(MeNH2)2H2]Cl (CSD refcode RITRUI) showing short N–H/Cl� contacts. (B) Part of one 2D-layer in
[Ba(MeNH2)3Te3]n with 8-coordinate Ba2þ, terminal MeNH2 ligands and bridging Te32� units (H atoms omitted, refcode JEQNAX). (C) The structure
of [Mg(tBuNH2)3(BH4)2] (refcode LUVMAQ). (D) The [K2(tBuNH2)4]2þ ion (H atoms omitted, refcode TICWIM).
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Na in en gave [Na4(en)6P14]n in which all en ligands bridge between pairs of Naþ centers and P14
4� units are also interconnected by

Naþ ions; each Naþ center is bound by three N and two P donors.140

Although a few examples of groups 2 and 13–15 metal complexes with bridging en ligands were reported prior to 2000,141–144

structurally characterized examples in the period covered by this review are limited. An investigation of the use of liquid en as
a solvent in Be coordination chemistry led to the characterization of [Be(en)3]Cl2 and [Be(en)3]Br2 (see above), and to the 1D-
polymer [BeF2(en)]n (Fig. 6A).

128 Moving to group 14, lead(II) complexes with bridging en ligands are illustrated by [PbI2(en)2]n
(Fig. 6B),145 and [PbCl2(en)2]n which is structurally similar to the iodido derivative.146 The bromido analog was reported in
1996.147

(A) (B) (C)

(E)

(D)

Fig. 4 The cations in (A) [Li(MeNH2)2(18-crown-6)]þNa� (CSD refcode COJDIO), (B) [Li(MeNH2)2(18-crown-6)]þNa–$3(18-crown-6) (refcode
COJFAI), and (C) [K(en)2(18-crown-6)]þ (refcode HEVTOS). (D) Part of one chain in [K(18-crown-6)(m-en)]nnþ (refcode EWAVII), and (E) the
metallohexacycle [K(18-crown-6)(m-en)]66þ (refcode FAPLIU).

(A) (B)

(C)

Fig. 5 (A) Part of one sheet in the [Li4(en)10]n4nþ network in [Li4(en)10][Pd6(m3-Te)8] (CSD refcode ZOYNOS). (B) Part of one 1D-[Li(en)2]nnþ chain
in the borohydride salt (refcode UBEVOM). (C) Part of the sra net in {K2[Li4(en)8][Ge18]}n represented with only the 4-connecting Li nodes; each
Li/Li edge is bridged by an en ligand (refcode OHUWEW).

(A) (B)

Fig. 6 Part of one 1D-chain in (A) [BeF2(en)]n (CSD refcode IRUHOV), (B) [PbI2(en)2]n (refcode NOCZOV).
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Our discussion of main group metal complexes with tertiary amino ligands is restricted to selected examples of those containing
Me3N and Et3N, for which group 13 derivatives dominate. Tetrahedral M(III) is typical in R3MNMe3 (M ¼ group 13 metal)
compounds, but these organometallic derivatives, of which there are many examples, are outside the scope of this article.
[Li(NMe3)][WMe7] is worthy of note because of the unusual environment of the Liþ ion (Fig. 7A).148 Examples of group 13 coor-
dination complexes with Me3N or Et3N ligands published after 2000 include [2,6-(Dipp)2C6H3OAlH2(NMe3)] (Fig. 7B, Al–
N ¼ 2.0009(16) Å),149 [{W(CO)5}(H2P)AlH2(NMe3)] (Fig. 7C, Al–N ¼ 2.036(3) Å), and [{W(CO)5}(H2P)GaH2(NMe3)]
(Fig. 7D, Ga–N ¼ 2.039(7) Å). The latter complexes were designed to stabilize the otherwise elusive simple phosphanylalane
and -gallane. In the solid state, [{(CO)5W}H2PGaH2(NMe3)] exists as a monomer whereas the analogous aluminum compound
is dimeric, with asymmetric Al–H–Al bridges (Fig. 7E, Al–H ¼ 1.553 and 2.053 Å).150 A GaH(NEt3) unit has been incorporated into
the cyclosiloxane [(OPh2SiOSiPh2OSiPh2O)GaH(NEt3)].

151

1.02.2.1.2 R2N
�, RHN�, RN2�

In this section, we survey main group metal complexes incorporating simple amido (R2N
� and RHN�) and imido (RN2�) ligands,

many of which exhibit an {M2(m-N)2} core. There is a wide range of complexes with {Li2(m-NR2)2} or {Li2(m-NRH)2} units,152–173

and Figs. 8A–C illustrate examples that exhibit 4-, 3- and 2-coordinate lithium.152,153,174 The use of the sterically demanding ligands
to stabilize the {Li2(m-NR2)2} core without the need for terminal ligands (Fig. 8C) is notable and is observed in several exam-
ples.174,175 Fig. 8D shows the structure of [Li2(1,2-C6F2H4)2(m-N(C6F5)2)2] in which there are short Li/F contacts (2.038–
2.139 Å); this increases the coordination number of Li from 4 to 6.176 A related motif is found in [Na2(OEt2)2(m-N(C6F5)2)2],
but in this case, the structure in the solid state extends into a 1D-coordination polymer by virtue of additional Na–F–C contacts;

(A) (B) (C) (D)

Fig. 7 (A) One ion pair in the solid-state structure of [Li(NMe3)][WMe7] (CSD refcode RETNIN). The structures of (B) 2,6-(Dipp)2C6H3OAlH2(NMe3)
(refcode OGONAA), (C) [{(CO)5W}H2PGaH2(NMe3)] (refcode MIHGOZ), and (D) [{(CO)5W}H2PGaH2(NMe3)] (refcode MIHGUF). In (B), (C), (D), only
the M–H atoms are shown; in (C) and (D), each P is a PH2 unit.

(A) (B) (C) (D)

(E) (F)

Fig. 8 Structures of (A) [Li2(THF)4(m-NMe2)2] (CSD refcode PAHCIO), and (B) [Li2(diox)2(m-N(CHMePh)2)2] (refcode CAZLIB). (C) Use of a sterically
demanding amido ligand to stabilize 2-coordinate Liþ (refcode JOKSIM). (D) The structure of [Li2(1,2-C6F2H4)2(m-N(C6F5)2)2] (refcode VUHREY). (E)
The tetralithium complex [{Li2(tmeda)(m-NPh2)2}2(m-tmeda)] (refcode COBZUQ). (F) Part of the 1D-chain in [{Li2(m-NHDipp)2}(m-tmeda)]n (refcode
RUMRAT). Carbon-attached H atoms are omitted.
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this is not discussed in the original work but is evident from inspection of the structural data (CSD refcode WIRYED).177 Related to
the homonuclear species described above are [LiNa(THF)2(m-N(CHMePh)2)2],

153 and associated heterometallic species.178

Extended systems incorporating {Li2(m-NR2)2} units include [{Li2(tmeda)(m-NPh2)2}2(m-tmeda)] (Fig. 8E, tmeda ¼ 1,2-
bis(dimethylamino)ethane),179 and [{Li2(m-NHDipp)2}(m-tmeda)]n (Fig. 8F).

180 The use of 1,3-bis((2,6-di-isopropylphenyl)ami-
domethyl)benzene has led to the formation of a metallomacrocycle containing two {Li2(m-NR2)} units.181

Complexes containing {Na2(m-NR2)2} or {Na2(m-NRH)2} units (NR2 includes non-aromatic heterocycles) belonging to the
same families as those described above for Li have also been reported,156,163,182–184 as have potassium-based dimers.183,185–188

The complex [K2(diox)3(m-NH(2,6-C6F2H3))2]n is worthy of particular note. Firstly, short K–F–C contacts (Fig. 9A) involving the
fluorinated arene ring are observed which mirror those seen in [{Li2(m-NHDipp)2}(m-tmeda)]n (Fig. 8F). Secondly, the increase
in ionic radius on descending group 1 allows the accommodation of three 1,4-dioxane ligands and these, in turn, lead to the
assembly of a 3D-network.189 Rubidium and cesium derivatives with {M2(m-NR2)} motifs are rarer than their lighter group 1 metal
analogs. [Rb2(tmeda)2(m-tmp)2] (Fig. 9B) and [Cs2(tmeda)2(m-tmp)2]

190 are structurally similar to their Na and K homologs,185

but differ from that of the tmeda-solvated Li(tmp) derivative which, in the solid state, exists as [Li2(tmeda)(tmp)(m-tmp)]
(Fig. 9C) with only one bridging amido ligand; note the low coordination numbers of the Liþ centers (Fig. 9C).191 The reaction
of Rb metal with 4-aminobenzonitrile in THF results in the formation of [Rb(m-THF)2(m-NH(4-NCC6H4))]n which possesses an
unusual 3D-network. Both THF and amido ligands bridge pairs of adjacent Rb atoms, and the network can be considered in terms
of layers, interconnected by [(4-NCC6H4)NH]� ligands which coordinate to Rbþ both through RCN and RHN� donors
(Fig. 9D).166

Moving now to group 2, and the ubiquitous {M2(m-NR2)2} unit is observed in [Be2(m-BH4)2(m-N
iPr2)2] (Fig. 10A).

192 However,
amido beryllium derivatives remain scarce, and those of magnesium are dominant.193–209 Among these examples are trimagnesium
and heterometallic species. In [Mg3(THF)6(m-NHC6F5)6], pairs of Mg atoms are triply bridged by amido ligands (Fig. 10B) and each
Mg2þ ion is 6-coordinate. Interestingly, in contrast to examples described earlier in this review, e.g., [Li2(1,2-C6F2H4)2(m-
N(C6F5)2)2], there are no short M/F contacts in [Mg3(THF)6(m-NHC6F5)6].

209 On the other hand, short Mg/F contacts are found
in the solid-state structure of [Mg2(m-N(C6F5)2)2(N(C6F5)2)2].

205 Interest in alkali metal-magnesium complexes lies in their use as
cooperative dimetallic catalysts, with iPrNMgCl$LiCl being described as the ‘turbo Grignard reagent.’210 Examples include
[Na2(THF)4Mg2(m-Npip)6] (Fig. 10C) and [Na2(tmeda)2Mg(m-Npip)4] (Fig. 10D). In both, each metal ion is tetrahedrally sited
and the Na–N distances are noticeably long (av. 2.46(1) Å in the former and av. 2.432(3) Å in the latter) and are described as ‘ancil-
lary bonds.’199 Related group 1–2 dimetallic species include [Li(THF)Mg(m-NCy2)2(NCy2)] in which Na and Mg are both 3-
coordinate (Fig. 10E),200 [Na(tmeda)Mg(m-NiPr2)2(N

iPr2)],
204 and [Li2(THF)4Mg2(m-Cl)4(m-N

iPr2)2] (Fig. 10F) which dissociates
in THF solution to give [Li(THF)4]

þ and iPr2NMgCl-containing species.203

Amido complexes of Ca2þ reveal the metal in a range of coordination environments. The use of a sterically demanding b-dike-
timinate co-ligand leads to 4-coordinate Ca2þ in [Ca2(L)2(m-NHBz)2] (HL and the complex are shown in Fig. 11).211 CaH2

reduction of isoquinoline (iQ) results in the formation of trans-[Ca(HiQ)2(iQ)4] (H2iQ ¼ 1,2-dihydroisoquinoline) and
[Ca3(iQ)6(m-HiQ)6] which contains a linear {Ca3(m-NR2)6} core with 6-coordinate Ca2þ.212 A similar linear {Ca3(m-NHR)6}
core is present in [Ca3(THF)6(m-NHMes)6] (Mes ¼mesityl) which was formed by reaction of K[MesNH] with CaI2 in THF. In
contrast, a change from K[MesNH] to K[2,6-F2C6H3NH] resulted in the formation of the dinuclear complex [Ca2(THF)5(2,6-
F2C6H3NH)(m-NH(2,6-F2C6H3))3] (Fig. 11B).

189 There are no short Mg/F contacts in the latter, while in [Ca4(N(SiMe3)2)2(m-
N(2-FC6H4)2)6] (Fig. 11C), Ca/F interactions are key in stabilizing a low-coordinate group 2 metal complex; related Ba2þ

(A)

(B)

(C)

(D)

Fig. 9 (A) Two repeating units in [K2(diox)3(m-NH(2,6-C6F2H3))2]n (CSD refcode NOBQEB). The structures of (B) [Cs2(tmeda)2(m-tmp)2] (refcode
VEBLEV) and (C) [Li2(tmeda)(tmp)(m-tmp)] (refcode YAPCOH). (D) Part of the 3D-network in [Rb(m-THF)2(m-NH(4-NCC6H4))]n (all H atoms omitted,
refcode FEXLIE).
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complexes were also reported.213 The tendency for higher coordination numbers is seen in [Ca4(THF)8(m-NHPh)8] which contains
6-coordinate Ca2þ centers in a {(THF)3Ca(m-N)3Ca(THF)(m-N)2Ca(THF)(m-N)3Ca(THF)3} motif.214 Related strontium and
barium derivatives [Sr(THF)2(m-NHPh)2]n (Fig. 12A) and [Ba2(THF)3(m-NHPh)4]n (Fig. 12B) are polymeric with 6-coordinate
metal ions and increasing interactions to the phenyl ring p-systems with increasing size of the group 2 metal.214

For group 13, we again see complexes based on dimetallic {M2(m-NR2)2} cores with Al-containing species predominating over
complexes of the heavier metals.215–228 There are many simple dinuclear complexes in the [M2X4(m-NR2)2] and [M2X4(m-NHR)2]
families, and their typical structures are illustrated by that of [Al2Cl4(m-NEt2)2] (Fig. 13A). An interesting related complex is
[Al2H2(NHDipp)(NMe2Et)(m-NHDipp)(m-NDipp)] in which both amido and imido ligands bridge the Al2-unit (Fig. 13B). This
was prepared by reaction of H3Al$NMe2Et with DippNH2, and is one of a series of associated compounds reported by Bauer
et al.215 Chivers reported a series of heterometallic compounds formed from reactions of MAlH4 (M ¼ Li, Na) with RH2N (R ¼ tBu,
iPr, 4-tolyl). [LiAl(NHiPr)4]n and [NaAl(NHiPr)4]n (Fig. 13C) are 1D-polymers in the solid state, while [Li(THF)4][Al(NH(4-
tolyl))4] contains discrete ions.229

Chloroamides of low-valence group 14 elements include monomers and cyclic products with bridging chlorido and amido
ligands. In 2007, Khrustalev et al. reported the thermally stable metal(II) complexes [Ge2Cl2(m-NEt2)2] (Fig. 14A) and
[Sn2Cl2(m-NMe2)2] which were the first crystallographically characterized group 14 metal(II) chlorides with small alkylamino
ligands. The Ge(II) and Sn(II) derivatives are structurally similar. However, the Sn2N2 rhombus is planar (crystallographically
imposed) whereas the Ge2N2 rhombus has a butterfly configuration with internal dihedral angle of 167o; Ge–N bond lengths
are 2.034(2) and 2.073(2) Å, and Sn–N ¼ 2.267(4) and 2.229(4) Å.230 In [Ge2Cl2(m-NEt2)2] and [Sn2Cl2(m-NMe2)2], the chorido
ligands are in a mutually anti arrangement.230 In contrast, they are in a syn-arrangement in [Sn2Cl2(m-NHDipp)2],

231 and in
[Pb2Cl2(m-NHDipp)2].

232 Other examples of tin(II) amido complexes include [Sn2L2(m-NMe2)2] (HL is a salicylaldimine, e.g.,
Fig. 14B) which have been investigated for use in rac-lactide polymerization,233 [Sn2(Me2NC(S)NPh)2(m-NMe2)2] (Fig. 14C) which
acts as a single source precursor for the deposition of phase-pure films of SnS,234 and [Sn2(OR)2(m-NMe2)2] complexes (e.g.,
Fig. 14D) which have been applied to the synthesis of SnOx nanowires.

235

The first Sb(III) aziridinides were reported in 2017. The reaction between Sb(NMe2)3 and aziridine (HAzn) yielded [Sb2(Azn)4(m-
NAzn)2] (Fig. 15A) which exhibits a ‘weak’ dimeric structure in the solid state (for the bridging ligands, Sb–N ¼ 2.084(1) and

(A)

(B)

(C) (D)

(E)
(F)

Fig. 10 The structures of (A) [Be2(m-BH4)2(m-NiPr2)2] (only H atoms in [BH4]� ligands are shown, CSD refcode AQADAX), (B) [Mg3(THF)6(m-
NHC6F5)6] (only amido H atoms are shown, refcode YOHTOF), (C) [Na2(THF)4Mg2(m-Npip)6] (refcode POFREK), (D) [Na2(tmeda)2Mg(m-Npip)4]
(refcode POFRIO), (E) [Li(THF)Mg(m-NCy2)2(NCy2)] (refcode QOLFEC) and (F) [Li2(THF)4Mg2(m-Cl)4(m-NiPr2)2] (refcode TUYGUQ).

(A) (B) (C)

Fig. 11 The structures of (A) the b-diketimine HL, and [Ca2(L)2(m-NHBz)2] (only amido H atoms are shown, CSD refcode LIYYUO), (B)
[Ca2(THF)5(2,6-F2C6H3NH)(m-NH(2,6-F2C6H3))3] (only amido H atoms shown, refcode NOBQUR), and (C) [Ca4(N(SiMe3)2)2(m-N(2-FC6H4)2)6] (refcode
POJXAQ).
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(A) (B)

Fig. 12 Parts of the 1D-polymer chains in (A) [Sr(THF)2(m-NHPh)2]n (CSD refcode VIMYOG) and (B) [Ba2(THF)3(m-NHPh)4]n (CSD refcode
VIMYOG). H atoms omitted except for NH.

(A) (B) (C)

Fig. 13 Structures of (A) [Al2Cl4(m-NEt2)2] (refcode SUDKUZ), and (B) [Al2H2(NHDipp)(NMe2Et)(m-NHDipp)(m-NDipp)] (CSD refcode PUZSOS). (C)
Part of one 1D-polymer chain in [NaAl(NHiPr)4]n (refcode PEGZAD).

(A) (B) (C) (D)

Fig. 14 The structures of (A) [Ge2Cl2(m-NEt2)2] (CSD refcode KIJVAB), (B) an example of a [Sn2L2(m-NMe2)2] (refcode DUGHIX) complex where HL
is a salicylaldimine, (C) [Sn2(Me2NC(S)NPh)2(m-NMe2)2] (refcode RACPET), (D) [Sn2(O(2-MeC6H4))2(m-NMe2)2] (refcode VAYRIY). All H atoms are
omitted.

(A) (B) (C) (D)

Fig. 15 The structures of (A) [Sb2(Azn)4(m-NAzn)2] (CSD refcode HAPSEZ) and (B) part of the 1D-polymer in [Li3Sb(m3-Cl)2(m-Azn)4(THF)2]n (Li,
dark purple, Sb, pale purple; refcode HAPSAV). (C) General structure of an E4(m3-NR)4 cubane, and (D) the cubane [Sn3Se3Li(THF)(m3-NtBu)4]�

(refcode FERVEE). H atoms are omitted.
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2.534(2) Å). [Sb2(Azn)4(m-NAzn)2] could not be accessed by reacting SbCl2 with Li[Azn], but instead, a reaction in THF produced
the polymeric [Li3Sb(m3-Cl)2(m-Azn)4(THF)2]n (Fig. 15B).

236 Neutral bismuth amides, e.g., Bi(N(SiMe3)2)3, and a bismuth thioa-
midate were investigated as volatile Bi-containing precursors for bismuth oxide materials.237 Cationic Bi amido derivatives
[Bi(NR2)2Ln]

þ (R]Me, iPr, Ph; L ¼ neutral ligand) have also been described. However, in the [BPh4]
� salts, transfer of Ph from B

to Bi was observed; use of fluorinated tetraarylborate counterions yielded more stable cationic bismuth amides.238

The imido (RN2�) group is isoelectronic with an oxido O2� ligand, and main group metal clusters involving M–NR–M bridging
units are well represented and reviewed.77–79 Although strictly organometallic, [Sb2Ph2(m-N

tBu)2] is a representative example of
a simple imido complex.239 Imido cubanes [E4(m3-NR)4] (Fig. 15C) are represented by [M4(m3-NGeMe3)4] (M ¼ Ge, Sn, Pb)
and [Sn4(m3-NSnMe3)4],

240 [Sn3Mg(m3-N
tBu)4] and [Sn3Li(m3-N

tBu)4]
�,241 and [Sn3X3Li(THF)(m3-N

tBu)4]
� (X ¼ Se, Te;

Fig. 15D).242

1.02.2.1.3 Nitriles
We have restricted our discussion of nitrile (RC^N) complexes to homoleptic compounds and other simple species. For Liþ, tetra-
hedral coordination is typical, e.g., in salts of [Li(NCMe)4]

þ,243–247 in [Li2(NCMe)4(m-Br)2] (Fig. 16A),248 and in the 1D-
coordination polymer [Li(NCMe)2(m-Cl)]n (Fig. 16B).249,250 {[Li(m-NCCH2CH2CN)2][N(SO2F)2]}n is an example of a network
built up from Liþ and a dinitrile (Fig. 16C); the compound is of interest for its high Li-ion conductivity.251 The coordination envi-
ronments of Naþ in apparently simple complex cations with MeCN ligands are surprisingly varied. Both octahedral
[Na(NCMe)6]

þ,252 and 5-coordinate [Na(NCMe)5]
þ ions have been structurally characterized.253–255 The Naþ ion displays

a square-planar coordination geometry in trans-[Na(NCMe)2(OEt2)2]
þ256; note that this complements the square-planar

[Na(NH3)4]
þ ion described earlier. An unusual [Na(NCMe)2]

þ cation with a non-linear geometry has been reported in [Na(NC-
Me)2]2[h

7-(MeOCH2CH2)2C2B10H10Er]2, but as Fig. 16D illustrates, the Naþ ion is also closely associated with the carbaborane
counterion.257 Just as [Na(NCMe)2]

þ deceptively displays CN ¼ 2, the 3-coordinate Kþ ion present in the tripodal cobalt(II)
complex depicted in Fig. 17A exhibits close contacts to arene rings in the complex anion.258 This and the octahedral [K(NCMe)6]

þ

ion259 are among the few structurally characterized homoleptic acetonitrile complexes of Kþ. A further example in which the low
coordination number of the group 1 metal ion is ambiguous is [Cs2(m-CNMe)2]

2þ where the apparently open coordination sites of
Csþ are occupied by virtue of close Cs/Cl or Cs/Br contacts with the counterion.260

A number of [M{C(CN)3}2]n
n� coordination networks containing the group 1 metals have been reported. They possess metal-

locene counterions and are notable for melting in a range 102–239 �C; the dimensionality of the net depends on the size of the
organometallic cation. An example is shown in Fig. 17B.261

Simple acetonitrile complexes of all the group 2 metals are represented. Tetrahedral coordination prevails in RCN complexes of
beryllium, exemplified by [BeBr2(NCMe)2],

262 [Be(OSO2CF3)2(NCMe)2],
263 and [BeCl2(NCPh)2].

264 Treatment of Be powder with
I2 in MeCN led to the formation of [Be3(m3-O)3(MeCN)6{Be(MeCN)3}3]I6 and an active role of trace amounts of BeO in this reac-
tion has been suggested. The cation has an essentially planar Be6O3-core (Fig. 17C).

265 On going to Mg2þ, octahedral coordination

(A) (B) (C) (D)

Fig. 16 (A) The structure of [Li2(NCMe)4(m-Br)2] (CSD refcode SAWSUE01). (B) Part of the 1D-chain in [Li(NCMe)2(m-Cl)]n (refcode XENHAZ01).
(C) Part of the 3D-network (viewed down the a-axis) in the [N(SO2F)2]� salt of [Li(m-NCCH2CH2CN)2]nnþ (refcode FAHDUR). (D) The [Na(NCMe)2]þ

cations in [Na(NCMe)2]2[h7-(MeOCH2CH2)2C2B10H10Er]2 with only B–H–Er H atoms shown (refcode IRIZEO).

(A) (B) (C)

Fig. 17 (A) The ion-pair in [K(NCMe)3]þ[Co(NCMe)(Ltripod)]� (CSD refcode GICGUW) and the structure of H3Ltripod. (B) Part of the [K{C(CN)3}2]nn�

3D-net in the [CpRu(C6H5Me)]þ salt (refcode LOMZEV). (C) The structure of the [Be3(m3O)3(MeCN)6{Be(MeCN)3}3]6þ cation (refcode INILUN).
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dominates as in [Mg(NCMe)6]
2þ,266–272 and trans-[Mg(OH2)4(NCMe)2]

2þ.273 Higher CNs are expected on descending group 2 and
are indeed observed in [Ca(NCMe)8]

2þ (CN ¼ 8),268 [Ca(NCS)2(NCMe)5] (CN ¼ 7),274 [Ca(NCMe)2(OH2)5]
2þ (CN ¼ 7),275

[Ca(NCMe)3(15-crown-5)]
2þ (CN ¼ 8, Fig. 18A),276 [Ca(NCMe)2(18-crown-6)]

2þ (CN ¼ 8),277 [Ca(NCMe)3(18-crown-6)]
2þ

(CN ¼ 9, Fig. 18B),278 [Ca(NCMe)4(THF)4]
2þ (CN ¼ 8),278 [Sr(NCMe)8]

2þ (CN ¼ 8),268 [Sr(NCMe)3(18-crown-6)]
2þ

(CN ¼ 9),278 and [Ba(NCMe)8(OH2)]
2þ (CN ¼ 9).260 Fig. 17B showed part of the [K{C(CN)3}2]n

n� 3D-net in which cavities
are occupied by cations. In contrast, the neutral [Ca{C(CN)3}2]n forms an interpenetrating 3D-network (Fig. 18C) with octahedral
Ca2þ centers connected by [C(CN)3]

� ligands. On going from [Ca{C(CN)3}2]n to [Ba{C(CN)3}2(OH2)2]n, the coordination
number of the group 2 metal increases from 6 to 9 (a capped tetragonal antiprism). The 3D-network is unusual, with Ba2þ ions
linked both by trinitrile and aqua ligands (Fig. 18D).279

Group 13 metal complexes with simple nitrile ligands are restricted to those of aluminum, if organometallics are excluded. A
number of examples of octahedral [Al(NCMe)5X]

2þ complexes with X ¼ Cl or Br have been reported since 1979,280–287 but these
dications have been described as being ‘rather uncommon.’286 The Al3þ center retains octahedral coordination in [Al2(m-
OH)2(NCPh)8]

4þ,284 and [Al2(m-OH)(m-O2C
tBu)2(NCPh)6]

3þ.288 For the later main groups, examples of simple nitrile metal
complexes reported since 2000 are relatively few: cis-[Ge(NCCH2F)2F4],

289 cis-[Sn(NCMe)2Cl4],
290,291 cis-[Sn(NCMe)2Br4],

292 cis-
[Sn(NCEt)2Cl4],

290 cis-[Sn(NCiPr)2Cl4],
290 [Sn(NCMe)6]

2þ,293 [Sn(NCMe)5]
2þ,176 and cis-[Te(NCMe)2Cl4].

294 In the case of
[Sn(NCMe)5]

2þ and [Sn(NCMe)6]
2þ, such examples of tin(II) dications without close contacts to the counterion are

uncommon.176,293

1.02.2.1.4 N3
�, N-bonded CN�, NCO�, NCS�, NCSe�

As in previous sections, we focus on homoleptic main group metal complexes and other simple derivatives to give an overview of
typical bonding modes of N3

�, CN�, NCO�, NCS� and NCSe�. We first consider azido complexes, investigations of which are
motivated by their classification as high-energy materials. For groups 1 and 2, a number of crown ether complexes incorporate
axial N3

� ligands as exemplified by [Li(12-crown-4)(N3)] (with a linear Li–N–N–N unit),295 [Rb(18-crown-6)(N3)(OH2)] (with
an Rb–N–N angle of 134.7(2)o and hydrogen-bonded pairs of molecules, Fig. 19A),295 [Cs2(18-crown-6)2(m-N3)2],

295 [Cs(18-
crown-6)(m-N3)]n (Fig. 19B),295 [K(18-crown-6)(N3)(OPPh3)],

296 [Ba2(18-crown-6)2(MeOH)2(m-N3)3] (10-coordinate Ba2þ,
Fig. 19C),297 [Sr(15-crown-5)(N3)2],

297 and [Sr(15-crown-5)(NO3-k
2)(m-N3)]n (9-coordinate Sr2þ, Fig. 19C).297 In [K(18-crown-

6)(m-N3)U{OSi(OtBu)3}4] the azido ligand forms a near-linear bridge between the two metal atoms (K–N–N ¼ 174.3o, U–N–

N ¼ 167.8o).298 This is one representative example of an N3
� bridging ligand linking a group 1 metal ion to a second metal; in

(A) (B) (C) (D)

Fig. 18 The structures of (A) [Ca(NCMe)3(15-crown-5)]2þ (CSD refcode CIPFOZ) and (B) [Ca(NCMe)3(18-crown-6)]2þ (refcode FUDCAJ). (C) Part
of the interpenetrating nets in [Ca{C(CN)3}2]n (refcode DOJVUU). (D) The coordination environment of Ba2þ in [Ba{C(CN)3}2(OH2)2]n (refcode
DOJWAB).

(A) (B) (C) (D)

Fig. 19 (A) Structure of one hydrogen-bonded pair of [Rb(18-crown-6)(N3)(OH2)] molecules (CSD refcode TEDKUJ). (B) Part of the 1D-
coordination polymer in [Cs(18-crown-6)(m-N3)]n.295 (C) Structure of [Ba2(18-crown-6)2(MeOH)2(m-N3)3] (refcode WIZCEO) and (D) part of the 1D-
chain in [Sr(15-crown-5)(NO3)(m-N3)]n (refcode WIZCAK).
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some cases the azido unit bridges the two metals as shown in Fig. 19C, while in others, it binds to both metal centers through one
terminal N atom.299–308

In group 2, in addition to the tetrahedral [Be(N3)4]
2� ion which was the first structurally characterized homoleptic beryllium

azide,309 Be offers a number of interesting azido complexes. The dimer [Be2(N3)4(m-OSiMe3)2]
2� contains terminal N3

� ligands
with the typical bent geometry (Be–N–N ¼ 134.5(4) and 120.0(4)o)310 which is also observed in [BeCl(N3)L] where L ¼ (R,R)-
N,N0-di-isopropylcyclohexyl-1,2-diamine.311 [Be4Cl4(m-N3)6]

2� and [Be4Br4(m-N3)6]
2� (Fig. 20A) are isostructural and contain

tetrahedral Be4 units, edge-bridged by azido ligands.312,313 As we move into the p-block, the number of simple azido complexes
reported since 2000 increases on moving from group 13 to 15. It is noteworthy that neutral [As(N3)5] and [Sb(N3)5] were reported
for the first time in 2004 and were prepared by treatment of AsF5 or SbF5 in SO2 with excess Me3SiN3.

314 Limited examples of non-
organometallic compounds are found in group 16, and these include the homoleptic complexes [Se(N3)6]

2�,315 [Te(N3)5]
�

(Fig. 20B),316 and [Te(N3)6]
2� (Fig. 20C).317 A summary of homoleptic group 15 polyazides was provided in 2013 by Haiges

et al.318 Homoleptic azides of the p-block metals that have been isolated and characterized since 2000 are [M(N3)3] (M ¼ Ga,
In, Tl),319 [Ga(N3)5]

2�,319 [M(N3)6]
3� (M ¼ In, Tl),319 coordinatively unsaturated metal(II) [M(N3)3]

� (M ¼ Ge, Sn)
(Fig. 20D),320,321 octahedral [Ge(N3)6]

2�,322 octahedral [Sn(N3)6]
2�,323 octahedral [As(N3)6]

�,324,325 octahedral
[Sb(N3)6]

�,314,325,326 octahedral [Bi(N3)6]
3�,327,328 square-based pyramidal [Sb(N3)5]

2�,326 square-based pyramidal
[Bi(N3)5]

2�,327 and [Bi(N3)4]
� which forms a chain structure by virtue of weak intermolecular Bi/N interactions.327 While retain-

ing a see-saw (disphenoidal) coordination geometry at As or Sb, the structures of [As(N3)4]
� and [Sb(N3)4]

� are cation dependent
and show variations in the azido ligand conformations.318,329 Haiges et al. state that ‘the experimental observation of five distinct
single conformers for the same type of anion is unprecedented’. The differences arise from small changes in packing energies and
cation�anion interactions in the solid state.318 Salts of both [As(N3)4]

þ and [Sb(N3)4]
þ with As(V) and Sb(V) have been reported;

while kinetically stable, they explode violently under conditions of thermal shock. In contrast, the As(III) and Sb(III) compounds
[Me4N][As(N3)4] and [Ph4P][Sb(N3)4] exhibit relatively high stabilities.325

Additional simple azido complexes include [M(N3)3(NCMe)] (M ¼ Ga, In with tetrahedral metal center),319 [Ga2Cl6(m-N3)]
�

(Fig. 20E),330 tetrahedral [GaH2(N3)(qu)] (qu ¼ quinuclidine),331 [In2Cl4(THF)4(m-N3)2] (Fig. 20F),332 trigonal bipyramidal
[Ga(N3)2{(Et2NCH2CH2)2N}] used as a CVD precursor to GaN,333 octahedral [InCl(N3)2py3] with a trans-arrangement of azido
ligands,334 octahedral [Ge(N3)4(phen)] (Fig. 21A),322,335 octahedral [GeCl2(N3)2(tmeda)] with a trans-arrangement of azido
ligands,336 and octahedral trans-[Sn(N3)4(py)2] and [Sn(N3)4(phen)].

323 Like lead(II) azide, tin(II) azide is shock sensitive and
explosive. However, the adducts [Sn(N3)2(py)2] and [Sn(N3)2(4-Mepy)2] (4-Mepy ¼ 4-methylpyridine) are shock- and friction-
insensitive and are stable at 298 K under an atmosphere of the respective Lewis base. They possess see-saw (disphenoidal) geom-
etries with azido ligands in the equatorial sites.321 The dinuclear complex [Pb2(phen)4(m-N3)4] with 8-coordinate Pb(II) exhibits
two different azido bridging modes (Fig. 21B) with Pb–N–N angles in the range 104.8–121.9o,337 whereas in
[Pb2(phen)4(NCS)2(m-N3)2], each bridging azido ligand binds to two Pb(II) centers through one terminal N-atom.338 The
Pb(II) coordination sphere suggests the presence of a sterically active lone-pair.339–342

The octahedral As(V) and Sb(V) complexes [M(dmap)(N3)5] (M ¼ As, Sb) have been isolated and it was established that forma-
tion of the base adducts led to kinetic stabilization of highly explosive main group metal polyazides.343 The As(III) and Sb(III)
complexes [AsCl(N3)2py] and [SbCl2(N3)(py)2] have disphenoidal and square-based pyramidal geometries, respectively.344 The
homoleptic polyazides As(N3)3, Sb(N3)3 and Bi(N3)3 are stabilized by anion formation (as described above) or by the formation
of adducts such as [As(bpy)(N3)3], [Sb(bpy)(N3)3], [Bi(bpy)(N3)5]

2� and [Bi2(bpy)4(N3)4(m-N3)2].
327 The Bi(III) center in

[Bi(N3)5(dmso)]2� is octahedrally sited.329 Fig. 21C shows the structure of [Bi4{
tBuC(iPrN)2}4(N3)4(m-N3)4] which features

both terminal and bridging azido ligands; this is one in a series of amidinatobismuth(III) diazides [LBi(N3)2] made by reactions
between LBiX2 (X ¼ Cl, I) and AgN3.

345 In [Sb2(N3)2(m-N
tBu)2], each Sb(III) center is in a trigonal pyramidal environment and

the azido ligands are directed over the Sb2N2 rhombus (Fig. 21D).346

b-Diketiminate derivatives include tetrahedral [Al(N3)2{HC(CMeNiPr)2}] (Fig. 21E)347 [Ga(N3)2{HC(CMeNiPr)2}]
348 and

[Ga(N3)2{HC(CMeNPh)2}],
349 and the 3-coordinate metal(II) species [Ge(N3)L] (HL ¼ H2C(CMeNDipp)2) (Fig. 21F),350 and

[Sn(N3)L] (HL with Ar ¼Mes).351

(A) (B) (C) (D) (E) (F)

Fig. 20 Structures of (A) [Be4Br4(m-N3)6]2� (CSD refcode TANHAS), (B) [Te(N3)5]� (refcode BELZUO), (C) [Te(N3)6]2� (refcode BEMBAX), (D)
[Ge(N3)3]� (refcode JUCROQ), (E) [Ga2Cl6(m-N3)]� (refcode LUHRIQ), and (F) [In2Cl4(THF)4(m-N3)2] (refcode LOFVAD).
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We nowmove to N-bonded cyanido ligands. There are few, if any, simple examples containing monodentate N-bonded cyanido
ligands coordinated to main group metals. However, there is an extremely interesting subclass of compounds containing cyanido-
metallate ligands which can act as monodentate or polydentate N-donors to main group metals, and thus contain bridging CN
ligands with the C typically bonded to a d-block metal center. This class of compound will not be discussed extensively, but we
present examples of {M(CN)n} metalloligands of various denticities coordinated to main group metal centers. Monodentate metal-
loligands coordinating to main group metal centers are less well represented than higher denticity analogs. An investigation of
copper(I)-catalyzed silylation reactions with silylboranes has given rise to the isolation of [K(18-crown-6)][Cu(CN)(SiMe2Ph)]
in which the cation and anion interact through a bent K–N^C–Cu bridge (K–N ¼ 2.830(4) Å, K�N^C ¼ 112.7(3)o for one of
two independent ion pairs); a change in crystallization conditions leads to a dimer in which the K–N^C–Cu bridge is less bent
(K–N^C ¼ 151.5(2)o).352 Bidentate metalloligands include linear [Ag(CN)2]

� and [Au(CN)2]
�, although a monodentate mode

is observed in [Pb(OH2)(bbp)2{Au(CN)2}2] (Fig. 22A).353 [Ag(CN)2]
� coordinates in a bidentate manner to Liþ in [Li(NC-

Me)2(m-Ag(CN)2)]n,
354 Kþ in [K(18-crown-6)(m-Ag(CN)2)]n (Fig. 22B),355 and Pb2þ in [Pb(tpy)(m-Ag(CN)2)2]n (Fig. 22C);

[Pb(tpy)(m-Au(CN)2)2]n is structurally analogous to the Ag(I) complex.356 Other examples incorporating bridging [Au(CN)2]
�

include [Pb(bpy)2(m-Au(CN)2)2]n,
356 [Pb(phen)2(m-Au(CN)2)2]n,

356 and [K(m-bpy)(m-Au(CN)2)2]n which has a layered struc-
ture.357 Numerous examples of square-planar Au(III), Pd(II) and Pt(II) cyanido derivatives acting as metalloligands to main group
metals are known. With L ¼ dibenzo-18-crown-6, [Ba2L2(OH2)3(MeOH)2{Pt(CN)4}2] is a discrete molecule (Fig. 22D) featuring
one monodentate and one bridging [Pt(CN)4]

2�.358 Other examples of hypodentate [Pt(CN)4]
2� ligands are found in the 1D-

polymer [Ba(18-crown-6)(OH2)2(m-Pt(CN)4)]n (bidentate [Pt(CN)4]
2�),359 the discrete molecule [K2(18-crown-6)2(m-Pt(CN)4)]

(bidentate [Pt(CN)4]
2� with a trans-arrangement of Kþ ions),360 and the 2D-network [Ba(azacrown)(m3-Pt(CN)4)]n where the aza-

crown is 1,4,10,13-tetraoxa-7,16-diazacyclooctadecane (tridentate [Pt(CN)4]
2�).361 Tridentate [M(CN)4]

2� connecting Ba2þ or Srþ

centers is observed in [Ba(DMF)4(m3-Ni(CN)4)]n, [Sr(DMF)4(m3-Ni(CN)4)]n, [Sr(DMF)4(m3-Pd(CN)4)]n, and [Sr(DMF)4(m3-
Pt(CN)4)]n. In contrast, in [Ba(DMF)3(m4-Pd(CN)4)]n and [Ba(DMF)3(m4-Pt(CN)4)]n, [M(CN)4]

2� is tetradentate.362 We return
to tetradentate metalloligands later.

Bidentate cyanido metalloligands are further represented by [Pd(ppy)(CN)2]
� which coordinates to Tl(I) in [TlPd(ppy)(CN)2]n

to produce a 2D-network featuring Pd–Tl donor–acceptor metal–metal bonds (Fig. 22E); the Tl–N^C angles are 149.8(9) and
110.5(7)o.363 Related to [Pd(ppy)(CN)2]

� is [Pt(4-Meppy)(CN)2]
� which acts as a bidentate ligand, binding Kþ to give the motif

shown in Fig. 22F; the structure propagates into a sheet with additional coordinated H2O and acetone, and the {Pt(4-
Meppy)(CN)2} units are arranged in stacked pairs (Fig. 22F) with a Pt/Pt separation of 3.2785(7) Å.364 The discrete molecule
[Pb2(HBpz3)2(OCMe2)2(m-Pt(CN)2(4-MeC6H4C^C)2)] features a near-linear Pb–N^C–Pt–C^N–Pb unit.365 In [K(m-OH2){m-
AuCl2(CN)2}]n, trans-[AuCl2(CN)2]

� binds Kþ ions to give a network with both short K–NC and K–Cl contacts; related bromido
and iodido compounds also form extended structures by virtue of K–NC coordinate bonds and with additional weak X/X contacts
between [AuX2(CN)2]

� units.366 On moving from Au(III) to Hg(II), the square-planar metal environment is retained but the

(A)

(B) (C)

(D) (E) (F)

Fig. 21 Structures of (A) [Ge(N3)4(phen)] (refcode BUHQOM), (B) [Pb2(phen)4(m-N3)4] (refcode MUMBUS), (C) [Bi4{tBuC(iPrN)2}4(N3)4(m-N3)4] with
the amidinato iPr substituents omitted for clarity (refcode CEJTOC), (D) [Sb2(N3)2(m-NtBu)2] (refcode RANBUD), (E) [Al(N3)2{HC(CMeNiPr)2}] (CSD
refcode LUCKEC), and (F) [Ge(N3)L] (HL ¼ H2C(CMeNDipp)2, refcode OHUXIZ).
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propensity for Cl–Hg–Cl bridges leads to an extended array in [K(m-OH2){m-HgCl(CN)2}]n comprising alternating {Hg(m-Cl)}n
and K-containing sheets interconnected by bridging CN� ligands (Fig. 22G).367

Many hypodentate [M(CN)n]
x– and related ligands act in a bidentate mode toward main group metals. Representative examples

are the discrete molecular [K2(18-crown-6)2{m-Rh(CN)3(CO)}] with a trans-arrangement of coordinated {K(18-crown-6)}þ

units,368 and the 1D-coordination polymer [Ba(OH2)5(m-OH2){m-Ru(bpy)(CN)4}]n which features a central {Ba(m-OH2)}n chain
decorated with bridging {Ru(bpy)(CN)4} units (Fig. 23A). The latter heterometallic complex was one of a series investigated to
evaluate the effect that the interaction of the cis-cyanido ligands with different metal cations has on the 3MLCT luminescence of
[Ru(bpy)(CN)4]

2�.369 Similarly, binding of metal cations to the cyanido ligands of [Os(diimine)(CN)4]
2� complexes enhances

the emission; [Na(m-OH2){m-Os(phen)(CN)4}]n
n– (Fig. 23B) is an example of the resulting polynuclear assemblies.370 With

a goal of devising structural models for the iron subsite in [NiFe]-hydrogenases, Whaley et al. reported the structure of [K2(18-
crown-6)2{m-HFe(CN)3(CO)2}] in which trans-cyanido ligands in [HFe(CN)3(CO)2]

2� link two Kþ centers.371 The following
assemblies incorporate octahedral [M(CN)6]

x– or [M(CN)5NO]x– metalloligands in bridging modes between two metal centers:
[K2(18-crown-6)2{m-Ru(CN)6}]

� (Fig. 23C) and its Os(III) analog,372 [Li(OH2)2{m-Co(CN)6}]n
2n– (Fig. 23D),373 [Ba(phe-

n)3(OH2){m-Fe(CN)5NO}] (in which Ba2þ and Fe2þ centers are linked into a 1D-coordination polymer via trans CN and NO
ligands),374 [Ca2(phen)4(OH2)6{m-Fe(CN)6}]

þ,375 [Sr2(phen)4(O2CCF3)(OH2)3{m-Fe(CN)6}] and [Ca2(phen)4(O2CC-
F3)2(OH2)2{m-Co(CN)6}].

376

Trigonal planar [Cu(CN)3]
2� is a rare example of a tridentate, but not hypodentate, metalloligand binding to main group

metals. [Li2(THF)3{m3-Cu(CN)3}]n possesses the 2D-network shown in Fig. 24A; both the Cuþ ions and {Li2}
2þ units are 3-

connecting nodes in the net.377 In [K2(18-crown-6)2{m-Cu(CN)3}], the [Cu(CN)3]
2� ligand is bidentate (Fig. 24B).352 Examples

in which hypodentate ligands act in a tridentate mode include [K(OH2){m3-AuCl4}]n (3D-network),378 {[Li][Li(O2H)(m3-
W(CN)6(bpy)]}n (Fig. 24C),379 [K{m3-Fe(CN)3(CO)3}]n (Fig. 24D) and [Na(OH2){m3-Co(CN)6}]n

2n– (both with layer
structures).380,381

Examples of [M(CN)4]
2� and [M(CN)6]

n– ions that act as tetradentate ligands are found in [K2(phen)2{m4-Pt(CN)4}]n (2D-
sheet),382 [K2{m4-Zn(CN)4}]n (in which Kþ has CN ¼ 8),383 [Ba(DMF)3{m4-Pd(CN)4}]n (2D-sheet),362 the imidazolium salt of
[Na(OH2){m4-Co(CN)6}]n

2n– (with non-coordinated cyanides being mutually trans),384 the pyridinium salt of [Na(OH2){m4-
Co(CN)6}]n

2n– (with non-coordinated cyanides cis, Fig. 24E), and [Me3NOH]2[KCo(CN)6] (a perovskite material in which the
{CoIII(CN)6} unit is in a m4-mode).385 In a second phase of the latter, the [Co(CN)6]

3� metalloligand is hexadentate and
[Me3NOH]þ ions are hosted within a 3D-network of cubic cages.385 Pentadentate metalloligands are observed in the [Me2NH2]

þ

salt of [Na{m5-Fe(CN)5(NO)}]n
n– (3D-network and a hybrid high-temperature ferroelectric material),386 and the [MeNH3]

þ salt of
[Na(OH2){m5-Fe(CN)5(NO)}]n

n– (2D-double sheets, Fig. 25A).387 There are many examples in which [M(CN)6]
n– ions act as hex-

adentate ligands forming 3D-networks with exploitable dielectric, ferroelectric or magnetic properties. Representative examples are
the [MeNH3]

þ salt of [Na{m6-Co(CN)6}]n
2n–,388 salts of [K{m6-Co(CN)6}]n

2n–,385,389,390 and [Rb{m6-Co(CN)6}]n
2n– (Fig. 25B),391

salts of [K{m6-Fe(CN)6}]n
2n– (Fig. 25C),392–394 the mixed valence Co(II)/Co(III) [KCo2(ox)(OH2)3{m6-Co(CN)6}]n,

395 the
Prussian blue analog [Ga{m6-Fe(CN)6}]n,

396 the guanidinium salt of [Ca{m6-Co(CN)6}]n
n–,397 the [H3O]þ salt of

(A) (B)

(C)

(D) (E)
(F) (G)

Fig. 22 (A) The structure of [Pb(OH2)(bbp)2{Au(CN)2}2] (CSD refcode CAFREJ), (B) part of the 1D-chain in [K(18-crown-6)(m-Ag(CN)2)]n (refcode
EJELUA), and (C) the building block in the 2D-network in in [Pb(tpy)(m-Ag(CN)2)2]n (refcode KISDUM). (D) The structure of
[Ba2L2(OH2)3(MeOH)2{Pt(CN)4}2] (L ¼ dibenzo-18-crown-6) with the crown ether shown in stick representation for clarity (refcode EBALUR). (E) Part
a 2D-net in [TlPd(ppy)(CN)2]n (refcode REJHOF). (F) The building block in the 2D-sheet in solvated [KPt(4-Meppy)(CN)2] (refcode AHIGUV). (g) Part
of the 3D-assembly in [K(m-OH2){m-HgCl(CN)2}]n (refcode HAYHAT).
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[Ca(OH2)2{m6-Co(CN)6}]n
n–,398 the [NH4]

þ salts of [Sr{m6-Fe(CN)6}]n
2n–,399 and [Sr(OH2)2{m6-Fe(CN)6}]n

2n–,400 the [NH4]
þ salt of

[Ba(OH2)3{m6-Fe(CN)6}]n
2n–,401 and salts of [K{m6-Cr(CN)6}]n

2n–.402,403 The guanidinium salt of [K2(OH2)6{m6-Fe(CN)6}]n
2n–

possesses a 2D-structure with a central layer of {FeIII(CN)6} units interconnecting peripheral fac-{K(OH2)3} units.404

The final group of pseudo-halides that we consider are NCO�, NCS� and NCSe� ligands, and we include examples of terminally
N-bonded, bridging N-bonded, and bridging N,X-bound (X ¼ O, S, Se) ligands. The structure of Cs[NCO] is related to that of KN3

with disordered NCO� ligands in Cs–NCO/OCN–Cs bridging sites.405 Reactions between 3,4-dicyano-1,2,5-chalcogenadiazoles
(LS, LSe and LTe, Fig. 26A) and pseudohalides XCN� (X ¼ O, S, Se, Te) produced a series of donor–acceptor complexes demon-
strating both terminal and bridging modes of the ligands to and between main group metals. These include [K(18-crown-
6)(LTe)(m-NCO)], [K(18-crown-6)(LTe)(NCS)] and K[LTe(NCSe)] (Fig. 26A).406 An investigation of ortho-cupration using non
cyanide reagents looked at the reaction of CuOCN with Li[tmp]. Both lithiocuprates and lithium-only complexes were character-
ized, and Fig. 26B shows the structure of [Li6(THF)4(tmp)4(m-NCO)2] in which the N of each NCO� interacts with three Li
centers.407 Group 2 metal complexes are represented by [Mg(tpp)(NCO)]� (with a terminally N-bound ligand),408 trans-
[Mg(py)4(NCO)2] (terminally N-bound NCO�),409,410 and a trimer containing a cyclic {Mg3(m-NCO)3} core (Fig. 26C).411

(A)

(B)

(C) (D)

Fig. 23 The structures of (A) part of the 1D-chain in [Ba(OH2)5(m-OH2){m-Ru(bpy)(CN)4}]n (CSD refcode RIBCUD), (B) part of the 1D-chain in
[Na(m-OH2){m-Os(phen)(CN)4}]nn– (refcode QITCUS), (C) [K2(18-crown-6)2{m-Ru(CN)6}]� (refcode OSINOU), and (D) part of the 1D-polymer chain in
[Li(OH2)2{m-Co(CN)6}]n2n– (refcode PODFEV).

(A)
(B)

(C)

(D) (E)

Fig. 24 (A) Part of the 2D-network in [Li2(THF)3{m-Cu(CN)3}]n (CSD refcode GOKXIP); for clarity, the THF molecules are depicted in stick
representation. The structures of (B) [K2(18-crown-6)2{m-Cu(CN)3}] (refcode HAXZEO), (C) part of the anionic 2D-net in {[Li][Li(O2H)(m3-
W(CN)6(bpy))]}n (refcode BUNJIG), (D) part of a 2D-sheet in [K{m3-Fe(CN)3(CO)3}]n (refcode CADYAI), and (E) part of a 2D-sheet in [Na(OH2){m4-
Co(CN)6}]nn–(refcode QUGCEC01).
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Moving to the p-block and compounds exhibiting N-bound terminal NCX� ligands include the b-ketiminate derivative [Al
{OCMeCHCMeNDipp}2(NCO)],412 the tetrahedral [LAlX2] complexes in which HL ¼ HC{MeC(NDipp)}2, X ¼ NCO or NCS
(the first examples of species in which two pseudohalide ligands are bound to Al3þ, Fig. 27A).413 Note that in 1996, Assmann
et al. reported [In(pc)(NCO)2]

� with two terminal NCO� ligands bound to In3þ.414 In the centrosymmetric [Ga2(dpp-
bian)2(NCO)2] (which contains dpp-bian radicals, Fig. 27B), the Ga–N–C angle is 149.2(4)o,415 compared to 167.9(1) and
171.8(1)o in [Al{OCMeCHCMeNDipp}2(NCO)]. A trans-arrangement of NCO� ligands is found in [Ge(tmtaa)(NCO)2] (H2tmtaa
is defined in Fig. 27C) in which the Ge–N–C angles are 160.9(2) and 136.7(2)o.416 Similarly, bent geometries are observed in
related Ge(IV) complexes,417 and in trans-[Sn(pc)(NCO)2]

2� (Sn–N–C ¼ 140.9o).418

Large numbers of N-bonded thiocyanato derivatives of main group metals are known and we focus on selected examples re-
ported after 2000. Angles designated M–N–C refer to terminally attached NCS� ligands. Lithium is tetrahedrally sited in [Li(2,9-
Me2phen)(NCS)(MeOH)] (the LiNCS unit is close to linear),419 while the Naþ center in [Na(2,9-Me2phen)2(NCS)] is in a distorted
trigonal bipyramidal environment; the Na–N–C angle is 156.5(3)o.420 In [Na(18-crown-6)(THF)(NCS)], the NaNCS unit is approx-
imately linear, while in [Na(15-crown-5)(NCS)], the Na–N–C angle is 133.6(5)o.421 In [Li(18-crown-6)(OH2)(NCS)], the Liþ binds
to three of the six O-donors of the crown ether and is 5-coordinate422; this contrasts with the tetrahedral environment found in
[Li(MeNH2)2(18-crown-6)]

þ (Fig. 4A). Examples with group 2 metals include the tetrahedral [Be(NCS)4]
2� anion (linear BeNCS

units),423 octahedral trans-[Mg(THF)4(NCS)2] (Mg–N–C ¼ 163.6o),424 octahedral cis-[Mg(phen)2(NCS)2] (Mg–N–C ¼ 165.63
(16)o),425 octahedral [Ca(NCS)6]

4� (ca. linear CaNCS),426 octahedral cis-[Ca(OH2)2(NCS)4]
2� (ca. linear CaNCS),427 [Ca(N-

CMe)5(NCS)2] and [Ca(OH2)(dme)2(NCS)2] with close to linear CaNCS units,274 [Ca(dme)3(NCS)2] (Ca–N–

C ¼ 156.9(2)o),274 and the 9-coordinate barium complex [Ba(Ldiazacrown)(OH2)(NCS)2] (Ldiazacrown ¼ N,N0-bis(4-aminobenzyl)-
4,13-diaza-18-crown-6) with a Ba–N–C angle of 132.0o.428 Thiocyanato complexes of group 13 metals include octahedral
[Al(NCS)6]

3� (ca. linear AlNCS units),429 mer-[Ga(OH2)3(NCS)3] (which co-crystallizes with 18-crown-6 and has approximately
linear GaNCS units, Fig. 27D),430 trans-[Ga(iQ)2(NCS)4]

� (ca. linear GaNCS),431 octahedral [In(NCS)6]
3� (In–N–C angles in

the range 162.7–176.2o),432 and cis-[In(OH2)4(NCS)2]
þ and trans-[In(OH2)2(NCS)4]

� which occur in the salt

(A) (B)

(C)

Fig. 25 (A) Part of one double sheet in the [MeNH3]þ salt of [Na(OH2){m5--Fe(CN)5(NO)}]nn– (CSD refcode EHEBOL). Part of the 3D-nets in (B) the
[MeNH3]þ salt of [Rb{m6-Co(CN)6}]n2n– (refcode AXUDII), and (C) the [Me3NOH]þ salt of [K{m6-Fe(CN)6}]n2n– (refcode CATXED).

(A)

(B) (C)

Fig. 26 (A) Top: ligands LS, LSe and LTe; bottom, left to right: structures of [K(18-crown-6)(LTe)(m-NCO)] (CSD refcode BIHQOB), [K(18-crown-
6)(LTe)(NCS)] (refcode BIHQUH) and [LTe(NCS)]� in the Kþ salt (refcode BIHRES). (B) The structure of [Li6(THF)4(tmp)4(m-NCO)2] (refcode
HASKUK). (C) The structure of [{Me2Al(m-OSiMe3)2Mg(THF)2(m-NCO)}3] (refcode WEJREJ); the NCO� ligands are disordered and only one site for
each is shown.
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[In(OH2)4(NCS)2][In(OH2)2(NCS)4].
433 The anion trans-[In(OH2)2(NCS)4]

� has also been characterized in the 4,40-bipyridinium
salt.434

Group 14 germanium and tin complexes are represented by the NCS� analog of [Ge(tmtaa)(NCO)2] (see Fig. 27C),
435 and the

trigonal pyramidal [SnCl(NCS)2]
� (Sn–N–C ¼ 149.5(4) and 139.5(4)o).436 Lead(II) thiocyanate derivatives are exemplified by

[Pb(18-crown-6)(NCS)]þ (Pb–N–C ¼ 130.8(7)o),437 [Pb(phen)(NCS)(NO2-k
2)],438 and [Pb(5,50-Me2bpy)(NCS)2] (Fig. 28A)

and [Pb(4,40-(MeO)2bpy)(NCS)2] (Fig. 28B) both of which show four ‘normal’ Pb–N bonds and three weak Pb/S contacts to adja-
centmolecules in the solid state.439 The coordination geometries for Pb(II) (Fig. 28A and B) are indicative of the presence of a stereo-
chemically active lone pair,439 and this is, in general, a much discussed topic for Pb(II).339–342 Terminal NCS� ligands in

(A) (B) (C)

(D)

Fig. 27 (A) Structure of [LAl(NCO)2] where HL ¼ HC{MeC(NDipp)}2 (CSD refcode QIGWIP). (B) Schematic diagram and structure of [Ga2(dpp-
bian)2(NCO)2] (refcode XEWMIY). (C) Structures of H2tmtaa and the Ge(IV) complex [Ge(tmtaa)(NCO)2] (refcode DABHEU). (D) The structure of mer-
[Ga(OH2)3(NCS)3] (refcode EFOSAU).

(A) (B) (C) (D)

(E) (F)

Fig. 28 The structures of (A) [Pb(5,50-Me2bpy)(NCS)2] (CSD refcode RAXGUU), (B) [Pb(4,40-(MeO)2bpy)(NCS)2] (refcode RAXHAB), (C)
[Bi(THF)(NCS)5]2� (refcode CIYKED), (D) [K2(benzo-15-crown-5)2(m-NCS)2] (refcode FIXJOM), (E) [Na2(NCS)2(OH2)2(m-NCS)2]2� (refcode LACDOJ),
and (F) [K(18-crown-6)(m-SCN)In(NCS)5]2� (refcode RUDTIU).
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[Pb2(phen)4(NCS)2(m-N3)2] exhibit Pb–N–C angles of 147.1(3)o.338 In contrast to the N-bonded NCS� ligands in the complexes
above, Saghatforoush et al. observe S-bonded thiocyanates in [Pb(4-ClC6H4tpy)(SCN)2].

440

Homoleptic Sb(NCS)3 and Bi(NCS)3 are formed in reactions of SbF3 or BiF3 with Me3Si(SCN) and were crystallized as THF
adducts. The thiocyanato ligands are N-bonded in [Sb(THF)(NCS)3]. In [(Ph3P)2N]2[Sb(NCS)5], the [Sb(NCS)5]

2� ion has
a square-pyramidal structure with N-bonded NCS� ligands (Sb–N–C angles are in the range 140.1(3)–169.1(3)o). Both N- and
S-bonded thiocyanato ligands occur in the [(Ph3P)2N]þ salt of [Bi(THF)(NCS)5]

2� (Fig. 28C) with Bi–N–C angles of 173.8(5),
123.9(5) and 159.5(5)o.441

Different modes of bonding are observed for bridging thiocyanates, paralleling the modes described above for bridging NCO�.
An N-bound mode (referring to either terminal or bridging NCO�) is seen, for example, in [K2(benzo-15-crown-5)2(m-NCS)2]
(Fig. 28D),442 and [Na2(NCS)2(OH2)2(m-NCS)2]

2� with both terminal and bridging NCS� (Fig. 28E). In [K(18-crown-6)(m-
SCN)In(NCS)5]

2�, one thiocyanate ligand bridges between Kþ and In3þ centers, S-bound to K and N-bound to In (Fig. 28F).443

Doubly bridged pairs of Pb(II) centers are seen in the 1D-coordination polymer [PbL2(m-SCN)2]n (L ¼ 5,6-bis(furan-2-yl)-3-(pyr-
idin-2-yl)-1,2,4-triazine).444 Further examples of bridging NCS� ligands that coordinate through both N- and S-donors are detailed
in Section 1.02.7.1.3.

Complexes containing NCSe� ligands are far less well represented than their NCO� and NCS� counterparts. Selenocyanate-
containing species related to those shown in Fig. 26A have been reported by Semenov et al.406 The tetrahedral complex [Be(D-
MF)2(NCSe)2] (angle Be–N–C ¼ 176.8(5)o) was the first example of a structurally characterized selenium-containing beryllium
compound; it was prepared by reaction of BeCl2 and KSeCN in DMF/THF.445 [In(Me2NCH2CMe2S)2(NCSe)] is trigonal bipyra-
midal with the NCSe� ligand in an equatorial site, and the linear In–N–C–Se unit is crystallographically imposed; this and related
compounds are of interest as single precursors for indium chalcogenides.446

1.02.2.1.5 Monodentate heterocyclic ligands
The variety of heterocyclic ligands is vast, and for an introduction to their main group metal coordination compounds, we focus
only on pyridine (py), pyrazine (pyz), pyrimidine (pym), imidazole (Him) and pyrazole (Hpz) ligands (Scheme 1), exemplified
by homoleptic and other simple species. Heterocyclic ligands also feature in other complexes considered in this review but where

the emphasis of the discussion is on a different ligand. The section is organized by heterocyclic ligand, starting with pyridine.

1.02.2.1.5.1 Pyridine
Pyridine often occurs as an axial ligand in main group metal complexes in which macrocyclic ligands occupy the equatorial sites,
e.g., [Na(18-crown-6)(py)2]

þ,447–454 [K(18-crown-6)(py)2]
þ,455–457 [Mg(15-crown-5)(py)2]

2þ,458 porphyrinato complexes,459–468

phthalocyanato complexes,469,470 corrole derivatives,471–485 corrphycene derivatives,486 or complexes in which tetradentate Schiff
base ligands define a plane in the coordination sphere of the metal.487

The role of pyridine as a solvent probably explains the large number of derivatives of the main group metals. Simple pyridine
complexes of lithium are represented by tetrahedral [Li(py)4]

þ,488–494 tetrahedral [Li(OH2)2(py)2]
þ,495 tetrahedral [Li(OH2)

Cl(py)2],
496 trigonal planar [Li(py)2{N(SiMe3)(SiPh3)}],

497 the dimer [Li2(py)4(m-NHPh)2],
171 tetrahedral [Li(py)3(PHR)] adducts

and related dimers [Li2(py)2(m-PHR)2] with 3-coordinate Liþ,498 and dimeric [Li2(py)4(m-OAr)2] e.g., Ar ¼ various arene substitu-
ents.499,500 When the reaction of LiN(SiMe3)2 and HOCH2

tBu was carried out in pyridine, the cubane [Li4(py)3(m3-OCH2
tBu)4] was

Scheme 1 Heterocyclic ligands discussed in this section.

(A) (B) (C) (D) (E)

Fig. 29 The structures of (A) [Li4(py)3(m3-OCH2
tBu)4] (CSD refcode ACIYAM), (B) part of the 1D-polymer chain in [LiCl(py)]n (refcode LICLPY02),

(C) [Na(py)4{O(2,6-tBu2C6H3)}] (refcode FIKJUG), (D) the cuband [Na4(py)6(m3-OC6H4
iPr)4] (refcode FIKKIV, and the 2-iPrC6H4 groups drawn in stick

representation for clarity), and (E) the [Be8(py)4(m-NH2)12(m4-O)]2þ cation in the iodide salt (refcode DUJYAL).
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isolated in which one Li was not solvated due to steric hindrance (Fig. 29A).501 This contrasts with cubanes such as [Li4(py)4(m3-
OC6H4OMe)4] in which all four Li atoms carry a terminal py ligand.500 Also worthy of note is the 1D-polymeric structure of [LiCl(-
py)]n (Fig. 29B).488 There have been few reports since 2000 of homoleptic [M(py)n]

þ (M ¼ Na, K, Rb, Cs) complexes. In terms
of simple complexes, [Na(18-crown-6)(py)2]

þ and [K(18-crown-6)(py)2]
þ are ubiquitous (see above). An apparently low CN is

found in [Na(py)2]
þ but the vacant coordination sites are occupied by B–H/Na interactions with a carbaborane cluster502; this

mirrors ambiguous low CNs discussed earlier in this review. A distorted octahedral [K(py)6]
þ ion has been reported, but in

a composite environment associated with a dicerium-based, so-called, ‘letter-box’ complex.503 NaBH4 crystallizes from pyridine
as the 5-coordinate [Na(py)3(BH4-k

2)] although association of these units via additional Na–H–B bridges leads to the assembly
of a 1D-chain in the solid state.449 Related to this is a {Na(py)4(BH4)} unit in which the BH4

� ion is part of an extended {BH4-
U-(m-BH4)-U-BH4} motif.504 Members of the series [Na(py)x(OAr)]n have been studied in detail. [Na(py)4{O(2,6-tBu2C6H3)}]
is trigonal pyramidal (Fig. 29C),505 and {Na4O4} cubanes with Na-coordinated py ligands are of different types: [Na4(py)4(m3-
OR)4] with 4-coordinate Na and [Na4(py)6(m3-OR)4] with 4- and 5-coordinate Na (Fig. 29D).505

Moving to group 2, beryllium forms a number of simple complexes with pyridine and examples with tetrahedral Be environ-
ments are [Be(py)4]

2þ,506,507 [BeCl3(py)]
�,508 [BeCl2(py)2],

264 [BeBr(py)3]
þ,509 and [BeCl(py)(NHPPh3)2]

þ.510 An investigation
of Be(II) species formed in acidic liquid ammonia led to the isolation of [Be8(py)4(m-NH2)12(m4-O)]I2 and confirmed that the
{Be4(m4-O)}6þ unit can be stabilized without bidentate O,O0-ligands; Fig. 29E illustrates the structure of the unusual
[Be8(py)4(m-NH2)12(m4-O)]2þ cluster.511 While CN ¼ 6 is common in simple pyridine-containing complexes of Mg2þ, lower
CNs are also encountered, for example, in trigonal planar [Mg{N(SiMe3)(SiMe2

tBu)}2(py)],
512 tetrahedral [Mg

{N(SiMe3)2}2(py)2],
200 tetrahedral [Mg{N(SiMe3)(Mes)}2(py)2],

512 the tetrahedral bis(diphenylphosphanyl)amido complex
[Mg{N(PPh2)2}2(py)2],

513 and the 5-coordinate [Mg{O(2,6-Me2C6H3)}2(py)3] which contains sterically demanding ArO�

ligands.514 The compound [Mg(py)6][BH4]2 crystallizes as trans-[Mg(BH4-k
2)2(py)4]$2py.

123 Taking each [BH4-k
2]� ligand as occu-

pying a single coordination site, this can be considered to belong to a well-established family of octahedral Mg(II) complexes which
includes trans-[MgCl2(py)4],

515,516 trans-[Mg(O2CCF3)2(py)4],
517 and trans-[Mg(NCO)2(py)4].

409,410 The octahedral trans-
[Mg(NC5H6)2(py)4] (Fig. 30A) was formed by treating [Mg(SiPh3)2(THF)2] with neat pyridine,518 and a related bis(4-
allylpyridin-1(4H)-yl) derivative of Ca (Fig. 30B) was formed by reacting bis(allyl)calcium with an excess of py.519 Simple
octahedral complexes of Ca2þ include trans-[CaBr2(py)4],

520 and trans-[Ca{Si(SiHMe2)3}2(py)4],
521 while in [Ca(S2COEt-

k2)2(py)3], the Ca2þ center is 7-coordinate.522 Lower CNs are represented by the tetrahedral [Ca{N(SiMe3)(SiMe2
tBu)}2(py)2]

which contains very bulky amido ligands.523 Earlier we pointed to the role of py as an axial ligand in [ML(py)2] or [ML(py)] species
where L is a macrocyclic ligand. The structure of [Ca(tpptBu)(py)3] is interesting in having three py ligands bound to a Ca2þ center
which resides above the porphyrin N4-donor set (Fig. 30C).

459 Simple complexes of pyridine and the later group 2 metals are rep-
resented by the 5-coordinate [M{O(2,6-tBu2C6H3)}2(py)3] for M ¼ Sr or Ba,524 the distorted octahedral trans-[Sr
{O(2,6-tBu2C6H3)}2(py)4] and trans-[M{ODipp}2(py)4] (M ¼ Sr, Ba),524 [Sr2(py)6{O(2,6-Me2C6H3)}2{m-O(2,6-
Me2C6H3)}2],

524 [Ba2(py)5{O(2,6-Me2C6H3)}{m-O(2,6-Me2C6H3)}3] (Fig. 30D),524 and [Ba3(py)6{m-O(2,6-Me2C6H3)}6] in
which each Ba has CN ¼ 6.524

Restricting the discussion to non-organometallic complexes leaves a relatively small number of simple complexes of group 13
metals with pyridine ligands. Examples of monomeric species include tetrahedral [AlCl3(py)],

525 [AlBr3(py)],
526 [GaX3(py)]

(X ¼ Cl, Br, I),526 [GaHCl2(py)] and related derivatives with substituted py ligands,527 [GaCl2(py){N(SiMe3)2}],
528 [InBr3(py)],

529

trigonal bipyramidal [M(CN)3(py)2] (M ¼ Ga, Tl) with axial py ligands,530 5-coordinate [In(py)2(SeC6F5)3] with axial py
ligands,531 and octahedral trans-[AlF2(py)4]

þ,525,532 trans-[AlCl2(py)4]
þ,284 trans-[AlBr2(py)4]

þ,532 and trans-[AlCl4(py)2]
�.284

The octahedral cation trans-[AlH2(py)4]
þ has been isolated in the salt [Al(NC5H6)4][AlH2(py)4] in which C5H6NH is 1,4-

dihydropyridine; however, each Al–H site in the anion is disordered with an approximately 0.15 Al–OH superimposition.533 Exam-
ples for the heavier group 13 metals in octahedral environments are [GaF3(py)2(OH2)] with a trans-arrangement of py ligands,534

mer-[InBr3(py)3],
529 mer-[InI3(py)3],

535 [InCl(N3)2(py)3],
334 and mer-[In(CN)3(py)3].

530 Dimeric species are represented by
[Al2Cl2(py)2(m-PSi

iPr3)2] with an Al2Cl6-type structure,536 and [In2Br4(py)4(m-Br)2] with octahedral In(III) centers and trans-py
ligands.529 The compounds GaEX (E ¼ S, Se and X ¼ Cl, Br) have been prepared from Ga2E3 and Ga2X6, and cyclic trimers [Ga3X3(-
py)3(m-E)3] have been isolated from pyridine solutions of GaEX; each Ga(III) center in a trimer is tetrahedrally sited.537

(A) (B) (C) (D)

Fig. 30 Structures of (A) trans-[Mg(NC5H6)2(py)4], (B) trans-[Ca(NC5H5R)2(py)4] with R ¼ allyl (refcode GUYQEX; for clarity, H atoms are only
shown in the allyl group), (C) [Ca(tpptBu)(py)3] (CSD refcode QIVGIL; for clarity, the porphyrin framework is shown in stick representation), and (D)
[Ba2(py)5{O(2,6-Me2C6H3)}{m-O(2,6-Me2C6H3)}3] (refcode FEMCEH).
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Moving to group 14, the tin(IV) compound trans-[Sn(N3)4(py)2] was one of the first charge-neutral Lewis base adducts of
Sn(N3)4 and is stable in air over a period of days. It is noteworthy for having (in 2015) the highest temperature (305 �C) of onset
of exothermic deposition of any group 14 polyazide, including Pb(N3)2.

323 Other M(IV) complexes include trans-
[GeF4(py)2].

538,539 The metal(II) derivatives [SnBr2(py)2],
540 [Sn(NCO)2(py)2],

541 [Sn(N3)2(py)2],
321 [Sn(py)2(SeC6F5)2] and

[Pb(py)2(SeC6F5)2],
531 [Pb(py)2(SePh)2],

542 [Pb(py)2{S(2,6-Me2C6H3)}2]
543 and [Pb(py)2(SC6F5)2],

544 have disphenoidal (see-
saw) geometries with axial py ligands. Interest in some of these lead(II) complexes is as precursors to PbE (E ¼ chalcogen) materials.
In [SnBr2(py)2], close Sn/Br contacts (3.65 Å) interconnect molecules into 1D-chains (Fig. 31A). In this case, the Sn–Br/Sn angle
is close to 180o, and this contrasts with the weak bridging interactions in the related [SnBr2(py)(THF)] (Fig. 31B).540 [Pb(m-
Cl)2(py)2]n comprises infinite 1D-chains in the solid state with octahedral Pb(II).545

Octahedral [SbCl5(py)] is one of only a limited number of adducts of SbCl5.
546 For M(III), examples are the octahedral

[BiCl5(py)]
2�,547 [BiI5(py)]

2�,548 and [BiBrxI5–x(py)]
2� with disordering of the Br and I sites.549 Bi(III) appears to be in

a square-based pyramidal environment in [Bi(py)2(SC6Cl5)3]. However, this last description is ambiguous due to the presence
of a third py ligand with a long Bi/N distance of 3.983(9) Å, and a similar {5 þ 1} coordination pattern is observed in
[Bi(py)3(SC6F5)3].

550 No such short contacts occur in the crystal structure of [SbCl2(N3)(py)2] which is square-based pyramidal
with py ligands mutually cis in the basal plane. The latter was prepared by reaction of SbCl3, Me3SiN3 and py, while in a similar
reaction using AsCl3, the isolated product was the 4-coordinate [AsCl(N3)2(py)].

344 Reactions of SbCl3 and pyridine under vaccum
resulted in the formation of compounds formulated as [(SbCl3)4(py)4] and [(SbCl3)3(py)5]. In the solid state, the former comprises
{SbCl2(py)2} units bridged by an {Sb2Cl6(m-Cl)2} motif (Fig. 31C). ‘[(SbCl3)3(py)5]’ consists of two 5-coordinate [SbCl3(py)2]
complexes and [SbCl3(py)] with a disphenoidal geometry; the three molecules associate through Sb/Cl interactions.551 Prokudina
et al. reported a series of [SbxBrypyz] complexes containing 5-coordinate Sb(III) complexes in which the sixth coordination site is
occupied by an additional Sb$$$Br contact. The simplest of these is the dimer shown in Fig. 31D (Sb–N ¼ 2.384(6) and 2.395(6) Å)
with asymmetric Br–Sb/Br bridges.552 The analogous iodido-bridged dimer has also been reported and a related complex is
[Sb3I9(py)4] (Fig. 31E).

553 These compounds were prepared from pyridine and SbI3 under vacuum, and other members of the series
are the disphenoidal (see-saw) shaped [SbI2(py)2]

þ cation (the counterion for which is [Sb2I7(py)]n
n– comprising a 1D-chain),

[Sb2I6(py)2] (Fig. 31F), and [Sb6I18(py)6] (Fig. 31G).
553 A CN of 7 is found in [BiCl3(py)4]; in the pentagonal bipyramidal structure,

the py ligands occupy equatorial sites.554 Seven-coordinate Bi(III) is also found in the 1D-polymeric [Bi(N3)(py)2(m-N3)2]n.
555

Complexes in which pyridine is coordinated to Se and Te include pyramidal [SeO2(py)],
556 disphenoidal

[Te(py)2(
tBuNCHMeCHMeNtBu)]2þ. The latter was the first example of a monodentate pyridine-type donor coordinated to

Te(IV).557

1.02.2.1.5.2 Pyrazine and pyrimidine
Pyrazine (pyz) and pyrimidine (pym) are isomers (Scheme 1) and coordination complexes of the main group metals with pyz re-
ported since 2000 far exceed those with pym. The spatial arrangement of the two nitrogen lone pairs in pyrazine contribute to its
ubiquitous choice as a bridging ligand, and the examples included in this section are representative of its coordination to main
group metal ions. Some comparisons with analogous pyridine species by reference to the previous section may be helpful to the
reader. Like pyridine, pyrazine may occur as an axial ligand in porphyrinato complexes,558 but it is more often associated with
the assembly of 1D-coordination polymers with [M(porph)] (H2porph ¼ general porphyrin) building blocks.559–561 In the

(A) (B) (C)

(D) (E)
(F)

(G)

Fig. 31 The structures of (A) [SnBr2(py)2] with intermolecular Sn/Br contacts (CSD refcode VUTTAG), (B) [SnBr2(py)(THF)] showing
intermolecular Sn/Br contacts (refcode VUTSUZ), (C) [(SbCl3)4(py)4] (refcode MIQMOR), (D) [Sb2Br6(py)4] (refcode XAFQEE), (E) [Sb3I9(py)4]
(refcode UNAHAV), (F) [Sb2I6(py)2] (refcode UNAGEY), and (G) [Sb6I18(py)6] (refcode UNAGIC).

Main group metal coordination chemistry 41



discussion below, the preferences for the formation of discrete molecular species in which pyz is terminally bound, discrete olig-
omeric complexes, or polymeric assemblies are highlighted.

For the s-block metals, complexes with pyz and pym are represented by the 3D-network [Na(m4-ClO4)(m-pyz)]n (consisting of
{Na(m4-ClO4)}n sheets interconnected by bridging pyz ligands),562 and heterometallic assemblies in which pyz bridges between
Naþ and Re(V),563 or Naþ and Ru(III),564 and pym bridges between Naþ and Ru(III).565 As part of a wider investigation of series
of [BH4]

�-containing coordination polymers, Kadota et al. reported the 2D-networks present in [M(BH4-k
2)2(m-pyz)2]n (M ¼ Mg,

Ca); a (4,4) net is defined by 4-connecting Mg2þ or Ca2þ nodes linked by pyz ligands, and terminal [BH4]
� ligands complete the

octahedral coordination at each metal.566 Other Mg2þ pyrazine complexes involve [Mg(porph)] units (see above).
We turn now to the p-block metals. Timoshkin and coworkers567 have investigated the solid-state structures of group 13 metal

halide complexes with pyz and have structurally characterized [Al2Br6(m-pyz)] (Fig. 32A), [Ga2Cl6(m-pyz)] (with tetrahedral M), and
the 1D-polymers [AlBr3(m-pyz)]n and [GaCl3(m-pyz)]n in which the M(III) center is 5-coordinate.567,568 The analogous polymer
[GaBr3(m-pyz)]n (Fig. 32C) has also been reported.568 GaI3 (which is a weaker Lewis acid than AlBr3, GaCl3 or GaBr3) forms the
tetrahedral monomer [GaI3(pyz)].

567 A structure related to [Al2Br6(m-pyz)] (Fig. 32A) is found for [In2Cl6(DMSO)4(m-pyz)]
(Fig. 32B) but the higher CN of 6 for In vs 4 for Al allows additional DMSO coordination. If DMSO solvent is replaced by aqueous
EtOH, reaction of InCl3 and pyz yields a 1D-ladder (Fig. 32D) with octahedral In(III) and a mer-arrangement of N-donors.569 A
similar polymer was confirmed for [Tl2Cl6(m-pyz)3]n.

568 An interesting comparison is in the products of the reactions of InX3

(X ¼ Cl, Br) and pyrimidine or pyrazine in EtOH. The former leads to the discrete octahedral mer-[InCl3(OH)(Hpym)2]
þ

(hydroxide salt), while for pyz, the 1D-polymer [InBr3(OH2)(m-pyz)]n was isolated.
568

Krossing and coworkers have succeeded in isolating gallium(I) species with monodentate pyz; use of the sterically demanding
and weakly coordinating [Al(ORF)4]

� anion (RF ¼ C(CF3)3) was a key factor. The trigonal pyramidal [Ga(pyz)3]
þ was the first 3-

coordinate, non-chelated, homoleptic N-donor complex of Ga(I). The addition of one equivalent of pyz to [Ga(pyz)3][Al(ORF)4]
led, unexpectedly, to the isolation of {[Ga(m-pyz)2(pyz)][Al(ORF)4]}n. The formation of monomer or polymer is dependent upon
both the concentration of pyz and the temperature of crystallization.570

The tin(IV) complex trans-[SnCl4(pyz)2] is a discrete molecular species in the solid state.571 The [Sn(NCMe)6]
2þ cation was

mentioned in Section 1.02.2.1.3, and use of the [Al(ORF)4]
� anion led to the tin(II) cation being relatively isolated from the coun-

terion in the solid state. Two MeCN ligands in [Sn(NCMe)6]
2þ can be replaced by pyz to give cis-[Sn(pyz)2(NCMe)4]

2þ (Sn–
Npyz ¼ 2.373(4) and 2.421(3) Å) with three of the MeCN ligands being only weakly bound (Sn–N ¼ 2.713(4)–2.863(4) Å).293

[Pb{S(2,6-Me2C6H3)}2(m-pyz)]n forms a 1D-coordination polymer (Fig. 32G),543 while in [Pb2(m-Br)4(m-pyz)]n all ligands are
in bridging modes giving a double-layer structure (Fig. 32H); each Pb(II) center is in a square-based pyramidal environment.572

[Pb(m-I)2(m-pyz)]n comprises a (4,4) net with Pb(II) acting as 4-connecting nodes; alternate edges of each Pb4 rhombus are bridged
by pyz or two I� ligands.573

Pyrazine complexes of the group 15 metals focus on Sb and Bi. In addition to the discrete molecule [Sb2F10(m-pyz)],
574 group 15

metal(III) halides form a number of extended arrays with pyz. [SbCl3(m-pyz)]n is a 1D-chain with Sb(III) in a square-pyramidal
environment, indicative of a stereochemically active long pair. In contrast, the compounds [Sb2X6(m-pyz)3]n (X ¼ Cl, I) assemble
into 3D-networks with each Sb(III) center (fac-arrangement of N-donors) acting as a 3-connecting node. The structures are described
as ‘dense frameworks’575; inspection of the crystallographic data (CDS refcodes KUNXUP and KUNYAW) reveals that both
[Sb2X6(m-pyz)3]n (X ¼ Cl, I) have interpenetrating 3D-nets (Fig. 33A). The reaction between BiI3 and pyz yields [Bi(m-I)3(m-

(A) (B) (C)

(E) (F)

(D)

Fig. 32 Structures of (A) [Al2Br6(m-pyz)] (CSD refcode HIJBOT), (B) [In2Cl6(DMSO)4(m-pyz)] (refcode NIBLOA). (C) Part of the 1D-chain in in
[GaBr3(m-pyz)]n (refcode NIWTIX). (D) Part of the 1D-ladder in [In2Cl6(m-pyz)3]n (refcode NIBMAN) indicating the direction of chain propagation. Part
of (E) a 1D-chain in [Pb{S(2,6-Me2C6H3)}2(m-pyz)]n (refcode GAGXOC), and (F) one double-layer in [Pb2(m-Br)4(m-pyz)]n (refcode MOTSET).
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pyz)]nwith the 2D-network shown in Fig. 33B; the (4,4) net is defined by nodes at the centers of the {Bi2I6} units.576 In contrast, the
reaction between BiI3, Bu4NI and pyz produces the [Bu4N]þ salt of 1D-polymer [Bi2Cl6(m-Cl2)2(m-pyz)]n

2n– (Fig. 33C).577

1.02.2.1.5.3 Imidazole
Imidazole (Scheme 1) complexes of the s-block metal ions are represented by octahedral [Mg(Him)6]

2þ and trans-
[Mg(Him)4(OH2)2]

2þ, the structures of which have been determined from powder X-ray diffraction data using full-profile
Rietveld refinement methods.578 The single crystal structure of trans-[Mg(Him)4(OH2)2]Cl2 has also been reported (Mg–
N ¼ 2.2281(10) and 2.1611(10) Å).579 Using solvent-free conditions, Zurawski et al. prepared the group 2 coordination polymers
[Mg(im)2(Him)3]n and [M(im)2(Him)2]n (M ¼ Ca, Sr, Ba) with structural dependence on the size of the metal ion. In the Mg and
Ca complexes, metal ions are octahedrally sited, but whereas [Mg(im)2(Him)3]n (Fig. 34A) is a 1D-polymer, [Ca(im)2(Him)2]n
and [Sr(im)2(Him)2]n form (4,4) nets with each M2þ ion coordinated to trans-terminal Him ligands and four bridging im�

ligands. A CN > 6 is favored for Ba2þ and metal ions are connected into a 1D-chain by bridging im� ligands which coordinate
in an h5-manner to one Ba2þ and via an M–N s-bond to the next (Fig. 34B).580 Note the presence of Him as a terminal ligand,-
but the conjugate base in bridging sites. Imidazole also occurs as an axial ligand in [Mg(porph)] complexes, for
example, [Mg(tppBr)(Him)],581 in [Mg2(Him)4(HOAc)2(m-OAc)2(m-O)],582 fac-[Ca(Him)(OH2)3(O2CC6H4NO2)2] and trans-
[Ca(Him)2(OH2)2(O2CC6H4NO2)2].

583

As part of an investigation of Him as a structure-directing agent in the assembly of metal-organic frameworks (MOFs), the octa-
hedral [In(Him)6]

3þ (as the nitrate salt) was isolated.584 An interesting approach to MOF synthesis capitalizes on the fact that both
gallium metal and imidazole are low melting. Thus [Ga2(Him)(im)6]n was isolated from a melt with Ga being oxidized to Ga(III)
during the reaction. [Ga2(Him)(im)6]n comprises a 3D-network, with two independent, octahedral Ga(III) centers, in {Ga(im)6}
and {Ga(im)5(Him)} environments, respectively. The net has a (3,6) topology constructed from two Kagomé nets which share
connectivity points (Figs. 34C and D).

1.02.2.1.5.4 Pyrazole
In this section, we consider main group metal complexes with Hpz (Scheme 1) or pz� ligands. Complexes with tris(pyrazolyl)
borate ligands are described in Section 1.02.2.3. As for imidazole complexes, there is a dominance of s-block and group 13 metal
complexes rather than the later main group metals. There is a range of 1H-pyrazole-3-carboxylate and 1H-pyrazole-3,5-

(A) (B) (C)

Fig. 33 (A) The interpenetrating networks in [Sb2Cl6(m-pyz)3]n (CSD refcode KUNXUP) showing only the 3-connecting Sb nodes; the diagram was
constructed using Mercury 2021.3.0.90 (B) Part of the 2D-net in [Bi(m-I)3(m-pyz)]n (refcode VUPMAX). (C) Part of the [Bi2Cl6(m-Cl2)2(m-pyz)]n2n– 1D-
chain (refcode KEKTIG); the direction of chain propagation is clarified with the arrows.

(A) (B) (C) (D)

Fig. 34 Parts of the 1D-chains in (A) [Mg(im)2(Him)3]n (CSD refcode CAVTEA) and (B) [Ba(im)2(Him)2]n (refcode CAVTUQ); only the N–H hydrogen
atoms are shown. (C) The 3D-network in [Ga2(Him)(im)6]n (view down the a-axis) showing only the Ga nodes, and (D) the same lattice viewed to
show the two interconnected Kagomé nets (refcode YUWHOO).
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dicarboxylate ligands that act as N,O-chelates to main group metal ions,585–595 but in this section, we focus on N-bonded pyrazole
ligands in simple complexes.

The Liþ ion in [Li(Hpz-4-CO2)(OH2)3] is tetrahedrally sited, with N-bound [Hpz-4-CO2]
�.596 In [Li2(Hpz-3,5-tBu2)2{m-(pz-

3,5-tBu2)}2], the bridging pyrazolato ligands exhibit different bonding modes to the two Liþ centers as depicted in Fig. 35A.
This is one of a series of complexes formed in reactions of Hpz-3,5-Me2 or Hpz-3,5-tBu2 with RLi, Na or K.597 The reaction between
BeCl2 and Hpz in Et2O produced tetrahedral [BeCl2(Hpz)(OEt2)] (Be–N ¼ 1.717(4) Å); with two equivalents of Hpz, the isolated
product was [Be2(Hpz)2Cl2(m-OEt2)2].

264 An interesting feature of the sterically crowded tetrahedral [Mg(Hpz-3,5-tBu2)2(pz-
3,5-tBu2)2] is the presence of hydrogen bonds between pairs of Hpz-3,5-tBu2 and [pz-3,5-tBu2]

� ligands (Fig. 35B, N–

H/N ¼ 2.7448(17) Å, angle N–H/N ¼ 153(3)�).598 A similar feature occurs in [Mg2(Hpz-3,5-iPr2)2(pz-3,5-
iPr2)2{m-(pz-

3,5-iPr2)}2] (Fig. 35C).599 Octahedral group 2 metal complexes include [Mg(Hpz-5-th)4(pz-5-th)2],
600 [Ca(Hpz-3,5-Me2)4(pz-

3,5-Me2)2],
601 and [Sr(Hpz-3,5-Me2)4(pz-3,5-Me2)2].

601 Reactions of pyrazole-4-sulfonic acid (Hpz-4-SO3H) with Na2CO3,
K2CO3, CaCO3 and BaCO3 under aqueous conditions lead to metal sulfonate networks (the first containing Hpz-4-SO3

�) which
consist of inorganic–organic layered structures. For example, in [Ca(OH2)3(Hpz-4-SO3)2]n, one [Hpz-4-SO3]

� ligand is N-
bound and the other O-bound; the structure propagates through additional O–Ca bonds with each Ca2þ being 7-coordinate
(Fig. 35D).602 This study is complemented by assemblies between Hpz-4-SO3H and Rbþ, Csþ, Mg2þ and Sr2þ.603

Complexes with group 13 metal ions are illustrated by tetrahedral [GaCl3(Hpz-3,5-Ph2)2],
604 octahedral trans-

[GaCl2(Hpz)4]
þ,605 trans-[AlCl2(Hinz)4]

þ and trans-[GaCl2(Hinz)4]
þ (Fig. 35E)606; we include these indazole derivatives because

of their close relationship to their pyrazole analogs.

1.02.2.2 Bidentate ligands

1.02.2.2.1 Diamines
We restrict our discussion of main group metal complexes containing chelating diamine ligands to those with en, pn, pda, tmeda
and tmpda ligands (Scheme 2). Complexes featuring bridging or monodentate en were covered in Section 1.02.2.1.1. The use of
tmeda as a solvent results in its incorporation as a ligand into a wide range of complexes, in particular those of the s-block metals. In
2021, Buchner and Müller investigated the use of en as an alternative solvent to liquid NH3 in beryllium chemistry.128

Homoleptic [MLx]
nþ are represented by tetrahedral [Be(en)2]

2þ and [Be(en)(en-N)2]
2þ (Fig. 36A),128 octahedral

[Mg(en)3]
2þ,607–611 [Ga(en)3]

3þ,612,613 [In(en)3]
3þ,614–616 [Tl(en)3]

3þ,617 and [Ge(en)3]
2þ.618,619 In contrast to a CN of 6 in

(A)

(B)

(C)

(D) (E)

Fig. 35 Structures of (A) [Li2(Hpz-3,5-tBu2)2{m-(pz-3,5-tBu2)}2] (CSD refcode YEBBOX, only the NH H atoms displayed), (B) [Mg(Hpz-3,5-tBu2)2(pz-
3,5-tBu2)2] and (C) [Mg2(Hpz-3,5-iPr2)2(pz-3,5-iPr2)2{m-(pz-3,5-iPr2)}2] showing intramolecular hydrogen bonds (refcodes MIRMEF and XETXAW, only
the NH H atoms are shown). (D) The building block in [Ca(OH2)3(Hpz-4-SO3)2]n (refcode OLITIM). (E) Structure of trans-[GaCl2(Hinz)4]þ (refcode
TAHPAV, with only NH H atoms shown).

Scheme 2 Chelating diamines included in Section 1.02.2.2.1.
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[Mg(en)3]
2þ, the larger Ca2þ ion forms the 8-coordinate [Ca(en)4]

2þ. The latter was formed with selenium-based anions under
superheated and supercritical solvothermal conditions in en.620 A further increase in CN is observed on going to [Ba2(en)4(m-
pn)]4þ (Fig. 36B).621 Mixed amine/halido and related complexes are illustrated by tetrahedral [AlBr2(en)]

þ, [AlI2(en)]
þ and

[GaI2(en)]
þ,622 octahedral cis-[In(OAc)2(en)2]

þ with monodentate acetate ligands,623 and octahedral [Ge(en)(OH)4].
618 The

centrosymmetric [In2(en)4(m-S)2]
2þ,608 [In2(en)4(m-Se)2]

2þ,624 [In2(en)4(m-Te)2]
2þ,625 and [In2(en)4(m-OH)2]

4þ,626 contain octa-
hedrally sited In(III). The [Pb(en)2]

2þ, [Pb(pda)2]
2þ, and [Pb(tmeda)]2þ cations were isolated in salts containing [Ag2I6]

4� anions
with cation/anion interactions through Pb/I contacts. Note the lower CN in [Pb(tmeda)]2þ vs [Pb(en)2]

2þ caused by the greater
steric hindrance of tmeda.627 In the solid-state structure of [Pb(en)(NO3)(MeCO2-k

2)], the Pb(II) center is 5-coordinate with
a geometry that suggests the presence of a stereochemically active lone pair; there are also close Pb/O contacts to the coordinated
NO3

� ligand of an adjacent molecule.628 1D-coordination polymers featuring interconnected {M(en)}, {M(en)X2} or {M(en)2}
units are represented by [Li(en)2]n

nþ with both bridging and chelating en (Fig. 5B),126 [Tl(en)2(m-CN)]n
2nþ with a trans arrangement

of bridging cyanido ligands,629 [Sn(en)(m-S)2]n (Fig. 36C),
630 [Pb(en)I2(m-en)]n (Fig. 6B),

145

Perhaps surprisingly, simple main group metal complexes containing chelating pn (Scheme 2) are very limited in number, with
one of the few structurally characterized examples being octahedral [Mg(pn)L2] in which HL ¼ 2,2,6,6-tetramethylheptane-3,5-
dione.631 There are significantly more examples of complexes with pda (Scheme 2), and this is most likely indicative of a preference
for 5- over 6-membered chelate rings. However, few homoleptic complexes have been reported. [Pb(pda)2]

2þ in salts with [Ag2I6]
4�

anions was mentioned above.627 Fig. 36D depicts the structure of the [Pb(pda)2]
2þ cation in the nitrate salt. The ubiquitous ‘gap’ in

the coordination sphere for lead(II) is partly occupied by weak contacts to one nitrate ion.632

A wide variety of coordination and organometallic compounds is formed between tmeda and the s- and p-block metals, in
particular Liþ. Some {Li(tmeda)}þ complexes which also incorporate amido and imido ligands were described in Section
1.02.2.1.2. The steric hindrance imparted by the NMe2 units in tmeda does not preclude the formation of tetrahedral [Li(tmeda)2]

þ

(representative examples are cited),633–649 while in [Li(tmeda){N(CHMePh)2}]
153 [Li(tmeda){O(2,6-tBu2-4-MeC6H2)}],

650 and
[Li(tmeda){NPh(CHiPr2)}],

651 Li is in a trigonal planar environment. An investigation of dichalcogenidoimidodiphosphinate
anions (Scheme 3a) has included structural data for [Li(tmeda){N(iPr2PSe)2}] and [Li(tmeda){N(iPr2PTe)2}] as well as the mixed

(A) (B) (C) (D)

Fig. 36 Structures of (A) the [Be(en)(en-N)2]2þ cation in the chloride salt (CSD refcode IRUJIR), and (B) the [Ba2(en)4(m-pn)]4þ cation with 9-
coordinate Ba2þ (refcode TOMTOG). (C) Part of the 1D-chain in [Sn(en)(m-S)2]n (refcode QUKPUI). (D) In [Pb(pda)2][NO3]2, one NO3

� ion interacts
with the cation (Pb/O ¼ 3.177(3), 3.090(3) Å, refcode FAKYUN).

(A) (B) (C) (D)

Fig. 37 Structures of (A) [Na(tmeda)2]þ (CSD refcode CIVWIO), (B) [Li4(tmeda)2(m-tmeda)(m-B3Me2N3H2)4] (refcode CAPTAP), (C)
[Sr2(tmeda)2{Me2N(BH3)2}2] (refcode TAHWOS), and (D) [In6I8(tmeda)4] (refcode XIQWAW). In (C) and (D), tmeda is shown in stick representation
for clarity.

(A) (B)

Scheme 3 (A) General families of dichalcogenidoimidodiphosphinate anions.652 (B) Structure of the [Ph2PCH(BH3)P(BH3)Ph2]� ligand.
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S/Te and Se/Te analogs; the Liþ ion is tetrahedrally sited.652 The [Na(tmeda)2]
þ ion appears to have first been structurally charac-

terized in 1983,653 and the Naþ ion is in a planar environment (Fig. 37A).654,655 This mirrors the structural preference found in, for
example, [Na(NH3)4]

þ (Fig. 1C). The axial sites are occupied by MeCN ligands in trans-[Na(tmeda)2(NCtBu)2]
þ.656 A similar coor-

dination environment is found in [K(tmeda)2(Ph2PCH(BH3)P(BH3)Ph2)]n (see Scheme 3B for the ligand); the axial sites of the
{K(tmeda)2}

þ unit are occupied by B–H–K interactions to produce a 1D-polymeric structure in the solid state.657 The Kþ ion is
large enough to accommodate three chelating tmeda ligands; [K(tmeda)3]

þ has a distorted octahedral structure.658

Tetrahedral [M(tmeda)X2] derivatives include [Be(tmeda)X2] (X ¼ Br, I),509,659 [M(tmeda){N(SiMe3)2}2] (M ¼Mg, Sr),660

[Mg(tmeda)(BH4-k
3)2] (pseudo-tetrahedral with tridentate BH4

� ligands),661 [Mg(tmeda)(NHSiiPr3)2] (which has large Mg–N–

Si bond angles of 139.2(1)o),662 [Mg(tmeda){O(2,6-tBu2C6H3)}2],
195 [Ca(tmeda){N(SiMe3)2}2],

663 [Ca(tmeda)(NiPr2)2],
663

[Ba(tmeda){N(SiMe3)2}2],
664 [AlBr2(tmeda)]þ,622 and [GaCl2(tmeda)]þ.622

Complexes with CN ¼ 5 are exemplified by the square-based pyramidal [K(tmeda)2{Si(SiMe3)3}],
665 trigonal bipyramidal

[Mg(tmeda)Br2(THF)],666 [Sr(tmeda)(NPhiPr)2(THF)],667 [In(tmeda)I3],
668 and [Sb(tmeda)F3]

669; the latter is unstable unless at
low temperatures under inert conditions. Examples of octahedral species include trans-[MgBr2(tmeda)2],

670 trans-[CaI2(t-
meda)2],

671 trans-[AlH2(tmeda)2]
þ,672 [In(tmeda)Cl4],

668 [Ge(tmeda)X4] (X ¼ F, Cl, Br),336,538 and [Ge(tmeda)Cl2(N3)2] (with
trans azido ligands).336

Dimers with {M2(tmeda)2(m-X)} motifs are represented by [Li2(tmeda)2(m-Cl)2],
250 [Li2(tmeda)2(m-Br)2],

673,674 [Li2(tme-
da)2(m-OMes)2] (note there is a change to a monomer when the ArO� ligand is more bulky, see above),650 a series of [Li2(tme-
da)2{m-OSArR}2] dimers (prepared by lithiation of ArRS]O by nBuLi in tmeda),675 [Li2(tmeda)2(m-E

nBu)2] (E ¼ Se, Te),676

[M2(tmeda)2(m-HBEt3)2] (M ¼ Na, K),677 [Na2(tmeda)2(m-NPhiPr)2],
183 [Rb2(tmeda)2{m-N(SiMe3)2}2],

660 and [Ge2(tme-
da)2Cl2(m-Cl)2] (in which Ge(II) is in a trigonal pyramidal environment with asymmetrical Ge–Cl/Ge bridges).678

A number of other species are worthy of note. Reaction of the borazine B3Ph3N3H3 with LiMe/LiI/tmeda in Et2O leads to [Li(t-
meda)(m-Ph3B3N3H2)LiI(tmeda)].679 Similarly, trimethylborazine is deprotonated when treated with BuLi in tmeda giving rise to
[Li4(tmeda)2(m-tmeda)(m-B3Me2N3H2)4] (Fig. 37B).

680 The reactions of Li, Na or K with MesPCl2 yields MPHMes; for M ¼ Na, the
tmeda adduct is the 1D-coordination polymer [Na(tmeda)(m-PHMes)]n.

681 An [Mg3Cl5]
þ unit is stabilized by tmeda in the trian-

gular [Mg3(tmeda)3(m-Cl)3(m3-Cl)2]
þ.682,683 Sr2þ is 11-coordinate in [Sr2(tmeda)2{Me2N(BH3)2}2] (Fig. 37C) and was character-

ized as part of an investigation of complexes of Sr for use as CVD precursors.684 The [Me2N(BH3)2]
� ligand coordinates to Ba2þ

through four B–H–Ba interactions in the 10-coordinate [Ba(tmeda){Me2N(BH3)2}2].
685 The dissolution of solid indium(I) iodide

in a mixture of toluene and tmeda led to the isolation of crystals of [In6I8(tmeda)4] (Fig. 37D) which is the first example of a neutral
indium sub-halide cluster complex; thermal decomposition of the latter gave [In2I4(tmeda)2].

686 Dissolving InBr in toluene/tmeda
produced [In2Br4(tmeda)2], the transformation being reversible; storing the solution at low temperature resulted in crystals of
[InBr(tmeda)] which, in the solid state, associates as a weakly bound dimer with an In/In ¼ 3.678(2) Å.687 Reaction of Pb(SAr)2
with (Ar ¼ 2,6-Me2C6H3) with tmeda leads to [Pb(tmeda)(SAr)][Pb(SAr)3] in which there are close S/Pb contacts between the two
units.688

1.02.2.2.2 Imidoamidate and guanidinate ligands
The general structures of imidoamidate and guanidinate anions are shown in Scheme 4. As in previous sections, we can only
provide selected examples of their main group metal complexes, and we focus on relatively simple structures with compounds con-
taining M–C bonds being excluded. Many imidoamidate and guanidinate complexes are of interest for their catalytic
properties.69,689,690

Scheme 4 suggests that imidoamidates are predesigned as chelating ligands and of the very many such complexes, examples with
group 2 metals are tetrahedral [Mg{tBuC(NMes)2}2],

691 5-coordinate [Mg(THF){HC(NDipp)2}2],
692 distorted octahedral cis-

[Ca(THF)2{BzC(N
tBu)2}2],

693 trans-[Mg(THF)2{MeC(NCy)2}2]
694 and the dimer [Mg2(OEt2)2{MesC(NCy)2}2(m-Br)2].

695

However, it is important to recognize that a range of other bonding modes is also possible, and we illustrate these with complexes
of the s-block metals; a monodentate mode is exemplified in [GaH2(quin){HC(NDipp)2}]

696 which is discussed later. A combi-
nation of chelation and bridging is found in [Li2(OEt2)2{m-PhC(NSiMe3)(N

nPr)}2] (Fig. 38A)
697 and in a range of other dilithium

species.698–703 A simple bridging mode is exemplified in the dilithium complexes [Li2(THF)2(m-THF){m-HC(N(4-MeC6H4))2}2]
(Fig. 38B) and [Li2{m-HC(N(4-MeC6H4))2}3],

704 while in [Li2(THF)2{m-HC(N(2-FC6H4))2}2], the imidoamidate bridging mode
is supplemented by CF–Li interactions similar to those depicted in Fig. 8D.705 The dimer [Mg2{MeC(NiPr)2}2{m-MeC(NiPr)2}2]
exhibits both chelating and bridging imidoamidates.706 Fig. 38C depicts an example of another bridging motif, illustrated with
the structure of [K2{m-PhC(NCHMePh)2}2].

707 In the coordination polymer [Na(THF)2{m-
tBuC(NH)(NDipp)}]n, the imidoami-

date anion acts as a ditopic ligand (Fig. 38D),708 and a similar structure is observed in [Li(THF)2{m-PhC(NH)(N(2-iPrC6H4))}]n.
709

Scheme 4 The general structures of imidoamidate (also called amidinate, left) and guanidinate (middle) ligands, and the structure of guanidine
(H5Gu).
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Other s-block metal complexes with imidoamidate ligands which demand attention include [Mg{(4-MeC6H4)C(NDipp)2}2].
This is a rare example of square-planar Mg2þ which is not imposed by a porphyrinato environment710; a further example of
square-planar Mg2þ is the guanidinate complex [Mg{(Cy2N)C(NMes)2}2].

711 Beryllium complexes with imidoamidate ligands
are sparse, and are represented by the tetrahedral [BeCl2{PhC(NSiMe3)2}],

508 and [Be{EtC(NDipp)2}2],
712 and the centrosym-

metric dimer [Be2(m-OEt)2{
tBuC(NDipp)2}2].

712

Lithio derivatives are typical precursors to p-block metal complexes. For example, treatment of [Li{PhC(NSiMe3)2}] with GeCl2
leads to [GeCl{PhC(NSiMe3)2}],

713 reaction of [Li{(4-tBuC6H4)C(NDipp)2}] with SnCl2 yields [SnCl{(4-tBuC6H4)
C(NDipp)2}],

714 and reaction of SnCl2 with [Li{nBuC(NCy)2}] gives [SnCl{nBuC(NCy)2}].
715 In each case, the imidoaminate

ligand is chelating. Reaction of [Li{tBuC(NiPr)2}] with GaI3 produces [GaI2{
tBuC(NiPr)2}], while with GaI, the product is the tri-

gallium species shown in Fig. 39A; replacing the CtBu unit in the imidoaminate ligand by CMe redirects the assembly to a tetragal-
lium complex.716

(A) (B) (C) (D)

Fig. 38 Structures of (A) [Li2(OEt2)2{PhC(NSiMe3)(NnPr)}2] (CSD refcode AGOJOV; Et2O shown in stick representation for clarity), (B) [Li2(THF)2(m-
THF){HC(N(4-MeC6H4))2}2] (refcode AGONAL; THF shown in stick representation), (C) [K2{m-PhC(NCHMePh)2}2] (refcode AQISAV), (D) part of a chain
in [Na(THF)2{m-tBuC(NH)(NDipp)}]n (refcode AROXUC, THF in stick representation, and only NH H atoms shown).

(A)

(B)

(C)

(D)

(E) (F)

Fig. 39 Structures of (A) [Ga3I2{tBuC(NiPr)2}3] (CSD refcode FUBHES), (B) [AlCl2{DippC(NiPr)2}] (refcode AGEMUU), (C) [Al{PhC(NPh)2}3] (refcode
QETBAS, in space-filling representation), (D) [Ge6{PhC(NtBu)2}4] (refcode GIHZOO), (E) [Pb{HC(NDipp)2}2] (refcode GODWUS), and (F) [Bi
{HC(NMes)2}3] (refcode PIHHIY). In (E) and (F), ligands are shown in stick representation for clarity.
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Derivatives of group 13 metals are well represented. The use of sterically demanding Dipp substituents which provide ‘bowl-
shaped’ ligands (e.g., in the Al(III) complex shown in Fig. 39B) has been described by Arnold.717 The same tetrahedral {AlCl2N2}
motif is found in [AlCl2{PhC(N

iPr)2}], and this derivative has been used as a precursor for the synthesis via salt metathesis of
complexes with Al–M bonds.718 Cole et al. showed that the reaction of [GaH3(quin)] with one equivalent of H2C(NDipp)2 resulted
in the formation of tetrahedral [GaH2(quin){HC(NDipp)2}] in which the imidoaminate ligand is monodentate; the fact that the
quin ligand is not displaced is explained in terms of its strong Lewis basicity.696 Examples of 5-coordinate {MX(imidoamidate)2}
complexes include [AlH{PhC(NtBu)2}2],

719 [InX{PhC(NtBu)2}2] (X ¼ Cl, Br),720 and [InCl{MeC(NiPr)2}2].
721 With less sterically

crowded ligands, octahedral tris-chelates can be accommodated, e.g., in [Al{MeC(NiPr)2}3],
722 [M{HC(NSiMe3)2}3] (M ¼ Al,

Ga),723 and [In{MeC(NiPr)2}3].
721 Interestingly, even with the relatively sterically encumbered [PhC(NPh)2]

� ligand, interlocking
of the phenyl substituents (Fig. 39C) allows three ligands to be accommodated in [Al{PhC(NPh)2}3].

724 Ligands such as those
shown in Scheme 5 allow the formation of dinuclear complexes, e.g., coordinating to two {AlX2} units.725

Imidoamidate complexes of Ge(II) and Sn(II) are well established, and examples prepared from lithium derivatives were
mentioned earlier. Many feature halido or amido ligands and possess 3-coordinate molecular structures, e.g., [GeCl
{PhC(NtBu)2}],

726 [SnCl{PhC(NtBu)2}],
727 and [M{N(SiMe3)2}{PhC(N

tBu)2}] with M ¼ Ge or Sn (which are catalysts for phenyl
isocyanate cyclization).728 Reduction of [GeCl{PhC(NtBu)2}] by K in THF results in the formation of [Ge2{PhC(N

tBu)2}2] which
contains an unsupported Ge–Ge bond.726 In [Ge(m-O3SCF3){PhC(N

tBu)2}]n, the triflate ions bridge between pairs of Ge centers to
give a 1D-polymer decorated with chelating imidoamidate ligands.727 Yeong et al. reported two interesting complexes with Ge2Sn2
and Ge4 cores supported by imidoamidate ligands and bearing low-valent Ge{PhC(NtBu)2} substituents (Fig. 39D); a theoretical
investigation confirmed planar charge-separated core-structures.729 With the use of the sterically demanding [RC(NDipp)2]

�

ligands (R ¼ H, tBu), it has been possible to isolate the thermally stable Pb(II) complexes [Pb{HC(NDipp)2}2] (with a geometry
indicative of a stereochemically active lone pair on Pb, Fig. 39E) and [PbCl{tBuC(NDipp)2}]2 (in which pairs of molecules are
weakly associated through Pb/Cl interactions, Pb–Cl ¼ 2.571(2), Pb/Cl ¼ 3.260(2) Å).730

Imidoamidate complexes of the heavier group 15 elements are represented by [SbCl2{
tBuC(NiPr)2}], [SbCl2{

nBuC(NiPr)2}],
[SbCl2{

tBuC(NCy)2}], [SbCl2{
tBuC(NDipp)2}], [BiCl2{

tBuC(NDipp)2}] and [Bi2Cl2(m-Cl)2{
tBuC(NiPr)2}2] and this series illus-

trates the influence of both the metal and ligand on the coordination geometry.731 In [Bi{HC(NMes)2}3] (Fig. 39F), two
NC(H)N units are roughly coplanar while the third lies perpendicular to this plane, leaving a vacant coordination site below the
plane.732

Guanidinates (Scheme 3) offer the same donor set as imidoamidates with the peripheral NR2 (R s H) unit remaining non-
coordinated. Similar families of metal complexes with the two ligands types are thus expected and are observed. Within group
1, we observe mononuclear complexes with simple chelating guanidinate ligands,733 as well as dinuclear species in which the gua-
nidinate acts simultaneously in chelating and bridging modes (e.g., Fig. 40A).169,702,734–741 A simple bridging mode of a guanidi-
nate ligand is illustrated in [Li2(THF)2{m-Me2NC(NPh)(NSiMe3)}2].

741 In the solid state and in the absence of a donor solvent, [Li

Scheme 5 Examples of imidoamidates with two metal-binding domains.

(A) (B)

(C)

(D)

(E)

Fig. 40 Structures of (A) [Li2(OEt2)2{Et2NC(NPh)(N(2,6-Me2C6H3))}2] (CSD refcode CUHQUT), (B) [Li{Me2NC(NtBu)2}]4 (refcode HATZAF), (C)
[Mg2{iPr2NC(NDipp)2}2] (refcode JISWIS), (D) [Sn{(Me3Si)2NC(N(4-MeC6H4))2}2] (refcode APIHUE), and (E) [SnCl{(Me3Si)2NC(NiPr)2}] (refcode
HUKQAI).
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{Me2NC(NtBu)2}] exists as the tetramer shown in Fig. 40B in which each guanidinate acts as a ditopic ligand, bridging two Li
centers.737

Just as with imidoamidates, there is a variety of group 2 metal complexes of guanidinates with CN ¼ 5 or 6. These include
[M(OEt2){(Me3Si)2NC(NCy)2}2] (M ¼ Ca, Sr),742 [Mg(THF){(Me3Si)2NC(NiPr)2}2],

743 and the dimer [Mg2(THF)2{(Me3-
Si)2NC(NCy)2}2(m-Cl)2].

744 Green et al. have demonstrated that the reduction of [Mg2(OEt){iPr2NC(NDipp)2}2(m-I)2] (which
contains sterically demanding Dipp substituents) with metallic K results in the formation of the Mg(I) complex
[Mg2{

iPr2NC(NDipp)2}2] with an unsupported Mg–Mg bond (Fig. 40C, Mg–Mg ¼ 2.8508(12) Å).745 The sterically crowded
[iPr2NC(NDipp)2]

� forms severely distorted 4-coordinate [ML2] complexes with Ca2þ and Sr2þ.746 Kays and coworkers have
reported the formation of a series of Mg(II) complexes incorporating the sterically demanding ligand [Cy2NC(NMes)2]

�. These
include [MgI{Cy2NC(NMes)2}] which was isolated in the form of the cubane [Mg4{Cy2NC(NMes)2}4(m3-I)4] and the dimer
[Mg2{Cy2NC(NMes)2}2(OEt2)2(m-I)2].

711 Of particular note is [Mg{(Cy2N)C(NMes)2}2] with sterically demanding ligands
with surround a square-planar Mg2þ center. Significantly, this preference is not wholly due to steric constraints because the
5-coordinate THF adduct [Mg(THF){Cy2NC(NMes)2}2] has also been structurally characterized. Moving to the larger group
2 metals allows the CN to increase to 6 in [M(THF)2{Cy2NC(NMes)2}2] (M ¼ Ca, Sr), while for Ba2þ, there is a preference
for Ba2þ/parene interactions in [Ba{Cy2NC(NMes)2}2].

711 A CN of 6 is also exemplified in cis-[M(THF)2{Ph2NC(NiPr)2}2]
(M ¼ Ca, Sr) and trans-[Ca(THF)2{(Me3Si)2NC(NCy)2}2].

747

Tetrahedral group 13 metal [MX2(guanidinate)] complexes are represented by [AlCl2{
iPr2NC(NCy)2}],

718 [GaCl2{
iPr2NC(-

NiPr)2}],
736 [Al{NHDipp}2{(Me3Si)2NC(NCy)2}],

748 and [GaI2{Cy2NC(NDipp)2}].
749 The dimer [Al2Cl4{m-{Me2NC(NMe)2}}]

is an interesting example in which the guanidinate ligand adopts a bridging mode in preference to the halide ligands.750 Five-
coordinate complexes of the type [MX(guanidinate)2] (M ¼ Al, Ga; X ¼ H, halide, NR2) with square-pyramidal structures have
been detailed.734,736,751,752 In group 13, octahedral tris(chelates) are found for sterically non-congested ligands,753,754 and have
been assessed as precursors for In2O3 thin films.753,754 By using the sterically congested guanidinate ligands [Cy2NC(NDipp)2]

�

and [iPr2NC(NDipp)2]
�, Jones et al. were able to isolate the air-sensitive, but thermally stable, Ga(I) and In(I) [ML] complexes;

DFT calculations reveal that these complexes should behave as good s-donor and weak p-acceptor metalloligands.749,755

Group 14 metal(II) complexes include 4- and 3-coordinate Sn(II) guanidinates formed, respectively, from reactions of R–N]

C]N–R0 with [Sn{N(SiMe3)2}2] or [SnCl{N(SiMe3)2}]; Fig. 40D shows the structure of [Sn{(Me3Si)2NC(N(4-MeC6H4))2}2] as an
example.756 Similar structures are found for [Sn{(Me3Si)2NC(NiPr)2}2],

757 [Sn{(Me3Si)2NC(NCy)2}2],
757 [Sn

{Me2NC(NCy)2}2],
758 and [Sn{CyHNC(NCy)2}2].

759 This structure type is also represented in Sn(II) complexes with one amidi-
nate and one guanidinate ligand, the first example of which appeared in 2014.760 The structure of [SnCl{(Me3Si)2NC(NiPr)2}]
(Fig. 40E)757 is typical of [MX(guanidinate)] complexes (MII ¼ Ge, Sn, Pb).758,761–763 The oxidative addition of Ph2E2 (E ¼ S,
Se, Te) to [Sn{Me2NC(NCy)2}2] results in the formation of Sn(IV) complexes, e.g., [Sn(TePh)2{Me2NC(NCy)2}2], which have
been applied as precursors to SnE nanocrystals.764 Reactions between elemental S or Se with [SnII{Me2NC(NCy)2}2] also result
in oxidative addition to yield [SnIV(E4){Me2NC(NCy)2}2] in which S4

2� or Se4
2� ligands adopt chelating modes.758 Reactions

of [GeII(N(SiMe2)2){
iPr2NC(N(2,6-Me2C6H3))2}] with elemental S or Se yield the tetrahedral [GeIVE(N(SiMe2)2)

{iPr2NC(N(2,6-Me2C6H3))2}] containing E
2� (E ¼ S, Se) ligands, whereas analogous reactions with the Sn(II) analogs lead to [GeI-

V(E4)(N(SiMe2)2){
iPr2NC(N(2,6-Me2C6H3))2}] with chelating E4

2� as described above.765 Treatment of SnCl4 with triisopropyl-
guanidine yields [SnCl2{

iPrHNC(NiPr)2}] which adopts the expected tetrahedral geometry.759 Earlier in this section, we
described the use of sterically demanding [RC(NDipp)2]

� ligands (R ¼ H, tBu) to isolate thermally stable imidoaminate Pb(II)
complexes. Related to this are the dimers [PbCl{DippHNC(NDipp)2}]2 and [PbCl{Cy2NC(NDipp)2}]2.

730

For the group 15 metals, 4-coordinate [MIIIX2(guanidinate)] complexes are represented by [MCl2{Cy2NC(NDipp)2}] (M ¼ As,
Sb), and [SbI2{Cy2NC(NDipp)2}], all with distorted disphenoidal structures, consistent with a stereochemically active lone pair on
the metal center.766 Reduction of [AsCl2{Cy2NC(NDipp)2}] using KC8 yielded the dimeric [As2{m-{Cy2NC(NDipp)2}2}] with
a planar As2N4 framework (Fig. 41A).766 The tris(chelate) [Bi{Me2NC(NiPr)2}3] has the structure shown in Fig. 41B with the coor-
dination sphere consistent with the presence of a stereochemically active lone pair.767

Before leaving guanidinate metal complexes, we should mention s-block metal complexes which incorporate conjugate bases of
guanidine (H5Gu). The very strong basicity of [H4Gu]

� coupled with moisture sensitivity of its compounds have served as barriers
to the isolation of group 1 metal salts.768 [Li(H4Gu)]nwas the last of the alkali metal guanidates to be isolated (from guanidine and
Li in liquid NH3 under pressure, or from solid guanidine and LiH) and structurally characterized. Each Liþ center is tetrahedrally
bound by one NH2 and three NH units.768 [Na(H4Gu)]n and [K(H4Gu)]n have been prepared from H5Gu and either Na or K in
liquid NH3 at P z 10 atm and ambient temperature. In the Naþ salt, each metal center is tetrahedrally sited, whereas Kþ coordi-
nation environments in [K(H4Gu)]n are irregular.

769 While the structures of [Li(H4Gu)]n and [Na(H4Gu)]n are similar, they differ
in that 1D-chains of linked LiN4-tetrahedra are found in the latter contrasting with what are described as ‘edge-sharing tetrahedra’ in
the Liþ salt; analysis of the structure illustrates an overall sheet assembly (Fig. 41C).768 Crystalline [Rb(H4Gu)]n and [Cs(H4Gu)]n
(prepared using the liquid NH3 route described above) possess the same structure type (Fig. 41D).770 Group 2 metal guanidinates
are represented by [Ca(H3Gu)]n (prepared in liquid NH3 by a similar strategy as described above) and [Sr(H3Gu)]n which are iso-
structural771; note that in each compound, guanidine is doubly-deprotonated. In contrast, the barium compound [Ba(H4Gu)2]n
contains the [H4Gu]

� ligand. A liquid ammonia route in an autoclave was again used and precise stoichiometric amounts of reac-
tants are essential for the isolation of phase-pure [Ba(H4Gu)2]n; each Ba2þ ion is 8-coordinate and the assembly extends to give
a 2D-sheet structure. In Fig. 41E, the different syn and anti-conformations of the [H4Gu]

� ligands are highlighted in red.772
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1.02.2.2.3 b-Diketiminates
b-Diketiminate ligands are widely used both in main group coordination and organometallic compounds, and a number of deriv-
atives have already been included in earlier sections. The examples below are necessarily selective, and have been chosen to illustrate
(i) coordination to metals from each of the s- and p-block groups, and (ii) structural dependence on the size of the N-substituents.
The general b-diketiminate structure is shown in Scheme 6; [Nacnac]� is commonly used as an abbreviation for the general class
shown at the right of Scheme 6, and sterically demanding [Nacnac]� ligands are employed to kinetically stabilize extremely reactive
low-oxidation state main group metal complexes.773

Lithiation of HNacnac (Ar ¼ 2,6-F2C6H3) in Et2O or THF yields the 3-coordinate [Li(OEt2)(Nacnac)] or [Li(THF)(Nacnac)],
respectively, whereas reaction in pentane leads to the dinuclear complex shown in Fig. 42A. In this dimer, each [Nacnac]� ligand

(A) (B) (C) (D)

(E)

Fig. 41 Structures of (A) [As2{m-{Cy2NC(NDipp)2}2}] (CSD refcode JEWRUZ) and (B) [Bi{Me2NC(NiPr)2}3] (refcode OSENEI). (C) Part of the sheet
structure of [Li(H4Gu)]n viewed down the crystallographic b-axis (refcode KUTFEQ). (D) Part of the 3D-structure of [Rb(H4Gu)]n viewed down the
b-axis (refcode XUNJEX). (E) Part of one sheet in [Ba(H4Gu)2]n viewed down the c-axis, and emphasizing in red that both syn- and anti-
conformations of the ligand are present (refcode VUDKAJ01).

Scheme 6 General structures of b-diketiminate ligands. The abbreviation [Nacnac]� and [Me2N-Nacnac]� are used in the text (here and in later
sections) with Ar specified.

(A) (B) (C) (D)

Fig. 42 Structures of (A) [Li2(Nacnac)2] with Ar ¼ 2,6-F2C6H3 (CSD refcode HEFSUI), (B) [Mg2(Nacnac)2(m-AlH4NMe3)2] (refcode FEGJUZ), (C)
[Ca2(THF)2(Nacnac)2(m-Cl)2] (Ar ¼ Dipp) (refcode DIVTEI), and (D) [Mg3(Nacnac)2(m-F)3] (Ar ¼ Mes, refcode HEMGOY).
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is in both chelating and bridging modes, and one F atom of each ligand forms an F/Li interaction, reminiscent of similar inter-
actions described earlier (e.g., Fig. 8D).774

Beryllium b-diketiminates are represented by the trigonal planar [BeX(Nacnac)] (Ar ¼ Mes; X ¼ Br, I),659 trigonal planar [BeBr(-
Nacnac)] (Ar ¼ Dipp),659 trigonal planar [BeX{HC(CPh)2(NDipp)2}] (X ¼ Cl, I),775 and tetrahedral [BeBr(OEt2)(Nacnac)]
(Ar ¼ Ph).659 THF reacts with [BeI{HC(CPh)2(NDipp)2}] in a ring-opening insertion reaction to yield [Be(O(CH2)4I)
{HC(CPh)2(NDipp)2}].

775 The extremely bulky TROP substituent (derived from tropone) has been incorporated into [Nacnac]�

(Ar ¼ TROP) and the asymmetric [Nacnac]� (Ar1 ¼ TROP, Ar2 ¼ Dipp). Complexes of Liþ exhibit a 1:1 stoichiometry, and reac-
tions of the two [Li(Nacnac)] complexes with MgI2 in Et2O led to the 3-coordinate [MgI(Nacnac)] (Ar ¼ TROP) and the highly dis-
torted 4-coordinate [MgI(OEt2)(Nacnac)] (Ar1 ¼ TROP, Ar2 ¼ Dipp).776 Tetrahedral Mg(II) complexes with b-diketiminate ligands
include [MgCl(THF)(Nacnac)] (Ar ¼ Dipp),777 and [MgI(OEt2)(Nacnac)] with an asymmetric b-diketiminate (Ar1 ¼ CHMePh,
Ar2 ¼ Dipp).778 In contrast to the mononuclear [MgCl(THF)(Nacnac)] (Ar ¼ Dipp)777 and [MgIL(Nacnac)] (Ar ¼Mes, L ¼ THF,
OEt2),

779 dimeric structures are found for [Mg2(Nacnac)2(m-I)2] (Ar ¼Mes),779 [Mg2(Nacnac)2(m-Cl)2] (Ar ¼ 2,6-Et2C6H3),
780

and [Mg2(Nacnac)2(m-Cl)2] (Ar ¼ Dipp).781 Bonyhady et al. made a detailed study of the varying steric effects of the N-Ar groups
in the b-diketiminate ligands in these latter families of complexes.779 [Mg2(Nacnac)2(m-Cl)2] (Ar ¼ 2,6-Et2C6H3) reacts with
NaAlH4 in Et2O to produce [Mg2(OEt2)2(Nacnac)2(m-AlH4)2], and with AlH3(NMe3) to yield [Mg2(Nacnac)2(m-AlH4NMe3)2]
(Fig. 42B).780 The calcium analog of [MgCl(THF)(Nacnac)] is a dimer (Fig. 42C) and is structurally similar to the F� and I�

derivatives, and to [Ca2(NH3)4(Nacnac)2(m-NH2)2] (Ar ¼ Dipp). The common precursor to these compounds is [Ca(NSi-
Me3)(THF)(Nacnac)] (Ar ¼ Dipp).782 Hydrodehalogenation of aromatic halides using [Sr2(THF)2(Nacnac)2(m-H)2] (Ar ¼ 2,6-(3-
pentyl)2C6H3) is a route to the halido derivatives [Sr2(THF)2(Nacnac)2(m-X)2] with X ¼ F, Cl, Br, I.783 Earlier, we described the
Mg(I) imidoaminate complex [Mg2{

iPr2NC(NDipp)2}2] which possesses an Mg–Mg bond (Fig. 40C); Green et al. have also
prepared analogous complexes containing [Nacnac]� ligands with sterically demanding Ar groups.745 Addition of a C–F bond
across the Mg–Mg bond in [Mg2(Nacnac)2] occurs rapidly in solution to produce a new family of F-containing Grignard
reagents784,785; among the compounds isolated was the trimer shown in Fig. 42D.785

A wide range of tetrahedral [MX2(b-diketiminate)] complexes is known in which M(III) ¼ Al, Ga, or In, and representative exam-
ples include [MF2(Nacnac)] (Ar ¼ Dipp, M ¼ Al or Ga),786 [AlI2{HC(CR)2(NMe)2}] (R ¼ Me, iPr),787 [GaCl2(Nacnac)] and
[GaCl(OSiMe3)(Nacnac)] (Ar ¼ Dipp),788 [GaCl2{HC(CPh)2(NPh)2}],

789 [GaI2(Nacnac)] (Ar ¼ 2,6-Me2C6H3),
790 [InI2(Nacnac)]

(Ar ¼ Ph),791 [AlCl2{PhC(CH)2(NDipp)2}] and related Al, Ga and In complexes,792 [AlBr2{PhC(CPh)2(NDipp)2}] and related
compounds,793 [AlCl2{Ph2PC(CMe)2(NDipp)2}],

794 [GaCl(NR)(Nacnac)] (Ar ¼ Dipp),795 and [InI2(Nacnac)] (Ar ¼ Dipp) and
related derivatives.796 The reaction of [AlCl2(Nacnac)] (Ar ¼ C6F5) with BCl3 followed byH2O produced the first example of a stable
oxoborane monomer [O]B(Nacnac)] which is stabilized by B]O/AlCl3 adduct formation.797 b-Diketiminate analogs of the
ligands shown in Scheme 5 have been used to access dimetallic species in the families [AlX2{bis(b-diketiminate)}] (X ¼ Cl, Br,
I).798 The hydrolysis of [AlClI(Nacnac)] (Ar ¼ Dipp) led first to [Al2Cl2(Nacnac)2(m-OH)2] and then to [Al(OH)2(Nacnac)].799

Oxidative addition of SiBr4 to the Ga(I) derivative [Ga(Nacnac)] (Ar ¼ Dipp) gives [GaBr(SiBr3)(Nacnac)]; at 60 �C, the product
was [{GaBr(Nacnac)}2SiBr2], while in the presence of CO, [{GaBr(Nacnac)}2Si(CO)] (a silylene carbonyl that is stable at room
temperature) was isolated.800 Compounds incorporating a non-bridged M–M bond include [In2Cl2(Nacnac)2] (Ar ¼ Dipp, In–
In ¼ 2.8343(7) Å),801 [In2Br2(Nacnac)2] (Ar ¼ Mes),720 and [In2Cl2{PhC(CH)2(NDipp)2}2].

792

The Ge(IV) compound [GeCl2{PhC(CH)2(NDipp)2}(OGeCl3)] (Fig. 43A) is formed in the reaction of the lithium b-diketimi-
nate and (GeCl3)2O.802 [SnBr3(Nacnac)] and [SnI3(Nacnac)] (Ar ¼ Dipp) possess square-based pyramidal structures with the
b-diketiminate ligand occupying two basal sites.803 We move now to low oxidation state complexes of the group 14 metals. A
combination of structural and calculational data suggest that [GeX(Nacnac)] (Ar ¼ Ph; X ¼ Cl, I, OMe) is best described by a struc-
ture comprising [Ge(Nacnac)]þ weakly coordinated with the X� unit.804 Sterically demanding N-bonded aryl groups such as
2,6-iPr2C6H3 (Dipp) are often used to stabilize low oxidation state group 14 metal b-diketiminate complexes,805–814 and
Fig. 43B and C illustrate two examples. [GeX(Nacnac)] and [SnX(Nacnac)] complexes with less sterically demanding NAr units
(e.g., Ar ¼ Mes, Ph) are also known.351,815 Tam et al. showed that the reactions of Li[Nacnac] (Ar ¼ Ph, 4-iPrC6H4 or 2,6-
Me2C6H3) with PbCl2 yielded the corresponding [PbCl(Nacnac)] complexes, and that, in the solid state, [PbCl(Nacnac)] with

(A) (B) (C) (D)

Fig. 43 Structures of (A) [GeCl2{PhC(CH)2(NDipp)2}(OGeCl3)] (CSD refcode IHIRIB), (B) [GeCl{BzC(CMe)2(NDipp)2}] (refcode ACEPIJ), and (C)
[PbCl(Nacnac)] with Ar ¼ Dipp (refcode CIJQES). (D) Part of the 1D-chain in [PbCl(Nacnac)]n (Ar ¼ Ph, refcode DABCIV).
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Ar ¼ Ph exists as a 1D-polymer (Fig. 43D). In contrast, intermolecular Pb/p contacts are observed in [PbCl(Nacnac)] with
Ar ¼ 2,6-Me2C6H3.

816

Representative b-diketiminate complexes of the heavier group 15 elements include [AsI2{PhC(CH)2(NDipp)2}],
817

[SbX2{PhC(CH)2(NDipp)2}] (X ¼ Cl, Br; each structure is derived from a square-based pyramid with a stereochemically active
lone pair in one basal site),818 [SbCl2(Nacnac)] (Ar ¼Mes; disphenoidal geometry with axial Cl),819 [Bi2X2(THF)
{PhC(CH)2(NDipp)2}(m-X)2] (X ¼ Cl, Br),820 and [Bi2I2{PhC(CH)2(NDipp)2}(m-I)2].

820

1.02.2.2.4 Triazenide ligands
In Section 1.02.2.2.2, we considered metal complexes of imidoamidate ligands (Scheme 3). Replacement of the central CR unit by
a (formally) isoelectronic N leads to the family of triazenide ligands (Scheme 7). Gyton et al. have made a direct comparison of the
structures and physical properties of a series of s-, p- and d-block metal complexes containing [DippN3Dipp]� and [DippN(CH)
NDipp]�; this detailed study provides an excellent base from which to develop an understanding of the similarities and differences
of triazenide and imidoamidate complexes of a given metal ion.821

Many complexes of symmetrical [RN3R]
� ligands with the alkali metals have unexceptional structures which feature chelating

[RN3R]
�, with CN increasing with the size of the metal ion. Examples include [Li(OEt2){(2,6-Mes2C6H3)N3(2,6-Mes2C6H3)}]

(trigonal planar),822 [Li(OEt2)2{(2,6-Mes2C6H3)N3(3-MeC6H4)}] (tetrahedral),823 [Li(OEt2)2(DippN3Dipp)] and [Li(TH-
F)2(DippN3Dipp)] (both tetrahedral),821 [Na(THF)3(DippN3Dipp)] (CN ¼ 5),821 [M(dme)2(DippN3Dipp)] (M ¼ Na, K;
CN ¼ 6),821 [Na(15-crown-5)(PhN3Ph)] (CN ¼ 7),824 [Na(15-crown-5)(DippN3Dipp)] (CN ¼ 7),821 and [K(18-crown-
6)(DippN3Dipp)] (CN ¼ 8).821 Of particular note is [Li(ArN3Ar)] (Ar ¼ 2,6-Mes2C6H3) in which there are no additional donors
bound to Liþ and the metal ion is sandwiched between two mesityl rings; similar complexes with heavier alkali metal ions have
also been reported.825 Metal/p interactions feature in a number of triazenide complexes with very bulky aryl substituents, and
we discuss these further below.

A departure frommonomeric group 1metal complexes is found in the 1D-coordination polymer [K2(THF)3(DippN3Dipp)2]n in
which the triazenide ligand is in a bridging mode and the arene ring is involved in Kþ/p interactions; the crystal structure suffers
from a complicated disorder/desolvation phenomenon.821 However, the bonding mode of [DippN3Dipp]� in [K2(THF)3(DippN3-
Dipp)2]n is similar to that observed in the heterometallic complex [K(THF)3(m-DippN3Dipp)Ba(THF){N(SiMe3)2}2] (Fig. 44A).

826

As with imidoamidates and guanidinates (Figs. 38A and 40A), triazenides may act both in chelating and bridging modes within the
same dilithium species.827 In contrast, in [K2(THF)4(m-MesN3Mes)2] and [K2(dme)2(m-MesN3Mes)2], each N3-unit symmetrically
bridges a K2-unit (K/K ¼ 3.5613(8) and 3.4678(5) Å, respectively), coordinating through the outer N atoms to each Kþ to form an
octahedral K2N4-core.

828

As with group 1, chelating [RN3R]
� and a general increase in CN on descending the group are seen for the group 2 metals. In the

following examples, sterically demanding substituents play an important stabilizing role, and the ability of the 2-(2,4,6-iPr3C6H2)
C6H4 and other aryl substituents to participate in M/p interactions should be noted (see below): tetrahedral
[MgI(THF)(ArN3Ar0)] (Ar ¼ 2,6-Mes2C6H3, Ar0 ¼ 2-(2,4,6-iPr3C6H2)C6H4),

829 square-based pyramidal [Mg(OEt2)(DippN3-
Dipp)2],

830 octahedral trans-[Mg(THF)2(MesN3Mes)2],
828 [Ca(THF)2{N(SiMe3)2}(DippN3Dipp)] (CN ¼ 5),826 trans-

Scheme 7 Structure of a general triazenide ligand [RN3R0]� which is isoelectronic with an imidoamidate ligand (center). Right: structure of the
sterically hindered triazenide ligand [DippN3Dipp]�.

(A) (B) (C) (D)

Fig. 44 Structures of (A) [K(THF)3(m-DippN3Dipp)Ba(THF){N(SiMe3)2}2] (CSD refcode AGEGOJ), (B) [Sr(C6F5)(ArN3Ar0)] (Ar ¼ 2,6-Mes2C6H3,
Ar0 ¼ 2-(2,4,6-iPr3C6H2)C6H4; refcode KAVNOL), (C) [K(ArN3Ar)] with Ar ¼ 2-(2,4,6-iPr3C6H2)C6H4 (refcode MELPEZ), (D) [Tl2(DippN3Dipp)2]
(refcode NADQOC).
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[Ca(THF)2(MesN3Mes)2] (a distortion in the coordination sphere is caused by intramolecular face-to-face p-stacking),828 [Ca2(TH-
F)4{N(SiMe3)2}(DippN3Dipp)2(m-I)2] (CN ¼ 6),826 [Sr(THF)3{N(SiMe3)2}(DippN3Dipp)] (CN ¼ 6),826 [Sr(THF)2(DippN3-
Dipp)2] (CN ¼ 6), and [Sr(tmeda)(MesN3Mes)2] (CN ¼ 6).828 Vindu�s and Niemeyer have made an extensive study of hetero
and homoleptic Mg2þ triazenides, and among these is [Mg(ArN3Ar)2] (Ar ¼ 2,6-(3,5-Me2C6H3)2C6H3) in which Mg2þ is in
a square-planar environment.831 Niemeyer and coworkers have designed sterically hindered triazenides incorporating the 2-
(2,4,6-iPr3C6H2)C6H4 substituent; such a ligand envelops the metal ion to which it is coordinated. A critical factor is the design
of the 2-(2,4,6-iPr3C6H2)C6H4 substituent with the pendant aryl unit oriented so as to facilitate the M/p contacts.
[MgI(THF)(ArN3Ar0)] (Ar ¼ 2,6-Mes2C6H3, Ar0 2-(2,4,6-iPr3C6H2)C6H4) was mentioned above,829 and a related complex is
[MgI(OEt2)(ArN3Ar0)].831 The ligand also encloses Ca2þ, Sr2þ or Ba2þ in a cavity with stabilizing M/p interactions as depicted
for [Sr(C6F5)(ArN3Ar0)] (Ar ¼ 2,6-Mes2C6H3, Ar0 ¼ 2-(2,4,6-iPr3C6H2)C6H4) in Fig. 44B; although these pentafluorophenyl deriv-
atives are organometallic, we include them because of the innovative triazenide ligand design strategy.829 Similar M/p interac-
tions also feature in [K(ArN3Ar)], [Cs(ArN3Ar)] and [Tl(ArN3Ar)] with Ar ¼ 2-(2,4,6-iPr3C6H2)C6H4 (Fig. 44C).827,832

Typical group 13 M(III) triazenide complexes are 5-coordinate and include [AlH(MesN3{2,6-(4-MeC6H4)2C6H3})2],
833 and

[MX(DippN3Dipp)2] (M ¼ Ga, In, Tl; X ¼ Cl, Br, I, H).821 The dihydrido derivative [AlH2(THF){MesN3(2,6-Mes2C6H3)}] is stabi-
lized by the extreme steric demands of the ligand.833 [Ga2I2(DippN3Dipp)2] contains a Ga–Ga bond and is formally a gallium(II)
compound.821 Trischelates can be accessed using non-sterically crowded substituents, for example, [In(PhN3Ph)3].

834 Reaction of
TlOEt and H[DippN3Dipp] yields [Tl(DippN3Dipp)] which has a dimeric structure in the solid state (Fig. 44D, Tl/Tl ¼ 3.4612(5)
Å)821; this motif is seen regularly for thallium(I) triazenide complexes.

Triazenide complexes of the group 14 and 15metals are relatively sparse. The M(II) derivatives [M(DippN3Dipp)2] (M ¼ Ge, Sn,
Pb)835 are structurally similar to their imidoamidate analogs, and the sterically demanding [MesN3Mes]� was used to stabilize
[MCl(MesN3Mes)] and [MH(MesN3Mes)] (M ¼ Ge, Sn).836

1.02.2.2.5 2,20-Bipyridine and 1,10-phenanthroline
Main groupmetal complexes of bpy and phen, especially the former, are abundant. Whereas phen is preorganized for chelation, bpy
must undergo a conformational change (Scheme 8); the resulting 5-membered chelate ring is highly favored.

We have recently surveyed the structural diversity of main group metal complexes containing bpy, phen and tpy,837 and also bpy
complexes of the group 1 metals.838 Rather than repeat this discussion here, we refer the reader to these reviews.

1.02.2.3 Tridentate ligands

1.02.2.3.1 Triamines: Open-chain
Open-chain tridentate N-donor ligands are typified by those in Scheme 9 which depicts the parent amine N1-(2-aminoethyl)
ethane-1,2-diamine (dien), a general derivative, and the commonly encounteredN1-(2-N,N-dimethylaminoethyl)-N1,N2,N2-trime-
thylethane-1,2-diamine (pmdeta). Upon coordination, the formation of 5-membered chelate rings is favored and the large numbers
of main group metal complexes containing this family of amines precludes all but a brief overview. Complexes of the s-block
metals, in particular lithium, are especially numerous.

Scheme 8 The ligand phen is preorganized for chelation, but bpy undergoes a conformational change to form a chelate ring.

Scheme 9 Typical open-chain tridentate N-donor ligands. The abbreviations derive from the non-IUPAC names diethylenediamine and N,N,N0,N00,N00-
pentamethyldiethylenetriamine.

Scheme 10 Forms of the conjugate base of 2-methylpyridine, abbreviated to [2-Mepy–H]�.
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Lithium typically exhibits CN ¼ 4 or 5 in complexes with bischelating pmdeta. Representative examples are [Li(pmdeta)(NH-
Dipp)],180 (R,R)-[Li(pmdeta){N(CHMePh)2}],

839 [Li(pmdeta)(2-Mepy–H)] (see Scheme 10),840 [Li(pmdeta)(THF)]þ,646 [Li(pm-
deta){O(2,6-tBu2-4-MeC6H2)}],

650 [Li(pmdeta){N(SnMe3)2}],
841 [Li(pmdeta)(TFSI-k2)],842 [Li(pmdeta)(BH4-k

2)],843

[Li2(pmdeta)2(m-Cl)2],
680,844 and [Li2(pmdeta)2(m-O3SCF3-1kO

1:2kO2)2].
845

For sodium, a CN ¼ 5 is illustrated by [Na2(pmdeta)2(m-OH2)2]
2þ,846 and CN ¼ 6 is seen in, for example, [Na(pmdeta)2]

þ.847

In contrast to the tetrahedral [Li(pmdeta)(2-Mepy–H)] with N-bound [2-Mepy–H]�, the Kþ analog is a dimer with bridging [2-
Mepy–H]� ligands tending to an azaallylic (Scheme 10) mode of coordination.840 As we have noted earlier in this review (e.g.,
Fig. 44A and C), Mþ/p interactions may influence the structures of complexes of the heavier s-block elements. Such is the case
in [K(pmdeta){N(SiMe2Ph)2}2] (Fig. 45A).

848

Tetrahedral coordination for Be2þ is exemplified in [BeX(pmdeta)]þ (X ¼ Cl, I).509,849 In related halide derivatives, Mg2þ

exhibits a CN ¼ 5 in [MgBr2(pmdeta)]850 and [Mg(OMes)2(pmdeta)].851 Whereas the reaction of [Mg{N(SiMe3)2}2] with PhSiH3

yields a poorly defined precipitate, the addition of neutral ligands such as pmdeta leads to well-defined complexes; Fig. 45B shows
one example in which the Mg–H bonding is largely ionic in character.852 As expected, the metal ion coordination number increases
down group 2, and an example of CN ¼ 7 is found in [Sr(pmedta){HC(CO2Me)2}2].

853

Group 13 metal complexes with dien and pmdeta include the trigonal bipyramidal [AlH2(pmedta)]þ,854 and octahedral fac-
[M(dien)2]

3þ (M ¼ In, Tl).855,856 Group 14 M(II) complexes include [GeCl(pmdeta)]þ (Fig. 45C) and its bromido analog.678 In
the 1D-coordination polymer [Pb(dien)(m-S2C6H4)]n (Fig. 45D), the PbN3-unit is close to planar and the thiolate ligands are mutu-
ally trans,857 whereas in [Pb(dien)(m-N3)]n (Fig. 45E), the dien ligand can be described as binding in a fac-mode and the azido
ligands are cis.858 Note that this description is based upon a pseudo-octahedral Pb(II) with a stereochemically active lone pair
(Figs. 45D and E). A comparison of the five structures in Fig. 45 illustrates the conformational flexibility of the dien and pmdeta
ligands.

1.02.2.3.2 Triamines: Tripodal ligands and tris(pyrazolyl)borates
In addition to a general representation of a tripodal-type ligand, Scheme 11 defines the tripodal ligands described in this section. It
also shows the structure of the tris(pyrazolyl)borate (HBpz3

�) ligand and defines a general substituted tris(pyrazolyl)borate ligand.
Typically, tripodal ligands coordinate in a fac-mode with all three ‘arms’ involved in binding a metal ion. Note that such chelating
donors are also known as scorpionate ligands, and in 2015, Reglinski and Spicer reviewed their p-block metal coordination
compounds.75 Thallium(I) and potassium salts of tris(pyrazolyl)borate ligands are commonly encountered, and a recent study
has highlighted the use of 11B NMR spectroscopy to follow the synthesis of Kþ salts and determine compound purity.859

The reaction of H2tripod
1 (R ¼Me or tBu, Scheme 11) with tBuLi produces lithium amides which exhibit dimeric structures in

the solid state; the Li4N4 core possesses a ladder-like assembly (Fig. 46A).860 The ability of amido ligands to bridge between metal
centers facilitates the formation of heterometallic species, illustrated by [Li(OEt2)AlCl(tripod

2)] (Fig. 46B).861 Reaction of [Li4(tri-
pod1)2] (R ¼Me) with TlCl led to [Tl2(tripod

1)] and in the solid state, pairs of molecules associate through a weak Tl/Tl interac-
tion (Tl/Tl ¼ 3.500(2) Å).860 Thallium(I) derivatives have also been formed directly. For example, the ligands tripod3 with
R ¼Me or tBu, Ar ¼ 2-iPrC6H4 react with Tl[BArF4] to give the [BArF4]

� salt of [Tl(tripod3)]þ. There are no short cation/anion
contacts in the solid state, and the cation forms dimers with Tl/Tl distances of 3.649(4) Å (R ¼Me) and 3.7862(2) Å (R ¼ tBu,
Fig. 46C).862

The Ge(II) complex [Ge(tripod4)]� (Fig. 46D) was structurally characterized as the [Na(THF)5]
þ salt; [Ge(tripod4)]� utilizes its

Ge-centered lone pair to act as a ligand to metal centers such as Cu(I) and Fe(0).863 The larger Pb(II) can accommodate two tripod5

(Scheme 11) ligands as shown in Fig. 46E, with the metal center in a distorted octahedral environment.864 Examples from the group
15 metals include [Sb(tripod4)] with a structure similar to [Ge(tripod4)]� (Fig. 46D); the compound crystallizes as a benzene
solvate and a C6H6 molecule sits between the Sb atoms of two adjacent [Sb(tripod4)] molecules (Sb/benzenecentroid ¼

(A) (B) (C)

(D)

(E)

Fig. 45 Structures of (A) [K(pmdeta){N(SiMe2Ph)2}2] (CSD refcode HUXPIA), (B) [Mg2(pmdeta){N(SiMe3)2}2(m-H)2] (refcode GOWHOS, only the m-H
atoms are shown), and (C) [GeCl(pmdeta)]þ (refcode FULZUI). Parts of the 1D-chains in (D) [Pb(dien)(m-S2C6H4)]n (refcode HAVDAL) and (E)
[Pb(dien)(m-N3)]n (refcode HPEXHIK).
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Scheme 11 General types of tripodal ligands. The substituents are specified in the text with reference to these general structures.

(A) (B) (C) (D) (E)

Fig. 46 Structures of (A) [Li4(tripod1)2] with R ¼ tBu (CDS refcode QAQXEL), (B) [Li(OEt2)AlCl(tripod2)] (refcode RIQGAA), (C) [Tl2(tripod3)2]2þ

(R ¼ tBu, Ar ¼ 2-iPrC6H4; refcode BIKGAF), (D) [Ge(tripod4)]� (refcode FISGOG), and (E) [Pb(tripod5)2]2þ (refcode OTEDOH).

(A) (B) (C)

(D) (E)

Fig. 47 Structures of (A) [Li{HB(RR0pz)3}] (R ¼ Me, R0 ¼ tBu; CSD refcode CEZSOR), (B) [Li2{HB(RR0pz)3}2] (R ¼ R0 ¼ Me; refcode IYIQOY), (C)
[Mg{HB(RR0pz)3}2] (R ¼ R0 ¼ iPr) (refcode EKOTIK), (D) [{HB(RR0pz)3}Ga(GaI2)2Ga{HB(RR0pz)3}] (R ¼ R0 ¼ Me; refcode KAJWID), and (E) the weakly
associated dimer [Tl{HB(RR0pz)3}]2 with R ¼ H, R0 ¼ Ph (refcode ASADAZ).
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3.648 Å). [Sb(tripod4)] was used as a building block in conjunction with pyridine-based ligands to produce a number of supramo-
lecular assemblies.865

Complexes with tetrahedral Liþ bound by one tris(pyrazolyl)borate and one other monodentate donor include [Li
{HB(RR0pz)3}(Hpz-3,5-Me2)] (R ¼ R0 ¼ Me, see Scheme 11),866 [Li{HB(RR0pz)3}(OH2)] (R ¼ H or Me, R0 ¼ tBu),867 [Li
{HB(RR0pz)3}(NCMe)] (R ¼ Me, R0 ¼ tBu),867 and [Li{HB(RR0pz)3}(THF)] (R ¼ H, R0 ¼ Mes).868 Less common is 3-coordinate
Liþ as found in [Li{HB(RR0pz)3}] (R ¼Me or H, R0 ¼ tBu; Fig. 47A).867 A departure from these monomeric assemblies occurs in
[Li2{HB(RR0pz)3}2] (R ¼ R0 ¼ Me) in which two pz arms of each ligand coordinate to different Liþ centers, and the third pz
unit is in a bridging mode (Fig. 47B); each Liþ maintains a tetrahedral geometry.869 A further structural variation is achieved by
using B-fluorenyl substituted tris(pyrazolyl)borates; in [Li(RBpz3)2] (R ¼ fluorenyl), two pz rings of each ligand coordinate to
Liþ (giving a tetrahedral geometry) leaving a pendant third arm.870 With bulky substituents in the 3-positions of the pz rings,
Naþ also tends to form 4-coordinate complexes, for example, [Na{HB(RR0pz)3}L] (R ¼ Ph; R0 ¼ CF3; L ¼ H2O, THF),871 [Na
{HB(RR0pz)3}(OEt2)] (R ¼ R0 ¼ CF3),

871 and [Na{HB(RR0pz)3}(THF)] (R ¼ Me, R0 ¼ nC3F7),
872 although CN ¼ 5 with

a square-based pyramidal arrangement of donors is found in [Na2{HB(RR0pz)3}2(m-OH2)2] (R ¼Me; R0 ¼ CF3).
871 Two tris(pyr-

azolyl)borate ligands can be accommodated if the pyrazole 3-substituents are not sterically demanding, e.g., in [Na
{HB(RR0pz)3}2]� (R ¼ R0 ¼Me).873 Octahedral Naþ is also observed in [Na2{HB(RR0pz)3}2(m-OCMe2)3] (R ¼ R0 ¼Me) with
bridging acetone ligands,874 and a similar structural motif is found in [K2{HB(RXR0pz)3}2(m-OH2)3] (R ¼ R0 ¼ Me, X ¼ Cl; see
Scheme 11).875 We noted above the monomeric structure of [Na{HB(RR0pz)3}(THF)] (R ¼Me, R0 ¼ nC3F7). In contrast, in [Cs
{HB(RR0pz)3}]n (R ¼Me, R0 ¼ nC3F7), the perfluoropropyl substituents engage in Cs/F contacts (range 3.10–3.72 Å) producing
a 1D-chain in the solid state; this was the first structurally characterized tris(pyrazolyl)borate of cesium.872 The single crystal struc-
ture of [K{HB(RR0pz)3}(NCMe)3] (R ¼ H, R0 ¼ Ph) reveals an apparent vacancy in the coordination sphere of Kþ and inspection of
the structural data (CSD refcode USUSIN) shows that molecules are aligned into chains with K/HB separations of 3.47 Å.859

Moving to group 2, beryllium complexes of tris(pyrazolyl)borates are exemplified by tetrahedral [BeX(HBpz3)] (X ¼ F, Cl, Br,
I),876 and [Be(THF)(HBpz3)].

877 The Mg2þ ion is large enough to accommodate two tris(pyrazolyl)borate ligands (Scheme 11),
as exemplified in [Mg(HBpz3)2],

878–880 [Mg{(4-Br-C6H4)Bpz3}2],
881 [Mg{HB(RR0pz)3}2] (R ¼ R0 ¼Me),880 [Mg{HB(RXR0pz)3}2]

(R ¼ R0 ¼Me, X ¼ Cl; see Scheme 11),880 and [Mg{HB(RR0pz)3}2] (R ¼ R0 ¼ iPr) (Fig. 47C).882 However, incorporating sterically
demanding substituents adjacent to the metal-binding site typically prevents the coordination of two tripodal ligands to Mg2þ, for
example, in [MgX{HB(RR0pz)3}] (R ¼ Me, R0 ¼ tBu; X ¼ F, Cl, Br, I).883 The Ca, Sr and Ba analogs of [Mg{HB(RR0pz)3}2]
(R ¼ R0 ¼ iPr) (Fig. 47C) have also been structurally characterized,882 as have [Sr(HBpz3)2] and [M{HB(RR0pz)3}2] (M ¼ Ca, Sr,
Ba; R ¼ R0 ¼ Et).884 Complexation of [HBpz3]

� with Ba2þ leads to the unusual dimer [Ba2(HBpz3)4] in which two ligands bind
in the typical fac-mode and two are bridging with a combination of s- and h5-pz–Ba interactions.884 In [Ca{HB(RR0pz)3}2]
(R ¼ Me, R0 ¼ tBu), the steric bulk of the tBu groups results in a 5-coordinate Ca2þ with one ligand arm non-coordinated885; the
same coordination behavior is seen in [Ca{HB(RR0pz)3}2] (R ¼ H, R0 ¼ tBu).886 Interestingly, in [Ca{HB(RR0pz)3}2] (R ¼ Me,
R0 ¼ Ph), the spatially demanding phenyl rings engage in inter-ligand face-to face p-interactions and octahedral coordination is
retained.887 Both [Ca{HB(RR0pz)3}{N(SiMe3)2}] (R ¼ H, R0 ¼ tBu),888 and [Ca{HB(RR0pz)3}(ODipp)] (R ¼ H, R0 ¼ tBu) contain
tetrahedral Ca2þ.889 One interest in such species is their activity in lactide ring-opening polymerization.889 Thermolysis of
[Ca(H2Bpz2)2(THF)2] leads to the formation of [Ca(HBpz3)2] and [Ca(HBpz3)(BH4)]; the latter reacts with THF to give fac-
[Ca(HBpz3)(THF)2(BH4)] and a tetranuclear [Ca4(HBpz3)4(THF)4(m-BH4)4] with the Ca centers forming a rhomboid.890

Among the many contributions from Parkin and coworkers to the field of tris(pyrazolyl)borate coordination chemistry is a series
of compounds containing Ga–Ga bonds. These include [Ga2{HB(RR0pz)3}2] (R ¼ R0 ¼Me), [{HB(RR0pz)3}Ga–GaX3] (X ¼ Cl, I;
R ¼ R0 ¼Me) and [{HB(RR0pz)3}Ga(GaI2)2Ga{HB(RR0pz)3}] (R ¼ R0 ¼ Me; Fig. 47D); the octahedral [Ga{HB(RR0pz)3}2]þ

(R ¼ R0 ¼Me) has also been structurally characterized.891 In the Ga(III) complex [GaH{HB(RR0pz)3}2]þ (R ¼Me, R0 ¼ tBu), the
hydrido ligand is protected within a sheath of tBu substituents.892 Monomeric In(I) complexes are exemplified by [In
{HB(RR0pz)3}] (R ¼ R0 ¼ Me; R ¼Me, R0 ¼ tBu).892 The coordination chemistry of tris(pyrazolyl)borate thallium(I) species is an
extensive area which was reviewed by Janiak in 1997,893 and is included in a 2015 review by Reglinski and Spicer.75 The following
examples are necessarily selective. Thallium(I) complexes of [HB(RR0pz)3]� with R ¼ H, R0 ¼ Ph and [HB(RR0pz)2(R00R00pz)]� (see
Scheme 11) with R ¼ R00 ¼ R000 ¼ Me, R0 ¼ Ph, possess dimeric structures in the solid state. The former dimer (Fig. 47E) is supported
by a weak Tl/Tl interaction (3.853(1) Å), and in both complexes weak CH/p contacts are important packing interactions. This
investigation also includes a comparison of previously reported tris(pyrazolyl)borate complexes of thallium(I), giving a useful entry
into this area.894 The incorporation of bulky substituents in the pyrazole 3-position prevents the formation of Tl/Tl close contacts
in the solid state, e.g., in [Tl{HB(RR0pz)3}] (R ¼Me, R0 ¼ Bz),895 [Tl{HB(RR0pz)3}] (R ¼ tBu, R0 ¼ 4-MeC6H4),

896 [Tl
{HB(RR0pz)3}] (R ¼ H, R0 ¼ CHPh2),

897 [Tl{HB(RR0pz)3}] (R ¼ H, R0 ¼ Mes),898 and [Tl{HB(RR0pz)3}] (R ¼ iPr,
R0 ¼ adamantan-1-yl).899

Group 14 metal(IV) complexes are represented by [Ge{HB(RR0pz)3}(N3)3] (R ¼ R0 ¼Me) (which was prepared by oxidation of
[Ge{HB(RR0pz)3}(N3)] using HN3),

900 and octahedral [SnCl3{HB(RR0pz)3}] (R ¼ R0 ¼ Me).901 The use of sterically non-
demanding ligands proved critical in the formation of lead(II) compounds, exemplified by the dimer [Pb2{HB(RR0pz)3}2(m-
NCS)2] (R ¼ R0 ¼ Me) and the 2D-coordination network [Pb(HBpz3)2(m-NCS)]n.

902

A combination of the size of Bi(III) and lack of steric hindrance in the unsubstituted [HBpz3]
� allows the formation of the 8-

coordinate [BiCl(HBpz3)2(pz)]. This was the first example of a pyrazolylborate complex of a group 15 metal.903 In
[BiCl2{HB(RR0pz)3}] (R ¼ R0 ¼ Me), the Bi(III) center is in square-based pyramidal environment with dimer assembly by virtue
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of long Bi/Cl interactions (3.234(3) Å); the highly electrophilic [Bi{HB(RR0pz)3}]2þ cation is an active catalyst for alkene hydro-
silylation.904 Tris(pyrazolyl)borates are tridentate s-donor ligands, and have been used to investigate the trans-influence in Bi(III)
compounds in the presence of other ligands with different nucleophilicities. Among the series of complexes studied are [Bi
{HB(RR0pz)3}2] (R ¼ R0 ¼Me), [BiCl3{HB(RR0pz)}] (R ¼ R0 ¼Me), and [Bi2Cl2{HB(RR0pz)}2(m-O3SCF3-1kO

1:2kO2)2]
(R ¼ R0 ¼Me).905

1.02.2.3.3 Pincer ligands
Typical pincer ligand families are shown in Scheme 12. However, it should be noted that the ligands are redox active allowing access
to a multiplicity of oxidation- and charge-states. The examples in this section are necessarily selective and aim to provide an entry
into the relevant literature.

The reaction of MeLi with im2py (R ¼ Me, R0 ¼ Dipp) unexpectedly resulted in methylation of the pyridine N atom to give ‘Li
{im2(C5H3NMe)}’; the structure of the crystallized product reveals two different units, one with Li-bound THF and one with
a Li/C contact as shown in Fig. 48A. The methylation is reversible upon heating, and characterization of [Li(im2py)(THF)]
confirmed Liþ in a distorted square-planar environment.906 In [K2(OEt2)4(pyr2py)] (R ¼ Ph, R0 ¼ Mes, see Scheme 12), two
{K(OEt2)2} units are bridged by an [pyr2py]

2� ligand as shown in Fig. 48B.907 Jones and coworkers have reported a series of group
2metal complexes of im2py with R ¼ Ph, R0 ¼ Dipp (see Scheme 12) in which the im2py ligand is neutral, singly or doubly reduced.
These complexes include [MgI2(im2py)], [CaI2(im2py)] and [MgI(im2py)] (with a radical anion ligand and approximately square-
planar Mg2þ).908 Marks and coworkers have reported [MgCl2(im2py)] (R ¼ Me, R0 ¼ ferrocenyl) along with analogous d-block

Scheme 12 General structures of representative pincer-type ligands with three N-donors.

(A)

(B)

(C)

(D)

(E)

Fig. 48 Structures of (A) [Li2{im2(C5H3NMe)}2(THF)] (CSD refcode CALSOY) with a schematic of ‘Li{im2(C5H3NMe)}’, (B) [K2(OEt2)4(pyr2py)]
(refcode GOYNOA), (C) [PbBr2(H2Bzim2py)] (only the NH H atoms are shown; refcode CAFQEI), (D) [Pb2(HBzim2py)2(m-boa)] (refcode EHEYOG), and
(E) [Pb(im2py)3] (R ¼ H, R0 ¼ Ph; refcode HOXQER).
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metal compounds; combined experimental and computational data indicate that coordination of the im2py ligand results inmixing
of the ferrocenyl d-orbitals with the p* orbitals of the im2py unit.909

Trigonal bipyramidal group 13 metal M(III) complexes containing pincer ligands of the general type [MX2(pincer)] with X�

ligand in equatorial sites are exemplified by [MCl2(im2py)] (M ¼ Al, Ga; R ¼ Ph, Me, R0 ¼ Dipp),910,911 and [GaCl2(R2bzim2py)]
(R ¼ Bz, CH2CH]CH2).

911 In the blue-emitting complex [InCl2(OH2)(Hbzim2py)],
912 and [InCl(O3SCF3)2(im2py)] (R ¼ Ph,

R0 ¼ 2,6-Me2C6H3),
913 the In(III) center is octahedrally sited. Berden and coworkers have reported bis(imino)pyridine ligand-

based mixed valent (MV) complexes of Al(III) which feature electron donating and electron withdrawing substituents on the
ligands, allowing access to species with [Al(L�)(L2�)] and [Al(L2�)(L3�)] charge states,914 and related water-stable MV compounds
have been prepared by reactions of reduced bis(imino)pyridine ligands with Al(III), Ga(III) and In(III) salts.915 Related to this is
a reaction of [(pz2py)AlCl2(THF)]þ (R ¼ CH2

iPr, R0 ¼ iPr, see Scheme 12) involving 2-electron reduction and single-ligand proton-
ation to give [(pz2py)AlCl2]; each electron- and Hþ-transfer process is ligand-centered.916 An attempt to form Ga(I) coordination
compounds using the sterically demanding bis(imino)pyridine ligands im2py (R ¼ Ph, R0 ¼ Dipp or 2,5-tBu2C6H3) resulted instead
in the Ga(III) complexes [GaI2(im2py)][GaI4]; the neutral radical [GaI2(im2py)] was also isolated.917

For group 14 M(II), the familiar (see earlier discussions) geometry with a stereochemically active lone pair is illustrated for
pincer-type ligands by [GeCl(im2py)]

þ (R ¼ Me, R0 ¼ Dipp),918,919 [MCl(im2py)]
þ (M ¼ Ge, Sn; R ¼ H, R0 ¼ ferrocenyl),920

[SnCl(im2py)]
þ (R ¼ Me, R0 ¼ Dipp),921,922 [SnBr(im2py)]

þ (R ¼ H, R0 ¼ Dipp),923 [SnX(im2py)]
þ (X ¼ Cl, Br; R ¼ Ph,

R0 ¼ 2,5-tBu2C6H3),
924 and [Pb(NCS)(im2py)]

þ (R ¼Me, R0 ¼ 2,6-Me2C6H3).
902 The reduction of [GeCl(im2py)]

þ (R ¼ Me,
R0 ¼ Dipp) with KC8 yielded the 3-coordinate Ge(0) derivative [GeCl(im2py)] which possesses a singlet ground state and partial
Ge–N multiple-bond character.918 In the triflate salt of [SnCl(im2py)]

þ, there is ion pairing in the solid state with an Snca-
tion�Otriflate separation of 3.042(2) Å, and in [Sn(O3SCF3)2(im2py)], both triflate ions coordinate to the Sn(II)center.921 In
a detailed study of Ge(II) and Sn(II) complexes, Flock et al. observed that the triflate salt of [Sn(im2py)]

2þ (R ¼ H, R0 ¼ Dipp) crys-
tallizes with two independent, neutral molecules in the asymmetric unit; one has CN ¼ 5 (as just described), and the second is 6-
coordinate with an additional THF ligand.923 The same coordination geometry as in [Sn(O3SCF3)2(im2py)] is observed in
[PbBr2(H2Bzim2py)] (Fig. 48C, see Scheme 12 for the ligand); the latter is one of a series of H2Bzim2py derivatives of Pb(II) re-
ported by Thompson et al. which has included a correlation of structural parameters with the 207Pb NMR chemical shift span
parameter, U.353 A similar coordination environment is found in [Pb2(ONO2)2(H2Bzim2py)2(m-adip)], although each CO2

�

unit of the bridging ligand is bidentate, giving a CN of 7 for each Pb(II).925 In contrast, in [Pb2(HBzim2py)2(m-boa)] (Fig. 48D)
which contains monodeprotonated [HBzim2py]

� ligands, the outer axial site of each Pb(II) center is occupied by a stereochemically
active lone pair.926 Reactions of lead(II) triflate with im2py (R ¼ H, R0 ¼ Ph) in MeCN solution produced [Pb(im2py)x] (x ¼ 1–3)
while crystal growth by layering produced only [Pb(im2py)3] with 9-coordinate Pb(II) (Fig. 48E); the ligands are arranged so that
there is efficient inter-ligand p-stacking of phenyl substituents. Interestingly, when im2py (R ¼ H, R0 ¼ Ph) was replaced by im2py
(R ¼ H, R0 ¼ 4-HOC6H4), only single crystals of [Pb(O3SCF3)2(im2py)] were obtained.927

Group 15 metal(III) complexes with pincer ligands are represented by [BiI(pyr2py)] (R ¼ R0 ¼ tBu, or R ¼ Ph, R0 ¼ Mes) and
[SbI(pyr2py)] (R ¼ Ph, R0 ¼Mes) in which the 3-coordinate M(III) is protected by sterically hindered substituents tBu or Mes;
Turner has reported a detailed study of the reduction of these species with strong metal reductants.907 Low oxidation compounds
include the 3-coordinate As(I) complex [As(im2py)]

þ (R ¼ Me, R0 ¼ Dipp).928 The first diiminopyridine complexes of S, Se and Te
have been reported; the triflate salts of [Se(im2py)]

2þ and [Te(im2py)]
2þ (R ¼ H, R0 ¼ Dipp) are air-stable, and notably, the anal-

ogous sulfur complex was also isolated.929 Reactions of group 16 element halides with im2py (R ¼ H, R0 ¼ Dipp) have also been
reported, and include the structures of salts of the square-planar [SeX(im2py)]

þ (X ¼ Cl, Br) cations.

1.02.2.3.4 2,20:60,200-Terpyridines
For a coverage of the coordination chemistry of main group metal complexes containing 2,20:60,200-terpyridine (tpy) ligands, we
direct the reader to our recent review of the field.837

1.02.2.4 Polydentate open-chain, macrocyclic and cage ligands

Main group metal complexes of polydentate open-chain, macrocyclic and cryptand N-donor ligands are plentiful, and for the open-
chain ligands, we have restricted the overview to compounds that can be regarded as representative ‘parent’ ligands. Scheme 13
shows ligand types that are included. The macrocyclic tetraamine tacn (Scheme 13) is the building block for a wide range of mixed
donor polydentate ligands including DOTA (1,4,7,10-tetraazacyclododecane-1,4,7,10-tetraacetic acid) and related ligands, metal
complexes of which have significant applications in, for example, biomedical imaging.41,930,931 Porphyrinato and phthalocyanato
main group metal complexes have been adequately reviewed elsewhere.53,932–938

Use of the tetradentate ligand Me6trien (Scheme 13) directs a cis configuration in [Ca(Me6trien)(PPh2)2]; this is very air and
moisture sensitive, and as a result, cis-[Ca(Me6trien)(PPh2)(OPPh2)] was also isolated.939 In [Sr(tetraen)(tBu2acac)2], the Sr2þ

ion has CN ¼ 9; this is one of a series of Sr(II) related complexes containing both polyamine and b-diketonate ligands.940 Examples
of group 13 M(III) complexes include the 6-coordinate [In2(trien)2(m-Se)2]

2þ,624 [In2(trien)2(m-Te)2]
2þ,625 and cis-

[Tl(trien)(CN)2]
þ.629 In [Pb(tetraen)][Ag2I4]n, the Pb2þ center is bound by the pentadentate tetraen ligand (Scheme 13) and has

three Pb/ I cation/anion contacts giving an overall CN of 8.627
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Moving on to the macrocyclic ligands shown in Scheme 13, and group 1 metal complexes are exemplified by [Li(THF)(Me4-
tacd)] with 5-coordinate Liþ,941 [M(THF)n(Me3Rtacd)] (M ¼ Li, Na, n ¼ 1; M ¼ K, n ¼ 2) containing the hypervalent R ¼ SiH2Ph2
group,942 the peroxolato complexes [Li(O2CMe2Ph)(Me4tacd)], [K(O2CMe2Ph)(PhCMe2OOH)2(Me4tacd)] and
[K(O2CMe2Ph)(PhCMe2OOH)3(Me4tacd)] (which are stabilized in the solid state by strong hydrogen bonds from PhCMe2OOH
solvate molecules),943 and the square-based pyramidal [NaI(Me3tacd)].

944 The trisodium complex [Na3(Me3tacd–H)3] is structur-
ally related to [Ca3(Me3tacd–H)3(m3-H)2]

þ described below.942 In [Na(R4tacd)]
þ with R ¼ Bz, the benzyl substituents provide

a caged environment for the Naþ ion with Naþ/p contacts (Fig. 49A).945 While the [K(18-crown-6)]þ cation is ubiquitous, anal-
ogous N-donor ligands (i.e., O atoms in 18-crown-6 replaced by NH or NR) have been much less studied. In 2015, Reid and
coworkers reported the preparation and structures of [K{Me6[18]aneN6}]

þ as well as the Liþ, Naþ, Rbþ and Csþ congeners. In
[K{Me6[18]aneN6}]

þ, the Kþ ion sits within the plane of the six N-donors, while in [Rb{Me6[18]aneN6}]
þ, the Rbþ ion is displaced

from the plane; the macrocycle adopts a puckered conformation in [Li{Me6[18]aneN6}]
þ with Liþ in a distorted octahedral envi-

ronment. This investigation also includes the structures of [Na(THF)(Me4tacd)]
þ (square-based pyramidal Naþ) and [K(Me3ta-

cn)2]
þ (Kþ octahedrally sited).946

Group 2metal complexes include the square-based pyramidal [Mg(BH4)(Me4tacd)]
þ,947 [MgCl(Me4tacd)]

þ (formed by treating
[Mg2(Me4tacd)2(m-H)2]

2þ with [NEt3H]Cl),948 [M{N(SiMe3)2}(Me3tacd–H)] (M ¼Mg, Ca),949 [Mg(pyridin-1(4H)-yl)(Me3-
tacd)],518 and the 7-coordinate [Ca(THF)2I(Me4tacd)]

þ.950 Reaction of Me3tacd (Scheme 13) with [Ca{N(SiMe3)2}2(THF)2] fol-
lowed by treatment with Ph2SiH2 resulted in the formation of [Ca3(Me3tacd–H)3(m3-H)2]

þ (Fig. 49B) in which [Me3tacd–H]� is
the conjugate base of Me3tacd; this was the first example of a cationic calcium hydride and was found to be active in the catalytic
hydrosilylation and hydrogenation of 1,1-diphenylethene.951 Related complexes are [Sr3(Me3tacd–H)3(m3-H)2]

þ,952 [Ca2(Me4-
tacd)2(m-H)3]

þ,953 and [Ca2(THF)(Me4tacd)2(m-H)2]
2þ.950,954 The hydrido ligands in [Ca2(THF)(Me4tacd)2(m-H)2]

2þ exhibit
nucleophilic behavior and the complex is a precursor to a series of dicalcium derivatives retaining {Ca(Me4tacd)} units.950 Mukher-
jee et al. have reported a series of Mg2þ, Ca2þ, and Sr2þ silylamide complexes assembled upon an Me3tacd framework.955 The Schiff
base compartmental ligand H4Lcompart shown in Scheme 13 accommodates one or two Ca2þ ions in N4-donor sites in the
complexes [Ca(THF)2(H2Lcompart)] (Fig. 49C) and [Ca2(THF)2(m-THF)(Lcompart)], as well as one Ca2þ and one Liþ in
[LiCa(THF)(m-THF)(HLcompart)]; the bowl-shaped conformation of the ligand is noteworthy.956

Group 13metal tacd derivatives include the octahedral [GaCl2(tacd)]
þ in which the tacd ligand directs a cis configuration.957 The

reaction of [AlH2(Me3tacd–H)] with BPh3 in THF gave [Al(OnBu)(Me3tacd–H)][HBPh3] by ring-opening of THF.958 In [GaCl(H2-
tabht)] (see Scheme 13 for H4tabht), the Ga(III) center is in a square-based pyramidal environment.959

Everett et al. have explored reactions of [GeCl2(diox)] with neutral azamacrocyclic ligands, and [Ge(Me4tacd)]
2þ is representa-

tive of the structurally characterized products; Fig. 49D shows that the Ge(II) atom lies above the plane of the four N donors in
[Ge(Me4tacd)]

2þ,960 and a similar coordination geometry is seen for the Pb(II) center in [Pb(R2tacd)]
2þ (R ¼ Bz; see Scheme 13

for R2tacd).
961

The introduction into macrocyclic ligands such as tacd of pendant arms bearing N-donor domains provides a means of
increasing the CN of a metal ion bound within the ligand cavity and thereby enhances the stability of the complex with respect
to ligand dissociation. The following references give selected examples of such main group metal complexes incorporating purely
N-donor ligands.962–968

(A)

(B)

(C)

(D)

(E) (F)

Fig. 49 Structures of (A) [Na(R4tacd)]þ (R ¼ Bz; CSD refcode JOTRAO), (B) [Ca3(Me3tacd–H)2(m3-H)2]þ (refcode FAXCOY), (C)
[Ca(THF)2(H2Lcompart)] (refcode KAFHAD, only the pyrrole H atoms are shown), (D) [Ge(Me4tacd)]2þ (only the hydrido H atoms are shown; refcode
DUSKEJ), (E) [Ba{H5aza(2.2.2)crypt}]þ (refcode HAGNOT), and (F) [K(N9-azacrypt)]þ (refcode HIFCIL).
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Finally in this section, we consider representative examples of s-block metal ions encapsulated within caging ligands with an
emphasis on azacryptands. Cryptands including azacryptands play a crucial role in the synthesis of alkalide and electrides.969

The first barium sodide [Ba{H5aza(2.2.2)crypt}]
þNa� was prepared from Ba, Na, and H6aza(2.2.2)crypt (Scheme 13) in NH3-

MeNH2 solution; Fig. 49E shows the [Ba{H5aza(2.2.2)crypt}]
þ complex.970 Alkali metal cations template the assembly of the

N9-azacryptand (N9-azacrypt, Scheme 13), and the Pb(II) complex has also been described; Fig. 49F shows the structure of
[K(N9-azacrypt)]

þ.971 The reactions of the hexaazamacrocycle shown in Scheme 14 with 2,6- bis(bromomethyl)pyridine or 2,6-
bis[(tosyloxy)methyl]pyridine in the presence of Na2CO3 or K2CO3 under basic conditions yielded enantiopure azacryptates of
Naþ or Kþ.972

Scheme 13 Representative ‘parent’ open-chain, macrocyclic and caging polydentate ligands. In the text, deprotonated Me3tacd is represented as
Me3tacd–H, etc.

Scheme 14 Formation of the cryptand derivative reported by Gerus et al.972
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1.02.3 Phosphorus-donor ligands

1.02.3.1 Monodentate ligands

1.02.3.1.1 RPH2, R2PH, R3P including P,P-ligands in monodentate or bridging modes
In this section, monodentate phosphane ligands belonging to the classes RPH2, R2PH, and R3P will be discussed along with ditopic
ligands such as R2PCH2CH2PR2 which can coordinate in amonodentate manner to ametal center. The latter category includes those
with ligands which bridge between two main group metals. Complexes of main group metals with RPH2 ligands are restricted to
organometallic species and are outside the scope of this review. Simple derivatives of p-block metals containing R2PH ligands are
also sparse. Group 13 M(III) compounds with R2PH ligands are represented by [MBr3(PH

tBu2)] (M ¼ Al, Ga, In),973 and complexes
featuring a Ga–Ga bond include [Ga2Br4(PHCy2)2] (formed from [GaBr(THF)n] and PHCy2),

974 and [Ga2I4(PHR2)2] (R ¼ Cy,
tBu).975 Although one could argue that phosphane selenides are not metal coordination compounds, we include them because,
in this review, we treat Se as a semimetal. In SePHPh2

976,977 and SePHtBu2,
978 P–H/Se hydrogen bonds dominate packing inter-

actions in the solid state, but are not observed in SePH(CH2CH2Ph)2.
979

Compared to those with RPH2 and R2PH ligands, coordination compounds with tertiary phosphanes are more abundant, and
complexes of the p-block metals predominate over those in the s-block. Buchner et al. have reported the synthesis and crystal struc-
ture of tetrahedral [BeCl2(PMe3)2] which has been used as a precursor to nBu2Be.

980 While reaction of [BeI2(OEt2)2] with dppm
yielded [BeI2(dppm-k1)2] (Fig. 50A),

659 that with dppe led to the 1D-coordination polymer [BeI2(m-dppe)]n.
981 A similar structure

to that shown in Fig. 50A is also found for [BeCl2(dppm-k1)2].
982

The reactions of AlX3 (X ¼ Cl, Br, I) with PMe3 lead to the formation of [AlX3(PMe3)] or [AlX3(PMe3)2] depending on the ratio of
reagents used; with the bisphosphane Cy2PCH2CH2PCy2, dinuclear [{AlCl3}2(m-Cy2PCH2CH2PCy2)] was the sole product while
with the less sterically demanding Me2PCH2CH2PMe2 (dmpe), the formation of [{AlCl3}2(m-dmpe)] competed with trans-
[AlCl2(dmpe)2] containing chelating ligands. All products are extremely moisture sensitive.983 A series of tetrahedral [InX3(PR3)]
and trigonal bipyramidal trans-[InX3(PR3)2] complexes with X ¼ Cl, Br, I; R ¼ Ph or various MeO-substituted phenyl) have been
structurally characterized and studied in detail by solid-state 115In and 31P NMR spectroscopies.984 [Ga(PPh3)3]

þ was the first struc-
turally characterized homoleptic gallium–phosphane complex and has a trigonal pyramidal structure; it was isolated by use of the
weakly coordinating [Al(OtBuF)4]

� anion (tBuF ¼ perfluoro-tert-butyl).985 This work was followed by the isolation of the 2-
coordinate [M(PtBu3)2]

þ (M ¼ Ga, In) and 3-coordinate [In(PPh3)3]
þ.986 Phosphane adducts of InH3 have been prepared by reac-

tions of PR3 (R ¼ Cy, Ph or cyclopentyl) with [InH3(NMe3)] in 1:1 or 2:1 M ratios, and the crystal structure of [InH3(PCy3)2] reveals
a trigonal bipyramidal structure with a trans-arrangement of PCy3 ligands.

987

Group 14 M(IV) complexes are illustrated by [SnF4(PCy3)2],
988 trans-[SnCl4(PMe3)2],

989 trans-[SnCl3(PMe3)2]
þ,989 and

[SnCl2(PMe3)2]
2þ (which has close Sn/Cl contacts with [AlCl4]

� counterions),989 as well as octahedral [SnCl3(O3SCF3)(PMe3)2]
with trans-PMe3 groups, and trigonal bipyramidal [SnCl2(PEt3)3] with equatorial phosphanes. The latter are representative of a series
of neutral and cationic phosphane and arsane complexes of tin(IV) halides reported in 2019 by Reid and coworkers.990 Germaniu-
m(II) cations containing neutral, soft-donor ligands are rare, and Reid and coworkers reported [Ge(PMe3)3][CF3SO3]2 in 2021;
[Ge(PMe3)3]

2þ has a trigonal pyramidal structure with a stereochemically active lone pair.991 Tin(II) is large enough to accommo-
date four PPh3 ligands in [Sn(PPh3)4]

2þ; the space-filling diagram in Fig. 50B shows the extent of intra-cation CH/p contacts.992

Lead(II) complexes are illustrated by the tetrahedral [PbI2(PPh3)2],
993 the structure of which contrasts with that of [PbI2(PMe3)2] in

which [Pb2I2(PMe3)4(m-I)]
þ units are connected via short contacts through the I� counterion (Pb/ I ¼ Fig. 50C).994

A noteworthy reaction in group 15 coordination chemistry is that of [(h5-Cp*)As(toluene)]2þ with PMe3 which yields
[As(PMe3)2]

þ (Fig. 50D) isolated as the [B(C6F5)4]
� salt.995 This unusual As(I) species has also been reported by Burford and

coworkers, but (as the triflate salt) could not be isolated.996 The reaction of PMe3 with SbCl3 in the presence of Me3SiOSO2CF3
leads to the [CF3SO3]

� salt of [SbCl2(PMe3)2]
þ with the PMe3 ligands in the equatorial sites of a distorted see-saw (disphenoidal)

structure; comparisons were made with the structures and 31P NMR spectra for related complexes with chelating bisphosphanes.997

In a complementary study, SbF3 was reacted with Me3SiOSO2CF3; phosphane coordination to Sb(III) was expected but redox
processes between Sb and P ultimately led to cyclo-[Sb4(PMe3)4]

4þ.998 A series of [SbCln(PR3)m]
(3–n)þ (R ¼Me, Ph, Cy; n ¼ 1–4,

m ¼ 1, 2) has been reported and the structures analyzed in detail. The group 15 metal center can behave as a Lewis acceptor despite

(A)

(B)

(C)
(D)

(E)

Fig. 50 Structures of (A) [BeI2(dppm-k1)2] (CSD refcode TIVJIU), (B) [Sn(PPh3)4]2þ highlighting intra-cation CH/p contacts (refcode RELKOJ),
(C) [Pb2I2(PMe3)4(m-I)]I (refcode ZUBWIF), (D) [As(PMe3)2]þ (refcode FONTOU), and (E) (refcode QUCWIW).
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the presence of a lone pair, and by considering the substituents and ligands, Burford has defined the relative trans-labilizing influ-
ence as lone-pair < PPh3 � Cl� < PCy z PMe < Ar�.272 Burford and coworkers have also reported the reaction of Ph3P with
SbF(O3SCF3)2 and the 5-coordinate [SbF(O3SCF3)2(PPh3)2] was isolated; reductive elimination of [Ph3PF]

þ (as the triflate salt)
occurs and, after a redox process, the unusual bicyclic [Sb6(PPh3)4]

4þ cation (Fig. 50E) resulted.999

1.02.3.1.2 R2P
�, RPH�, RP2�

Upon going from neutral phosphanes to anionic phosphide ligands, we see a significant increase in the number of s-block metal
complexes, and sterically demanding substituents such as Dipp are typically employed. We provide selected examples which serve as
an entry into this area of coordination chemistry. Mixed donor ligands are not included. Lithium phosphides [LiPR2] are precursors
to a range of main group metal phosphides as exemplified throughout this section.

The reaction of Dipp2PH with nBuLi in THF leads to the tetrahedral [Li(THF)3{P(Dipp)2}], while reactions between Dipp2PH
and BzNa or BzK in THF result in the formation of [Na2(THF)4{m-P(Dipp)2}2] or [K(THF)4{P(Dipp)2}], respectively. Under
vacuum, loss of THF yields new solvates, including [Li(THF)2{P(Dipp)2}] which undergoes a dynamic monomer–dimer equilib-
rium in solution.1000 An analogous reaction to that above is that of Ph{(Me3Si)2CH}PH with nBuLi which leads to
[Li(OEt2)n{PPh(CH(SiMe3)2)}] or [Li(THF)3{PPh(CH(SiMe3)2)}]. The etherate can be converted to the Naþ and Kþ derivatives;
[K(OEt2)n(PPhR)] (R ¼ CH(SiMe3)2) is a precursor to [Ge2(PPhR)2(m-PPhR)2], while reaction between [Li(PPhR)] and SnCl2 fol-
lowed by crystallization from THF leads to [Li(THF)4][Sn(PPhR)3] in which Sn(II) is in a trigonal pyramidal environment.1001 In the
sterically crowded [Li(THF)2{PPh(2,6-Mes2C6H3)}], the Li

þ is 3-coordinate but with additional Li/p contacts to one Mes group;
the Li–P distance is relatively short (2.478(4) Å). Treatment of [Li(THF)2{PPh(2,6-Mes2C6H3)}] with SnCl2 yielded [Sn{PPh(2,6-
Mes2C6H3)}2].

1002 Lithium complexes derived from (Dipp)PH(CH2)nPH(Dipp) with n ¼ 1–5 have been reported, and structures
are dependent upon n; for n ¼ 1 and 3, discrete monomers with Li2P2 cores were found, whereas for n ¼ 4, the complex [(THF)3Li
{m-(Dipp)P(CH2)4P(Dipp)}Li(THF)3] was isolated with each Liþ being tetrahedrally sited. Detailed NMR spectroscopic studies give
insight into the solution behavior of these species.1003

Recrystallization of an Et2O solution containing 18-crown-6 and KPtBu2 leads to [K(18-crown-6)(PtBu2)] (Fig. 51A); the rather
long K–P distance of 3.239(1) Å indicates that the K and P centers possess significant Lewis acidity and basicity, respectively, and
indeed, the compound reacts with CO via nucleophilic attack by the basic phosphide.1004 We have noted earlier (e.g., Figs. 44A, C,
45A) that Mþ/p interactions may play an important role in the solid-state structures of complexes of the heavier s-block elements,
and this is again observed in [KPPh2]. The structure is complicated, and exhibits cyclic K2P2 and K3P3 motifs as well as extensive
Kþ/pphenyl interactions.

1005

In the group 2 metal complexes [M(18-crown-6)(PPh2)2] (M ¼ Ca, Ba), the phosphido ligands are axially bound,1006 and
a trans-arrangement is also found in [M(THF)4(PPh2)2] (M ¼ Ca, Sr)1006,1007 and [Ba(THF)5(PPh2)2].

1007 However, trans–cis isom-
erism in [Ca(THF)4(PPh2)2] can occur.939 Note the increase from CN ¼ 6 to 7 on going from Ca2þ and Sr2þ to M ¼ Ba2þ. However,
in [Ba(THF)4(PMes2)2] with the bulkier Mes2P

� ligands, a CN ¼ 6 is observed.1007 Di-, tri- and hexanuclear calcium complexes have
been obtained from combinations of PH2(Si

tBu3) and [Ca(THF2){N(SiMe3)2}]; in the Ca2 and Ca3 species, [PH(SitBu3)]
� ligands

bridge between pairs of Ca2þ centers, while the hexanuclear cluster is supported by m-[PH(SitBu3)]
� and m3-[P(Si

tBu3)]
2�

ligands.1008 Westerhausen et al. have also characterized Sr6P8-clusters which are structurally related to their calcium congeners.1009

Reaction of SrI2 with K[PHPh] in THF yields the 1D-coordination polymer [Sr(THF)2(m-PHPh)2]n with octahedrally sited Sr2þ; this
is one of a series of related group 2 metal assemblies with [PHPh]� ligands.1010

The Ga(III) complex [Ga(PtBu2)3] (trigonal planar Ga) results from the reaction of GaCl3 with 3 or more equivalents of Li
[PtBu2], while a 1:1 reaction followed by protolysis produced the [tBu2PH2]

þ salt of [Li{tBu2P(GaCl3)2}2]
� in which Li is

(A)

(B)

(C)

(D) (E)

Fig. 51 Structures of (A) [K(18-crown-6)(PtBu2)] (CSD refcode TIVLUI), (B) the diradical [Al2(PtBu2)4] (refcode LUNMUD), (C) the diamagnetic
[Al2(PtBu2)4] (refcode LUNNAK), (D) [Sn{P(Dipp)2}2] highlighting different P environments (refcode DAGQEK), and (E) [Sn{P(Tripp)2}2] (refcode
DAGQOU).
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octahedrally sited between two tBu2P(GaCl3)2 units with Ga–Cl–Li bridges.1011 An intriguing investigation from Henke et al. starts
with the premise that highly energetic [Al(PtBu2)2]. radicals should dimerize via an intermediate biradical with a long Al/Al
distance. The addition of Li[PtBu2] to a solution containing the metastable AlCl produced green crystals of [Al2(P

tBu2)4]
(Fig. 51B) with Al/Al ¼ 3.508 Å. In contrast, replacing AlCl by AlBr resulted in the isolation of yellow crystals of [Al2(P

tBu2)4]
(Fig. 51C) with Al/Al ¼ 2.587 Å. The structural elucidations were supported by computational investigations, and the differences
were explained in terms of the isolation of a high-energy triplet molecule (green compound) in contrast to a stable butterfly struc-
ture (yellow crystals).1012 [Ga8Cl2(P

iPr2)2(m-P
iPr2)6] is a representative example of group 13 metal clusters supported by R2P

�

ligands.1013 Other phosphido Aln and Gan clusters have also been described.1014–1021 Treatment of [Ge9{Si(SiMe3)3}3]
� or

[Ge9{Si(SiMe3)3}2]
2� with R2PCl (R ¼ Cy, iPr, tBu) yielded the first Zintl clusters carrying R2P-substituents; one example is

[Ge9{Si(SiMe3)3}3(PCy2)],
1022 and related Ge9-clusters have been reported.1023

Group 14 M(IV) derivatives with R2P
� ligands include the tetrahedral [GeCl{N(SiMe3)2}2(PEt2)].

1024 The use of [Li(PPhR)]
(R ¼ CH(SiMe3)2) to access [Ge2(PPhR)2(m-PPhR)2] and [Sn(PPhR)3]

� was detailed earlier in this section,1001 and we also
described the synthesis of [Sn{PPh(2,6-Mes2C6H3)}2].

1002 [Sn{P(Dipp)2}2] is noteworthy for being the first example of
a compound with a crystallographically confirmed P]Sn bond, arising from a P–Sn p-interaction involving a lone pair on a planar
P center (Fig. 51C) and the vacant p-orbital on Sn; the analogous Ge(II) complex has also been fully characterized.1025,1026 Izod
et al. point out that if both P environments were planar, a weaker P�Sn or P–Ge p-interaction would result and this would not
compensate for the energy required to rehybridize both P atoms. Significantly, in [Sn{P(Tripp)2}2], both P atoms are pyramidal
(Fig. 51E), indicating the absence of the Sn–P p-bond.1026 In the related [M{P(Dipp)(Mes)}2] and [M{P(Dipp){CH(SiMe3)2}}2]
(M ¼ Ge, Sn) derivatives, Izod et al. have assessed the roles of both P–Ge or P–Sn p-interactions and Ge/arene or Sn/arene inter-
actions.1027 The first example of an [As(PR2)2]

þ cation was reported in 2019 in the salt [As{P(Dipp)2}2][Al{OC(CF3)3}4]; as in the
isoelectronic Ge(II) and Sn(II) species above, stabilization of [As{P(Dipp)2}2]

þ is due to a P–As p-interaction.1028 In addition to
the carbene-analogs mentioned above, phosphido complexes of the heavier group 15 elements are exemplified by the trigonal pyra-
midal [AsCl{P(Dipp)2}2].

1028

In Section 1.02.2.2.3, we discussed main group metal complexes containing b-diketiminate ligands (see Scheme 6 for ligand
abbreviations). Complexes which combine b-diketiminate and phosphide ligands include [M(THF)(Nacnac)(PPh2)] (M ¼Mg,
Ca; Ar ¼ Dipp, see Scheme 6 for definition of Ar),1029,1030 [AlH(Nacnac)(PPh2)] (Ar ¼ Dipp),1031 [Ge(Nacnac)(PPh2)]
(Ar ¼ Dipp),1032 [M(Nacnac)(PR2)] (M ¼ Ge, Sn, Pb; Ar ¼ Dipp; R ¼ Ph, Cy),1033 and the Ge(IV) derivative [Ge(E)(Nac-
nac)(PCy2)] (Ar ¼ Dipp; E ¼ S, Se).1034,1035

1.02.3.1.3 PCO�, PCS�

In Section 1.02.2.1.4, we surveyed main groupmetal complexes with N-bonded NCO� and NCS� ligands, and we noted terminally
N-bonded, bridging N-bonded, and bridging N,X-bound (X ¼ O, S) modes. Now we consider complexes containing P-bonded
PCO� and PCS� ligands. These are less common than their nitrogen counterparts. The PCO� and PCS� anions were first reported
in 1992 and 1994, respectively, with structurally characterized [Li(dme)2(PCO-O)] and [Li(dme)3][PCS] (with non-coordinated
[PCS]� ion).1036,1037 Since 2000, the structures of Na(PCO) (a 3D-network with P,O-bonded bridging ligands),1038 [Na2(d-
me)4(m-OCP)2] (with Na–O–Na bridges),1039 [Na(OCP-O)(THF)(Bz18-crown-6)],1040 and the 1D-coordination polymers
[K(18-crown-6)(PCO)]n,

1041 [Na(18-crown-6)(PCS)]n,
1042 and [K(18-crown-6)(PCS)]n (Fig. 52A),1042 all with P,X-bonded

(X ¼ O, S) bridging ligands have been described. Note the variation in bonding modes across this series of alkali metal compounds,
with only the bridging ligands (as in Fig. 52A) being strictly relevant to this section (see Section 1.02.6.1.4 for O-bonded PCO�).

Group 2 metal complexes with [PCO]� ligands appear to be sparse; one example is trans-[Mg(PCO)2(THF)4], but with O-
bonded PCO�.1040

The first PCO-adducts of Al and Ga were reported in 2019, when Mei et al. demonstrated the use of a sterically hindered salen-
type framework to stabilize {AlIII–OCP} and {GaIII–PCO} units. Note the change in coordination mode with selective P-coordi-
nation to the softer Ga(III) center (angle Ga–P–C ¼ 88.43(11)�, Fig. 52B).1043 A similar coordination mode is observed in the
Ge(II) compound [Ge(Me2N-Nacnac)(PCO)] in which [Me2N-Nacnac]� is an amino-functionalized b-diketiminate ligand
(Scheme 6 with Ar ¼ Dipp),1044 and in [Ge(Nacnac)(PCO)] (Ar ¼ 2-Ph2PC6H4).

1045 The Ge–P–C angles in these two complexes
are 87.29(16) and 91.7(3)� respectively. The tin(II) analog of the latter has also been characterized,1045 and a related structure is
found in [As(DippNCH2CH2NDipp)(PCO)].1046 [Sn(NRR0)(PCO)] with R ¼ Si(4-tBuC6H4)3 and R0 ¼ 2,6-

(A) (B) (C) (D)

Fig. 52 (A) Part of the 1D-chain in [K(18-crown-6)(PCS)]n (CSD refcode QUZWOZ; the S and P sites are disordered). (B) An example of a salen-
supported {GaIII–PCO} unit (refcode VOBCEX). Structures of (C) [Ga(py)(dpp-bian)(PCO)] (refcode SUZJIJ) and (D) [Ga2(py)2(dpp-bian)2(m-P2)]
(refcode SUZLIL).
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{CH(3,5-tBu2C6H3)2}2-4-MeC6H2 is one of a series of Sn(II) and Ge(II) species in which the steric congestion of the amido ligand
stabilizes 2-coordinate M(II) in a mononuclear complex.1047

One of the interesting aspects of {MPCO}-containing compounds is their potential for the loss of CO and formation of an
{M^P} unit. This has been realized starting from the b-diketiminate complex [Ge(R-Nacnac)(PCO)] (see Scheme 6, Ar ¼ Dipp,
R ¼ H) which loses CO upon irradiation and, via an {Ge^P}-containing intermediate, forms the dimer [Ge2(R-Nacnac)2(m-P)2]
(Ge–P ¼ 2.2550(6) and 2.2673(6) Å, indicative of some double-bond character).1048 The work of Goicoechea is prominent in
the field of [PCO]� complexes. This group has reported the preparation and structure of [Ga(py)(dpp-bian)(PCO)] (Fig. 52C;
note the related complex [Ga2(dpp-bian)2(NCO)2], Fig. 27B) and its photolysis with loss of CO to yield [Ga2(py)2(dpp-
bian)2(m-P2)] (Fig. 52D).1049

1.02.3.2 [Pn]
x– ligands derived from P4

Chain, ring and cluster species of the group 15 elements P, As, Sb and Bi are covered in a separate section of this reference work.1050

A themed issue of Dalton Trans. (‘Phosphorus chemistry: discoveries and advances’)1051 includes a number of papers relevant to the
topic. An area of specific interest is the activation of P4 under mild conditions and a review by Scheer1052 coupled with papers from
Inoue1053 and Power1054 give a good entry into this field. In this section we use a few selected examples to illustrate the coordination
of small [Pn]

x– ligands to main group metals and we focus on activation of P4. Many complexes contain M–C bonds, e.g.,
[Ge(Dipp)2(P4-k

2)],1055 and fall outside the scope of this review.
The activation of P4 by LiSi

tBu3 leads to P4(Si
tBu3)2, P7(Si

tBu3)3, [Li3P(PSi
tBu3)3] and [LiP5], while in the presence of LiOSitBu3,

the product was [LiP7(Si
tBu3)2].

1056 The reaction between P4 and NaSitBu3 produces the dimer [(tBu3Si)3P5Na2(THF)]2 in which the
Na atoms have CN ¼ 3 or 4 (Fig. 53A).1057 A wide range of Ga(III) polyphosphane complexes, the simplest of which is [Ga(Nac-
nac)(P4-k

2)], (Fig. 53B) have been isolated from the reaction of [Ga(Nacnac)] (Ar ¼ Dipp, see Scheme 6) and white phos-
phorus.1038 Reactions of [Ga(Nacnac)(P4-k

2)] with Cy2PCl, Ph2PCl, Mes2PCl or (C6H5)2PBr have led to compounds containing
P5 units with [GaBr(Nacnac){P5(C6H5)2}] as a representative complex (Fig. 53C); kinetics data offer insight into the reaction mech-
anism.1058 Power and coworkers have shown that P4 reacts with Tl2(2,6-Dipp2C6H3)2 with transfer of the aryl groups to phosphorus
and formation of [Tl2{P4(2,6-Dipp2C6H3)2}] (Fig. 53D).1059 Coordination compounds of bismuth with [Pn]

x– ligands have proved
rather elusive, and innovative work from Coles and coworkers demonstrates the activation of P4 by an isolated Bi(II) radical
(Fig. 53E).1060

(A)

(B)

(C)

(D)

(E)

Fig. 53 Structures of (A) [(tBu3Si)3P5Na2(THF)]2 (CSD refcode CAQHUY), (B) [Ga(Nacnac)(P4-k2)] (refcode SEGFUI), (C) [GaBr(Nacnac){P5(C6H5)2}]
(refcode SAYKAH), and (D) [Tl2{P4(2,6-Dipp2C6H3)2}] (refcode CEDBET). (E) The product of the activation of P4 by an isolated Bi(II) radical (refcode
AYUXEZ).

Scheme 15 Chelating bisphosphanes included in Section 1.02.3.3.1.
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1.02.3.3 Bidentate ligands

1.02.3.3.1 Chelating bisphosphanes
As in Section 1.02.2.2.1 for chelating diamines, we restrict our coverage of main group metal complexes containing chelating
bisphosphanes to selected and common ligands (Scheme 15).

Metal complexes from the s-block are relatively sparse. Reid and coworkers have realized the formation of homoleptic
[Li(dmpe)3]

þ, [Li(dmpbz)3]
þ (Fig. 54A), [Na(dmpe)3]

þ and [Na(dmpbz)3]
þ cations by using the very weakly coordinating [Al

{OC(CF3)3}4]
� and [B{3,5-(CF3)2-C6H3}4]

� anions.1061 Lithium bis(diphenylphosphanyl)methanide, [Li(dppm–H)], is well
established.1062 In [Li(dppm–H)(tmeda)], the Liþ center is tetrahedrally sited with Li�P distances of 2.537(4) and 2.568(4)
Å,1063 whereas in [Li(THF)(dppm–H)(tmeda)], the Li–P distances of 2.653(4) and 3.018(4) Å indicate preferential coordination
of THF and only one principal Li–P interaction.1064 In contrast, in [Li(dppm–H)(dme)2], both Li–P distances are long
(2.896(3) Å) suggesting that the species should be considered as a contact ion-pair.1065 The Kþ center is 8-coordinate in
[K(dppm–H)(dgm)2] (Fig. 54B); this complex can be accessed by treating polymeric [K(dppm–H)(OEt2)0.5]n with diglyme.1066

The conjugate base of dppm also appears in [Ca(THF)3(dppm–H)2], which was prepared by treatment of dppm with nBuLi, fol-
lowed by KOtBu and the CaI2 in Et2O/THF.1064 A rare example of a Be–Al bonded compound is found in [I(dppe)BeAl(Nacac)
I] with Ar ¼ Dipp (see Scheme 6); the structure (Fig. 54C) features a Be–Al bond distance of 2.368(2) Å.981

Octahedral group 13 M(III) coordination environments are found in trans-[AlCl2(dmpe)2]
þ,983 trans-[AlCl2(dmpbz)2]

þ,983

trans-[AlCl2(dppbz)2]
þ,983 trans-[GaX2(dmpe)2]

þ (X ¼ Cl, Br, I),1067 trans-[GaX2(dmpbz)2]
þ (X ¼ Cl, Br, I),1068 trans-

[InX2(dmpbz)2]
þ (X ¼ Br, I),1069 and [In2Cl4(dmpbz)2(m-Cl)2].

1069 Tetrahedral M(III) coordination compounds which have
been structurally characterized include [GaCl2(dppbz)]

þ,1068 and [InX2(dmpbz)]þ (X ¼ Br, I).1069

The Reid group in particular has been active in the area of group 14 metal bisphosphane complexes. Octahedral group 14 met-
al(IV) complexes include [GeF4(dppe)],

1070 [GeF4(dmpbz)],1070 [SnF4(depe)],
988 and [SnCl4(dppen)].

1071 In group 14, structurally
characterized Ge(II) complexes with chelating bisphosphanes are exemplified by [GeX2(dmpbz)] and [GeX2(dmpe)] (X ¼ Cl, Br, I;
disphenoidal geometries), and [GeX2(dppbz)] (X ¼ Cl, Br; with an asymmetrically bound dppbz ligand); other complexes in this
series have also been described.1072 The [GeCl(dppp)]þ cation has a trigonal pyramidal structure; its synthesis as [GeCl3]

� and tri-
flate salts, was part of a detailed investigation from Béland et al. focusing on reductive dehalogenation of a zwitterionic Ge(II)
species to produce a Ge(I) dimer.1073 An insightful comparison between complexation of SnF2 and SnCl2 with bisphosphanes
concludes that an underlying problem with SnF2 is its insolubility in weak donor solvents and, therefore, the lack of soluble molec-
ular precursors with readily displaced ligands.1074 Reid and coworkers have reported rare examples of phosphane complexes of lea-
d(II). [Pb(dmpe)(O2NO-k2)2] is a representative example, and Fig. 54D illustrates that intermolecular O/Pb contacts extend the
structure in the solid state; a CN ¼ 8 is achieved by additional contacts not shown in Fig. 54F.1075

Phosphane complexes of the heavier group 15 M(III) elements include [Sb(dppm)(O3SCF3)3(NCMe)] (distorted octahedral)
and [Bi(dppm)(O3SCF3)3]; in contrast to analogous complexes with monodentate phosphane ligands, the latter (along with related
complexes with tridentate trisphosphanes) are stable with respect to ligand oxidation.1076 A coordination number of 3 occurs in
[SbCl(dppe)]2þ and [SbCl(dppm)]2þ, and 4-coordinate geometries occur in [SbCl2(dmpe)]þ (disphenoidal, axial Cl) and
[SbCl2(dppe)]

þ (disphenoidal, axial Cl); in [SbCl2(dppm)]þ the dppm ligand is asymmetrically bound with Sb–P distances of
2.6011(4) and 3.0272(4) Å.997 The Bi(III) compounds [BiX2(O3SCF3)(dmpe)] (X ¼ Cl, Br) and [BiCl(O3SCF3)2(dmpe)] readily
decompose in solution giving elemental Bi; in the solid state, all three complexes are dimers supported either by m-X or m-
O3SCF3 ligands.

1077

(A) (B) (C)

(D)

Fig. 54 Structures of (A) [Li(dmpbz)3]þ (CSD refcode LUDXUF), (B) [K(dppm–H)(diglyme)2] (refcode NISKAD), (C) [I(dppe)BeAl(Nacac)I] with
ArNacnac ¼ Dipp (refcode ASIBIQ), and (D) [Pb(dmpe)(O2NO-k2)2] showing intermolecular O/Pb contacts (refcode MUJMIP).

Scheme 16 Ligand types included in Section 1.02.3.3.2.

Main group metal coordination chemistry 65



In group 16, [Se(dppe)][CF3SO3]2 and [Te(dppe)][CF3SO3]2 provide rare examples of homoleptic P / chalcogen coordination
compounds; in the solid state, Se/O or Te/O contacts exist but the interaction is considered to be ionic.1078

1.02.3.3.2 PXP (X ¼ P, CR) ligands with delocalized backbone
In Section 1.02.2.2.4, we surveyed complexes containing [RN3R0]� and [RNC(R0)NR00]� ligands (Scheme 7) and in this section, we
look at their P-analogs (Scheme 16) which are rather sparse. Note the distinction between [dppm–H]� (discussed in the previous
section) and [RPC(R0)PR00]� which possesses a delocalized backbone.

Lerner et al. have investigated the reaction of P4 with
tBu3SiK in detail, and K[tBu3SiPPPSi

tBu3] was among the products reported.
The structure of the THF adduct (Fig. 55A) exhibits short P–P bond lengths (2.0721(16) Å) consistent with p-character.1079 The
same group has demonstrated that Cs[tBu3SiPPPSi

tBu3] is more stable than the Liþ, Naþ and Kþ homologs. In the solid state,
[Cs{tBu3SiPPPSi

tBu3}2(THF)]n possesses a 1D-polymer (Fig. 55B) and P–P bond lengths of 2.090(3) Å.1080 Although an organo-
metallic compound, we include [AltBu2{ArPCHPAr}] (Ar ¼ 2,4,6-tBu3C6H2)

1081 as a representative of the second ligand type
shown in Scheme 16.

1.02.3.3.3 Heterocyclics: Reduced 2,20-biphosphinine
There are no examples of main group metal complexes containing neutral 2,20-biphosphinine, i.e., the P analog of 2,20-bipyridine.
However, the reduction of 4,40,5,50-tetramethyl-2,20-biphosphinine (tmbp) by lithium naphthalene or sodium naphthalene in dme
has been investigated, and [Na2(dme)1.5(tmbp)]nwas isolated and structurally characterized. A 1D-chain assembles (Fig. 55C) with
the [tmbp]2� ligand chelating to one Naþ and forming P–Na contacts to two additional Naþ centers; there are also weak Naþ/p

contacts.1082

1.02.3.4 Tris(phosphane) ligands: Open-chain and tripodal

Main group metal complexes of tris(phosphane) ligands, both open-chain and tripodal, are limited and Scheme 17 displays the
structures of the ligands included in this section. Coordination compounds incorporating the open-chain ligand
PhP(CH2CH2PPh2)2 are illustrated by Sb(III) and Bi(III) complexes. In fac-[Sb{PhP(CH2CH2PPh2)2}(O3SCF3)3], the Sb(III) center
is octahedrally sited, although two Sb–O interactions are longer than the third (2.808(3) and 2.746(3) Å vs 2.589(3) Å).1076

The reaction between TlPF6 and [Li(tmeda){PhB(CH2PPh2)3}] leads to [Tl{PhB(CH2PPh2)3}] which, in the solid state is
a dimer), but is a monomer in solution.1083 Significantly, the iPr analog [Tl{PhB(CH2P

iPr2)3}] is monomeric in the crystal and
this is attributed to the iPr substituents forming a protective sheath around the Tl atom.1084 The compounds [Tl{(3,5-
(CF3)2C6H3)B(CH2P

iPr2)3}] and [Tl{(3,5-Me2C6H3)B(CH2P
iPr2)3}] are distinct in their solid-state structures; in the latter, there

are two Tl(I) environments, one engaging in weak intermolecular p-interactions and the other involving a Tl–Tl interaction. In
contrast, [Tl{(3,5-(CF3)2C6H3)B(CH2P

iPr2)3}]
1085 and [Tl{PhB{CH2P(4-CF3C6H4)2}3}]

1086 are monomeric in the solid state.
The change in the P-substituents on going from [Tl{PhB(CH2PPh2)3}] to [Tl{PhB{CH2P(4-CF3C6H4)2}3}] enhances the electro-
philic character at the metal center.1086

(A) (B) (C)

Fig. 55 Structures of (A) [K2{tBu3SiPPPSitBu3}2(THF)4] (CSD refcode DAKQOW), (B) part of the 1D-chain in [Cs{tBu3SiPPPSitBu3}2(THF)]n (refcode
BIVZAI), and (C) part of the 1D-chain in [Na2(dme)1.5(tmbp)]n (refcode EFAFIA).

Scheme 17 Tris(phosphane) ligands; R is an arene, often Ph.
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1.02.4 Arsenic-donor ligands

1.02.4.1 Monodentate ligands

1.02.4.1.1 R3As
Main group metal complexes containing R3As ligands are dominated by metals from the p-block. This section covers monodentate
R3As ligands, as well as R2As(CH2)nAsR2 ligands bridging two metal centers and tripodal ligands in which each of one or more
‘arms’ coordinate to a single metal atom.

Tetrahedral group 13 M(III) complexes are illustrated by [AlX3(AsPh3)] (X ¼ Cl, I),1087 [GaCl3(AsPh3)],
1087 [GaX3(AsMe3)]

(X ¼ Cl, Br, I),1068 [GaCl3(AsEt3)],
1088 and [InCl3(AsEt3)].

1088 The In(III) center can also accommodate two AsEt3 ligands as in
the trigonal bipyramidal trans-[InCl3(AsEt3)2].

1088 Ph3As is among the ligands that forms a donor–acceptor adduct with the Lewis
superacid Al(ORF)3 (RF ¼ C(CF3)3).

1089 In [Ga2I6(m-dpae)], each Ga is tetrahedrally sited.1068 Rather than coordinate to a single
Ga(III) center, the tripodal ligandMeC(CH2AsMe2)3 reacts with GaX3 (X ¼ Cl, I) to yield [{MeC(CH2AsMe2)3}(GaX3)3] when suffi-
cient GaX3 is available; with a 1:1 M ratio of reactants, [{MeC(CH2AsMe2)3}(GaCl2)][GaCl4] was isolated.

1090

Germanium(IV) and tin(IV) complexes incorporating tertiary arsane ligands include trans-[GeCl4(AsEt3)2],
1070 trans-[SnX4(A-

sEt3)2] (X ¼ Cl, Br),990 trans-[SnCl3(OS3CF3)(AsEt3)2],
990 [SnCl5(AsEt3)]

�,990 and trans-[SnCl4(AsPh3)2].
1091 In contrast to the

latter octahedral complex, the bromido analog crystallizes as [SnBr4(AsPh3)]$AsPh3 with the non-coordinated arsane molecule
showing a close As/Braxial contact (3.567(3) Å).

1091 Tetrahedral Ge(II) complexes with arsane ligands are exemplified by [Ge(As-
Me3)2(O3SCF3)2]. Reid and coworkers were not able to isolate a tris(trimethylarsane) complex from reactions of [GeCl2(diox)] with
Me3As followed by CF3SO3SiMe3 even when using excess Me3As; this behavior differs from that with Me3P and was attributed to the
weaker s-donor power of Me3As vs Me3P.

991

Compounds containing Sb–As or Bi–As coordinate bonds remain rare. [SbCl3(AsEt3)], [SbCl2(AsPh3)][O3SCF3] and
[BiCl2(AsPh3)][O3SCF3] were reported in 2009; in the triflate salts the Sb/O and Bi/O distances are 2.965(2) and 2.726(3) Å,
respectively, suggesting ion pairs rather than coordinated [CF3SO3]

� ligands.1092

1.02.4.1.2 R2As
�

Few non-organometallic complexes involving R2As
� ligands have been reported since 2000. The tetrahedral [Li(THF)2.75(OE-

t2)0.25(AsDipp2)] was used as a precursor to [Ge(AsDipp2)2] and [Sn(AsDipp2)2]. Stabilization by As–Ge/Sn p-interactions is pre-
vented by a high energy barrier to planarization at the As center, and Ge/Sn/arene interactions are important instead.1093 The
dimer [Ge2Cl2(AsMes2)2(m-NPh)2] was observed as one product of the reaction of GeCl2$diox and [(Mes2AsNPh){Li(OEt2)2}].

1094

1.02.4.1.3 AsCO�

In Sections 1.02.2.1.4 and 1.02.3.1.3 we introduced main group metal complexes containing NCO� and PCO�. The analogous
AsCO� ligand is little documented. In 2017, Yao et al. published a one-pot synthesis of [Na(OCAs)(diox)x], and used this as
a precursor to [Ge(AsCO)(Nacnac)] (Ar ¼ Dipp, see Scheme 6 for the b-diketiminate ligand [Nacnac]�). The AsCO� ligand coor-
dinates to Ge(II) through As (Ge–As ¼ 2.635(1) Å, Ge–As–C ¼ 84.5o). Loss of CO occurs readily to yield [Ge(^As)(Nacnac)].1095

Results from the Goicoechea group also open up the coordination chemistry of AsCO�, e.g., with the organometallic derivative
[Sn(AsCO)(2,6-Mes2C6H3)2]

�.1096

1.02.4.2 Bidentate ligands: Chelating R2As(X)AsR2

Within main group metal coordination chemistry, the most popular chelating R2As(X)AsR2 ligand appears to be the preorganized
1,2-bis(dimethylarsino)benzene (dmabz, the arsenic analog of dmpbz, Scheme 15), and complexes from the heavier p-block
metals are dominant. Typical examples from group 13 are the tetrahedral [GaX2(dmabz)]þ (X ¼ Cl, I) and [InI2(dmabz)]þ,1069

and the dimer [In2Cl4(dmabz)2(m-Cl)2] (Fig. 56A).1069 The structure of [In2Cl2(dmabz)2(m-Cl)3]n
nþ is related to that of

[In2Cl4(dmabz)2(m-Cl)2] but with two terminal In–Cl units converted into In–Cl–In bridges (Fig. 56B).1069 [Bi2Cl4(dmabz)2(m-
Cl)2]

1097 is structurally related to [In2Cl4(dmabz)2(m-Cl)2]. Complexes of group 14 M(II) include [GeCl(dmabz)]þ,1072 and

(A) (B) (C)

Fig. 56 Structures of (A) [In2Cl4(dmabz)2(m-Cl)2] (CSD refcode QOKMIN), (B) part of the 1D-chain in [In2Cl2(dmabz)2(m-Cl)3]nnþ in the [InCl4]� salt
(refcode QOKMOT), and (C) [Ge{MeC(CH2AsMe2)3}]2þ (refcode UZEHEP).
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[SnCl(dmabz)]þ,1074 which have trigonal pyramidal structures. In [GeI2(dmabz)], there are significant Ge/I contacts in the solid
state which result in a polymeric assembly.1072

1.02.4.3 Tridentate: Tripod ligands

In Section 1.02.4.1.1, we included [{MeC(CH2AsMe2)3}(GaX3)3] and [{MeC(CH2AsMe2)3}(GaCl2)
þ] in which the tripodal ligand

coordinated to three or one Ga(III) centers, respectively.1090 Bidentate MeC(CH2AsMe2)3 is also seen in [SnBr4{MeC(CH2AsMe2)3-
k2}].988 However, in the triflate salt of [Ge{MeC(CH2AsMe2)3}]

2þ, the ligand binds a single Ge(II) center (Fig. 56C) in the classical
tripodal manner.991

1.02.5 Antimony-donor ligands

1.02.5.1 Monodentate ligands

1.02.5.1.1 R3Sb
As with main group metal complexes containing R3As ligands, those with monodentate stibanes are relatively few in number if one
excludes organometallic species. [GaCl3(SbPh3)] has the expected tetrahedral structure (Sb–Ga ¼ 2.654 Å),1098 as do
[GaCl3(SbMe3)],

1099 [AlI3(Sb
iPr3)],

1100 [GaX3(Sb
iPr3)] (X ¼ Cl, I),1100 [GaBr3(SbEt3)],

1100 [InX3(SbR3)] (X ¼ Cl, I; R ¼ Et,
iPr),1100 and [InX3(Sb

nBu3)] (X ¼ Cl, Br).1088

1.02.5.1.2 R2Sb
�

Just as for R2As
� (Section 1.02.4.1.2), non-organometallic main group metal complexes with R2Sb

� ligands are sparse. The reaction
of [Al(Nacnac)] (Ar in Nacnac ¼ Dipp, see Scheme 6) with Sb2Et4 results in Sb–Sb cleavage and the formation of [Al(SbEt2)2(Nac-
nac)]; an analogous reaction with Bi2Et4 follows a similar route,1101 and related complexes of Ga(III) have also been reported.1102

1.02.6 Oxygen-donor ligands

1.02.6.1 Monodentate ligands: Simple coordination compounds

1.02.6.1.1 H2O (restricted to simple aqua complexes)
Because of the ubiquitous nature of the aqua ligand, we have restricted the discussion to homoleptic aqua complexes of the main
group metal ions; additionally, we have included the structures of several hydrated metal halides and perchlorates. Note that for
commonly encountered ions such as [Li(OH2)4]

þ, [Na(OH2)6]
þ, [Mg(OH2)6]

2þ, only selected literature citations are given.

(A)

(B)

(C)

(D)

(E)

(F)

(G)

(H)

Fig. 57 Structures of (A) [Li2(OH2)4(m-OH2)2]2þ (CSD refcode CUSWES01) and (B) [Li2(OH2)6(m-OH2)]2þ (refcode SODLEE). Parts of the 1D-chains
in (C) trans-[Na(OH2)2(m-OH2)2]nnþ (refcode ASABEB), (D) [Na(OH2)2(m-OH2)2]nnþ with both trans and cis-arrangements of terminal aqua ligands
(refcode OSURUR02), (E) cis-[Na(OH2)2(m-OH2)2]nnþ (refcode DARNIU), (F) trans-[Na(OH2)4(m-OH2)]nnþ (refcode CUPQIO), (G) cis-[Na(OH2)4(m-
OH2)]nnþ (refcode PEPNUU), and (H) [Na2(OH2)2(m-OH2)5]n2nþ (refcode LULSAN).
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For the group 1 Mþ ions, we expect the coordination number to typically increase as the group is descended. However, although
CN ¼ 4 is most typical for Liþ, tetrahedral [Li(OH2)4]

þ,1103–1111 square-based pyramidal or trigonal bipyramidal
[Li(OH2)5]

þ,1112,1113 and octahedral [Li(OH2)6]
þ,1114 have all been structurally characterized. Dinuclear aqua complexes of

lithium are represented by [Li2(OH2)4(m-OH2)2]
2þ (Fig. 57A),1115,1116 and [Li2(OH2)6(m-OH2)]

2þ (Fig. 57B).1117,1118

For Naþ, the octahedral hexaaqua ion is common,1119–1127 with octahedral coordination also seen in [Na2(OH2)8(m-
OH2)2]

2þ,1128–1134 and [Na4(OH2)12(m-OH2)6]
4þ.1131 The variety of 1D-polymeric assemblies based upon interconnected

{Na(OH2)6} units is fascinating and these include [Na(m-OH2)3]n
nþ (face-sharing octahedra),370 [Na(OH2)2(m-OH2)2]n

nþ with
trans-terminal aqua ligands (Fig. 57C),1135–1143 [Na(OH2)2(m-OH2)2]n

nþ with Naþ centers along the 1D-chain having alternating
cis- and trans-terminal aqua ligands (Fig. 57D),1144–1146 [Na(OH2)2(m-OH2)2]n

nþwith cis-terminal aqua ligands (Fig. 57E),1147–1149

[Na(OH2)4(m-OH2)]n
nþ with a trans-arrangement of m-OH2 (Fig. 57F),1150 [Na(OH2)4(m-OH2)]n

nþ with a cis-arrangement of m-
OH2 (Fig. 57G),1151 and [Na2(OH2)2(m-OH2)5]n

2nþ (Fig. 57H).1152 Such 1D-polymeric assemblies, especially isomers of
[Na(OH2)2(m-OH2)2]n

nþ, are well established, but there is also the possibility of extension into a 2D-network as observed in, for
example, a layered structure which contains [Na4(OH2)14]n

4nþ sheets (Fig. 58A) alternating with layers of Lindqvist heteropolyan-
ions,1153 the hydrate of sodium (E)-2-(2-fluorobenzylidene) butanoate in which [Na2(OH2)7]n

2nþ 2D-sheets feature octahedral
{Na(OH2)6} units connected as shown in Fig. 58B,1154 and in [Na(OH2)3]n

nþ in which all the aqua ligands are in a bridging
mode and each Naþ center is in a distorted trigonal pyramidal rather than octahedral environment.1155 A departure from
CN ¼ 6 is found in [Na2(OH2)12(m-OH2)]

2þ in which each Naþ is bound to six terminal and one bridging aqua ligand,1156 and
in the 1D-polymeric [Na4(OH2)14]n

4nþ in which both 5- and 6-coordinate Naþ are observed.1157 Higher CN values are typical
for the heavier group 1 metals, for example, [K(OH2)7]

þ,1158 [K(OH2)8]
þ,1159 [Rb(OH2)9]

þ,1112 and [Cs(OH2)10]
þ.1112 However,

the diversity of extended chains and networks found for Naþ (Figs. 57 and 58) is not reproduced for the later alkali metals.
In group 2, the same general trend as in group 1 is observed with a CN ¼ 4 in [Be(OH2)4]

2þ,265,1160,1161 and CN ¼ 6 in the
ubiquitous [Mg(OH2)6]

2þ (only a few examples of ca. 430 structures in the CSD between 2000 and 2022 are given).1140,1162–
1175 Calcium shows a wider range of CNs than Mg2þ, starting with CN ¼ 6 in [Ca(OH2)6]

2þ,1140,1176 CN ¼ 7 in
[Ca(OH2)7]

2þ,1150,1177–1179 and CN ¼ 8 in [Ca(OH2)8]
2þ.1175 A CN of 6 is seen in the 1D-polymer [Ca(OH2)4(m-

OH2)2]n
2nþ.1180 In [Ca2(OH2)8(m-OH2)3]

4þ, each Ca2þ is 7-coordinate,1181 while a CN of 8 is found in [Ca2(OH2)12(m-
OH2)2]

4þ.1167,1182 Crystalline CaBr2$9H2O, CaI2$8H2O, CaI2$7H2O and CaI2$6.5H2O contain the [Ca(OH2)8]
2þ,

[Ca2(OH2)12(m-OH2)2]
4þ, [Ca2(OH2)12(m-OH2)2]

4þ, and [Ca2(OH2)10(m-OH2)3]
4þ cations, respectively, each with CN ¼ 8 (dis-

torted antiprism).1183 Hennings et al. have also reported the structures of Ca(ClO4)2$4H2O and Ca(ClO4)2$6H2O; these contain
the neutral polymer [Ca(OH2)4(m-ClO4-1kO

1:2kO2)]n and discrete [Ca(OH2)6(ClO4-k
1)]þ cations, respectively.1184

For the heaviest group 2 metals, values of CN �8 are common, for example, in [Sr(OH2)8]
2þ (CN ¼ 8),1175,1179 [Sr2(OH2)10(m-

OH2)4]
4þ (CN ¼ 9),1185 [Ba2(OH2)14(m-OH2)2]

4þ (CN ¼ 9),1186 [Ba2(OH2)10(m-OH2)4]
4þ (CN ¼ 9),1185 [Ba(OH2)3(m-

OH2)3]n
2nþ (CN ¼ 9, Fig. 59A),1187 [Ba2(OH2)10(m-OH2)4]n

4nþ (CN ¼ 10),1188 and [Ba2(OH2)8(m-OH2)6]n
4nþ (CN ¼ 10,

Fig. 59B).1189 It is also worth noting that the structures of Sr(ClO4)2$3H2O, Sr(ClO4)2$4H2O and Sr(ClO4)2$9H2O have been
studied by Hennings et al., complementing the investigations of the calcium halides and perchlorates described above.
Sr(ClO4)2$3H2O and Sr(ClO4)2$4H2O assemble into 3D-networks with aqua ligands in both terminal and bridging modes, and

(A) (B) (C)

Fig. 58 (A) Part of an [Na4(OH2)14]n4nþ 2D-net in a layered structure which also contains Lindqvist heteropolyanions (CSD refcode LAYCAQ), and
(B) part of the [Na2(OH2)7]n2nþ sheet in the hydrate of sodium (E)-2-(2-fluorobenzylidene) butanoate (refcode PEHSEC). (C) Part of the [Na(OH2)3]nnþ

2D-net with all bridging aqua ligands (refcode SOQZAA).

(A) (B)

Fig. 59 Parts of the 1D-chains in (A) [Ba(OH2)3(m-OH2)3]n2nþ (CSD refcode LINYEB), and (B) [Ba2(OH2)8(m-OH2)6]n4nþ (refcode TEDWAC).
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perchlorate ions in m-ClO4-1kO
1:2kO2 bonding modes. In contrast, Sr(ClO4)2$9H2O crystallizes with discrete [Sr(OH2)7(ClO4-

k1)2] complexes and H2O solvate molecules.1190

The octahedral [Al(OH2)6]
3þ ion is found in the solid-state structures of, for example, [Al(OH2)6]2[C6(CO2)6]$4H2O,1191

[Al(OH2)6][MeSO3]3,
1192 [4-H2NpyH][Al(OH2)6][SO4]2$4H2O,1171 and [2-H2NpyH][Al(OH2)6][SO4]2$4H2O,1193 [pipzH2]0.5[A-

l(OH2)6][SO4]2$4H2O,1194 [Al(OH2)6][NO3]3$(15-crown-5)$4H2O,1195 and [H2im][Al(OH2)6][SO4]2.
1196 Octahedral hexaaqua

ions of Ga(III) and In(III) have also been structurally characterized in the solid state,1197–1199 and [Me4N]6[In(OH2)6]
[InF6]3$18H2O contains octahedral [In(OH2)6]

3þ cations which form strong O–H/F hydrogen bonds with the [InF6]
3� anions

(O$$$F ¼ 2.472(1) Å).1200

The crystal structure of [Bi(H2O)9][CF3SO3]3 was reported in 2000 (a redetermination); the conversion of the hydrated Bi(III)
ion to [Bi6O4(OH)4]

6þ was prevented by using solutions containing a large excess of HClO4 or CF3SO3H (1.0–2.0 mol dm�3). The
[Bi(H2O)9]

3þ ion has a tricapped trigonal prismatic structure.1201

1.02.6.1.2 ROH, R2O
The use of coordinating alcohols and ethers as solvents in reactions results in their pervasive incorporation into coordination
compounds, either to occupy otherwise vacant coordination sites or preferential coordination in place of other ligands present
in a reaction mixture. As in many sections in this review, we have therefore had to be selective in the examples included in this
discussion. We have chosen to focus on homoleptic complexes in which ROH or R2O is the ligand of focus rather than a secondary
ligand, and in this section we deal only with monodentate ligands. As we saw with aqua ligands, the hard O-donor in alcohols and
ethers is most compatible with hard metal ions, either s-block or M3þ from the p-block.

Tetrahedral coordination for Liþ is seen in [Li(HOMe)4]
þ,1202–1207 [Li(HOiPr)4]

þ (in [LiOiPr]$5iPrOH with a hydrogen-bonded
chain structure),1208 and [Li2(HOMe)4(m-HOMe)2]

2þ.1209 Two series of tBuOH solvates of LiX (X ¼ Cl, Br, I) have been reported
with LiX:tBuOH ratios of 1:4 and 1:6; in both, Liþ is 4-coordinate and structurally characterized complexes are [Li(HOtBu)4]X
(X ¼ Cl, I) and [Li(HOtBu)4]X$2

tBuOH (X ¼ Cl, Br, I).1210 The [Na(HOMe)5]
þ ion in [Na(HOMe)5]2[Mo6(m3-Br)8(OMe)6] has

a square-based pyramidal structure.1211 The [K(HOMe)4]
þ ion has been described, with the four O-donors in a plane and the

Kþ center disordered above and below this plane.1212

Homoleptic group 2 metal complexes with alcohol ligands include [Mg(HOMe)6]
2þ,1213–1216 [Mg(HOEt)6]

2þ,1213,1217 and
[Ca(HOMe)6]

2þ.1218 Additionally, there is a range of complexes with alcohols and simple anionic ligands. These are represented
by trans-[MgCl2(HOEt)4] and [Mg2Cl2(HOEt)6(m-Cl)2] (compounds of interest as precursors for Ziegler-Natta polymerization cata-
lysts),1219 trans-[Mg(OH2)2(HOEt)4]

2þ,1220 trans-[Mg(4-O2Cpy)2(HOMe)4],
1221 cis-[Ca(OH2)2(HOMe)4]

2þ,1222 and trans-
[Ca(O3SCF3-k

1)2(HOMe)4].
1223

The cyclic aluminophosphonate [Al2(HOnBu)8(m-PhHPO2-1kO
1:2kO2)2]

4þ has been isolated and structurally characterized as
a chloride salt; a detailed solid-state NMR spectroscopic study was carried out.1224

We move now to main group metal complexes containing ether ligands, focusing again only on homoleptic complexes and
other simple species. Low CNs for Liþ are seen in [Li(OEt2)2]

þ (angle O–Li–O ¼ 113.4(4)o),672 trigonal planar [Li(OEt2)3]
þ,1225

tetrahedral [Li(OH2)2(THF)2]
þ,1226 tetrahedral [Li(OEt2)4]

þ,1227–1230 and tetrahedral [Li(OEt2)(THF)3]
þ.1231–1236 Cubanes con-

taining {Li(OEt2)} units are illustrated by [Li4(OEt2)4(m3-Br)4].
1237

In line with the structures of a number of Naþ complexes described earlier in this review, a square-planar geometry is found in
trans-[Na(OEt2)2(NCMe)2]

þ.256 This contrasts with the tetrahedral or distorted tetrahedral structures reported for [Na(OEt2)4]
þ

combined with various complex anions.177,1238,1239 Naþ also forms the 5-coordinate cation [Na(OEt2)(THF)4]
þ.1240 Four-

coordinate Kþ is observed in [K(OEt2)4]
þ,1241–1243 but higher CNs are also observed, for example, in [K(OEt2)(THF)5]

þ.1244 Simple
complexes containing monodentate ether ligands are not prevalent for Rbþ and Csþ. Examples of structurally simple group 2 metal
complexes containing monodentate ether ligands are tetrahedral [Be(OnBu2)2(O3SCF3-k

1)2],
1245 [Be2(OEt2)2Cl2(m-Cl)2],

1246 trans-
[Mg(OEt2)4(GaH4-k

1)2],
1247 trans-[CaI2(OEt2)4],

671 and [Mg3(OEt2)6(m-Cl)3(m3-Cl)2].
1248 As in group 1, complexes containing

only monodentate ether ligands are not well represented for the heaviest metals in group 2.
Within the p-block, structurally characterized simple complexes containing monodentate ether ligands include

[AlCl3(OEt2)].
1249 Mitzel et al. reported the isolation and structure of trans-[GeF4(OEt2)2],

1250 and the tin(IV) complex trans-
[Sn(O2CCF3-k

1)4(OEt2)2] was described as part of a detailed investigation of tin trifluoroacetates as vapor phase single-source
precursors for F-doped SnO2.

1251

1.02.6.1.3 RO�

The field of main group metal compounds containing alkoxide or aryloxide ligands is large, and is often motivated by the search for
precursors to metal oxide films and materials or the development of catalysts, e.g., for polymerization. Because of the extent of the
literature, we have decided to confine this section to citations of the most pertinent reviews which have appeared within the past
20 years. The following topics (organized according to periodic group) should provide entries into the area:

• lithium double metal alkoxides1252;
• Mg(II) alkoxides and aryloxides as promoters of chemical transformations of lactic acid1253;
• dinuclear catalysts for the ring opening polymerization of lactide1254;
• relevant to Mg(II): precursors of polymerization catalysts and new materials1255;
• main group metal complexes as catalysts or initiators for polymerization of lactides1256;
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• heterometallic alkoxides (includes both main group and transition metals)1257;
• Ga(III) and In(III) alkoxides and aryloxides37;
• molecular precursors for gallium and indium oxide thin films38;
• precursors for semiconducting materials (includes Sn and Sb alkoxides)40;
• precursors to bismuth oxide-based materials.1258

1.02.6.1.4 NCO� and PCO�

Main group metal complexes with N-bonded NCO� ligands were described in Section 1.02.2.1.4, and this also covered bridging
N,O-bound ligands, examples of which will not be repeated here. Examples of main group metal complexes containing terminalO-
bonded NCO� appear to be sparse, and are represented by [K(18-crown-6)(OPPh3)(OCN)],296 and [Sn(tpp)(OH)(OCN)] (which
shows a substitutional disorder of the axial OH� and OCN� ligands).1259 Group 1 metal complexes containing O-bound or P,O-
bridging PCO� were included in Section 1.02.3.1.3.1036,1038–1042 We also described the use of a sterically demanding salen-type
framework to stabilize {AlIII–OCP}; in contrast, the Ga(III) analog exhibits a P-bound PCO� ligand (Fig. 52B).1043

1.02.6.1.5 R3PO
Phosphane oxide ligands are popular, with their metal complexes sometimes being the result of adventitious oxidation of the cor-
responding phosphane. The large numbers of main group metal complexes incorporating R3PO ligands means that in this section,
we focus only on selected coordination compounds. Of the 324 hits in the CSD between 2000 and 2022 for terminal R3PO–M units
(M ¼ group 1 (Li–Cs), 2 (Be–Ba), group 13 (Al–Tl), group 14 (Ge–Pb), 15 (As–Bi)), the distribution of M–O–P angles is shown in
Fig. 60; the search was made using Conquest v. 2022.1.0.88

Homoleptic complexes of the group 1 metals include tetrahedral [Li(OPPh3)4]
þ,1260–1263 and [Na(OPPh3)4]

þ (in the PF6
�

salt),1264 and related structures are found in [Na(OPPh3)3(THF)]þ,1265 and [Na(OPPh3)3(O3SCF3-k
2)].1266 [KI(OPPh3)(18-

crown-6)] crystallizes in the trigonal space group R3c and the K–O–P bond angle is 180o1267; this is one of several examples of linear
M–O–P units (Fig. 60) found in [KX(OPPh3)(18-crown-6)] complexes, in which crystallographic symmetry is associated with the
M–O–P linearity.296,1268–1271 Reaction of LiBr and dppeO2 in THF led to the assembly of [Li2(dppeO2)3Br2]n which has a 2D-
network with (6,3) topology; each Liþ is tetrahedrally sited and is bound to one Br� and three O atoms of three different dppeO2

ligands making the Li a 3-connecting node (Fig. 61A).1272 An extended assembly is also observed in [Li(dppbO2)2]n
nþ (isolated as

the [CuClBr]� salt) in which tetrahedral Liþ centers are linked by pairs of bridging dppbO2 ligands into a 1D-coordination polymer

Fig. 60 Distribution of M–O–P angles for terminal R3PO–M units (see text for search details).

(A) (B) (C) (D)

Fig. 61 Structures of (A) part of one (6,3) net in [Li2(dppeO2)3Br2]n (CSD refcode LAPGIT), (B) [Li3Cl3(m-OPEt3)3(m3-OPEt3)] (refcode MISGIF), (C)
[BeCl3(OPPh2CH2PPh3)] (refcode CAGXEP), and (D) part of the 3D-network in [Pb(depeO2)2(NO3-k2)2]n showing only the 4-connecting Pb(II) nodes
(refcode MUJNEM).
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with a double-loop-like structure.1273 A few multinuclear lithium clusters provide examples of R3PO ligands in m- and m3-bonding
modes, and these are illustrated by [Li3Cl3(m-OPEt3)3(m3-OPEt3)] (Fig. 61B).

1274

The zwitterion [BeCl3(OPPh2CH2PPh3)] (Fig. 61C) contains an interesting example of a monodentate phosphane oxide for-
mally related to dppm,1275 and [AlBr3(OPPh2CH2PPh3)] adopts an analogous structure.1276 It is relevant, therefore, to
comment that the doubly oxidized form of dppm forms a trigonal prismatic complex with Naþ in [Na(dppmO2-k

2)3]Cl.
1277

Note that the corresponding [Mg(dppmO2-k
2)3]

2þ complex is octahedral.1278 Octahedral coordination is also seen in
[Mg(OPPh3)2(NO3-k

2)2].
1279 Ph3PO binds as an axial ligand to [Mg(pc)].1261 Combinations of MCl2 (M ¼ Mg, Ca, Sr, Ba),

Ph3PO and SbCl5 in solution conditions led to [SbCl6]
� salts of distorted tetrahedral [M(OPPh3)4]

2þ for M ¼ Mg, Ca, Sr, and to
[Ba(OPPh3)5]

2þ; this investigation also included reactions with chelating bis(phosphane) dioxides.1280 Tetrahedral
[MgCl2(OPPh3)2] has also been reported.1281,1282 Although only 2 equivalents of Ph3PO were used in the reaction of CaI2 in
THF, the product was mer-[CaI2(OPPh3)3(THF)], while the use of 4 equivalents gave trans-[CaI2(OPPh3)4]. Salts of the octahedral
[CaI(OPnPr3)5]

þ and [BaI(OPPh3)5]
þ were also isolated.1283 The crystal structure of trans-[CaCl2(OPPh3)4] has been reported,1284

as have the structures of octahedral cis-[Ca(OH2)2(OPPh3)4]
2þ,1285 and fac-[Ca(OH2)3(OPPh3)3]

2þ (as the [AuCl4]
� salt).1286

[Ca(OPPh3)2{N(SiMe3)2}2] has a distorted tetrahedral structure with angles O–Ca–O ¼ 95.74(4)o and N–Ca–N ¼ 129.44(5)o;
the structure was compared with those of several related compounds.1287 As part of an investigation of cationic Lewis base-free
b-diketiminate complexes of Mg2þ and Ca2þ (isolated as their [B(C6F5)4]

� salts), the tetrahedral complexes
[Mg(Nacnac)(OPEt3)2]

þ and [Mg(Nacnac)(OPEt3)(FC6H5)]
þ (Ar ¼ Dipp in [Nacnac]�, see Scheme 6) have been described.1288

The centrosymmetric strontium complex [Sr2(OPPh3)2(m-OH)2(Nacnac)2] (Ar ¼ Dipp, see Scheme 6) contains 5-coordinate Sr,
and is prepared by Ph3PO-for-THF ligand substitution from a related dimer.1289

Moving on to group 13 metals, and the tetrahedral compound [Al(OPEt3)(OR)3] (R ¼ C(C6F5)3) is an adduct of the thermally
stable Lewis superacid Al{OC(C6F5)3}3.

1290 The Al(I) compound [Al(Nacnac)] (Ar ¼ Dipp, see Scheme 6) reacts with Ph3PO or
Et3PO with cleavage of the P]O bond and formation of hydroxyl species, along with deprotonation of one Me group in [Nacnac]�

to yield [Al(Nacnac–H)(OH)(OPR3)]; the reaction is proposed to proceed through an intermediate {R3PO/ Al(Nacnac)}
species.1291 Gallium(III) complexes are illustrated with tetrahedral [GaCl3(OPMe3)], [GaI2(OPMe3)2]

þ and [(GaBr3)2{m-1,2-
(OPPh2CH2)2C6H4}] in which the bisphosphane dioxide is monodentate to two GaBr3 units.1292 The In(III) complexes trans-
[InX2(OPPh3)4]

þ (X ¼ Cl, Br) were prepared by halide transfer reactions involving Te(IV) compounds and were isolated as the
[PhTeX4]

� salts,1293 and the structure of fac-[InCl3(OH2)(OPMe3)2] has also been reported.1294 In the 5-coordinate [InI3{OP(4-
MeOC6H4)3}2], the phosphane oxide ligands are mutually trans; this is one of a series of complexes studied by solid-state 115In
NMR spectroscopy.1295 Thallium(I) forms a trigonal pyramidal complex [Tl(OPPh3)3]

þ.1268

Complexes of Ge(IV) and Sn(IV) include octahedral trans-[GeF4(OPR3)2] (R ¼Me, Et, Ph),1296 trans-[SnF4(OPMe3)2] and
related complexes with chelating bis(phosphane) dioxides,1297 trans-[SnF4(OPPh3)2],

988 trans-[SnI4{OP(4-MeC6H4)3}2],
1298 cis-

[SnCl4(OPPh3)2],
1299 cis-[SnI4(OPPh3)2],

1300 fac-[GeCl3(OPMe3)3]
þ,1296 cis-[GeX2(OPMe3)4]

2þ (X ¼ Cl, Br),1296 and the zwitter-
ions [SnF5(OPR2CH2PHR2)] (R ¼ Ph, Cy).1301 In the anionic complex [(SnCl5)2(m-dppeeO2)]

2�, each Sn(IV) center is octahedrally
sited.1302 Moving on to group 14 M(II) compounds takes us to the ylide-containing complex [SnCl2(OPPh2CHPPh3)] in which the
Sn(II) center is in a trigonal pyramidal environment,1303 and to 4-coordinate [SnCl2(OPMe3)2] which possesses a disphenoidal
structure with one axial Me3PO and one equatorial Me3PO.1074 Under solvothermal conditions (MeCN/EtOH), PbI2, KI, I2 and
dppe react to give the 3D-network [Pb3(m-I)6(m-dppeO2)3]n$nEtOH, and in the presence of H2O2, the product was [Pb2(m-
I)2(m3-I)2(m-dppeO2)]n; the former compound contains discrete {Pb3(m-I)6} units connected by bridging dppeO2 ligands, while
the latter contains [Pb2(m-I)2(m3-I)2]n 1D-chains interconnected by dppeO2 ligands.

1304 Levason and coworkers investigated reac-
tions of Pb(NO3)2 with various bisphosphanes, and the presence of adventitious O2 resulted in the formation of [Pb(m-
depeO2)2(NO3-k

2)2]n in which each Pb(II) has CN ¼ 8 but acts as a 4-connecting node as shown in Fig. 61D.1075

Within the group 15 metals, a series of Sb(III) complexes has been described by Bamford et al.: [SbX3(OPCy3)] (X ¼ F, Cl) with
disphenodial geometry, and [SbCl3(OPCy3)2] with a square-based pyramidal structure.1305 Octahedral coordination is found in
[Bi2I4(m-I)2(OPPh3)4] (Fig. 62A) and this compound is one of a series representing a new class of semiconducting materials.1306

(A) (B)

Fig. 62 The structures of (A) [Bi2I4(m-I)2(OPPh3)4] (CSD refcode TPOBII11), and (B) [TeBr4(OPPh3)2] (refcode QUHKOU).
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Examples of phosphane oxide coordination to Te(IV) include [TeF4(OPPh3)],
1307 [TeF4(OPMe3)],

1307 and cis-[TeBr4(OPPh3)2]
(Fig. 62B).1308

1.02.6.1.6 Monodentate heterocyclic ligands
There is a wealth of main group complexes incorporating monodentate heterocyclic ligands and THF is ubiquitous, undoubtedly
because of its use as a solvent. Many examples have been included in previous sections in this review and here, we focus only on
homoleptic complexes containing THF, furan and 1,4-dioxane and on simple halido and aqua derivatives which also contain these
heterocyclic ligands. Note that, in many cases and especially for the s-block metals, the complexes detailed below are not the main
focus of the original literature work and their structures have often received scant discussion.

Tetrahedral [Li(THF)4]
þ is extremely well documented and a few of the very many examples are given in the following refer-

ences.1233,1309–1323 Despite the ubiquitous nature of [Li(THF)4]
þ, it is noteworthy that trigonal bipyramidal [Li(THF)5]

þ,1324

and octahedral [Li(THF)6]
þ with long Li–O bond lengths (2.16–2.17 Å)1325,1326 have also been reported. Complexes of Liþ con-

taining THF and halido ligands are illustrated by [LiBr(THF)3] and [Li2(THF)4(m-Br)2],
1327 and [Li2(THF)6(m-Cl)]

þ which is inter-
esting in that the dimer is supported by a single bridging chlorido ligand (Fig. 63A, angle Li–Cl–Li ranging from 124–174o in
different salts)1328–1331; the bromido and iodido analogs of the latter are also known (angle Li–Br–Li ¼ 159–168o in different salts,
Li–I–Li ¼ 155.9o or 180o which is symmetry-imposed, CSD refcode ZEKCOK).1016,1332–1334 Other intriguing species include
[Li3(THF)9(m3-Cl)]

2þ (Fig. 63B)1335 [Li4(THF)10(m3-Cl)2]
2þ,1336 and [Li4(THF)10(m3-Br)2]

2þ.1337

Although both tetrahedral and square-planar [Na(THF)4]
þ ions have been structurally characterized,1338,1339 the CN typically

increases on descending group 1. Both trigonal bipyramidal and square-based pyramidal [Na(THF)5]
þ have been

observed208,863,1340–1348 with octahedral [Na(THF)6]
þ being more typical as illustrated by selected examples.1349–1364

Potassium commonly forms the octahedral [K(THF)6]
þ,503,1240,1309,1365–1372 but in addition [K(THF)4]

þ,1373 [K(THF)5]
þ,1374–

1376 and [K(THF)7]
þ,503,1377 have been observed. Cesium exhibits a 7-coordinate complex in [Cs(THF)7][B{3,5-(CF3)2C6H3}4].

1111

Square-planar [Mg(THF)4]
2þ in the [Ph{CH(SiMe3)2}P(BH3)2]

� salt adds to the examples of this coordination environment
(see earlier) in complexes where the geometry is not imposed by, for example, a porphyrinato ligand. However in this complex,
there are close Mg/H–B contacts, and a similar situation arises in the Ca2þ and Sr2þ analogs.1378 The trigonal bipyramidal
[Mg(THF)5]

2þ ion has been structurally characterized.1379 Octahedral [Mg(THF)6]
2þ is well established,1315,1378,1380–1388 and

a CN of 6 is also found in trans-[Mg(OH2)2(THF)4]
2þ,1389 [MgCl(THF)5]

þ,683,1390 [MgBr(THF)5]
þ,1385,1391–1393 trans-

[MgCl2(THF)4],
1394,1395 trans-[MgBrCl(THF)4],

1396 trans-[MgBr2(THF)4],
1396–1398 [Mg2(THF)6(m-Cl)3]

þ (Fig. 63C, relevant to elec-
trolyte solutions used in rechargeable Mg-containing batteries)682,1390,1399–1407 and [Mg2(THF)6(m-Br)3]

þ.1408,1409

Calcium forms the [Ca(THF)6]
2þ ion,1380,1410–1417 and octahedral coordination is also observed in trans-

[Ca(OH2)2(THF)4]
2þ,1418 trans-[CaBr2(THF)4],

671,1419,1420 [CaI(THF)5]
þ,1416,1417,1421 trans-[CaI2(THF)4],

1422 [Ca2(THF)8(m-
Br)2]

2þ,1380 The octahedral [Sr(THF)6]
2þ ion has been observed in [Sr(THF)6][VMes4]2,

1417 but a CN of seven is consistent with
the increased size of the ion compared to the lighter group 2 metal ions and is found in [Sr(THF)7]

2þ,1417 and trans-[SrI2(THF)5]
(a pentagonal bipyramidal structure, Fig. 63D).1423 For Ba2þ, a CN ¼ 8 is exemplified in [Ba(THF)8]

2þ.1424 As part of their inves-
tigation of heterobimetallic compounds with complex cations of the group 2 metals coupled with organic anions of M(III) (M ¼ B,
Al, Ga, and V), Langer et al. have demonstrated the increased CNwith size of metal ion in [M(THF)n]

2þ (M ¼ Ca, Sr, Ba) with a series
of related salts.1417

Examples of simple complexes (homoleptic, THF/halido, THF/aqua being the criteria for ‘simple’) of the p-block metals with
THF ligands are sparse compared to those of the s-block metals. For aluminum, examples include trans-[AlCl2(THF)4]

þ,1425–1428

and trans-[AlBr2(THF)4]
þ.1429 For the group 16 metals, a representative complex is [TeCl5(THF)]�.1426

Moving from THF to furan has a dramatic effect on the number of structurally characterized main group metal complexes.
Excluding metallated compounds leaves [Bi2(furan)2I6(m-I)2]

2� (Fig. 64A)1430,1431 as an example of a complex containing non-
substituted furan ligands.

The disposition of the O-donors in 1,4-dioxane leads to its role as a bridging ligand, although it can also be found terminally
bound tomain groupmetal atoms. Examples of discrete molecular complexes containing monodentate diox include the tetrahedral
[Li(diox)4]

þ,1432,1433 [Na(diox)4(SiPh2SiHPh2)] (square-based pyramidal),1434 [Na(diox)2(dme)(THF)]þ (CN ¼ 5),1435

(A) (B) (C) (D)

Fig. 63 Structures of (A) [Li2(THF)6(m-Cl)]þ (CSD refcode AXATOI), (B) [Li3(THF)9(m3-Cl)]2þ (refcode MEFKUD), (C) [Mg2(THF)6(m-Cl)3]þ (refcode
AVIXAF), (D) trans- [SrI2(THF)5] (refcode IJAVAR).
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octahedral trans-[Na(OH2)2(diox)4]
þ (not discussed in the original work, CSD refcode UKEJEB),1436 trans-[K(18-crown-

6)(diox)2]
þ,1437,1438 the 7-coordinate [Ca(diox)3(NCMe)4]

2þ and [Ca(diox)2(NCMe)3(OH2)2]
2þ.1410 The cation [Li2(diox)6(m-

diox)]2þ features both monodentate and bridging diox ligands with each Liþ tetrahedrally sited.1439 [Na2(MeOC6H5)6(m-diox)]
2þ

is another example of a discrete species with a bridging diox ligand.1440

A new polymorph of [Ga2Cl4(diox)2] was reported in 2017; the vacant coordination site in the pseudo-trigonal bipyramidal
coordination sphere of Ga (Fig. 64B) is occupied by a long-distance contact to a diox ligand in an adjacent molecule in the
lattice.1441

Polymeric assemblies supported by bridging diox ligands are illustrated by the following examples from group 1. A redetermi-
nation of the structure of [Li(m-Cl)(m-diox)]n is consistent with a diamondoid network with 4-connecting {LiO2Cl2}-nodes,

1442 and
this has also been described by Jin et al.1443 In contrast, in [Li2(m-Cl)(m-diox)3]n

2nþ (isolated as the [TaCl6]
2� salt), the 3D-assembly

is a puckered hexagonal net with 4-connecting {LiO3Cl}-nodes (distorted tetrahedral, Li–O in the range 1.888(12) to 1.960(10) Å
and O–Li–O angles of 101.3(5) to 115.0(6)�).1444 In [Li2(O3S

nC4F9)2(m-diox)]n, each tetrahedrally sited Liþ is coordinated by O-
donors of three different [nC4F9SO3]

� and one diox; the latter bridge between pairs of Liþ and a 2D-sheet assemblies, decorated on
the outer surfaces with nC4F9 chains in extended conformations.1445 In [Na(H3BNHEtBH3)(m-diox)]n, an intricate network
assembles by virtue of a combination of bridging diox ligands and Na–H–B bridges.1446 [Na(18-crown-6)(m-diox)]n

nþ forms
a 1D-coordination polymer,447,1447 while [Na(m-diox)3]n

nþ assembles into a 3D-network (Fig. 64C) with diox ligands connecting
octahedrally sited Naþ ions.447 The 3D [Na(m-diox)3]n

nþ network is also found in the [PCO]� salt.1038 In [Na(diox)1.5][BAr
F
4], the

Naþ ions are octahedrally sited, bound by trans-monodentate diox, trans-bridging diox (to give an infinite {Na(m-diox)}n chain)
and trans-FBArF4 contacts; the [BArF4]

� anions act as bridging ligands between the 1D-chains.1448

The [K2(18-crown-6)2(m-diox)]
2þ motif shown in Fig. 64D is observed in the [(C13H8)CPh2(C5H4)Nd(BH4)2]

� salt; the vacant
coordination site on each Kþ ion is occupied by a weak h2-interaction with the fluorene unit in the complex anion.1449 In the 1D-
polymer [K(OH2)4(m-diox)]n

nþ, the bridging diox ligands are mutually trans within an octahedral Kþ coordination sphere.1450 The
reaction of (Me3Si)3P, CsF and Mes*COCl (Mes* ¼ 2,4,6-tBu3C6H2) in 1,4-dioxane led to a series of products including tri- and
tetraphosphides; in the diox adduct of [Cs{P(SiMe3)}], a 2D-network supported by {Cs(m-diox)Cs} units assembles.1451

Many examples of Mg(II) complexes containing diox ligands are organometallic, and diox is often used to precipitate magne-
sium halides from Grignard solutions. An investigation of structure–solubility relationships in these systems also includes the char-
acterization of [MgX2(m-diox)2]n (X ¼ Cl, Br) which form (4,4) nets with 4-connecting trans-{MgX2O4} units.1452 The AlH3 adduct
[AlH3(m-diox)]n contains trigonal bipyramidal Al(III) centers with axial diox ligands and the structure propagates into a 1D-
polymer,1453 and [GaCl3(m-diox)]n is structurally similar.1454 In group 14, the 1D-coordination polymer [SnBr4(m-diox)]n, each
Sn(IV) has a cis-arrangement of diox ligands (Fig. 65A).1455

Extended assemblies of the heavier group 15 elements are represented by [Sb2Cl6(m-diox)3]n which forms an interpenetrating
3D-network with each Sb(III) center acting as a 3-connecting node; part of one network is shown in Fig. 65B.1456 A diox adduct
of SeO3 has been reported, although reactions of SeO3 with 1,4-dioxane were fraught with risk of explosion. Nonetheless, [SeO3(-
diox)]n was isolated and structurally characterized; the diox ligands connect planar {SeO3} units into 1D-chains but interestingly,
there are two crystallographically independent chains, one with symmetrically bound axial diox ligands (Se–Odiox ¼ 2.314 Å) and
one with Se–Odiox bond lengths of 2.189 and 2.460 Å.1457 Fig. 65C shows part of the 1D-polymer found in [TeF4(m-diox)]n (Te–
O ¼ 2.686 Å); this structural study is part of a wider investigation of the gas phase structures of TeF4 and TeCl4, and of the solid-state
structures of a series of their adducts.294

(A) (B)

(C)

(D)

Fig. 64 Structures of (A) [Bi2(furan)2I6(m-I)2]2� (CSD refcode AZORUE), and (B) [Ga2Cl4(diox)2] (refcode DOXGAC01). (C) Part of the 3D-net in
[Na(m-diox)3]nnþ (refcode JIGQOI). (D) Structure of the [K2(18-crown-6)2(m-diox)]2þ unit found in the [(C13H8)CPh2(C5H4)Nd(BH4)2]� salt (refcode
UBUZIA).
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1.02.6.1.7 Monodentate acetato ligands
We discuss the different modes of bonding of acetato ligands in detail in Section 1.02.6.2.4. In the present section, we provide
selected examples of complexes (excluding those with M–C bonds) containing monodentate acetato ligands in which the second
O-donor is clearly remote from the metal center.

In the 1D-coordination polymer [Na2(m-OH2)4(OAc)2(OH2)2]n, the chain is supported by bridging aqua ligands and each Naþ

is octahedrally sited. The structure is related to that of [Na(OH2)2(m-OH2)2]n
nþ shown in Fig. 57E; in [Na2(m-OH2)4(OA-

c)2(OH2)2]n, each Naþ carries terminal aqua and acetato ligands in a cis-arrangement.1458 In the octahedral trans-[Mg(OA-
c)2(OH2)4], the acetato ligands are monodentate with Mg–O and Mg/O distances of 2.0811 and 3.3261 Å; this is
a redetermination of the structure.1459 Scheurell et al. have described a family of magnesium acetate solvates and their hydrates
and these include [Mg(OAc)2(OH2)3(EtOH)] (with cis-AcO� ligands) and [Mg(OAc)2(HOAc)2(OH2)2] (with trans-AcO� ligands);
the second O atom of each monodentate AcO� is involved in intermolecular hydrogen bonding.1460 An investigation of the struc-
tural nature of calcium magnesium acetate (CMA) road deicers includes a redetermination of the structure of [Ca(OAc)2(OH2)]$
AcOH which is better written as [Ca2(m-OAc)3(OAc)(HOAc)(OH2)2]n$nAcOH and incorporates both monodentate and bridging
acetato ligands.1459

Within the p-block, [Ge(OAc)3]
� is an example of a homoleptic complex with monodentate acetato ligands; it possesses

a trigonal pyramidal structure and was isolated as the thermally stable [Ph3
iPrP]þ salt.1461 The Pb(II) containing salt [emim]2[P-

b(OAc)4] was isolated during the course of the preparation of the ionic liquid 1-ethyl-3-methylimidazolium acetate. The
[Pb(OAc)4]

2� ion contains one chelating and three monodentate ligands and was the first example of a homoleptic 5-
coordinate Pb(II) carboxylate complex with a stereochemically active lone pair.1462 In [Sb(m-O2C2H4)(OAc)]n, a 1D-polymer
assembles by virtue of the ethane-1,2-diolato ligands. Each chelates to one Sb(III) center and each O atom of the ethane-1,2-
diolate then bridges between two metal atoms; a CN ¼ 5 for the Sb atom is completed by a monodentate acetato ligand.1463

[SeO2(OAc)2] was the first example of a selenonyl carboxylate; the Se(VI) center is in a distorted tetrahedral environment, with
Se–OAcO bond lengths of 1.770(1) and 1.751(1) Å, and an OAcO–Se–OAcO ¼ 96.5(1)�; the monodentate bonding mode of the
AcO� ligands is defined by the long contacts to the second O atoms (Se/OAcO ¼ 2.933(1) and 2.787(1) Å).1464

1.02.6.2 Bidentate ligands

1.02.6.2.1 1,2-Dimethoxyethane
A variety of coordination compounds incorporating dme are described in other sections in this review. Here, we focus only on
homoleptic complexes. For the group 1 metals, such complexes are typically counterions and receive only passing mention in pub-
lished work. Despite the ubiquitous nature of ions such as [Li(THF)4]

þ, the tetrahedral [Li(dme)2]
þ ion1465–1468 is less common

than the 6-coordinate [Li(dme)3]
þ, and this is presumably a consequence of the presence of chelating rather than monodentate

ligands. In some cases, short contacts between the {Li(dme)2}
þ moiety and, for example, N,1469 Se,1470 or Cl1471–1474 atoms in

the complex anion lead to an expansion of the coordination sphere. [Li(dme)3][PCS] with discrete ions was mentioned earlier
in the review,1036,1037 and the octahedral [Li(dme)3]

þ cation is well established, with 217 hits since 2000 in the CSD. Selected exam-
ples are found in the following references.704,1475–1481 Octahedral [Na(dme)3]

þ is also ubiquitous, with 82 structurally character-
ized examples reported since 2000; selected references are given.1482–1489 For Kþ, the larger size of the metal ion leads to CN � 6,
with octahedral [K(dme)3]

þ,1490 [K(dme)3]
þ with close contacts to the complex anion increasing the coordination sphere,1491

(A)

(B) (C)

Fig. 65 (A) Part of a 1D-chain in [SnBr4(m-diox)]n (CSD refcode XUMQEB). (B) Part of the 3D-net in [Sb2Cl6(m-diox)3]; the overall structure is an
interpenetrating network (refcode BEKHUV01). (C) Part of a 1D-chain in [TeF4(m-diox)]n (refcode HUQNUD).
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[K(dme)4]
þ (CN ¼ 7 with one monodentate dme)1491 and [K(dme)4]

þ (CN ¼ 8)1492–1500 being reported. The compound [Nb(pc)
K2(dme)4(m-dme)(m3-O)] deserves inclusion because of the {K2(dme)4(m-dme)} unit shown in Fig. 66A.1501 In [Cs(dme)3]
[CB11H12], the cations and anions are arranged in alternate positions along the crystallographic c-axis (Fig. 66B) and the CN of
Csþ is expanded by short interaction between Csþ and BH or CH units (the carbaborane cages are disordered).1502

Homoleptic and other simple complexes of the group 2 metals with dme ligands are relatively well exemplified. Octahedral
coordination is observed in [Mg(dme)3]

2þ,1503–1505 cis-[Mg(dme)2(O3SCF3-k
1)2],

1506 and [Mg2(dme)4(m-Cl)2].
1405,1507 As with

[Mg2(THF)6(m-Cl)3] (Fig. 63C), these compounds are of interest in studies of electrolytes in rechargeable Mg-containing batteries.
The octahedral cis-[MgBr2(dme)2] is of relevance to the preparation of chiral Grignard reagents.670 The variability of CN for the
heavier metal ions in group 2 is illustrated by the following: octahedral cis-[Ca(dme)2(NPh2)2],

1508 octahedral cis-[Sr(dme)2(-
NiPrPh)2],

667 [Ca(OH2)3(dme)2]
2þ and [Ca(OH2)4(dme)2]

2þ (CNs ¼ 7 and 8, respectively),1509 [CaBr(OH2)2(dme)2]
þ

(CN ¼ 7),1510 coordination numbers of 7 and 8 in [Ca(OH2)(dme)2(NCS)2] and [Ca(dme)3(NCS)2], respectively,274

[Ca(dme)4]
2þ (CN ¼ 8),1417,1511 [SrI2(THF)(dme)2] (CN ¼ 7),1512 [SrI2(dme)3] (CN ¼ 8),1513 [SrI2(THF)2(dme)2]

(CN ¼ 8),1423 and [BaI2(THF)2(dme)2] and [BaI2(dme)3] (CN ¼ 8).1512

The octahedral cis-[AlCl2(dme)2]
þ is one of the few examples of simple dme coordination compounds of the p-block metals.

1.02.6.2.2 Diol and diolato ligands
Examples in this section are restricted to ethane-1,2-diol, ethane-1,2-diolate and related ligands. Ethane-1,2-diol (ethylene glycol) is
often a non-innocent solvent, forming a range of s-block metal complexes. These include octahedral [Li(HOC2H4OH)3]

þ and
[Na(HOC2H4OH)3]

þ,1514 and the 8-coordinate [Ba(HOC2H4OH)4]
2þ.1515 Tonouchi et al. have studied a series of alkali metal

fluoride-diol complexes. While [CsF(HOC2H4OH)]n has a 2D-sheet structure, [(MF)5(HOC2H4OH)4]n (M ¼ K, Rb) form columnar
structures; the effects of increasing the Cn chain within the diol were also investigated.1516

Diolato ligands feature in the cluster complex [Al10(m-OAc)20(m-O2C2H4)4(m-F)2] described in Section 1.02.6.2.4, and in
propane-1,2-diolato and butane-1,2-diolato analogs.1517 Although the ‘brown-ring’ test has been an analytical tool for over
100 years, full characterization of the [Fe(OH2)5(NO)]2þ cation has remained elusive. In 2019, the crystal structures of hydrates
of [Fe(OH2)5(NO)][M(pinF)2(OH2)]2 (M ¼ GaIII, FeIII) were reported, and the square-based pyramidal [Ga(pinF)2(OH2)]

� ion
is relevant to this review.1518

In 2007, Klüfers et al. commented that only ca. 24 germanium complexes containing 1,2-diolate ligands had been structurally
characterized, and that spiro-germanes of the type [Ge(diolate)2] were surprisingly absent. A detailed investigation of reactions of
GeCl4 or Ge(OMe)4 with different diols revealed that tetrahedrally sited Ge(IV) in crystalline [Ge(diolate)2] compounds was
limited to sterically demanding substituents as exemplified in Fig. 67A. With ethane-1,2-diol, for example, the 6-coordinate

(A) (B)

Fig. 66 (A) Structure of [Nb(pc)K2(dme)4(m-dme)(m3-O)] (CSD refcode XAHZIR). (B) Linear arrangement of [Cs(dme)3]þ and [CB11H12]� ions in
[Cs(dme)3][CB11H12]; H atoms are omitted for clarity (refcode WIBKUQ).

(A) (B) (C) (D)

Fig. 67 Structures of (A) bis(1,10-bicyclohexyl-1,10-diolato)germanium(IV) (CSD refcode GICLUA) and (B) trans-[Ge(O2C2H4)2(HOC2H4OH)2]
(refcode GICMIP, only the OH H atoms are shown). (C) Part of a 2D-sheet in b-Sn(O2C2H4) (refcode BIVHET01). (D) Structure of the see-saw shaped
[Se(O2C2H4)2] (Se–O distances ¼ 1.874(2), 1.780(2), 1.863(2), 1.791(2) Å; refcode HOCBAD).
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trans-[Ge(O2C2H4)2(HOC2H4OH)2] (Fig. 67B) forms.1519 In [Ge2(O2C2H4)2(m-O2C2H4)2], each Ge(IV) is 5-coordinate, with one
O donor of two diolate ligands in bridging mode.1520

1,2-Ethanediolate complexes of Sn(II) and Pb(II) exhibit polymorphism; a- and b-Sn(O2C2H4) can be selectively prepared by
controlling the reaction times when tin(II) oxalate reacts with 1,2-ethanediol, while a- and b-Pb(O2C2H4) were obtained by
controlling the quantities of NaOH and/or water used in the preparations. In b-Sn(O2C2H4), each Sn(II) center is in a disphenoidal
(see-saw) environment and the structure extends into a 2D-sheet (Fig. 67C). Thermal decomposition of both a- and b-Sn(O2C2H4)
yields nanocrystalline SnO2.

1521 The reaction of Sn(OtBu)4 with H2pin
F results in the formation of [Sn(pinF)3]

2� (isolated as the
Et3NHþ salt) which possesses a distorted trigonal prismatic structure; the Sn(II) complex [Sn(pinF)2]

2� was also reported.1522 The
Pb(II) coordination network [Pb4I4(m4-O2C2H4)2]n is a rare example of a 3D-oxyiodoplumbate assembled from neutral 2D-[Pb2I4]n
sheets.1523

Fig. 67D shows the structure of [Se(O2C2H4)2]; an NBO analysis revealed that the Se–Obonds possess heteropolar character and
the Se lone pair exhibits predominantly s-character.1524

1.02.6.2.3 b-Diketonates
The number of main group metal coordination compounds containing b-diketonate ligands is vast, and once again, we have had to
define strict criteria for the selection of complexes for coverage. We focus mainly on homoleptic compounds, and those with halido,
pseudo-halido or other simple co-ligands.

Mononuclear group 1 metal complexes are illustrated by tetrahedral [Li(OH2)2(Rtfacac)] (R ¼ 4-BrC6H4),
1525 and 6-coordinate

[Na(hfacac)3]
2� (which was included in a study of hydrophobic ionic liquids with strongly coordinating anions).1526 [Li(tButfa-

cac)]n and [K(18-crown-6)(hfacac)]n illustrate different ways in which CF3-derivatives of [acac]
� can produce polymeric structures

with group 1 metals. In [Li(tButfacac)]n, each O-donor of a [tButfacac] ligand bridges between a pair of Liþ ions resulting in a 1D-
coordination polymer.1527 In [K(18-crown-6)(hfacac)], the [hfacac]� ligand acts as a chelate to one Kþ center and then connects
[K(18-crown-6)(hfacac)] units into a 1D-chain through K–F interactions (K–F ¼ 3.081(6) Å for one of two disordered posi-
tions).1528 [Na3(m-acac)3(m-

iPrOH)]n and [Na3(m-acac)3(py)]n also form 1D-coordination polymers.1529,1530 [Rb2(Rtfaca-
c)2(OH2)]n (R ¼ Ph) assembles into a 2D-sheet with the [Phtfacac]� ligand acting both as O,O0-chelate and as an F-donor.1531

[Cs(m-tBuO2acac)]n possesses a 2D-network with octahedrally sited Csþ ions (Fig. 68A); the ligand coordinates through both the
b-diketonate unit and the tBuO units. The structure is not discussed in detail in the original work which is focused upon a synergistic
ion-binding strategy for asymmetric catalysis of anionic sigmatropic rearrangements.1532

Group 2 metal complexes include the tetrahedral [Be(Ph2acac)2],
1533 octahedral [Mg(hfacac)3]

� (which may be prepared using
hydrophobic [hfacac]�-containing ionic liquids),1534–1536 trans-[Mg(acac)2(3,5-Me2py)2],

1537 [Mg(tBu2acac)2(tmeda)],1538 trans-
[Mg(tfacac)2(OH2)2],

1539 and trans-[Mg(hfacac)2(OH2)2].
1540 The bis(2-methoxyethyl) ether adduct of [Mg(hfacac)2(OH2)2] has

been used as an MOCVD precursor to thin films of MgF2.
1540 b-Diketonates can act as axial ligands in [M(18-crown-6)(b-diketo-

nate)2] (M ¼ Sr, Ba) complexes; related [M(18-crown-6)(b-diketonate)2] (cis relationship between the b-diketonates), [M(18-
crown-6)(OH2)(b-diketonate)]

þ and [M(15-crown-5)(b-diketonate)2] species have also been reported.1541–1546 Davies et al.
have described the tetramer [Mg(tBu2acac)(m3-OMe)(MeOH)]4 which possesses a cubane structure with each Mg2þ center
coordinated by a chelating b-diketonate, a terminal MeOH, and three m3-methoxy ligands; using THF solutions of the complex,
liquid-injection MOCVD has been applied to deposit thin films of MgO.1547 [Mg(acac)(m3-OMe)(MeOH)]4 is closely related to
[Mg(tBu2acac)(m3-OMe)(MeOH)]4.

1548 Calcium is 6-coordinate in trans-[Ca(Ph2acac)2(THF)2], but exhibits a CN of 7 in [Ca(Ph2a-
cac)2(tgm)].1549 The larger Sr2þ can accommodate four chelating b-diketonates as exemplified by [Sr(Rtfacac)4]

2� (R ¼ Ph), while
in [Sr(tBu2acac)2(OH2)2(EtOH)], a CN ¼ 7 is observed.1550 A CN of 8 is observed in [Sr(tBu2acac)2(

iPrOH)4].
1551

(A) (B)

(C)

(D)

(E)

Fig. 68 Structures of (A) part of one 2D-sheet in [Cs(m-tBuO2acac)]n (CSD refcode FAQQEW), (B) [{Al(acac)2}2{Mg(m-OiPr)4}] (refcode GUVHEK), (C)
[Sn(acac)(OAc)] (refcode BIDWIV), (D) [Sn(tfacac)2] (refcode BAMWOE), and (E) [Sn(acac)(m-O3SCF3-1kO1:2kO2)]n (refcode BULBIU).
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The trinuclear species [{Al(acac)2}2{Mg(m-OiPr)4}] (Fig. 68B) makes an appropriate transition in our discussion from group 2
to group 13 metal complexes.1552 Group 13 metal(III) complexes include tetrahedral [Ga(acac)Cl2] and [Ga(tBu2acac)Cl2],

1553 and
the octahedral [Al(acac)3],

1554,1555 [Al(tBuOacac)3],
1556 [Al(MeO2acac)3],

1557 [Al(tBuO2acac)3],
1557 [Al(Rtfacac)3] (R ¼MeO),1558

[Al(hfacac)3],
1559 [Al(tBu2acac)3],

1560,1561 [Ga(acac)3],
1562 [Ga(acac)2(Hacac)]þ,1562 [Ga(tBu2acac)3],

1560 [Ga(Ph2acac)3],
1563

trans-[Ga(acac)2(THF)2]
þ,1553 [In(acac)3],

1564 [In(tBu2acac)3],
1560,1565 and [In(acac)Br2(THF)2] (with trans-THF).1566 [Ga(acac)3]

has been introduced into perovskite precursor solutions to create a core–shell structure to protect perovskite crystallites.1562 Dinu-
clear group 13metal species are illustrated by [Al2(hfacac)4(m-OH)2] and [Al2(hfacac)4(m-O

iPr)2] (CN ¼ 6),1559 [Al2(
tBu2acac)2(O

t-
Bu)2(m-O

tBu)2] (CN ¼ 5),1567 [Ga2(Ph2acac)4(m-OMe)2] (CN ¼ 6),1568 and [In2(Ph2acac)4(m-OOtBu)2] (CN ¼ 6).1569 The dimers
[Ga2Cl2(acac)2] and [Ga2Cl2(

tBu2acac)2] are supported by direct Ga–Ga bonds (2.396(3) and 2.391(2) Å, respectively).1570 The
crystal structure of [Tl(acac)] reveals that units interact through weak Tl/Tl contacts, the distance of 3.8553(5) Å being approxi-
mately twice the van der Waals radius of Tl, leading to an infinite assembly.1571 A change to [Ph2acac]

� results in the formation
of dimeric [Tl2(Ph2acac)2] in the solid state, and close contacts occur between these units.1572

Group 14 metal(IV) derivatives are represented by [Ge(acac)3]
þ,1573 cis-[Ge(N3)2(acac)2],

1574 cis-[SnCl2(acac)2],
1575 cis-

[SnCl2(Ph2acac)2],
1576 fac-[SnCl3(acac)(OH2)],

1577 and cis-[Sn(OEt)2(acac)2].
1578 In the trimer [Sn3(acac)6(m-O)3], the three

Sn(IV) centers are in a triangular array and each metal is 6-coordinate, being bound by two chelating [acac]� and two bridging oxido
ligands.1579 Mono [acac]� derivatives of tin(II) are uncommon. In [Sn(acac)(O2Ac)] (in which one Sn–Oacetato bond is noticeably
long, 2.607(5) Å), the coordination geometry (Fig. 68C) reflects the role of the stereochemically active lone pair on Sn(II).1580 A
similar coordination geometry is found in the CVD precursor [Sn(hfacac)2],

1581 in [Sn(tBu2acac)2],
1582 and in [Sn(tfacac)2]

(Fig. 68D), although here, the molecules are organized into chains with Sn/Sn distances of 4.290 and 4.299 Å; this compound
was used as a precursor to SnO2 thin films.1583 [Pb(acac)2] is monomeric in the solid state and adopts a structure consistent
with the presence of a stereochemically active lone pair; however, in addition to the four Pb–O bonds (range 2.32–2.37 Å),
each Pb(II) center exhibits four short Pb/O contacts (3.01–3.26 Å).1584 In bis(1,1,1-trifluoro-5-methoxy-5-methyl-hexane-2,4-
dionato)lead(II), molecules associate into dimers through a Pb/Pb interaction (4.112 Å) and dimers are maintained in the vapor
phase.1585 [Sn(acac)(m-O3SCF3-1kO

1:2kO2)]n is a second example of a mono [acac]� derivative of Sn(II) and assembles as a 1D-
coordination polymer (Fig. 68E); adjacent chains exhibit Sn/Sn contacts (4.282 Å).1586 In [Pb(hfacac)2(18-crown-6)], the Pb(II)
center is 8-coordinate with a chelating [hfacac]� ligand sited above and below the macrocyclic ligand.1587,1588

For the heavier elements in group 15, examples of b-diketonate complexes include [Sb(tBu2acac)3] which exhibits a distorted 6-
coordinate structure with three chelating ligands and a stereochemically active lone pair.1589,1590 [Sb(tBu2acac)2(OEt)] is square-
based pyramidal with the ethoxy ligand in the axial site.1589 [Bi(acac)3] is atypical of Bi(III) b-diketonate complexes in that it is
polymeric in the solid state, with 7-coordinate Bi(III) coordinated by one chelating/bridging and two chelating [acac]� ligands.1591

In [Bi2(hfacac)6]
1592 and [Bi2(Ph2acac)6],

1593 each Bi(III) is bound by three chelating ligands, and two O-donors of two of the
ligands also bridge between the metal atoms; the latter complex has been used as a precursor for Pt–Bi2O3 thin films.

1.02.6.2.4 Carboxylates: Bidentate and bridging
Carboxylates are ubiquitous ligands for s- and p-block metal ions, and thus, we can only include highly selected examples of carbox-
ylate complexes. Oxalato complexes are covered separately in Section 1.02.6.2.5. Many coordination networks are directed by
multifunctional ligands bearing two, three or more –CO2

� donor groups. This area of coordination chemistry is too extensive to
be covered here, and the reader is directed to pertinent reviews.3,51,61,1594,1595 In this section, we have chosen to limit the discussion
to complexes containing acetato ligands in order to give a broad picture of the different possible bonding modes. Rather than use
strict IUPAC nomenclature to describe the bonding modes, we refer to them by the notation in Scheme 18. Complexes containing
well-defined monodentate acetato ligands (mode I, Scheme 18) were described in Section 1.02.6.1.7. Modes I–III in Scheme 18
make the transition from monodentate to chelating ligands bound to a single metal center, while modes IV–XIV illustrate different
bridging modes, examples of which are given below. Note that modes V and VII are the same in terms of connectivity but we make
a distinction based upon the spatial positions of the metal atoms; mode V is best known in {M2(m-O2CR)4}-paddle-wheel motifs.

For the group 1 metals, increased CN is observed, as expected, on descending the group. In [Li(m-OAc)(m-OH2)]n, Li
þ is tetra-

hedrally sited and 1D-chains assemble from alternating {Li2(m-OAc)2} and {Li2(m-OH2)2} motifs; the OAc� ligand adopts mode V
(Scheme 18). This investigation deals more widely with polymorphs of anhydrous LiOAc and its hydrate.1596 [Li9(m-OAc)9(m-
OH2)]n$nTHF also contains 4-coordinate Liþ and the complicated 3D-network combines different modes of acetato bonding
including V, IX, and XI.1597 Different polymorphs of NaOAc are known and the structures of two new polymorphs have been deter-
mined by Dittrich et al.1598 The structure of [Na4(m-OAc)3(m4-ClO4)]n is described by Hannon and coworkers as comprising
‘sodium acetate planes linked together by sodium perchlorate cylinders’; each AcO� ligand is in bonding mode XIII (Scheme
18), and the crystal lattice contains MeOH-filled channels running along the c-axis.1599 [K(m-OAc)(m-AcOH)]n assembles into
a 2D-sheet, with the acetato ligands adopting bridging mode XII (Scheme 18); hydrogen-bonded interactions link the coordinated
AcOH and AcO� ligands.1600 In both [K(18-crown-6)(OAc)]$2H2O and [K(18-crown-6)(OAc)(OH2)]$HOAc, the AcO� ion is in
a chelating mode. In the former, Kþ is 8-coordinate and AcO� adopts bonding mode III (Scheme 18) with K–O ¼ 2.6992(11)
and 2.8861(11) Å; a mode closer to II is found in [K(18-crown-6)(OAc)(OH2)]$HOAc, but the increase in the CN to 9 causes elon-
gation of the K–O bonds to 2.9562(16) and 3.0303(19) Å.1601

The mixed halido species [Cs3Br2Pb2(m-OAc)2(m4-Br)(m3-I)]n is of interest for its NLO properties; part of the 3D-structure is
shown in Fig. 69A and the acetato ligands chelate to Pb(II) and bridge between Csþ centers (mode VIII in Scheme 18).1602 The
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related NLO compounds [Cs3Pb2(OAc)2I5] and [Rb3Pb2(OAc)2X5] with X ¼ Br, Cl have similar structures to that shown in
Fig. 69A.1603,1604

The group 2metals, in particular Mg2þ and Ca2þ, offer a wealth of carboxylate complexes. The dimer [Mg2(OH2)6(m-OAc)3]
þ (6-

coordinate Mg) offers an example of bridging mode V (Scheme 18),1605 and this mode, combined with mode X bridging ligands, is
also seen in [Mg3(OH2)2(AcOH)2(m-OAc)6] which has a linear Mg3-core.

1460,1606 The work of Miller et al. on the structural

Scheme 18 Different modes of coordination of MeCO2
� to main group metal centers. Formal C–O bond orders are not specified. The dotted line in

mode V signifies that the M atoms are close but does not imply M–M bonding.

(A) (B)

(C)

(D)

(E)

Fig. 69 (A) Part of the 3D-network (viewed down the c-axis) in [Cs3Br2Pb2(m-OAc)2(m4-Br)(m3-I)]n (CSD refcode PARNEF). (B) Part of the 3D-net in
[Mg3(m-OAc)6(m-MeOH)6]n showing only the 4-connecting Mg(II) nodes (refcode BELYIC). (C) Part of the 1D-chain in {[Ca(OH2)4(m-OAc)]Cl}n$nH2O
(refcode CALCLA02). (D) F� and AcO� bridging modes in [BaF(OAc)]n (refcode IQICOD). (E) Structure of [Ga10(m-OAc)10(m-OMe)20] (refcode
CESGAJ).
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properties of CMA road deicers is an instructive entry into the area.1459 In Section 1.02.6.1.7, we illustrated examples of Mg(II)
complexes containing monodentate AcO� as part of a wider study of magnesium acetate solvates and their hydrates. In [Mg3(m-
OAc)6(m-MeOH)6]n, a 3D-network is formed with 6-coordinate Mg2þ (CN includes two terminal MeOH) linked by bridging
(mode VII) acetato ligands. Each Mg(II) acts as a 4-connecting node and Fig. 69B shows part of the 3D-net. In [Mg(OA-
c)2(HOAc)]n$1.8nAcOH, the coordinated AcOH molecules are terminally bonded, while the AcO� ligands adopt two different
modes (IV or IX, Scheme 18), leading to 1D-chains.1460 Scheurell et al. have also reported that the dehydration of Mg(OAc)2$4H2O
produces basic magnesium acetate which has a porous network; the structures of [Mg5(m3-OH)2(OAc)8]$2EtOH and [Mg5(m3-
OH)2(OAc)8]$1.19H2O were also determined. Within this series of structures, AcO� ligands are found in bonding modes V, VII,
IX, and XI.1607 Thermal dehydration of Ca(OAc)2$H2O at 300 �C yields anhydrous a-Ca(OAc)2 which exhibits low- and high-
temperature forms; during the phase transition, the coordination mode of an AcO� ligand switches from monodentate to biden-
tate.1608 {[Ca(OH2)4(m-OAc)]Cl}n$nH2O possesses a 1D-polymeric structure with the bridging AcO� is mode VIII (Fig. 69C) and
a CN ¼ 8 for Ca2þ.1609 As part of a study of the ternary system Ca(OAc)2–Ca(O2CH)2–H2O, Bette et al. reported the structures of
[Ca3(m-OAc)4(O2CH)2(OH2)4]n (which contains terminal formate ligands and AcO� in bonding mode VIII, Scheme 18) and
[Ca(m-OAc)(m-O2CH)(OH2)]n (containing bridging formates and AcO� in mode X).1610

The Sr(II) complex [Sr(OAc)3]
� has been isolated as the [emim]þ salt as part of an investigation of dialkylimidazolium acetate

ionic liquids with relevance to nuclear fuel recycling. The 1D-polymer [Sr(m-OAc)3]n
n– contains 9-coordinate Sr(II) in a severely dis-

torted tricapped trigonal prismatic geometry; the bridging AcO� ligands that support the chain adopt bonding mode X (Scheme
18).1611 [Ba(OAc)(m-OAc)(OH2)3]n is a 1D-polymer with CN ¼ 9 for Ba2þ; three aqua and one chelating AcO� occupy five coor-
dination sites, and Ba2þ ions are linked into a chain by mode VIII (Scheme 18) bridging AcO� ligands, similar to the arrangement
shown in Fig. 69C.1612 The compounds [MF(OAc)] (M ¼ Sr, Ba) assemble into 2D-networks, details of which were elucidated from
powder X-ray diffraction data. Each M(II) is in a cis-{MF2O4} environment (Fig. 69D), with the AcO� ligands in bridging mode XI
(Ba–O ¼ 2.61(7)–2.92(4) Å, Sr–O ¼ 2.54(2)–2.8(2) Å), and each F in a m4-mode (Ba–F ¼ 2.65(5), 2.71(5) Å, Sr–F ¼ 2.4(2),
2.6(2) Å).1613 [Ba9(OAc)14(ClO4)4]n forms an unusual 3D-network in which the building block is a Ba9-cluster with a ‘body-
centered cubic’ (bcc) geometry. Each face of the cube is bridged by AcO� in mode XIII (i.e., also bound to the central Ba of the
bcc unit) and Ba9 units are then linked by a combination of bridging OAc� and ClO4

� ions. The structure is best appreciated by
viewing in 3D (CSD refcode LUHZUJ).1614

Moving to group 13, and examples of 1D-coordination polymers include [M(m-OAc)2(m-OH)]n with M ¼ Ga or In in which the
metal is 6-coordinate and pairs of M(III) centers are bridged by two AcO� (bridging mode V) and a hydroxido ligand,1615,1616 and
[In(m-OAc)3]n, the first example of a group 13 M(OAc)3 compound with an infinite chain in the solid state.1617 Within group 13,
there are a number of examples of discrete high nuclearity species exhibiting mode V (Scheme 18) bridging acetates. These are rep-
resented by the cyclic [Al10(m-OAc)10(m-OEt)20], [Al10(m-OAc)10(m-OMe)20], and [Al10(m-OAc)20(m-O2C2H4)4(m-F)2],

1517 and
[Ga10(m-OAc)10(m-OMe)20] (described as a ‘gallic wheel,’ Fig. 69E).1618

In the solid state, tin(II) acetate assembles into 1D-chains in groups of four chains, with the Sn(II) centers within the group
facing one another (Sn/Sn ¼ 4.171 and 4.189 Å) to generate columns which follow the c-axis. Along each 1D-chain, the bonding
mode of the AcO� ligand resembles mode X (Scheme 18), although the Sn–O distances in the chelate rings are 2.170(6) and
2.293(7) Å, and 2.207(6) and 2.372(8) Å, making a description of between modes V and X more realistic.1619 [Sn(acac)(OAc)]
(Fig. 68C), the acetato ligand adopts mode II (Scheme 18) with Sn–OAcO distances of 2.165(4) and 2.607(5) Å.1580 In 2016,
the structures of two enantiotropic polymorphs of anhydrous Pb(OAc)2 were determined for the first time. In both the a- and
b-forms, the extended arrays are supported by bridging ligands which adopt modes VIII and X (Scheme 18). This work also includes
a series of lead(II) acetate derivatives which illustrate a variety of bonding AcO�modes in 1D- and 2D-assemblies.1620 A related
infinite assembly [Pb2(m-OAc)4(m-2,5-dimethylbenzene-1,4-diol)]n has also been described.1621 Reactions of carboxylic acids
with Pb are relevant to the corrosion of lead and lead-tin alloys. One of the corrosion products is [Pb6(m4-O)4(m-
OAc)2(OAc)2]n$nH2O, and the solid-state structure consists of interconnected double chains; half of the AcO� ligands adopt
mode VI (Scheme 18) within a chain, while the other AcO� groups are in bridging mode VII (Scheme 18) and link adjacent chains,
leading to 2D-sheets.1622 [Pb(OAc)(m-OAc)(thiourea)]n is a 1D-coordination polymer in which each Pb(II) center is bound by two
AcO� ligands in modes III and X, respectively. However, the Pb–O bond lengths for the chelating units (2.489(3), 2.483(3),
2.520(2) and 2.990(2) Å) indicate that one interaction is weak; the thiourea S-atoms are also involved in Pb/S interactions.1623

Fig. 69D illustrated part of the 2D-sheet in [BaF(OAc)]n, highlighting the bridging modes of the ligands; analogous coordination
modes are observed in [PbF(OAc)]n.

1613

The Bi(III) complex [Bi(OAc)2(THF)4]
þ was characterized in the salt [Bi(OAc)2(THF)4]3[Bi7I24], and contains 8-coordinate

Bi.1624

1.02.6.2.5 Oxalate
The oxalate dianion is widely used as a bridging motif in coordination assemblies and is a building block in numerous coordination
networks. However, it also appears as a bidentate, chelating ligand in, for example, the octahedral [Al(ox)3]

3�.1625 As in previous
sections, we limit the discussion to homoleptic complexes and those with simple co-ligands. We refer to the different bridging
modes of ox2� using the notation in Scheme 19, rather than applying strict IUPAC nomenclature.

In compounds such as sodium oxalate, the cation–anion interactions are essentially electrostatic,1626 and we choose not to
consider the structures in terms of oxalate bonding modes. However, it is pertinent to include reference to an investigation of
the influence of hydrostatic pressure on the crystal structure of Na2[ox].

1626 Group 2 metal oxalates are well represented. In
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[Mg(OH2)2(m-ox)]n, Mg2þ is in a {trans-Mg(OH2)(ox)2} environment with the ox2� ligands in mode I (Scheme 19), connecting the
units into 1D-chains; in 2008, this represented a new polymorph of Mg(ox)$2H2O.1627 In [H2dab][Mg2(ox)3], [Mg2(m-ox)3]n

2n–

sheets consist of octahedrally sited Mg2þ connected by bridging ox2� ligands in mode I (Scheme 19); this gives rise to a honey-
comb-like layered structure.1628 A similar local {Mg(ox)3} coordination environment is also observed in the salt [H2dabco]
[Mg(ox)2]$3H2O; however, only two of the three ligands per Mg2þ are in bridging modes, leading to the assembly of 1D-chains.
This latter compound is one of a series investigated for their structural phase transitions between 203 and 217 K.1629 Pastero
et al. reported a method of trapping CO2 which involved reduction (using vitamin C as a sacrificial reductant) and precipitation
as crystalline Ca(ox)$2H2O (the mineral weddellite) with the ox2� ligand adopting mode II (Scheme 19).1630 The phase transitions
between the calcium oxalates whewellite (Ca(ox)$H2O), weddellite and caoxite (Ca(ox)$3H2O) have been studied by Izatulina
et al. and bonding modes I, II, III and IV (Scheme 19) are all represented.1631 The ox2� ligand is found in mode IV (Scheme
19) in [Ca2(m-ox)(m-Cl)2(m-OH2)2]n (synthetic novgorodovaite) in which 2D-sheets are linked by bridging aqua ligands. On going
from the dihydrate to the heptahydrate, coordinated chlorido ligands are replaced by aqua ligands with an associated change to
a 2D-sheet structure with hydrogen-bonded Cl� ions and H2O molecules between the sheets.1632

‘Acid strontium oxalate,’ Sr2(Hox)2(ox)$2H2O, possesses a 3D-assembly with the Hox� and H2O ligands bridging between
different pairs of Sr2þ centers, and the ox2� ligand adopting mode III (Scheme 19).1633 Barium oxalates offer a wide range of struc-
tural motifs. The discrete molecular ion [Ba(OH2)2(Hox)4]

2� (CN ¼ 10) contains chelating Hox� ligands and a trans-arrangement
of aqua ligands.1634 [Ba2(ox)2(OH2)]n precipitated from aqueous solutions of BaCl2 and (NH4)2ox possesses a 3D-network with 9-
coordinate Ba2þ, terminal aqua ligand and ox2� ligands in bonding mode IV (Scheme 19).96 Borel et al. described the 3D-networks
in [Ba(ox)(OH2)(m-OH2)2]n, [Ba(ox)(H2ox)(OH2)2]n and [Ba2(ox)(Hox)2(OH2)2]n. The repeat unit in [Ba(ox)(OH2)(m-OH2)2]n is

Scheme 19 Different bridging modes of the ox2� anion. The same notations are used for H2ox and Hox� ligands.

(A) (B)

(C)
(D)

(E)

Fig. 70 The repeat units in (A) [Ba(ox)(OH2)(m-OH2)2]n (CSD refcode BAOXAL03), (B) [Ba(ox)(H2ox)(OH2)2]n (refcode BAHOXH13). (C) Part of one
sheet in [In2(ox)3(OH2)3]n$7nH2O with solvent in the channels omitted (refcode BAPMIP). (D) The structure of the dinuclear complex [Sn2(ox)3]2�

(refcode CIXSIM). (e) Part of one [Sn2(ox)3]n2n– sheet in Sn2(NH4)2(ox)3$3H2O (refcode BAHRAE).
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shown in Fig. 70A with the ox2� ligand adopting mode V (Scheme 19). In contrast, in [Ba(ox)(H2ox)(OH2)2]n (Fig. 70B), bridging
mode I is found for both ox2� and H2ox, while in [Ba2(ox)(Hox)2(OH2)2]n (CN ¼ 9), ox2� andHox� adopt modes III and I, respec-
tively.1635 In the 2,4,6-trinitrophenolate salt of [Ba2(ox)(OH2)4(m-OH2)4]

2þ, 2D-sheets are present with the ox2� ligand adopting
mode III (Scheme 19) and Ba2þ having a CN ¼ 9.1636,1637

Group 13 metal oxalato complexes in which ox2� ligands are bidentate include [Al(ox)3]
3�,1625,1638,1639 and [Ga(ox)3]

3�,1640–
1642 Dinuclear complexes are represented by [Ga2(ox)4(m-ox)]

4� (bridging mode I).1643,1644 In the 1D-polymer [Ga(m-F)(ox)2]n
2n–

(isolated as the [H2(4,40-bpy)]2þ salt), the oxalates are in a chelating mode and each Ga(III) is octahedrally sited with {trans-
GaF2(ox)2} units.1645 Feng, Bu and coworkers have demonstrated the use of linear ligands (ox2� in mode I, Scheme 19) for the
preparation of zeolite type-structures with RHO, GIS, and ABW (defined in reference 1646) topologies.1647 In {[H2en]
[In2(ox)4]}n$4nH2O, each In(III) has CN ¼ 8 and is bound by four ox2� ligands (mode I, Scheme 19) to assemble a porous
3D-network.1648 Further examples of extended indium oxalate structures include [In2(ox)3(OH2)3]n$7nH2Owhich possesses a layer
structure with mode I ox2� ligands and both 7- and 8-coordinate In(III) (Fig. 70C); thermal decomposition of this material yielded
nanocrystalline In2O3.

1649 The 2D-layer structure of [In2(m-ox)3(OH2)4]n$2nH2O contains 7-coordinate In(III) connected by
bridging ox2� ligands which adopt either mode I or VI (Scheme 19); the pentagonal bipyramidal coordination sphere also contains
axial aqua ligands.1650 A CN of 7 is also found in the 1D-polymer [In(m-ox)(OH2)3]

þ in which the oxalate ligand adopts mode I
(Scheme 19).1651 The hydrothermal reaction of In2O3 and oxalic acid in the presence of boric acid produces [In3(m-OH)3(m-
ox)3(OH2)3]n$nH2O which has an open, 3D-network; the ox2� ligands adopt mode I (Scheme 19) and links In(III) centers into
chains which are interconnected by bridging hydroxido ligands.1652 Audebrand et al. have reported a series of mixed metal oxalates
which includes [InK(ox)2(OH2)4]nwith a 3D-network in which each In(III) is 8-coordinate bound by four chelating ox2�; taking the
O/K contacts into account, each ox2� adopts mode III, binding two In(III) and two Kþ (CN ¼ 8).1644

Mononuclear complexes of the group 14 M(IV) metals are illustrated by the octahedral [Ge(ox)3]
2�,1653–1656 cis-[Ge(O-

H)2(ox)2]
2�,1657 [SnCl4(ox)]

2�,1658,1659 fac-[SnCl3(OH2)(ox)]
�,1660,1661 cis-[SnCl2(ox)2]

2�,1662 and cis-[SnI2(ox)2]
2�.1663 A

CN ¼ 8 is found for Sn(IV) in [nPrNH2]4[Sn(ox)4].
1664 Mononuclear oxalato complexes containing a group 14 M(II) metal center

are represented by the 4-coordinate [Sn(ox)2]
2� which exhibits two bidentate ligands and a stereochemically active lone

pair.1665,1666 A similar coordination environment is found in [Sn2(ox)3]
2� (Fig. 70D).1665–1667 In [NH4]2[Sn2(ox)3]$3H2O, there

is a 2D-network of formula [Sn2(ox)3]n
2n– in which ligands adopt mode I (Scheme 19); Fig. 70E illustrates the corrugated nature of

the sheet and the role of the stereochemically active lone pair at each Sn(II) center.1668 [NH4][SnF(ox)] is one of a series of low
dimensional tin(II)-containing materials reported by Oliver and coworkers; it contains [SnF(ox)]n

n– chains with the ox2� ligand
coordinated to three Sn(II) centers (mode VIII, Scheme 19).1669 In the dihydrate of the [H2en]

2þ salt, [SnF(ox)]n
n– 1D-chains

are again present, but the ox2� ligand adopts mode VI (Scheme 19), leaving one O-donor uncoordinated.1667 An example of
a Pb(II) species is the 1D-polymer [Pb(phen)2(m-ox)]n$5nH2O (CN ¼ 8, ox2� bonding mode I).1670

Oxalato complexes of the heavier group 15 elements include [Sb(m-OH)(m-ox)]n for which powder diffraction data and refine-
ment by the Rietveld method have been reported. The ox2� ligands adopt mode I (Scheme 19) and each Sb(III) center is in a pentag-
onal pyramidal environment (plus a stereochemically active lone pair), being coordinated by two bridging ox2� and two bridging
hydroxido ligands to produce a 3D-network.1671 The birefringent material [Hamgu]2[Sb2(ox)F4]$H2O contains 1D-coordination
polymer chains [Sb2(m-ox)F4]n

2n– supported by bridging ox2� ligands in mode I (Scheme 19); the 6-coordinate Sb(III) center carries
a stereochemically active lone pair.1672 Bismuth oxalates include [Bi2(ox)3]$6H2O and [Bi2(ox)3]$8H2O which exhibit similar 3D-
networks with Bi(III) centers connected by bridging ox2� in modes I and VII (Scheme 19); each Bi(III) additionally binds two H2O
ligands leading to a CN of 9, with the lone pair on Bi(III) being stereochemically inactive.1673 The 3D-network in [NH4][Bi(ox)2]$
3.72H2O comprises 8-coordinate Bi(III) coordinated by four ox2� ligands in mode I (Scheme 19).1674 A hydrothermal synthesis
was used to form {[Hpy]2[Bi2(OH2)2(ox)4]}n$2nH2O and {[NH4][Bi(ox)2]}n$3nH2O, in which the Bi(III) centers have CN ¼ 9
and 8, respectively, the difference being a coordinated aqua ligand in the former compound. The ox2� ligands adopt mode I
(Scheme 19) to connect the Bi atoms into 3D-networks which are thermally stable up to 200 �C.1675 The structure of [Bi(m-
ox)(m-OH)]n comprises a 3D-network, in which 1D-{Bi(m-ox)}n chains with the ox2� ligand in mode I are interconnected by
bridging hydroxido ligands.1676

1.02.6.2.6 N,N0-Dioxides of 2,20-bpy (bpy) and 4,40-bpy
In this section, we use the abbreviation bpy to refer to 2,20-bipyridine, while its isomer 4,40- bipyridine is abbreviated to 4,40-bpy;
their N,N0-dioxides are bpydo and 4,40-bpydo, respectively. The coordination of bpydo in a chelating mode leads to a noticeably
twisted bpy unit, as illustrated below. Like 4,40-bpy, 4,40-bpydo is a common building block in coordination polymers and
networks, and a range of examples is included in this section. We focus only on compounds in which the N,N0-dioxides are the
main feature of interest.

For the group 1 metals, structural characterization of salts of [K(4,40-bpydo)2]nnþ, [Rb(4,40-bpydo)2]nnþ and [Cs(4,40-
bpydo)2]n

nþ reveal similar 3D-networks in the space group P4/ncc in which anions occupy channels which follow the c-
axis.1677–1680 With the aim of designing porous coordination networks with cheap and non-toxic metals, and which show selective
or high adsorption capacity, Noro et al. have focused on combinations of Mg2þ or Ca2þ with 4,40-bpydo. Reaction of
Mg(OAc)2$4H2O with 4,40-bpydo gave [Mg2(m-OAc)4(m4-4,40-bpydo)]n which has the 2D-network shown in Fig. 71A; each 4,40-
bpydo ligand binds four Mg2þ centers. 3D-Architectures are accessed by employing 1,4-benzenedicarboxylic acid as a co-
ligand.1681 A 3D-network is exhibited by [Ca2(OH2)2(m-4,40-bpydo)6]n4nþ, isolated as the [Bi2I8]

2� salt; there are two
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crystallographically independent Ca2þ centers, one with a trans-arrangement of aqua ligands (a 4-connecting node) and one bound
by six different bridging 4,40-bpydo ligands.1682

Moving to the p-block, and the reaction between Tl(NO3)3 and 4,40-bpydo yielded a ladder-type coordination polymer in which
the Tl(III) center has CN ¼ 9; the 4,40-bpydo ligands form both the ‘rungs’ and ‘rails’ of the ladder (Fig. 71B).1683 A combination of
Pb(NO3)2$2H2O and 4,40-bpdo produces [Pb(NO3)2(m-4,40-bpdo)(OH2)]n which has a 2D-network in which each Pb(II) center is
bound by three 4,40-bpdo, two chelating NO3

� and one aqua ligand. As Fig. 71C shows, one O-donor of each 4,40-bpydo ligand
coordinates to two Pb(II) centers resulting in {Pb2O2} units within the network.1684 In [Pb(m-Cl)2(bpdo)]n, 1D-{Pb(m-Cl)2}n
chains are decorated by chelating bpydo ligands, the latter having the typical twisted conformation; each Pb(II) center is 6-
coordinate.1685 Crystallization of PbX2 (X ¼ Cl, Br, I) with 4,40-bpdo led to the assembly of isostructural 2D-networks in which
4,40-bpdo ligands connect infinite {PbX2}n chains; Fig. 71D illustrates part of one sheet in [Pb(m-Cl)2(m-4,40-bpdo)]n.1686 A related
assembly is found in [Pb2(m-Cl)2(m3-Cl)2(m-4,40-bpdo)]n (Fig. 71E).1685

Interest in several bismuth(III) complexes with bpydo or 4,40-bpydo is, in part, motivated by their photophysical properties.
Fig. 71F shows the structure of [BiCl4(bpydo)]

�, highlighting the twisted bpy unit,1687 which is again seen in the dimer
[Bi2Br4(m-Br)2(bpydo)2]. Interestingly, on going to the solvated compound [Bi2Br4(m-Br)2(bpydo)2]$0.5MeCN, a second isomer
of [Bi2Br5(m-Br)(bpydo)2] is observed with the bpydo ligands adopting the unusual bridging mode shown in Fig. 71G.1688 The
1D-coordination polymer [Bi2Br6(m-4,40-bpydo)3]n contains octahedrally sited Bi(III) with a fac-arrangement of bromido ligands
and O-donors; Fig. 71H illustrates the bridging roles of 4,40-bpydo ligands.1689

1.02.6.3 Tridentate (open-chain)

To illustrate open-chain, tridentate O,O0,O00-ligands in main group metal complexes, we have restricted the discussion to bis(2-
methoxyethyl) ether (dgm, the abbreviation stemming from the non-IUPAC name diglyme). The bis(chelating) mode is ubiqui-
tous. Both [Li(dgm)2]

þ and [Na(dgm)2]
þ (CN ¼ 6) are well established, and only selected references are given.1479,1480,1690,1691

Other examples for the s-block metals include [Li2(dgm)2(m-O3SCF3-1kO
1:2kO2)2] (CN ¼ 5),1692 [K(dgm)3]

þ (CN ¼ 9),1693

[K(dppm–H)(dgm)2] (CN ¼ 8, Fig. 54B),1066 [Cs(dgm)3]
þ (CN ¼ 9),1693 [Mg(dgm)2]

2þ (CN ¼ 6),1694 [Mg2Cl2(m-Cl)2(dgm)2]
(CN ¼ 6).1402 [CaI(dgm)2]

þ (CN ¼ 7),1695 [Ca(dgm)2(OH2)2]
2þ (CN ¼ 8),1696 [Ba(dgm)2(OH2)3]

2þ (CN ¼ 9),1696 and trans-
[BaI2(dgm)2] (CN ¼ 8).1512 Simple complexes incorporating p-block metals are poorly represented and are illustrated by
[SnCl(dgm)]þ (CN ¼ 4 with a stereochemically active lone pair).1697

(A)

(B)

(C)

(D)

(E)

(F)

(G)

(H)

Fig. 71 (A) Part of one 2D-sheet in [Mg2(m-OAc)4(m4-4,40-bpydo)]n (CSD refcode MOTRAQ). (B) Part of the 1D-polymer in [Tl2(NO3)6(m-4,40-
bpydo)3]n$2nCH2Cl2 (refcode DEFYUJ). (C) Pb(II) coordination environment in the 2D-sheets in [Pb(NO3)2(m-4,40-bpdo)(OH2)]n (refcode WARFIF).
Part of one 2D-sheet in (D) [Pb(m-Cl)2(m-4,40-bpdo)]n (refcode DEYYEM) and (E) [Pb2(m-Cl)2(m3-Cl)2(m-4,40-bpdo)]n (refcode MIZKUC). The
structures of (F) [BiCl4(bpydo)]� (refcode AKAFOK), (G) [Bi2Br4(m-Br)2(bpydo)2] in the MeCN solvate (refcode ISOYEX), and (H) part of a 1D-chain in
[Bi2Br6(4,40-bpydo)3]n (refcode GAFKIL).
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1.02.6.4 Polydentate (open-chain)

The coverage of coordination compounds containing polydentate open-chain ligands is restricted to the ligands shown in Scheme
20; the abbreviations tgm, tetragm, pentagm and teg originate from the non-IUPAC names triglyme, tetraglyme, pentaglyme and
tetraethyleneglycol, respectively. As expected, complexes of the s-block metals dominate over those of the p-block, and coordination
of the ligands to produce multiple chelate rings is the norm. For small ions such as Liþ, this typically leads to the formation of poly-
nuclear species as shown in Fig. 72A. Group 1 metal complexes containing PEG (polyethylene glycol) or long-chain polyglyme
ligands (e.g., [Li2(undecaglyme)]þ, Fig. 72A) are of interest as polymer electrolytes.1698–1700

Group 1 metal complexes are exemplified by [Li(pentagm)]þ (CN ¼ 6, Fig. 72B),1701 [Na(tgm)2]
þ (CN ¼ 8),1702,1703 the 1D-

polymer [Na(tetragm)2(m-O3SCF3-1kO
1:2kO2)]n (CN ¼ 7),1704 [Na(tetragm)(ClO4-k

2)] (CN ¼ 7),1705 [Na(pentagm)(OClO3)]
(CN ¼ 7 although three independent molecules in the asymmetric unit show subtly different bonding modes for the perchlorate
ion),1705 [Na(pentagm)(FPF5)] (CN ¼ 7),1705 [K(tgm)2]

þ (CN ¼ 8),1706 the 1D-coordination polymer [K(pentagm)(m-PF6)]n
(CN ¼ 8),1701 [K(pentagm)(O3SCF3-k

2)],1707 (CN ¼ 8), [K(hexagm)(PF6-k
2)] (CN ¼ 9),1701 and [Cs(tetragm)2]

þ (CN ¼ 10).1708

As expected, these complexes illustrate an increase in the CN as the group is descended.
Group 2 metal complexes are well represented. Octahedral coordination is observed in cis-[MgBr2(tgm)] and [Mg2(tgm)2(m-

Br)2]
2þ which feature in an investigation of chiral Grignard reagents.670 A pentagonal bipyramidal coordination sphere is found

in [Mg(OH2)2(teg)]
2þ (Fig. 72C),1709 [MgBr2(tetragm)]2þ,1710 and [Mg(MeHim)2(tetragm)]2þ,1711 while the larger Ca2þ ion

can accommodate a CN of 7 and 8 in [Ca(OH2)2(teg)]
2þ (CN ¼ 7),1709 [Ca(OH2)3(teg)]

2þ (CN ¼ 8),1709 [Ca(OH2)4(tgm)]2þ

(CN ¼ 8),1509,1696 and [Ca(tgm)(hfacac)2] (CN ¼ 8).1712 Strontium(II) complexes are exemplified by [Sr(tgm)2]
2þ

(CN ¼ 8),1713 [Sr(tgm)(hfacac)2] (CN ¼ 8),1712 and [Sr(OH2)4(teg)]
2þ (CN ¼ 9).1709 The complex [BaI2(dme)(tgm)] has

a CN ¼ 8 and a trans-arrangement of iodido ligands, while in the 9-coordinate [BaI2(dme)(tetragm)], the I� ligands are mutually
cis.1714 A CN of 9 is observed in [SrI(tgm)2]

þ,1512 and [Ba(tgm)2(THF)]2þ.1715 10-Coordinate metal centers are observed in
[Sr(teg)2]

2þ,1709 [Ba(teg)2]
2þ (Fig. 72D),1709,1716,1717 [Sr(tetragm)2]

2þ,1718 [Ba(tetragm)2]
2þ,1714,1719 [Ba(tgm)2(OCMe2)2]

2þ,1719

and [BaI(OH2)(tgm)2]
þ.1696

Within group 14, [GeBr(tgm)]þ (Fig. 71E), [SnBr(tgm)]þ, [GeBr(tetragm)]þ and [SnBr(tetragm)]þ have similar structures with
a stereochemically active lone pair.1720 Macdonald et al. reported a series of tin(II) triflate and chloride salts incorporating open-

(A) (B) (C) (D) (E)

Fig. 72 Structures of (A) [Li2(undecaglyme)]þ (CSD refcode GOFMAQ), (B) [Li(pentagm)]þ (refcode LUQHAI), (C) [Mg(OH2)2(teg)]2þ (refcode
BAHTEL), (D) [Ba(teg)2]2þ (refcode DACRIM), and (e) [GeBr(tgm)]þ (refcode IDUCIW).

Scheme 20 Open-chain ligands discussed in Section 1.02.6.4.
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chain and macrocyclic polyether ligands; these include [Sn(tgm)(O3SCF3)2] (CN ¼ 6) and [Sn(tetragm)(O3SCF3)2] (CN ¼ 7).1721

Coordination compounds of the group 15 metals are limited in number, and a representative example is the 8-coordinate
[BiCl3(tetragm)].1722

1.02.6.5 Macrocyclic ligands

The field of crown ether ligands is vast, and we are not able to overview it here in depth. Many examples have been given in earlier
sections, e.g., Sections 1.02.2.1.1, 1.02.2.1.3, 1.02.2.1.4, 1.02.2.1.5.1, 1.02.3.1.2, 1.02.3.1.3, 1.02.6.1.4 and 1.02.6.2.3, and
Figs. 4, 18, 19, 22–24, 26, 28, 51, 52 and 64. Pertinent reviews cover alkali metals,1723 lithium (with a focus on optical lithium
sensors),1724 thallium,46 and group 13 and 14 metal ions.34

1.02.7 Sulfur-donor ligands

1.02.7.1 Monodentate ligands

1.02.7.1.1 R2S
Main group metal complexes containing simple thioethers are restricted in number. Dimethyl sulfide appears in the tetrahedral
[BeX2(SMe2)2] (X ¼ Cl, Br, I) and the dimers [Be2X2(SMe2)2(m-X)2] (X ¼ Cl, Br, I)1725; the authors note that the Be–S bond is rela-
tively weak which makes thioether adducts suitable precursors to, for example, beryllium alkyl species. The versatility of
[BeBr2(SMe2)2] as a precursor has also been reported by Krossing.1726 Within the p-block, Me2S derivatives are illustrated by
trans-[SnCl4(SMe2)2],

1727 and [SbCl3(SMe2)] (disphenoidal geometry).1728 In [BiBr3{m-MeS(CH2)3SMe}]n, MeS(CH2)3SMe
ligands coordinate to Bi(III) in a monodentate and bridging fashion, linking {Bi2Br4(m-Br)2}-units into a 2D-sheet. In contrast,
[Bi2Br6{PhS(CH2)2SPh}]n contains infinite {Bi2Br6}n chains interconnected by thioether ligands (Fig. 73A).1729 Both
[(GaCl3)2{m-MeS(CH2)2SMe}] and [(GaCl3)2{m-PhS(CH2)2SPh}] possess discrete molecular structures.1730

1,2-Bis(methylsulfanyl)benzene (1,2-(MeS)2C6H4) reacts with BiCl3 to produce the 1D-polymer [BiCl3{1,2-(MeS)2C6H4}]n
with chelating thioether ligands (Fig. 73B). In contrast, [Sb2Cl6{1,2-(MeS)2C6H4}2]n contains dimeric units (Fig. 73C) which
are then connected via Sb–Cl–Sb bridges into chains; the bonding mode of the 1,2-(MeS)2C6H4 ligand is unusual and features
long Sb/S contacts. This study extends to a wider range of Sb(III) and Bi(III) complexes containing arene-centered thioether
ligands. On going from 1,2-(MeS)2C6H4 to 1,2-(MeSCH2)2C6H4, the tendency for chelation is reduced, leading to bridging
modes.1731 This is also seen in the discrete gallium(III) compound [(GaCl3)2{m-(1,2-(MeSCH2)2C6H4}],

1730 and an analogous
structure is observed for [(AlCl3)2{m-(1,2-(EtSCH2)2C6H4)}].

1732

1.02.7.1.2 Sn
2� (bridging modes)

In this section, we first consider coordination compounds containing S2
2� ligands, followed by those with longer polysulfide

anions. The section is organized by bonding mode rather than by periodic group. Modes of bonding of S2
2� are summarized in

Scheme 21, and examples of homometallic main group metal compounds are sparse. Bonding mode I of the S2
2� ligand is exem-

plified in the structure of [MeNH3]2[Sb8S14] which contains pairs of chains supported by sulfide bridges linked by bridging S2
2�

ligands to produce double chains (Fig. 74A); further association occurs through longer Sb/S contacts.1733 The network is retained

(A) (B) (C)

Fig. 73 (A) Part of the 2D-sheet in [Bi2Br6{PhS(CH2)2SPh}]n (CSD refcode KIGFAH). (B) Part of the 1D-chain in [BiCl3{1,2-(MeS)2C6H4}]n (refcode
WALZUG). (C) A [Sb2Cl6{1,2-(MeS)2C6H4}2] unit in the 1D-polymer [Sb2Cl6{1,2-(MeS)2C6H4}2]n (refcode WAMBAP).

Scheme 21 Modes of bonding of the S22� ligand.
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upon going to the [H3N(CH2)3NH3]
2þ salt.1734 Bonding mode II occurs in [Mg2(THF)2(Nacnac)2(m-S2)] (R ¼ Dipp in [Nacnac]�,

see Scheme 6).1735

The S3
2� ligand occurs in a bridging mode in [Al2(Nacnac)2(m-S3)2] (R ¼ Dipp in [Nacnac]�, see Scheme 6) in which each Al(III)

is tetrahedrally sited (Fig. 74B); the Al2S6 ring has a crown conformation analogous to that in S8.
1736 A bridging S3

2� ligand also
occurs as one of the products obtained when S8 reacts with reduced Bi(II) species.1737 (Note, however, that the most important
finding of this communication is the structural characterization of a dimeric Bi complex of the tetrasulfide radical anion S4

�–;
this was the first report of the structure of a complex (main group or transition metal) of a polysulfido radical anion.) With an
increase in the chain length to S4

2�, the formation of a favorable 5-membered chelate ring becomes viable, as is observed in [Al(Nac-
nac)(S4)] (R ¼ Dipp in [Nacnac]�, see Scheme 6) which is a rare example of an aluminum polysulfide; the related [Al(Nacnac)(S6)]
with chelating S6

2�was also isolated.1738 The Sn(IV) compounds [Sn{Me2NC(NCy)2}2(S4)] and [Sn{Me2NC(NCy)2}2(S6)] exhibit
chelating Sn

2� ligands and are members of a series of guanidinato complexes that have been assessed for use as single-source precur-
sors for Sn and SnS thin films.758 A related derivative is [Sn{Et2NC(NCy)2}{N(SiMe3)2}(S4)].

765 The S4
2� ligand can adopt varying

bridging modes. In [Al2(Nacnac)2(m-O)(m-S4)] (R ¼ Dipp in [Nacnac]�, see Scheme 6), the sulfide is monodentate with respect to
each Al(III) center (Fig. 74C).1739 Fig. 74D and E illustrate additional bridging modes in alkali metal derivatives. Reaction of S8 and
18-crown-6- with KC8 produced [{K(18-crown-6)}2(h4-S4)] (Fig. 74D) in which all S atoms are within a similar distance of the two
Kþ centers; the range of K–S distances is 3.191(8)–3.334(9) Å.1740 [{Rb(18-crown-6)}2(NH3)2(m-NH3)(m3-S4)]n was a by-product
in the reaction of Rb metal, SiS2 and 18-crown-6 in liquid NH3, and assembles into a 1D-coordination polymer; the S4

2� ligands
supports the polymer backbone and also binds the peripheral {Rb(18-crown-6)(NH3)} units (Fig. 74E).1741 The S6

2� ligand inter-
acts with six Kþ centers in [K2(m6-S6)(THF)2]n which forms a 2D-network; the bonding mode is highlighted in Fig. 74F. Increasing
the polysulfide chain length to S9

2� leads to the formation of the 2D-network [K2(m7-S9)(THF)]n, and Fig. 74G displays the bonding
mode of the ligand.1742

1.02.7.1.3 S-Bonded NCS�

In Section 1.02.2.1.4, we surveyed main group metal complexes containing N-bonded NCS� ligands. This ambidentate ligand also
offers a range of compounds in which it is coordinated through the S atom, although s- and p-block metal coordination compounds
in which the SCN� ligand is terminally bound appear to be rare. A related complex is [GaCl3(SCNSiMe3)].

1743 We have already
described [K(18-crown-6)(m-SCN)In(NCS)5]

2� which contains an NCS� ligand which is S-bound to Kþ and N-bound to In(III)
(Fig. 28F).443 This kind of bridging mode is relatively well represented (the NCS� bridge often suffering from crystallographic
disorder), and other examples are [Li(m-SCN)(m-hmpa)]n (a 1D-polymer with alternate pairs of Liþ centers bridged by two
SCN� or two hmpa ligands),1744 [K(18-crown-6)(m-SCN)]n (Fig. 75A),1745 [Mg(m-SCN)2(THF)2]n (a 1D-chain with octahedral
Mg2þ centers bearing trans-THF ligands and connected by pairs of bridging NCS� ligands),1746 [Ca(m-OH2)2(m-SCN)2]n (a 2D-

(A)
(B)

(C)

(D)

(E)

(F)

(G)

Fig. 74 (A) Part of a double chain in [Sb8S14]n2n– (CSD refcode DAYBUB). Structures of (B) [Al2(Nacnac)2(m-S3)2] (refcode FAQCUW) and (C)
[Al2(Nacnac)2(m-O)(m-S4)] (refcode CEYSEG) (both with R ¼ Dipp in [Nacnac]�, see Scheme 6). (D) Structure of [{K(18-crown-6)}2(h4-S4)] (refcode
QOXJOE). (E) Part of the 1D-chain in [{Rb(18-crown-6)}2(NH3)2(m-NH3)(m3-S4)]n (refcode QOZLAT). Bonding modes of (F) the S62� ligand in [K2(m6-
S6)(THF)2]n (refcode JEXCEV) and (G) the S92� ligand in [K2(m7-S9)(THF)]n (refcode JEXCIZ).
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network with {Ca(m-OH2)2}n chains interconnected by bridging SNC� ligands),1747 [Ba(OH2)(NCS)(18-crown-6)(m-SCN)]n
(Fig. 75B, Ba–S ¼ 3.335(1) Å),1748 and [Ba(NCS){HO(CH2O)5H}(m-SCN)]n (with a structure related to that in Fig. 75C, Ba–
S ¼ 3.3307(6) Å).1749 In [Ba{HO(CH2O)3H}(m-SCN)2]n (Fig. 75C), NCS� ligands adopt two different bridging modes, one
through the N-donor and one through both N- and S-donors.1750

Structurally simple complexes of the p-block metals include [Sn(NCS)(m-SCN)]n (a 1D-chain supported by bridging SCN�

ligands, Fig. 75D),1751 and [Bi(THF)(m-SCN)3]n (which forms a 2D-network with adjacent Bi(III) centers bridged by two NCS�

ligands).441

1.02.7.1.4 Heterocyclic ligands
Main group metal coordination compounds with monodentate S-heterocyclic ligands are not extensive and we have restricted the
coverage to the ligands shown in Scheme 22, and the soft nature of sulfur naturally leads to a dominance of heavier p-block metals.
Complexes containing tht are limited to a few p-block metal species, illustrated by the square-planar trans-[SeCl2(tht)2] and trans-
[TeCl2(tht)2],

1752 octahedral trans-[TeX4(tht)2] (X ¼ Cl, Br),1307 and the dimer [Te2Br6(tht)2(m-Br)2].
1307 In reactions of [AuCl(tht)]

with Sn{N(SiMe3)2}2, the tht ligand is transferred from gold to tin resulting in the formation of [Au{SnCl(NR2)2}{Sn(tht)(NR2)2}]
and [Au{Sn(NR2)3}{Sn(tht)(NR2)}] (R ¼ SiMe3).

1753 Searches of the CSD for complexes of the main group metals (post 2000)
that incorporate non-functionalized thiophene ligands generated no hits, but there are a few examples in which a thiophen-2-yl
unit is present. [Na(3-(thiophen-20-yl)phen)(BF4)] forms dimeric units by virtue of bridging BF4

� ligands, and these further asso-
ciate through weak Na/S interactions (Na–S ¼ 3.383(5) Å).1754 Reactions between tris(thiophen-2-yl)methanol (HL) and NaH or
KH in THF produced cubanes [M4L4(THF)2] (M ¼ Na, K) in which each L� ligand coordinates through the O- and three S-
donors.1755

The few examples of p-block metal complexes containing 1,4-dithiane ligands illustrate different bonding modes. The ligand is
ideally suited as a linker in coordination polymers, and this is exemplified in [SnBr4(m-dith)]nwhich contains trans-{SnBr4S2} coor-
dination spheres (Sn–S ¼ 2.6546 (6) Å).1756 1,4-Dithiane binds to Sb(III) in [SbCl2(dith-k

2)]þ; the dith ligand adopts a boat
conformation and coordinates through both S-donors but in an asymmetric manner (Sb–S ¼ 2.694(1) and 3.003(2) Å); additional
1,4-dithiane molecules link the [SbCl2(dith-k

2)]þ units into 1D-chains although the interactions are rather weak (Sb–S ¼ 3.023(2)
Å).1757

(A) (B)

(C) (D)

Fig. 75 Part of the 1D-chains in (A) [K(18-crown-6)(m-SCN)]n (CSD refcode KTHOXD05), (B) [Ba(OH2)(NCS)(18-crown-6)(m-SCN)]n (refcode
GOKKUO, only aqua H atoms are shown), (C) [Ba{HO(CH2O)3H}(m-SCN)2]n (refcode TADQEY), and (D) [Sn(NCS)(m-SCN)]n (refcode WIXLEX).

Scheme 22 Structures of the heterocyclic ligands tetrahydrothiophene (tht), thiophene (thp), 1,4-dithiane (dith) and thianthrene (tth).
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The reaction of tth with AlCl3 in a melt yields tetrahedral [AlCl3(tth)] with one non-coordinated S-donor. Note that oxidation of
tth is a competitive process and a by-product was [tth3][Al2Cl7]2 containing [tth3]

2þ cations.1758

1.02.7.2 Bidentate: [S(CH2)2S]
2L and RS(X)SR

In Section 1.02.7.1.1, we included the coordination of RS(CH2)nSR and 1,2-(MeS)2C6H4, 1,2-(MeSCH2)2C6H4 and 1,2-
(EtSCH2)2C6H4. Although the emphasis was on bridging modes (i.e., monodentate to a given metal center), chelation was also
illustrated (e.g., see Fig. 73B). We now consider bidentate ligands which show a preference for chelating modes.

Coordination to a single metal center by [S(CH2)2S]
2� or RS(CH2)2SR ligands leads to a favorable 5-membered chelate ring.

Structurally simple complexes containing the ethane-1,2-dithiolato ligand, edt2�, are exemplified by [GaCl2(edt)]
� (tetrahe-

dral),1759 [Ga(edt)2]
� (tetrahedral),1759 [Ge(edt)2] (tetrahedral),

1760 [AsX(edt)] (X ¼ Cl, I; trigonal pyramidal),1761 [As2(edt)2(m-
edt)] (trigonal pyramidal),1761 and [SbCl(edt)] (trigonal pyramidal).1762 Complexes containing neutral, chelating RS(CH2)2SR
ligands include cis-[AlI2{MeS(CH2)2SMe}2]

þ (octahedral),1732 trans-[AlCl2{MeS(CH2)2SMe}2]
þ (octahedral),1732 trans-

[InX2{
iPrS(CH2)2S

iPr}2]
þ (X ¼ Cl, Br; octahedral),1763 [GeF4{RS(CH2)2SR}] (R ¼ Me, Et; octahedral),1764 [SnF4{RS(CH2)2SR}]

(R ¼ Et, iPr; octahedral),1764 [As2I4{MeS(CH2)2SMe}2(m-I)2] (octahedral As),
1765 [BiBr3{MeS(CH2)2SMe}2] (CN ¼ 7),1729 [TeX4{-

MeS(CH2)2SMe}] (X ¼ Cl, Br; octahedral Te(IV)),1766 and [TeCl{iPrS(CH2)2S
iPr}]þ (ca. planar Te(II) with a weak Te/Cl contact to

the [Te2Cl9]
� anion).1766 Six-membered chelate rings are observed in the octahedral [SnCl4{PhS(CH2)3SPh}],

1767 and
[TeCl4{MeS(CH2)3SMe}2].
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1.02.7.3 Tridentate

Main group metal coordination compounds incorporating simple tridentate S,S0,S00-ligands are not so well represented, and we
focus on the few complexes of the p-block metals containing the conjugate base of 2,20-thiobis(ethane-1-thiol). [Sn(edt)
{S(CH2CH2S)2}] has a trigonal bipyramidal structure with the {S(CH2CH2S)2} facially-bound.1768 The Sb(II) center in [SbI
{S(CH2CH2S)2}] exhibits a disphenoidal (see-saw) coordination environment with the I� ligand in an axial site.1769 In [Ge
{S(CH2CH2S)2}(1-HN-2-SC6H4)], the Ge(IV) center can be described as 5-coordinate, although it exhibits one long Ge–S contact
to the central S of the tridentate ligand (3.055(1) Å vs 2.214(1) and 2.2154(9) Å).1770

1.02.7.4 Macrocyclic ligands (S only donors)

The sulfur-containing macrocyclic ligands incorporated into coordination compounds of the main group metals and reported since
2000 are shown in Scheme 23. The section is organized by ring size, starting with 1,4,7-trithiacyclononane (9S3) for which triden-
tate (to one metal center) and bridging modes are illustrated. Na[BArF4] was used as a source of ‘naked’ Naþ to prepare
[Na(9S3)(THF)2][BAr

F
4] and [Na(24S8)][BArF4] (see below); severe crystallographic disorder in the [Na(9S3)(THF)2]

þ ionmilitates
against discussion of the bond parameters.1771 In fac-[AsCl3(9S3)], the As(III) center is octahedrally sited.1765 In 2008, Levason,
Reid and coworkers reported the first validated chalcogenoether complexes of Ge(II) and these included [GeCl2(m-9S3)]n
(Fig. 76A); the Ge–S bonds are relatively long (range 2.697(3) to 2.782(3) Å for three independent Ge(II) centers in the crystal struc-
ture).1772 Like 9S3, 10S3 may coordinate in a tridentate mode to a single metal center. This is observed in [Pb(10S3)(OClO3-
k2)2(OH2)] which exhibits a stereochemically active lone pair; however, the perchlorate ions are only weakly bound to Pb(II).1773

Scheme 23 Structures and acronyms of the sulfur-containing macrocyclic ligands discussed in Section 1.02.8.3. Note that another common
method of abbreviation used in the literature is of the form, e.g., [9]aneS3, [10]aneS3, and so on.
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The 12S4 ligand occurs in a bridging mode in [SnBr4(m-12S4)]n (Fig. 76B) and this is one of a series of related Sn(IV)
complexes reported by Levason et al. The compounds [SnBr4(m-14S4)]n and [SnBr4(m-16S4)]n (Fig. 76C) are also 1D-polymers,
but with a trans-arrangement of S-donors.1774 For group 13 metal complexes of stoichiometry MCl3(14S4), a structural change
is observed on going from Al to Ga. [AlCl2(14S4)][AlCl4] contains [AlCl2(14S4)]

þ cations with a tridentate ligand,1732 whereas
[GaCl3(m-14S4)]n is a 1D-coordination polymer with trigonal bipyramidal Ga(III) with S-donors in the axial sites.1775 In contrast,
trans-[GaCl2(16S4)] is a discrete molecular complex (Fig. 76D).1775 Earlier, we described the 1D-coordination polymer [GeCl2(m-
9S3)]n. With 14S4, a 2D-sheet assembles with each 14S4 ligand binding four Ge(II) centers in [Ge2Cl4(m4-14S4)]n. In contrast,
[GeBr2(m-14S4)]n is a 1D-polymer with only two S-donors per macrocycle involved in coordination; chains are interconnected
through weak Ge/Br contacts. A similar structure is found for [GeBr2(m-16S4)]n.

1772 As opposed to the discrete molecular fac-
[AsCl3(9S3)] (see above), 14S4 combines with AsCl3 to give [AsCl2(m-Cl)(m-14S4)]n; this is a 2D-network containing octahedrally
sited As(III).1765 Note that while AsCl3 and 14S4 give a 1:1 adduct even in the presence of an excess of AsCl3, SbX3 and 14S4
combine to give a 2:1 species exclusively. In [Sb2Br4(m-Br)2(m-14S4)]n, the macrocyclic ligand coordinates through all four S-
donors (Fig. 76E) and a 3D-network results; however, note that one Sb–Br contact is weak (3.497(2) Å compared to 2.535(2),
2.548(2) and 2.609(2) Å).1776 In Section 1.02.7.1.4, we described the structure of [TeX4(tht)2] (X ¼ Cl, Br). Hector et al. also
investigated reactions of TeX4 with [14]aneS4. Although this typically yielded mixed products as insoluble solids, it was possible
to isolate the 1D-polymer [TeCl4(m-14S4)]n which exhibits octahedral Te(IV) with a cis-arrangement of S-donors.1307

The macrocycle 18S6 is the S-analog of 18-crown-6, the coordination chemistry of which was described in numerous sections in
this review (see Section 1.02.6.5). Germanium(II) forms the complex [GeCl(18-crown-6)]þ in which the GeClþ unit is bound by
four of the six S-donors.1777 Reid and coworkers have investigated the effects of replacing some or all of the O- by S-donors.1778

Relevant to this section is the reaction of [GeCl2(diox)] with 18S6 which yields the 1D-polymer [GeCl2(m-18S6)]n with a structure
similar to that of [GeCl2(m-9S3)] (Fig. 76A).

1778

The preparation of [Na(24S8)][BArF4] was mentioned above; the conformational flexibility of the ligand allows it to encapsulate
the Naþ ion as shown in Fig. 76F with Na–S bond distances in the range 2.9561(15)–3.0524(15) Å.1771

1.02.8 Selenium-donor ligands

1.02.8.1 Monodentate and bidentate ligands

1.02.8.1.1 R2Se
On going from S- to Se-donor ligands, the number of structurally characterized main group metal complexes is significantly
reduced. In keeping with hard–soft metal–ligand principles, complexes of the heavier p-block elements are dominant.

Mishra et al. investigated Me2Se coordination compounds of gallium and indium halides as potential precursors for Se-
containing semiconducting materials. As part of this study, tetrahedral [GaI3(SeMe2)], trigonal bipyramidal [InI3(SeMe2)2], fac-
[InCl3(OH2)2(SeMe2)], [In2Cl4(SeMe2)4(m-Cl)2] (Fig. 77A) were isolated and structurally characterized.1779 Related compounds
are tetrahedral [AlCl3(SeMe2)],

1732 [GaCl3(SeMe2)] (Fig. 77B),
1730 and [InBr3(SeMe2)].

1763 trans-[SnCl4(SeEt2)2] is representative
of complexes of the group 14 metals.1780 Coordination of R2Se to the heavier group 16 congener Te is illustrated by trans-[TeCl4(-
SeMe2)2] and trans-[TeBr4(SeMe2)2].

1307

As we saw for RS(X)SR ligands, a number of RSe(X)SeR ligands are found in bridging modes and are monodentate with respect
to a single metal center. This bonding mode is illustrated in the solid-state structure of the Ga(III) complex [(GaCl3)2{m-

tBu-
Se(CH2)2Se

tBu}],1730and in the Tl(I) compound [Tl{m-MeSe(CH2)3SeMe}][PF6] which contains 1D-[Tl{m-

(A) (C)

(D)

(E)
(F)

(B)

Fig. 76 Part of the 1D-chains in (A) [GeCl2(9S3)]n (CSD refcode QOMBAW), (B) [SnBr4(m-12S4)]n (refcode AQARAL), (C) [SnBr4(m-16S4)]n
(refcode AQARIT). (D) The structure of trans-[GaCl2(16S4)]þ (refcode CAXJOC). (E) Coordination of 14S4 in [Sb2Br4(m-Br)2(m-14S4)]n which extend
into a 3D-network (refcode QOFLUS). (F) Structure of the [Na(24S8)]þ ion (refcode JUCGOF).
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MeSe(CH2)3SeMe}]n
nþ chains. Shortening the spacer in this last ligand results in a switch to a 3D-network, with each Tl(I) center

bound by four Se atoms from different MeSe(CH2)2SeMe ligands; the coordination geometry is distorted tetrahedral with Tl–Se
bond lengths in the range 3.2769(8)–3.5058(8) Å. These two compounds represented the first thallium(I) selenoether
complexes.1781

[(SbCl3)2{m-MeSe(CH2)3SeMe}2] contains dimeric units which associate into 1D-chains through weak Sb/Cl interactions (Sb–
Cl ¼ 3.236(3) Å). In the bromido-analog, the MeSe(CH2)3SeMe ligands are again in a bridging mode but a 2D-sheet assembles
with each {SbBr3Se3} having a fac-arrangement of ligands.1782 Moving down the group to Bi(III) leads to the formation of
[BiCl3{m-MeSe(CH2)3SeMe}]nwith a 2D-network based on {Bi2Cl4(m-Cl)2} subunits linked by bridging MeSe(CH2)3SeMe ligands,
and [BiBr3{m-MeSe(CH2)3SeMe}]n has a similar solid-state structure.1729 Levason et al. also reported a compound of stoichiometry
[(BiCl3)4{1,2-(MeSe)2C6H4}3], the solid-state structure of which contains two tetrabismuth(III) units in the asymmetric unit. One
consists of the molecular [Bi4(Cl6)(m-Cl6){m-1,2-(MeSe)2C6H4}3] motif shown in Fig. 77C, while the second can be considered in
terms of these same units linked by Bi/Cl interactions into an infinite polymer.1731

1.02.8.1.2 Heterocyclics
1,5-Diselenacyclooctane (8Se2) and selenanthrene (seth, the Se-analog of tth, Scheme 22) act as monodentate, bridging, and biden-
tate ligands in the following examples. The first examples of Ge(II) complexes of selenoether ligands were reported in 2011 by Leva-
son, Reid and coworkers. These included [GeCl2(m-8Se2)]n which has a 1D-polymeric structure with bridging 8Se2 ligands, each in
a boat-conformation; each Ge(II) center is in a disphenoidal (see-saw) environment with S-donors in the axial sites.1778 Whereas
[Sb2Cl4(m-Cl)2(8Se2)2] is a discrete dimer in the solid state with monodentate 8Se2 ligands (Fig. 77D), an As(III) complex with the
same stoichiometry forms a 1D ladder-like coordination polymer supported by bridging 8Se2 ligands (Fig. 77E). The molecules of
[Sb2Cl4(m-Cl)2(8Se2)2] associate through weak Se/Sb contacts into infinite chains. In both compounds, 8Se2 adopts a boat
conformation.1783 On going to Bi(III), the ladder polymer is again observed in [Bi2Cl4(m-Cl)2(8Se2)2]n.

1784

The reaction of selenanthrene with neat AlCl3 in 3:7 molar ratio yielded [Al(seth)3][Al2Cl7]3 which contains the octahedral
[Al(seth)3]

3þ cation (Fig. 77F) with chelating ligands (Al–Se bond lengths are in the range 2.588(2)–2.598(2) Å).1758

1.02.8.1.3 RSe(X)SeR
In Section 1.02.8.1.1, we considered compounds in which RSe(X)SeR ligands were in bridging modes, acting as monodentate
ligands to each metal center. Now we examine RSe(X)SeR ligands in chelating modes. As part of a wider investigation of chalcogeno
ether complexes of Al(III) halides, George et al. reported trans-[AlCl2{MeSe(CH2)2SeMe}2] (Al–Se ¼ 2.5950(13), and 2.6232(13)
Å).1732 [SnCl4(

nBuSe(CH2)2Se
nBu)] has a discrete molecular structure containing octahedral tin(IV), and was used as a precursor for

CVD deposition of SnSe2 thin films.1785 Complexes of the soft, heavy group 15 metals are represented by the dimer [In2Cl4(m-
Cl)2{MeSe(CH2)2SeMe}2] and the octahedral complex trans-[InBr2{MeSe(CH2)2SeMe}2].

1763 In [BiCl3{1,2-(MeSe)2C6H4}],
Bi(III) is in a square-based pyramidal environment and the chelating 1,2-(MeSe)2C6H4 ligand occupies basal sites. However, the
Bi–Se bonds are long (3.1376(13) Å) and are described as being weak interactions; weak Bi/Cl contacts link the molecules into
chains.1731

(A) (B)

(C)

(D)

(E)

(F)

Fig. 77 Structures of (A) [In2Cl4(SeMe2)4(m-Cl)2] (CSD refcode BUPTEM), and (B) [GaCl3(SeMe2)] (refcode XOHNUH). (C) The [Bi4(Cl6)(m-Cl6){m-
1,2-(MeSe)2C6H4}3] molecule is one motif found in [(BiCl3)4{1,2-(MeSe)2C6H4}3] (refcode WAMCAQ). (D) Structure of [Sb2Cl4(m-Cl)2(8Se2)2] (refcode
EWIWAI). (E) Part of the 1D-polymer [As2Cl4(m-Cl)2(8Se2)2]n (refcode EWIVUB). (F) Structure of the [Al(seth)3]3þ cation (refcode NEFREX).
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1.02.8.2 Tridentate ligands

There are a few examples of group 15 metal complexes containing 1,1,1-tris(methylselenomethyl)ethane (tripodSe3, Fig. 78). A
combination of tripodSe3 and SbBr3 leads to a 1D-coordination polymer; Sb(III) is in an octahedral site and each tripodSe3 ligand
is in a bridging mode as shown in Fig. 78A.1776 Reactions of BiX3 (X ¼ Cl or I) with tripod Se3 give rise to products which, in the
solid state, are not isostructural. [Bi2I4(m-I)2(tripodSe3-k

2)2] is a discrete dimer (Fig. 78B) with one Se-atom non-coordinated; the
chelate ring exhibits Bi–Se bond lengths of 2.96(1) and 3.19(1) Å. In contrast, the chlorido analog contains 7-coordinate Bi(III) and
the tripodal ligand chelates to one Bi(III) and is monodentate to an adjacent Bi(III). The structure propagates into a 2D-sheet, part of
which is shown in Fig. 78C.1729 It is interesting to note that although there are examples of tripodSe3 acting as a typical tripodal
ligand to several d-block metal ions (e.g., in [Ru(tripodSe3)2]

2þ),1786 there are no such examples featuring main group metals in
the CSD.

1.02.8.3 Macrocyclic ligands (Se only donors)

In comparison to the sulfur-containing macrocyclic ligands shown in Scheme 23, those containing selenium and found in struc-
turally characterized p-block metal coordination compounds reported since 2000 are restricted to 16Se4 and 24Se6 (Scheme
24). The smaller 8Se2 was included in Section 1.02.8.1.2 as a heterocyclic ligand.

(A) (B) (C)

Fig. 78 Inset: The structure of the tripodal ligand tripodSe3. (A) Part of the 1D-chain in [SbBr3(m-tripodSe3)]n (refcode QOFLOM). (B) Structure of
[Bi2I4(m-I)2(tripodSe3-k2)2] (CSD refcode KIGGUC). (C) Part of the 2D-network in [BiCl2(m-Cl)(m-tripodSe3)]n (refcode KIGGIQ).

Scheme 24 Selenium-macrocyclic ligands.

(A) (B)

(C)

(D)

(E)

Fig. 79 (A) Part of the 2D-sheet in [(GeCl2)2(16Se4)]n (CSD refcode ILIHUH). (B) Part of the 1D-chain in [GeBr2(16Se4)]n (refcode ILIJAP). (C) The
molecular structure of [(AsCl3)4(24Se6)] (refcode QUTLIA). (D) Building block in the 3D-network of [(AsBr3)2(m4-16Se4)]n (refcode MIYZAV). (E) Part
of the 1D-ladder in [Bi2Br4(m-Cl)2(16Se4)2]n (refcode MEMSIG).
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The reactions of GaCl3 or InCl3 with 16Se4 yield [MCl2(16Se4)][MCl4] (M ¼ Ga, In) in which the cations display trans-octahe-
dral coordination spheres.1775 In contrast to Ga(III), Ge(II) shows a preference for exocyclic-coordination with the formation of
[(GeCl2)2(16Se4)]n, [GeBr2(16Se4)]n and [(GeI2)2(16Se4)]n. While the chlorido and iodido derivatives have similar 2D-
networks (Fig. 79A), the bromido complex assembles into a 1D-chain (Fig. 79B). Note that [(GeI2)2(16Se4)]n co-crystallizes
with GeI4 and is only a minor product of the reaction of GeI2 with 16Se4 in anhydrous MeCN.1778

The first macrocyclic selenoether complex of As(III), [(AsCl3)4(24Se6)], was described in 2001 by Barton et al. The complex has
a discrete molecular structure featuring both endo- and exocyclic bonding modes (Fig. 79C).1787 The structures of [(AsCl3)2(m4-
16Se4)]n and [(AsBr3)2(m4-16Se4)]n comprise similar 3D-networks based on weakly associated {As2X4(m-X)2} dimers which are
interconnected by 16Se4 molecules. Fig. 79D depicts the building block in [(AsBr3)2(m4-16Se4)]n focusing on the coordination
environment of the macrocycle.1765 Fig. 77D illustrated the ladder-like structure of [As2Cl4(m-Cl)2(8Se2)2]n. A similar structure
is observed for [Bi2Br4(m-Br)2(16Se4)2]n (Fig. 79E), and attempts to utilize the non-coordinated Se donors by treatment with
BiBr3 in MeCN solution were unsuccessful.1784 Reid and coworkers have reported [BiX3(24Se6)], but no structural data appear
to be available.1784
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Abstract

Multiple bond compounds between heavier main group elements should be of great interest, especially due to their unique
structures arising from their weak p bonds and the resulting reactivity towards small organic compounds. In order to
accommodate the weak p-bond energies of these multiple bonds of heavier main group elements, the bonding situation
should be substantially perturbed, i.e., the second order Jahn-Teller effect, which results in unique physical and chemical
properties. This update describes the recent outcomes on the synthesis of multiple bond compounds between heavier main
group elements published between 2013 and 2021. Those before 2013 have been published in the previous contributions in
Comprehensive Inorganic Chemistry II, Ed. Jan Reedijk and Kenneth Poeppelmeier, Elsevier B.V., 2013 (ISBN: 978-0-08-
096529-1).

1.03.1 Introduction

Since silicon represents the next homologue to carbon in the periodic table, the question about the analogy between carbon and
silicon has been thought for a long time. Many chemists have studied the chemical similarities and differences between them,
because “carbon” is a central element in organic chemistry, and “silicon” is a representative main group element in inorganic chem-
istry. Low-coordinate species of the second-row main group elements, such as olefins (>C]C<), carbonyl compounds (>C]O),
imines (>C]Ne), aromatic compounds (e.g., benzene, naphthalene), azo compounds (eN]Ne), carbenes (>C:), etc. play very
important roles in organic chemistry. Conversely, the chemistry of heavier elements homologues of these low-coordinate species
has been undeveloped so far most probably due to their extremely high reactivity and inherent instability under ambient condi-
tions, while these unsaturated compounds have been postulated in many reactions as reactive intermediates. Prior to the 1970s,
all attempts at synthesizing the low-coordinate species of elements of the third period and downward (namely, heavier main group
elements) proved unsuccessful, leading to the formation of cyclic oligomers or polymers containing only single covalent bonds even
under the conditions without any oxygen and water.1 Therefore, it became believed that “elements having a principal quantum
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number greater than two should not be able to form a p-bond, i.e., so called “double bond rule”.2 It should be most likely inter-
preted in terms of the poor overlap of p orbitals, due to either large distance between the two bonding atoms or poor size match
(e.g., SieC bond), precluding favorable bonding interactions. However, this rule came to be doubted during the 1970s with the
reports on the preparations of such low-coordinate compounds of heavier main group elements in the gas phase and the trapping
reactions of them at low temperature. Then, the first distannene (Sn]Sn, 1976),3 phosphaalkene (P]C, 1978),4 diphosphene (P]
P, 1981),5 silene (Si]C, 1981),6 and disilene (Si]Si, in 1981)7 were successfully synthesized as stable compounds by utilizing
sterically demanding substituents, disproving the “double bond rule” (Chart 1). These compounds are significant landmarks in
the chemistry of kinetically stabilized low-coordinate compounds of heavier main group elements. Since then, several numbers
of isolable low-coordinate compounds of heavier main group elements have been reported and their chemical and physical prop-
erties have been investigated in detail.8

For the stabilization of highly reactive compounds such as low-coordinate compounds of heavier main group elements, two
established methodologies are well known, i.e., thermodynamic and kinetic stabilization. The former is defined as stabilization
of the ground state by the resonance effect of neighboring heteroatoms, that is, introduction of an electron-donating or -with-
drawing substituents, and/or intermolecular complexation with donor molecules and/or Lewis acids such as transition metals.
The latter is stabilization resulting from raising the transition state by taking advantage of steric protection using bulky groups,
which suppress self-oligomerization and side-reactions with other molecules. Kinetic stabilization is superior to thermodynamic
stabilization from viewpoint of investigation into the intrinsic bonding nature, since the thermodynamic stabilization perturbs
the intrinsic nature of the species to a greater extent than the kinetic stabilization. Since several review articles are now available
on the chemistry of low-coordinate heavier main group elements, which are kinetically and thermodynamically stabilized,8–10

the contents in this section will be restricted to deal with the synthesis and properties of multiple-bond compounds of heavier group
14, 15 and 16 elements, i.e., unsaturated compounds such as cationic species (R3Si

þ, R2P
þ, etc.), tetrylene (>Si: etc.), pnictinidene

(eP: etc.), and those thermodynamically stabilized with intra- and inter donor coordination are not included. In addition, this
update describes only the recent outcomes on the synthesis of multiple bond compounds between heavier main group elements
published between 2013 and 2021, because those before 2013 have been published in the previous contributions in Comprehen-
sive Inorganic Chemistry II, Ed. Jan Reedijk and Kenneth Poeppelmeier, Elsevier B.V., 2013 (ISBN: 978-0-08-096529-1).

1.03.2 Theoretical aspects

Since several p-bonding systems of heavier main group elements have been created by utilizing kinetic stabilization, their structural
characters have been thoroughly investigated based on the experimental and theoretical insights.8–10 For example, although H2C]
CH2 is known to exhibit a planar structure around the C]C p-bonding (D2h), the planar structures of the heavier analogues,
H2E ¼ EH2 (E]Si, Ge, Sn, Pb), are unexpectedly not an energy minimum but a transition state in contrast to the carbon case.
The minimum structures of H2E ¼ EH2 were computed as trans-bent structure (C2h) (Fig. 1).

11 Actually, most of the isolated double
bond compounds between heavier group 14 elements, R2E ¼ ER2 (diterpenes), were found to exhibit trans-pyramidalized (trans-
bent) structures as well as the first isolated disilene, Mes2Si]SiMes2.

7 The intrinsic nature of a diterpene having a trans-bent structure
can be interpreted in either (i) double donor-acceptor bonds based on the valence bond theory, or (ii) a pseudo (2nd-order) Jahn-
Teller effect with mixing of s* orbital with the p orbital.11,12

In Fig. 2 are shown the radii of the valence atomic orbitals (maximal electron-density) and the corresponding orbital levels,
which are calculated for group 14 and 15 elements.13 It should be noted that the valence ns and np atomic orbitals show great differ-
ence in their sizes for the heavier atoms (Si, Ge, Sn, Pb), though the size of the 2s atomic orbital of carbon is almost equal to that of
the 2p atomic orbitals due to the absence of inner-shell p electrons. The tendency of the size of ns and np orbitals can be applied not
only to group 14 elements but also to other groups. The size-difference between the ns and np orbitals increases on going down the
row in the periodic table. Thus, the heavier atoms have a lower tendency to form s-p hybrid orbitals with high p character and they
prefer to preserve the valence s electrons as core-like electrons with keeping their original ns-np valence electronic configuration, on
the contrary to the case of 2nd row elements. The core-like characters of the valence s electrons cause the inert lone pair in heavier
elements. Conversely, the second-row elements such as carbon prefer to promote one of two valence 2s electrons into the vacant 2p
orbital to form s-p hybrid orbitals. The mixing of the 2s and 2p orbitals, which exhibit almost the same size, can yield the s-p hybrid
orbital as spreading in the direction of bonding (Fig. 3). Thus, the orbital overlapping should be greater in the use of the hybridized

Chart 1 The first double-bond compounds of heavier main group elements.
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C C Ge Ge
heavier element analogues

Si Si

: substituent

trans-pyramidalized geometry (C2h)planar geometry (D2h)

Fig. 1 Heavier analogues of an alkene.

(A)

(B)

Fig. 2 (A) Sizes and (B) energy levels of valence ns and np orbitals for group 14 and 15 elements.

Fig. 3 Mixing of s and p orbitals.
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orbitals to form strong bonds. Accordingly, the resulting gain of the bonding energy can sufficiently compensate the loss of energy
for the electron promotion from 2s orbital to 2p orbital.

For the bonding situation of the p bond in heavier diterpenes (H2E]EH2, Si Ge, Sn, Pb), the orbital interactions between the
H2E: units should be considered on the basis of the valence bond theory.8 Because the heavier group 14 elements prefer to retain
their ns2np2 valence electronic configuration as described above, the ground state of the tetrylene unit (H2E:) should be singlet with
the s-charactered lone pair, in contrast to a carbene (H2C:), which exhibits triplet ground state. Indeed, the singlet-triplet energy
difference (DEST) of the tetrylene (H2E:) increases DEST ¼ 16.7 (H2Si:), 21.8 (H2Ge:), 24.8 (H2Sn:), and 34.8 (H2Pb:) kcal/mol,
though that of H2C: is estimated as�14.0 kcal/mol.14 Because of the intrinsic nature of tetrylenes, the relative stability of the singlet
species of R2E: (E]C, Si, Ge, Sn, Pb; R ¼ alkyl or aryl) as compared with the corresponding dimer, R2E]ER2, are estimated to
increase as the element row descends, C < Si < Ge < Sn < Pb. Accordingly, one can expect that a divalent organolead compound
(plumbylene) may be isolable as a stable compound. Because there have been huge numbers of stable stannylenes and plumbylene
with heteroatom substituents, tetrylenes and those thermodynamically stabilized with intra- and inter donor coordination are not
included in this review in the following sections.10 However, tetrylenes without any electronic and steric stabilization effect were
known to be thermally unstable to undergo facile disproportionation. Thus, it should be difficult to isolate tetrylenes as stable
compounds under ambient conditions, since tetrylenes generally exhibit extremely high reactivity due to their considerable electro-
philicity. Tetrylenes have the singlet ground state with a vacant p-orbital and an s-character lone pair as valence orbitals. The
extremely highly reactivity of tetrylenes should be due to their vacant p-orbitals, since their 6 valence electrons are less than 8 elec-
trons from the viewpoint of octet rule and the lone pair of the tetrylenes should be inert due to its high s-character. In order to stabi-
lize such tetrylenes enough to be isolated as stable compounds, thermodynamic and/or kinetic stabilization should be afforded
towards the reactive vacant p-orbital. Thus, several numbers of “isolable” tetrylenes have been synthesized by using the thermody-
namic stabilization of heteroatoms such as N, O, and P, etc., and/or the kinetic stabilization utilizing bulky substituents (Fig. 4).10

Thus, the number of the valence electrons should be very important to know the property of the low-coordinate species of main
group elements.

Carbon substituents on a tetrylene should affect less electronic perturbation as compared with the heteroatom substituents such
as N, O, and P, which can stabilize the vacant p-orbital of a tetrylene (Fig. 4). The intrinsic nature of tetrylenes should be obscured in
the cases of heteroatom-substituted tetrylenes due to the electronic effects of the heteroatom substituents, i.e., intramolecular coor-
dination of the heteroatom, and hapticity of the ligands. Thus, sterically demanding carbon-substituents on a tetrylene should be
effective to suppress the electronic perturbation towards its vacant p-orbital from intra- and intermolecular coordination. That is the
reason why some carbon substituted tetrylenes have been isolated with sterically demanding substituents, and they exhibit high
reactivity due to their vacant p orbitals even though they would be kinetically stabilized. When the steric hindrance of the
carbon-substituted tetrylene is insufficient, the tetrylene (R2E:) would undergo self-dimerization or oligomerization leading to
the formation of the corresponding dimer, i.e., double-bond compounds (R2E]ER2), oligomer, or polymer. Thus, the bonding
situation of a double-bond between heavier group 14 elements can be interpreted in terms of a dimer of a tetrylenes.8,9

It can be concluded that, in the case of heavier group 14 elements, a tetrylene exhibits singlet ground state with ns2np2 config-
uration, and has a vacant p-orbital and s-character lone pair. Because a tetrylene is highly reactive towards self-oligomerization and/
or electrophilic reactions due to its vacant p-orbital, it can be isolated as a monomeric form only when sterically demanding or
heteroatom substituent would be introduced on the tetrylene center. When it has only small substituents, it should undergo facile
oligomerization giving the corresponding oligomer/polymer. On the other hand, a tetrylene with “moderately” bulky substituent,
which would sufficiently suppress the facile oligomerization, but insufficient to keep its monomeric form, should undergo dimer-
ization to give the corresponding double bond compound, a diterpene, as a dimer of tetrylenes (Fig. 5).

Fig. 4 Thermodynamic and kinetic stabilization for tetrylenes (R2E:, E]Si, Ge, Sn, Pb).
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On the consideration of above-mentioned feature of a tetrylene, one can see severe repulsion between the closed-shell orbitals of
two H2E: units would prevent dimerization leading to the formation of a deterrence, H2E]EH2, in the planar form as shown in
Fig. 6. Accordingly, two H2E: units can form a double bond not only elongated to avoid the repulsion but also in trans-pyramidal-
ized configuration, where each H2E: unit donates a lone pair of electrons to an empty p orbital of the other to form double donor-
acceptor bonds as shown in Fig. 6.

In addition, much heavier elements of Sn and Pb atoms are very reluctant to form a distinct double-bond, H2Sn]SnH2 and
H2Pb]PbH2, and the bridged dimer of H2E: and 1,2-H-shifted isomer, HEeEH3, are the more stable isomers (Fig. 7),14 since at
least one atom in these isomers can maintain ns2np2 valence electronic configuration as divalent species without hybridization
of orbitals leading to the formation of tetravalent species. Thus, two tetrylenes (H2E:) can form a double bond as a trans-pyrami-
dalized geometry based on (i) valence bond theory. According to the bending from the planar geometry (D2h) to the trans-pyrami-
dalized geometry (C2h), the occupied p (bu) orbital is mixing with the vacant s* (bu) to form stabilized slipped-p orbital (bu) from
the viewpoint of (ii) a pseudo Jahn-Teller effect (Fig. 8).12

As in the case of double-bond compounds of heavier group 14 elements, a triple-bond compound of heavier group 14
elements, a ditetryne (HE^EH), exhibits the trans-bent structure (D2h) in contrast to an alkyne, which has an undistorted linear
geometry (DNh).

9,15 Their trans-bent structures can be explained by consideration of the bonding interaction between the HE
components as well. In all cases of group 14 elements (C, Si, Ge, Sn, Pb), HC and HE exhibit doublet ground states, and their
lowest excited states should be quartet.16 However, those of the heavier element cases, HE (E]Si, Ge, Sn, Pb), are much larger
than that of HC. Thus, CH can exhibit its excited quartet state with small promotion energy to form one s-bond and two p bonds
between the two HC units in linear geometry of HC^CH (Fig. 6B), where the gain of triple-bond energies can compensate suffi-
ciently the loss of promotion energy.15,16 Conversely, two HE units prefer to retain their original electron configurations as doublet
states as forming a triple bond, since the large promotion energies cannot be compensated by forming weak (sþ2p) bonds. Thus,
the coupling of doublet HE units could occur as shown in Fig. 4B to form the HE^EH triple bond with two donor-acceptor bonds
and one p bond. From viewpoint of a pseudo Jahn-Teller effect, the trans-bent structure can also be explained by p-s* mixing as in
the case of diterpenes (Fig. 9).15 The linear structure of HE^EH has occupied valence orbitals of one s (sg) and two p orbitals
(pu). According to the trans-bending of HE^EH, one of the p orbitals, in-plane pin orbital, can be mixing with the low-lying s*
(su) orbital due to the same symmetry to form slipped pin þ s* orbital (bu). The orbital stabilization due to the mixing of p and

Fig. 5 Fate of a tetrylene (R2E:, E]Si, Ge, Sn. Pb) depending on the substituents.

(A)

(B)

Fig. 6 Interaction between (A) H2E moieties in H2E]EH2 and (B) HE moieties in HE^EH.
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s* orbitals via the trans-bending in HE^EH should be much effective relative to those in H2E]EH2, because the pines* energy
difference in HE^EH should be much smaller than that in H2E]EH2.

The p-bonding situation in heavier group 15 elements is very different from that in heavier group 14 elements.8,9b,d When
thinking about the bonding situation, it is important to consider the number of valence p electrons. Pnictogen atoms (group 15
elements) have the ns2np3 electron configuration, i.e., have one more valence p electron than group 14 atoms (ns2np2 electron
configuration). On the consideration of the ns2np3 electron configuration of pnictogens, the monovalent heavier group 15 element
species, a pnictinidene (eP: etc.), should has a triplet ground state (Fig. 10). Accordingly, one can understand that it is very difficult
to isolate monovalent species of group 15 elements, pnictididenes, as stable compounds because of their triplet ground states with
very reactive half-occupied p-orbitals, as compared with the cases of divalent species of heavier group 14 elements, tetrylenes.
Instead of the high reactivity/instability of the monovalent species, a dimer of a pnictinidene, a dipnictene, can form a clear double
bond without s-p orbital hybridization with the orthogonal np atomic orbitals as shown in Fig. 10. Indeed, it was found that the
RePn]Pn angles should be approaching 90 degrees upon descending the elemental row fromN to Bi, because the heavier elements
reluctant to form s-p hybrid orbitals as described above.8,9b,d,13

As well, chalcogen atoms with ns2np4 electron configuration can also form a clear double bond with group 14 elements as
heavier elements analogues of carbonyl compounds (>E]Ch),9c because chalcogens can form two chemical bonds with the
orthogonal np atomic orbitals ns2np4 electron configuration. Difficulty in the isolation of such heavier analogues of carbonyl

Fig. 7 Isomers of H2E]EH2 (E ¼ group 14 elements).

Fig. 8 Pseudo (2nd-order) Jahn-Teller effect with mixing of s* orbital with the p orbital of H2E]EH2 upon trans-pyramidalization.

Low-coordinate compounds of heavier group 14–16 elements 123



compounds should be the thermal stability. That is, since no further substituent can be introduced on the doubly bonded chalcogen
atom, the heavier analogues of a carbonyl compound would undergo facile oligomerization due to the lack of kinetic stability.
Conversely, chalcogen cation (Chþ) can form a double bond bearing substituents, RChþ]ChþR as well as a dipnictene despite
the cationic charge repulsion, because its electron configuration is same as a pnictogen, ns2np3.

Thus, it can be concluded that, when the bonding situation of heavier main group elements would be considered, it should be
very important to understand two key points: (i) heavier elements are reluctant to form s-p hybrid orbital, and the large promotion

*
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E E E E
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trans-bent

(ag)

(bu)

(bg)

(bu)

D∞h C2h

out (au)

in+ *
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Fig. 9 Pseudo (2nd-order) Jahn-Teller effect with mixing of s* orbital with the p orbital of HE^EH upon trans-bending.

Fig. 10 Electronic structure of a dipnictene (HE]EH, E]P, As, Sb, Bi).
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energy should be required on forming an s-p hybrid orbital, and (ii) the bond formation situation should depend on the number of
valence p electrons.

1.03.3 Low-coordinate compounds of heavier group 14 elements

1.03.3.1 Introduction

The field of low-coordinate derivatives is one of the mainstreams of the contemporary chemistry of heavy tetrels (tetrel ¼ element of
the group 14). Likewise, within the realm of the low-coordinate compounds of the heavy group 14 elements, the field of the
multiply bonded derivatives is arguably among the most popular topics of interest. Accordingly, the literature covering this field
is vast with an uncountable number of examples of such unsaturated compounds reported to date. However, since the last edition
of the Comprehensive Inorganic Chemistry, which included our contribution on the multiply bonded derivatives of the group 14
elements, was published in 2013,17 in this chapter the literature coverage will start from 2013. We will limit our discussion to
the range of compounds featuring double and triple bonds involving the heavy group 14 elements, whereas aromatic derivatives
representing special and independent class of the unsaturated organometallics will be outside the framework of this chapter.

Moreover, numerous compounds in which the low-coordinate tetrel centers are intramolecularly (by n-donor substituents, most
frequently, by N-groups) or intermolecularly (by the external donor ligands, typically, by NHC) coordinated and supported, were
reported. However, in such compounds electronic support and accordingly thermodynamic stabilization occurs at the expense of
the intrinsic nature of unsaturation, often to such a great extent that the electronic perturbation caused by the electron donation
almost completely nullify the low-coordinate nature of the compounds in question. It is very problematic and highly risky to clas-
sify such compounds as truly low-coordinate species, although some authors still claim them as “doubly bonded”, “triply bonded”,
etc., even though in many cases they are best described as the “singly bonded” species. In our chapter, such intramolecularly coor-
dinated derivatives, in which the very presence of themultiple bond is somewhat doubtful, will be excluded from our consideration.
As the only exception, intermolecularly coordinated (typically, by NHC) compounds, which cannot be otherwise stabilized to be
isolated, will be discussed in our chapter. They include vinylidene derivatives >E]E(NHC): and compounds of the type:
E0(NHC)]E0(NHC): (E]Si, Ge, Sn), both classes being ultimately stabilized by the strong NHC-coordination. Considering
each class of unsaturated compounds, we will start discussion with the brief mentioning of the historically important first stable
representatives and will then consider other examples published since 2013. For more comprehensive reading on the multiple
bonds to the heavy group 14 elements, we address readers to one of our previous overviews.18

1.03.3.2 Doubly bonded derivatives

1.03.3.2.1 Alkene analogues
1.03.3.2.1.1 Homonuclear derivatives, E]E (E]Si, Ge, Sn, Pb)
1.03.3.2.1.1.1 Disilenes >Si]Si<
Although disilenes were not the first reported stable heavy group 14 element alkene analogues (the first were distannenes, vide infra),
they are undoubtedly most popular, and accordingly the number of publications on isolable disilenes is by far exceeding those of
any other class of alkene analogues of the heavy tetrels. The very first, historically most important, isolable disilene Mes2Si]SiMes2
(Mes]2,4,6eMe3eC6H2), was reported by West and coworkers in 1981.7 Since then, an overwhelming number of other stable dis-
ilenes was reported in the literature, however as mentioned in the Introduction, in this overview we will briefly discuss only papers
published in or after 2013. Disilenes, as well as other heavy tetrel analogues, are characterized by the following most important
spectral and structural parameters: (a) 29Si NMR chemical shift of the doubly bonded Si atoms, d(29Si) (in ppm) (typically,
low-field shifted), (b) length of the Si]Si bond, rSiSi (in Å) (typically, short), (c) geometry of the substituents at the Si]Si
bond defined by either bent angle q (in �) or by the sum of the bond angles around the sp2-Si atoms, S (in �); (d) twisting of
the Si]Si bond, s (in �) (typically, Si]Si bond is planar (non-twisted)) (Chart 2). Accordingly, below for the disilenes in question
we will discuss their structures based on these parameters.

Although many groups are actively involved in disilene chemistry, one of the major players in the field is the research group of
Iwamoto who made an important contribution within the last decade. Thus, a range of disilenes was synthesized by the function-
alization disilenide potassium derivatives with organic or heteroatom halides. In such way, “push-pull” disilene NeSi]SieB
featuring both donating (amino) and accepting (boryl) groups was prepared exhibiting the characteristics typical for disilenes:
(1) d(29Si) ¼ 142.4 (N-sp2-Si) and �33.0 (B-sp2-Si) ppm; (2) rSi]Si ¼ 2.2146(6) Å; (3) S ¼ 358.1/359.7� (planar geometry around

Chart 2 Bent angles of a disilene.
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the sp2-Si atoms).19 The structural and computational studies revealed an important contribution of theNþ ¼ SieSi]B� resonance
form caused by the electronic directions of substituents. A series of heteroaryl(thienyl)- and aryl(anthracenyl, acridinyl)-disilenes
was also prepared from the potassium disilenide.20 All of them uniformly displayed deshielded Si nuclei [d ¼ 44.2–141.5 ppm],
short Si]Si bonds [rSi]Si ¼ 2.1669(5)–2.1846(5) Å], and trans-bent geometry [q ¼ 11.9–26.0�]. Interestingly, such disilenes
showed absorption bands with contribution of intramolecular charge transfer (ICT), p(Si]Si)e p*(aryl). Applying this synthetic
approach, Iwamoto and coworkers synthesized disilenes featuring endocyclic Si]Si bonds functionalized at the sp2-Si atoms by
aryl and silyl substituents.21 Spectral and structural features of these disilenes were similar to those of acyclic disilenes: low-field
shifted resonances of the sp2-Si nuclei [d ¼ 74.9–134.2 ppm], short Si]Si bonds [rSi]Si ¼ 2.1525(7)–2.1915(5) Å], and unremark-
able trans-bent geometry [q ¼ 0.1–22.5�]. Mono- and bis-borylated cyclic disilenes were also readily available by the above-
mentioned synthetic route, showing typical characteristics: highly deshielded sp2-Si nuclei [d ¼ 128.7–187.2 ppm], relatively short
Si]Si bonds [rSi]Si ¼ 2.1990(8)–2.2114(5) Å], small trans-bending [q ¼ 4.4–9.8�] and twisting [s ¼ 16.7–19.3�] of the Si]Si
bond.22 The remarkable red-shift on going from mono- to bis-boryl disilene testifies for the effective conjugation between the
Si]Si bond and the vacant 2p-orbital of the B atom.

Another approach to disilenes adopted by Iwamoto group was based on the reductive dehalogenation of 1,2-dihalodisilanes
>SiXeSiX< with potassium graphite. Using this method, they recently prepared disilenes which silyl substituents were unexpect-
edly joined into the polycyclic scaffolds.23 Unusual polycyclic structures, however, did not greatly affect the structural features of
these disilenes, which were characterized by the low-field resonances of the doubly bonded Si atoms [d ¼ 133.4–146.7 ppm], short
Si]Si bonds [rSi]Si ¼ 2.1665(14)–2.2020(6) Å], and trans-bending of the Si]Si bonds [q ¼ 5.5–38.2�].

Silicon cluster containing two exocyclic Si]Si bonds at the edges of the tricyclo[2.2.0.02,5]hexasilane framework was unexpect-
edly isolated from the mixture of several products formed upon the thermolysis of Si8-siliconoid cluster.24 Both Si]Si bonds in this
compound are rather short: r ¼ 2.1570(12) and 2.1641(12) Å.

The most spectacular achievement of Iwamoto group was definitely isolation of the tricyclic compound 1 as the silicon analogue
of the smallest bridgehead alkene that was stabilized by the 4-(N,N-dimethylamino)pyridine (DMAP) base.25 1 was selectively
formed upon the thermolysis of tricyclo[2.1.0.01,3]pentasilane in the presence of excess DMAP (Scheme 1). Although the resonance
of the naked sp2-Si atom was not observed (signal of the DMAP-coordinated sp2-Si atom was found at þ84.5 ppm), structure of 1
was unequivocally established by its X-ray diffraction. The central Si4-bicyclo[1.1.0]butane fragment is expectedly folded
(127.04(2)�), and the bridgehead SieSi bond is very long (2.6215(6) Å). The endocyclic Si]Si bond of 2.2906(6) Å is quite
long for the standard double bond, and DMAP-coordinated sp2-Si atom is remarkably pyramidalized. Based on the crystallographic
data and computational studies, the real structure of 1 is best described as a zwitterion 10 containing a (tetrasila)homocycloprope-
nylium ion and a silyl anion, rather than a bicyclic structure with a localized Si]Si double bond (Scheme 1).

Interestingly, when treated with BPh3, 1 underwent elimination of the DMAP-BPh3 complex and formation of the disilene 2 as
a dimer of the hypothetical silylene 3, which is an isomer of 1 (Scheme 1). The exocyclic Si]Si bond in 2 is relatively long (2.248(2)
Å) and expectedly trans-bent (54�).

Another very interesting disilene, bicyclo[1.1.0]tetrasil-1(3)-ene 4 (as a silicon analogue of non-existing bicyclo[1.1.0]but-1(3)-
ene) containing a formal double bond between the bridgehead silicones in an inverted tetrahedral configuration, was recently

Scheme 1
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reported by Iwamoto and coworkers.26 This compound was prepared by the reductive dechlorination of the>Si(Cl)SiCl3-precursor
with KC8 (Scheme 2). The doubly bonded Si nuclei resonated at þ217.0 ppm, which value is substantially low-field shifted
compared to other known acyclic and cyclic silyl-substituted disilenes. Such exceptional deshielding of the sp2-Si atoms suggests,
that in contrast to other disilenes, 4 contains a higher-lying s-orbital and lower-lying p*-orbital between the bridgehead Si atoms.
The central Si]Si bond in 4 is exceptionally long, 2.4716(11) Å, being much longer than the typical Si]Si bond and even longer
than the standard SieSi single bonds, testifying for a rather unusual nature of this bond. Based on the results of DFT calculations, the
authors concluded that this bridgehead Si]Si bond consists of a s-bond with an inverted tetrahedral geometry and a p-bond.

Scheschkewitz group reacted their disilenyllithium derivative Tip2Si]Si(Tip)Li (Tip ¼ 2,4,6-iPr3-C6H2) with aryl halides and
dihalides to prepare a range of novel (tetraaryl)disilenes Tip2Si]Si(Tip)Ar (Ar ¼ 2,4,6-(MeO)3-C6H2; 2,4,6-Me3-C6H2; 2,3,5,6-
Me4-C6H; naphthalen-2-yl; anthracen-9-yl) and conjugated bisdisilenes Tip2Si]Si(Tip)-[LU]-Si(Tip) ¼ SiTip2 [LU (linking
unit) ¼ eC6H4eC6H4e;eC6H4eC^CeC6H4e; 2,6-naphthalene; 9,10-anthracene].

27 As is characteristic for aryldisilenes, all these
compounds exhibited moderately deshielded silicon nuclei [d ¼ 52.7–71.5 ppm], short Si]Si bonds [rSi]Si ¼ 2.1424(7)–
2.1622(6) Å], nearly planar geometry around the sp2-Si atoms [S ¼ 357.4–360.0�], and unremarkable trans-bending [q ¼ 0.0–
15.3�] and twisting [s ¼ 0.5–11.4�] along the Si]Si bond. The photophysical and computational data provide evidence for the
extended p-conjugation through the entire backbone of these disilenes. Accordingly, tetrasiladienes Tip2Si]Si(Tip)-[LU]-
Si(Tip)]SiTip2 exhibited room temperature-fluorescence in the solid state and in a hexane solution. Moreover, anthryl-bridged tet-
rasiladiene represents a first example of a room temperature near infrared-emissive Si]Si derivatives.

Tamao and Matsuo group synthesized a series of disilenes EindSi(Ar) ¼ Si(Ar)Eind (Ar ¼ 1-naphthyl, phenyl, 1-pyrenyl, thio-
phen-2-yl, 2,20-bithiophene-5-yl) stabilized by the very bulky (Eind)-group (Eind ¼ 1,1,3,3,5,5,7,7-octaethyl-s-hydrindacen-4-yl)
and prepared by a standard reductive dehalogenation of the dibromide precursors Eind(Ar)SiBr2 with lithium naphthalenide.28

All disilenes uniformly exhibited trans-configuration of substituents, with the only exception of 1-pyrenyl-substituted disilene, in
which an attractive p–p interaction between the pyrenyl groups was considered as the factor determining the stereochemistry of
the reaction. Novel disilenes were characterized by unremarkably deshielded silicon atoms [d ¼ 51.5–63.4 ppm], short Si]Si
bonds [rSi]Si ¼ 2.1584(9)–2.1718(6) Å], essentially planar geometry of the Si]Si bond with some trans-bending [q ¼ 0.6–
19.1�] and quite negligible twisting [s ¼ 0.0–2.8�]. Most of these disilenes exhibited room-temperature intramolecular charge-
transfer (ICT) fluorescence, both in the solid state and in solution, caused by the extended p-conjugation between the Si¼Si bonds
and aromatic p-electron systems.

An interesting tetraphospha-substituted disilene (Mes2P)2Si]Si(PMes2)2 was recently synthesized by Izod and coworkers by the
reaction of SiBr4 with 4 eqv. of Mes2PLi.

29 The 29Si NMR (CPMAS) chemical shift was observed atþ111.7 ppm, that is in the typical
range for disilenes. The Si]Si bond of 2.1901(12) Å is also normal for disilenes, although trans-bending was unusually high for
disilenes (q ¼ 40.6�).

Other examples of the recently reported disilenes include those in which Si]Si bond is incorporated into the cyclic or polycyclic
framework.30 Thus, in 5 the skeletal Si]Si bond is a part of the cyclopentasilane-fused hexasilabenzvalene, the central core of which
represents a valence isomer of elusive hexasilabenzene (Scheme 3). The sp2-Si atoms in 5 are strongly deshielded (d ¼ 187.3 ppm),
the length of the Si]Si bond is normal for the double bond (rSi]Si ¼ 2.212(2) Å). Because of its highly rigid fused cyclic skeleton, 5
exhibited strongly trans-bent and highly twisted Si]Si bond: q ¼ 36.5/42.5� and s ¼ 16.2�, respectively.30a

Scheme 2

Scheme 3
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In 1D-1,2,3,4-trisilagermetene 6, prepared by the ring expansion reaction of 1-disilagermirene with Cl2SieIPr complex
(IPr ¼ 1,3-bis(2,6-diisopropylphenyl)-2H-imidazol-2-ylidene), both doubly bonded Si atoms were found in the region typical
for the four-membered ring cyclic disilenes, þ168.0 and þ 176.9 ppm (Scheme 4).30b The GeSi3-ring in 6 is folded (24.2�), and
the Si]Si bond of 2.199(9) Å conforms to the standards for the double bonds.

The tetralalkyldisilene 7 with exceptionally bulky triptycenyl substituents was also recently reported (Scheme 5).30c Reflecting
extraordinary high steric hindrances around the double bond, 7 exhibited a (Z)-configuration, elongated Si]Si bond [rSi]
Si ¼ 2.223(1) Å], pyramidalization at sp2-Si atoms (

P ¼ 351�), and rather important twisting about the Si]Si bond (s ¼ 34�).
The doubly bonded Si atoms resonated in low-field at þ115.6 ppm.

Some disilenes, although isolated and spectroscopically characterized, were lacking X-ray structural determination. They include
cyclopentasilene,31 tetrasilyldisilene (Me3Si)2Si]Si(SiMe3)Si

tBu3 existing in equilibrium with the isomeric bis(silyl)silylene

(Me3Si)3(
tBu3Si)Si

32:, bis(boryl)disilene (boryl)PhSi]SiPh(boryl) (boryl ¼ cyclo[eBN(Ar)CH]CHN(Ar)e]).33

In recently reported diimino(disilyl)disilene [(Me3Si)3Si](NHI)Si]Si(NHI)[Si(SiMe3)3] (NHI ¼ N-heterocyclic imine)34 and
diamino(diaryl)disilene featuring intramolecular coordination of imino-groups on sp2-Si atoms,35 the silicon-silicon interatomic
distances are very long (2.3124(7) Å)34 or exceptionally long (2.623(1) Å).35 Accordingly, classification of such compounds as dis-
ilenes is somewhat debatable, as they can be alternatively (and even better) viewed as very weak donor-acceptor adducts of two
silylenes (rather than the true disilenes).

1.03.3.2.1.1.2 Digermenes >Ge]Ge<
The first stable digermenes [tetra(alkyl)digermenes] were prepared and structurally characterized by Lappert and coworkers in
1976.36 Since 2013, several remarkable examples of isolable digermenes were synthesized by different synthetic approaches.
Thus, Scheschkewitz group prepared their digermene 8 by dimerization of the cyclic germylene generated from its NHC complex
(Scheme 6).37 The Ge]Ge bond in 8 of 2.2944(4) Å is typical for such double bonds, and as is expected for the heavy Group
14 element derivatives, both Ge atoms are strongly pyramidalized (

P ¼ 334.5�) and substituents are trans-bent (q ¼ 37.7�). In
solution, Ge]Ge double bond retained its structural integrity.

Scheme 4

Scheme 5

Scheme 6
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In 2018, the same group reported an interesting example of the first isolable digermenide Tip2Ge]Ge(Tip)Li prepared by the
simple reduction of Tip2GeCl2 precursor with metallic lithium.38a The Ge]Ge bond is typical for digermenes [rGe]
Ge ¼ 2.284(6) Å], being also unremarkably trans-bent (q ¼ 7.1/12.8�) and twisted (s ¼ 19.9�). This digermenide is synthetically
useful and can be functionalized at the anionic Ge center, thus giving access to novel digermenes Tip2Ge]Ge(Tip)R (R]SiMe3,
SiPhMe2, SiPh3, SiMe2Cl, SiMePhCl, SiPh2Cl), and even the first persistent acyldigermenes Tip2Ge]Ge(Tip)[C(O)R] (R ¼ tBu,
2-methylbutan-2-yl, 1-adamantyl) are accessible via this synthetic route.38

Utilizing highly effective (Eind)-substituent, the groups of Matsuo and Sasamori prepared 1,2-dihalodigermenes Eind(X)Ge]
Ge(X)Eind (X]Cl, Br) by the reaction of germylene Eind2Ge: with GeX2$dioxane complex.39 As is typical for digermenes featuring
electronegative substituents, dihalodigermenes exhibited strongly trans-bent (q ¼ 43.3 and 44.3�) and pyramidal configuration
(S ¼ 337.1 and 335.9�) at the sp2-Ge atoms. The Ge]Ge bonds are rather long [rGe]Ge ¼ 2.4145(3) and 2.4119(5) Å] indicative
of the weak bonding between the Ge atoms, which was further substantiated by the observation of ready dissociation of the Ge]Ge
bond. Thus, in solution dihalodigermenes Eind(X)Ge]Ge(X)Eind exist as halogermylenes Eind(X)Ge:.

Another approach to stable digermenes was demonstrated by Sasamori, Tokitoh and coworkers, who reacted their stable diger-
myne BbtGe^GeBbt (Bbt ¼ 2,6-[(Me3Si)2CH]2-4-[(Me3Si)3C]-C6H2) (see Section 1.03.3.1) with ethylene.40 The corresponding
[2 þ 2] cycloadduct, 1,2-digermacyclobutene featuring endocyclic Ge]Ge double bond stabilized by the bulky Bbt substituents,
revealed folded four-membered ring, trans-bent geometry of substituents at the Ge]Ge bond (q ¼ 39.5 and 39.7�), and notably
long Ge]Ge bond [rGe]Ge ¼ 2.4132(5) Å], similar to the one described in the above paragraph. Stretching and weakness of the
Ge]Ge bond was attributed to the ring strain and trans-bending effects.

Unusual digermenes in which endocyclic Ge]Ge units bridge polycyclic scaffolds were reported by Marschner group.41 Thus,
reaction of 1,3-dipotassiotrisilane with GeBr2$dioxane and PEt3 unexpectedly produced bicyclic digermene 9, whereas analogous
reaction of 1,4-dipotassiocyclohexasilane with GeBr2$dioxane and PEt3 gave tetracyclic digermene 10 (Scheme 7). Both digermenes

9 and 10 showed similar structural characteristics typical for the cyclic digermenes, namely, shortened Ge]Ge bonds (rGe]
Ge ¼ 2.2663(9) and 2.2896(6) Å), negligible trans-bending (q ¼ 2.5 and 2.1/8.3�), and small twisting (s ¼ 16.2 and 5.2�). Accord-
ing to CV measurements, digermene 9 revealed two reversible reduction waves corresponding to formation of anion-radical and
dianion, respectively, whereas cation-radical formed upon one-electron oxidation of 9 was unstable.

By contrast, both oxidation and reduction of the (tetrasilyl)digermene (tBu2MeSi)2Ge]Ge(SiMetBu2)2 were fully reversible in
o-dichlorobenzene with the potentials E1/2(ox) ¼ 0.38 V and E1/2(red) ¼ �1.5 V, respectively.42 This digermene was prepared by
Lee, Sekiguchi and coworkers by the reduction of the (tBu2MeSi)2GeCl2 precursor with potassium graphite.42 The length of the
Ge]Ge bond is normal for digermenes [rGe]Ge ¼ 2.346(2) Å] and both Ge centers are essentially planar (S ¼ 358.8 and
359.2�). Although this digermene does not dissociate into germylenes in solution, which was supported by UV measurements,
it exhibited extraordinarily long wavelength UV absorption at 618 nm [p (HOMO)-p*(LUMO) transition]. This fact, along with

Scheme 7
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the exceptionally great twisting about the Ge]Ge double bond (s ¼ 52.8�), provides experimental evidence for the remarkably
reduced 4pp(Ge)-4pp(Ge) orbital overlap resulting in the partial breaking of the GeeGe p-bond, and accordingly causing very
important contribution of biradical character to the Ge]Ge bond.

Reacting their NHC-coordinated chlorogermylene with either Na{B[3,5-(CF3)2-C6H3]4} or Li{Al[OC(CF3)3]4}, Aldridge and
coworkers prepared dicationic species 11, which can be viewed as a digermene featuring cationic imidazolium substituents (Scheme
8).43 The length of the Ge]Ge bond in 11 is consistent with its formulation as a double bond [rGe]Ge ¼ 2.300(2) Å], and Ge atoms
are only insignificantly pyramidalized (S ¼ 353.1 and 353.6�). Replacing NHC-substituents on Ge atoms in 11with Me4-NHC, and

boryl substituents with [2,6-Mes2-C6H3 (Mes ¼ 2,4,6-Me3-C6H2)], the same authors synthesized another dicationic digermene
featuring slightly longer Ge]Ge distance of 2.380(1) Å.44

The exciting possibility of the digermene metathesis, as the germanium version of alkene metathesis, was very recently demon-
strated by Scheschkewitz group.45 They heated unsymmetrically substituted digermene Tip2Ge]Ge(Tip)[SiR2Dma] (R]Me, Ph;
Dma ¼ 2-N,N-dimethylanilino group) to afford a mixture of Tip2Ge]GeTip2 and trans-[DmaR2Si](Tip)Ge]Ge(Tip)[SiR2Dma]
(Ge]Ge for R ¼ Me: rGe]Ge ¼ 2.2576(5) Å, q ¼ 21.5�, s ¼ 0�). Most importantly, this approach was successfully applied towards
the development of ADMET (Acyclic Diene METathesis) of digermenes. Thus, thermolysis (benzene, 60 �C, 48 h) of a diene
featuring terminal digermene units connected by a p-phenylene bridge, Tip2Ge]Ge(Tip)-SiMe2-1,4-[2,5-(Me2N)2-C6H2]-SiMe2--
Ge(Tip)]GeTip2 (Ge]Ge: rGe]Ge ¼ 2.3038(4) Å, q ¼ 24.9/31.9�, s ¼ 18.0�), yielded the corresponding ADMET-polyene
Tip2Ge]{]Ge(Tip)-SiMe2-1,4-[2,5-(Me2N)2-C6H2]-SiMe2-Ge(Tip)]}n]GeTip2 with the number-average degree of polymer-
ization ¼ 23, mass-average degree of polymerization ¼ 45, and dispersity index ¼ 1.95.

1.03.3.2.1.1.3 Distannenes >Sn]Sn<
The first stable distannenes [tetra(alkyl)distannenes] were synthesized and structurally characterized by Lappert group in the same
year 1976, as isostructural digermenes.3,36b After 2013, several interesting distannenes were synthesized and structurally character-
ized. Thus, Wesemann reported a range of distannenes 12–14 in which the Sn]Sn double bond is incorporated into the polycyclic
aromatic skeleton.46 They were uniformly prepared by a straightforward procedure, namely, reaction of bulky aryl(chloro)stanny-
lenes Ar(Cl)Sn: (Ar ¼ 2,6-Mes2-C6H3) and Ar0(Cl)Sn: (Ar0 ¼ 2,6-Tip2-C6H3) with dilithium arene-diides (Scheme 9). Spectral and
structural features of distannenes 12 and 13/14 are distinctly different, Sn]Sn: d(119Sn) ¼ 862 and 396/412 ppm, rSn]
Sn ¼ 3.0009(7) and 2.7299(3)/2.7688(2) Å, q ¼ 45/59 and 55/(46/49)�, respectively. However, the longest UV-absorptions
(HOMO-LUMO transition) were very similar for all distannenes 12–14, appearing near 600 nm. Applying this synthetic route,

Scheme 8
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the same authors prepared also distannene, in which the Sn]Sn bond is bridged by an acenaphthene unit and the substituents at
the Sn atoms are 2,6-Mes2-C6H3 groups.

47 Similar to distannenes 13 and 14, the new compound featured the following character-
istics for its Sn]Sn double bond: d(119Sn) ¼ 375 ppm, rSn]Sn ¼ 2.7838(2) Å, q ¼ 43/65�, and s ¼ 65�.

A very interesting example of the distannene-stannylene equilibrium was recently reported by Wesemann and coworkers.48 They
simply reacted 1,10-dilithioferrocene with either Ar(Cl)Sn: (Ar ¼ 2,6-Mes2-C6H3) or Ar0(Cl)Sn: (Ar0 ¼ 2,6-Tip2-C6H3) (Scheme 10).
Despite the similarity of the starting stannylenes, the outcome of the reaction strongly depends on the steric bulk of aryl substituent
at tin. Thus, with bulkier Ar0 group, there was an equilibrium between the bis(stannylene) 15A and distannene 15B structures, with
the former being favored in the solid state and in solution at high temperatures and the latter being favored in solution at low
temperatures (�80 �C) (Scheme 10). By contrast, when smaller aryl group Ar was applied, the corresponding distannene derivative
16B was by far predominant structure both in the solid state and in solution, and its chemical shift d(119Sn) of 449 ppm did not
change significantly in the temperature range from �80 �C [d(119Sn) ¼ 437 ppm] to 100 �C [d(119Sn) ¼ 468 ppm] which implies
retaining of the structural integrity of the Sn]Sn bond in solution at these temperatures (Scheme 8). Accordingly, no evidences for
the existence of the monomeric stannylenes 16A were found in both solution and in the solid. The reduced bulkiness of the aryl
group (Ar vs. Ar0) in 16 was attributed to the higher stability of the Sn]Sn bond in 16B (in contrast to 15B).

A bicyclic distannene, as a tin analogue of the above-described bicyclic digermene 9 (see Scheme 7),41 was prepared by Marsch-
ner and coworkers by the reaction of 1,3-dipotassiotrisilane with SnCl2 in the presence of appropriate Lewis base (PMe3, PEt3, Me4-
NHC).49 This distannene revealed 119Sn NMR chemical shift of 730.7 ppm that was low-field shifted compared with other silylated
distannenes, although its longest UV-absorption of 558 nm was blue-shifted compared to the silylated distannenes. The Sn]Sn
double bond is short, measuring only 2.6162(11) Å, being also trans-bent (q ¼ 36.0�) and twisted (s ¼ 22.6�). Likewise, reacting
dipotassium salt of oligosilanylene-1,5-diide with SnCl2$dioxane Marschner group isolated another bicyclic distannene 17
featuring two seven-membered rings fused by the bridging Sn]Sn unit (Scheme 11).50 17 showed typical for distannenes 119Sn
NMR chemical shift of 636.9 ppm, and rather long Sn¼Sn double bond of 2.7409(9) Å which has a trans-bent (q ¼ 31.1�) and
twisted (s ¼ 17.0/81.6�, for two seven-membered rings which have very different conformations) geometry.

Several stable distannenes were reported by Power and coworkers. Thus, reaction of the Sn(II) hydrides [AriPr6Sn(m-H)]2 and
[AriPr4Sn(m-H)]2 [AriPr6 ¼ 2,6-(2,4,6-iPr3-C6H2)-C6H3, Ar

iPr4 ¼ 2,6-(2,6-iPr2-C6H3)-C6H3] with ethylene and (tert-butyl)ethylene
afforded distannenes AriPr6(CH3CH2)Sn]Sn(CH2CH3)Ar

iPr6 18 and AriPr4(tBuCH2CH2)Sn]Sn(CH2CH2
tBu)AriPr4 19.51 In solu-

tion, distannene 18 dissociates into monomeric stannylenes as was evidenced by the low-field 119Sn NMR resonance observed
at 1908 ppm (at 330 K), whereas on cooling down to 250 K two signals were found at 289 and 2915 ppm indicating existence
of both distannene and stannylene species in solution. Likewise, distannene 19 also is in solution equilibrium with the correspond-
ing stannylstannylenes: 119Sn NMR resonances observed at 320 and 1875 ppm. Both 18 and 19 displayed similar structural char-
acteristics: rSn]Sn ¼ 2.732(5) and 2.714(2) Å, q ¼ 57.4 and 55.5�, and S ¼ 335.2 and 339.3�. Reaction of diarylstannylene
(AriPr4)2Sn: [AriPr4 ¼ 2,6-(2,6-iPr2-C6H3)-C6H3] with toluene, m-xylene and mesitylene at 80 �C provided distannenes Ari-
Pr4(ArCH2)Sn]Sn(CH2Ar)Ar

iPr4 (Ar ¼ C6H5, 3-Me-C6H4, 3,5-Me2-C6H3) as CeH metathesis products.52 All of them dissociated
in solution into the monomeric aryl(alkyl)stannylenes AriPr4(ArCH2)Sn:, which was evidenced by their low-field 119Sn NMR reso-
nances found at 1660–1671 ppm (typical for stannylenes). In the solid-state, however, these compounds exist as the dimeric
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distannenes, as can be clearly seen from their crystallographic data: rSn]Sn ¼ 2.782(3) and 2.787(1) Å, q ¼ 41.2 and 43.0�, and
S ¼ 330.7 and 338.3�.

1.03.3.2.1.1.4 Diplumbenes >Pb]Pb<
The first stable diplumbene Tip2Pb]PbTip2, that exists in an equilibrium with the corresponding plumbylene Tip2Pb:, was re-
ported much later than its lighter analogues (disilene, digermene, and distannene), in 1999, by Weidenbruch and coworkers.53

Since 2013, little progress has been made into the field of stable diplumbenes with only one report from Power group.54 They
reacted diarylplumbylene (ArMe6)2Pb: [ArMe6 ¼ 2,6-(2,4,6-Me3-C6H2)-C6H3] with Me3M (M]Al, Ga) to afford aryl(methyl)
diplumbene ArMe6(Me)Pb]Pb(Me)ArMe6 as the result of substituents scrambling reaction, and thus representing a new synthetic
route to diplumbenes. Given its remarkably low-field shifted 207Pb NMR resonance of 8248 ppm, the solution structure of this
compound was attributed to that of the monomeric plumbylene ArMe6(Me)Pb:. The Pb]Pb double bond is rather long
[3.2866(5) Å] and Pb centers are notably pyramidalized [S ¼ 325.3�].

1.03.3.2.1.2 Heteronuclear derivatives, E]E0 (E]Si, Ge, Sn, Pb)
1.03.3.2.1.2.1 >E]E0-(E ¼ Group 14 element, E0 ¼ Group 13 element)
The transient sila- and germaborenes [(tBu2MeSi)2E]BeMes] (E]Si, Ge) were reported in 2005 by Sekiguchi and coworkers,55a

and the first stable silaborene [(tBu2MeSi)2E]BeR] (R ¼ 2,2,6,6-tetramethylpiperidino) was prepared in 2006 by the same
group.55a

As the latest advances in the field, one can mention a new silaborene-chloride adduct 20 reported by Iwamoto and coworkers,56

and the first germaborenes independently prepared and very recently reported by Kinjo (germaborene 21 with an exocyclic Ge]B
bond)57 and Wesemann (germaborene 22 with an endocyclic Ge]B bond) research groups58 (Scheme 12). In all cases, formation
of the >E]Be (E]Si, Ge) bond was uniformly accomplished by the reduction of the corresponding dihalo-precursors >E(X)
eB(X)e(X]Cl, Br) with either potassium graphite or magnesium.

The silaborene–chloride adduct 20 (Scheme 12) features the following spectral and structural parameters of the Si]B fragment:
r ¼ 1.859(2) Å (short bond), S ¼ 359.3(Si) and 360.0(B)� (planar geometry around these atoms), d[29Si(sp2)] ¼ 56.8 and d

[11B(sp2)] ¼ 38.0 ppm. Experimental and computational data strongly suggest that 20 is best represented as an anionic silaborene
[>Si]B�<] rather than (boryl)silyl anion resonance form [>Si�eB<].

The first two stable germaborenes were published face-to-face in the same issue of Angew. Chem. Int. Ed. in 2020. Kinjo germa-
borene 21 exhibits low-field 11B NMR chemical shift of the doubly bonded B atom at 94.5 ppm, rather short Ge]B bond
(r ¼ 1.911(7) Å), pyramidal geometry at the Ge center (340�), and remarkably bent GeeBeN fragment (bond angle ¼ 158.6�)
(Scheme 12).57 The Ge]B double bond character in 21 was further supported by computations, WBIGe]B ¼ 1.67. Likewise, Wese-
mann germaborenes 22a (X]Cl) and 22b (X]Br) were characterized by even shorter Ge]B bonds [r ¼ 1.886(2) Å (for 22a) and
1.895(3) Å (for 22b)], trigonal-planar geometry around the sp2-atoms [S ¼ 359.6/359.6� (Ge, for 22a/22b) and 359.8/360.0� (B,
for 22a/22b)], chemical shifts d(11B) as a doublet at 17.3 ppm (1JP-B ¼ 132 Hz) (for 22a) and 10.3 ppm (1JP-B ¼ 134 Hz) (for 22b)
(Scheme 12).58a The NBO calculations revealed 1.94e-occupancy for the GeeB s-bond and 1.67e-occupancy for the GeeB p-bond,
which leads to the WBIGe]B of 1.51. According to the Natural Resonance Theory (NRT) calculations, the dominating Lewis structure
(NRT weights ¼ 29.0% for 22a and 28.7% for 22b) is the one with the Ge]B double bond, thus implying formulation of 22a,b as
the germaborenes. Applying the same synthetic strategy, Wesemann group prepared also Ph-substituted germaborene 22c (X]Ph)
(Scheme 12).58b The spectral and structural features of the novel germaborene 22c are similar to those of the previously reported
22a,b, namely: d(11B) ¼ 16.2 ppm, rGe]B ¼ 1.899(3) Å.
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As for the doubly bonded “group 13” ¼ “group 14” combinations, including group 13 elements heavier than boron, we can
mention only 1,3-disila-2-gallata- and -indataallenic anionic derivatives [(tBu2MeSi)2SieEeSi(SiMetBu2)2]

�[Li(thf)4]
þ (E]Ga,

In), featuring the first structurally authenticated Si]Ga and Si]In double bonds, respectively, and reported by Sekiguchi and
coworkers in 2004.59a This was then followed by the synthesis of the 1,3-digerma-2-gallata- and -indataallenic anionic derivatives
[(tBu2MeSi)2GeeEeGe(SiMetBu2)2]

�[Li(thf)4]
þ (E]Ga, In) as the first compounds with Ge]Ga and Ge]In double bonds,

synthesized by the same authors.59b Since then, no progress has been made to this field.

1.03.3.2.1.2.2 >E]E0< (E, E0 ¼ Group 14 element)
The stable silenes (or silaethenes) >Si]C< are the first isolable doubly bonded derivatives involving Si atoms. The very first stable
silene was prepared by Brook6 and coworkers and reported in the same year 1981 when West reported his disilene >Si]Si<.7

Since 2013, several remarkable isolable silenes were reported in the literature, and their structures and peculiar features are dis-
cussed below (Scheme 13). Thus, Scheschkewitz and coworkers synthesized a series of silenes with both endo- and exocyclic Si]C
bonds. They include tricyclic Brook-type bis(silene) 23 [rSi]C ¼ 1.771(4) Å],60 Brook-type four-membered ring cyclic silenes 24a-c
[rSi]C ¼ 1.761(3) Å (for 24a) and rSi]C ¼ 1.7638(16) Å (for 24c)],60 silaaziridines 25a-c with exocyclic Si]C double bonds [rSi]
C ¼ 1.735(2) Å (for 25a)],61 and para-phenylene bridged bis(silaaziridine) 26 [rSi]C ¼ 1.726(4)/1.743(4) Å].61 Apeloig recently
reported reversible (Z/ E/E/ Z)-isomerization of his silene 27, originally obtained as a 95:5 (E/Z)-mixture, which in the absence
of crystallographic data was characterized by the low-filed resonances of the doubly bonded Si and C atoms at 72.3 ppm and
181.1 ppm, respectively. Activation barrier for the (Z / E)-isomerization was determined from kinetic measurements as
24.4 � 1.2 kcal/mol, and that for the reverse (E / Z)-isomerization as 24.3 � 1.2 kcal/mol.62 Iwamoto and coworkers also synthe-
sized silaaziridine derivative 28with an exocyclic Si]C double bond [rSi]C ¼ 1.730(5) Å].63 Reacting their iminosilylsilanone with
Wittig reagents, Inoue and coworkers succeeded in the olefination of the former to produce a series of (Z)- or (E)-silenes 29 as the
products of sila-Wittig reaction.64 Kato, Baceiredo and their coworkers prepared a tricyclic silene 30 with an exocyclic Si]C double
bond, featuring rather peculiar substitution pattern at the doubly bonded Si center which leads to a partial delocalization of the
double bond [rSi]C ¼ 1.725(2) Å].65 Haas, Stueger and coworkers reported Brook-type silenes 31 and 32 featuring endocyclic
and exocyclic Si]C double bonds, respectively [rSi]C ¼ 1.786(2) Å (for 31) and rSi]C ¼ 1.767(2) Å (for 32)].66
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The first stable germenes were independently reported in 1987 by the research groups of Berndt67 and Escudié.68 Since 2013,
only one novel example was reported, namely, the first isolable Brook-type germene 33 with an exocyclic Ge]C double bond,
synthesized by Haas and coworkers.69 This O-silylated germene 33 was readily available by the reaction of the stable germenolate
(almost exclusively exhibiting the character of acyl germyl anion with a negatively charges Ge atom, a GeeC single bond, and a C]
O double bond) with Me3SiCl (Scheme 14). Germene 33 shows a characteristic low-field signal for its doubly bonded C atom at
210.0 ppm, and a Ge]C distance of 1.835(2) Å that is typical for germenes. Nevertheless, the Ge]C double bond in 33 is notably

distorted, as was evidenced by its twisting and pyramidalization at the Ge center (S ¼ 351.7�).
As for the doubly bonded derivatives >E ¼ E0< consisting of the different heavier group 14 elements, several combinations are

possible. Of them, the lightest one is silagermene >Si]Ge<. The first metastable silagermene Mes2Si]GeMes2 was reported by
Baines and coworkers in 1992, however this compound was stable only at low temperatures (below �70 �C) isomerizing at higher
temperatures into the mesityl(silyl)germylene Mes(Mes3Si)Ge

70:. The first room temperature-stable silagermene, 2-disilagermirene
with an endocyclic Si]Ge double bond, was synthesized and isolated by Lee, Sekiguchi and coworkers in 2000.71 This was followed
by the subsequent report from the same authors on the first structurally authenticated silagermene, namely, 1,2-disila-3-
germacyclopenta-2,4-diene with an endocyclic Si]GeeC]C diene fragment.72

Since 2013, only one remarkable example of isolable silagermenes, potassium silagermenide 34 as a Si]Ge analogue of a vinyl
anion, was reported by Scheschkewitz and coworkers and prepared by the reduction of the germylene precursor with KC8 (Scheme
15).73 The resonance of the doubly bonded Si atom in 34 was found in the characteristic low-field at 142.9 ppm (in C6D6) and
138.5 ppm (in THF-d8). In 34, the Si]Ge double bond length of 2.2590(3) Å well agrees with those earlier reported for other sila-
germenes, and the GeSi2C-four-membered ring is nearly planar with a folding of 1.9�. Based on its X-ray and UV data, a significant
extent of p-conjugation between the Si]Ge and C]N double bonds in 34 was assumed, and accordingly the pSi]Gep*C]N inter-
action energy was calculated as 23.6 kcal/mol. Silagermenide 34 can be functionalized at the anionic Ge atom to form neutral Ge-
substituted silagermenes 35a,b (Scheme 15). Both (silyl)silagermene 35a (R]SiPh3) and (phosphanyl)silagermene 35b [R]
P(NiPr2)2] revealed low-field shifted 29Si NMR resonances [singlet at 136.6 ppm and doublet at 104.5 ppm (2JSieP ¼ 9.8 Hz),
respectively], and short Si]Ge double bonds [2.2020(2) and 2.2252(4) Å, respectively]. In addition, in 35a, the GeSi2C-four-
membered ring is almost planar with a quite negligible folding of 0.2�, and the Ge atom is slightly pyramidalized (S ¼ 357.3�).

Among the hybrid >Sn]E< systems comprising sp2-Sn atom, the stanene >Sn]C< was prepared and structurally character-
ized for the first time by Berndt and coworkers in 1987.74 The first, and still the only known, silastannene, namely (tBu2MeSi)2Si]
SnTip2, was synthesized in 2002 by Sekiguchi and coworkers.75 The first germastannenes Tip2Ge]SnTip2 and (tBu2MeSi)2Ge]
SnTip2/[(E)-(

tBu2MeSi)(Tip)Ge]Sn(Tip)(SiMetBu2)] were independently reported in 2003 by the research groups of Weiden-
bruch76 and Sekiguchi,77 respectively. The only known cyclic germastannene, disilagermastannetene, incorporating an endocyclic
Ge]Sn double bond into the four-membered ring skeleton, was reported by Lee, Sekiguchi and coworkers in 2004.78 Since then,
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there were no new entries to the field of >Sn]E< type compounds. Heteronuclear derivatives containing Pb atoms, >Pb]E<
(E]CeSn), still remain unknown.

1.03.3.2.1.2.3 >E]E0e (E ¼ group 14 element, E0 ¼ group 15 element)
The very first silaimines, that is compounds featuring Si]N double bond, were independently reported by Klingebiel (iPr2Si]
NeMes*, Mes* ¼ 2,4,6-tBu3-C6H2)

79 and Wiberg (tBu2Si]NeSitBu3)
80 groups in 1986. Since 2013, three stable silaimines 36–

38 were synthesized by the research groups of Lips,81 Jones,82 and Inoue83 (Scheme 16). Lips silaimine 36 features rather peculiar
Si4-ring structure with an exocyclic Si]N double bond [d(29Si) ¼ �65.7 ppm, rSiN ¼ 1.625(2) Å], Jones silaimine 37 manifests
a Si]N double bond where Si is a part of the N-heterocyclic silylene unit and N has an N-heterocyclic boryl substituent
[d(29Si) ¼ �48.0 ppm, rSiN ¼ 1.502(2) Å], and Inoue silaimine 38 features N-heterocyclic imino (NHI) and siloxy-substituents
at Si and silyl substituent at N [d(29Si) ¼ �50.1 ppm, rSiN ¼ 1.573(2) Å].

Phosphasilenes >Si]Pe are known since 1987 when Bickelhaupt and coworkers reported synthesis of the first room temper-
ature stable phosphasilenes,84 followed by the first crystallographic authentication of the Si]P bond by Niecke in 1993.85 Since
2013, two stable phosphasilenes 39–40 were reported by Scheschkewitz and coworkers.86 Phosphasilene Tip2(Me2N)Sie(Tip)
Si]PeNMe2 39 was isolated as E/Z-isomeric mixture (E/Z ¼ 95/5) upon the reaction of disilenide Tip2Si]Si(Tip)Li with
ClP(NMe2)2 followed by the isomerization of the initially formed Tip2Si]Si(Tip)[P(NMe2)2] to 39.86a Phosphasilene 39 revealed
characteristic low-field resonances for both P and Si atoms [for E-isomer: d(31P) ¼ 344.8 ppm (1JPeSi ¼ 186.5 Hz) and d(29Si) ¼
103.5 ppm (1JSiP ¼ 186.5 Hz)] and typical for phosphasilenes short Si]P double bond [rSiP ¼ 2.1187(7) Å]. Calculation of the
Mulliken charges in the model 39 clearly shows “inverse” polarization of the Sid–]Pdþ bond: �0.095 (Si) and þ 0.169 (P). React-
ing 39 with MesLi, Scheschkewitz and coworkers prepared P-mesityl-phosphasilene Tip2(Me2N)Sie(Tip)Si]PeMes 40 isolated as
E/Z- mixture (E/Z ¼ 84/16).86b 40 exhibited the following spectral and structural features (for E-isomer): d(31P) ¼ 234.4 ppm
(1JPeSi ¼ 193.9 Hz) and d(29Si) ¼ 193.9 ppm, rSiP ¼ 2.0923(6) Å.

Arsasilenes >Si]Ase were first synthesized87aand subsequently structurally characterized87b by Driess and coworkers in 1992
and 1995, respectively. Driess recently additionally contributed to the field by the synthesis of arsinidene-silylene complex 42which
alternatively can be viewed as arsasilene (Scheme 17).88 42 showed the following physico-chemical characteristics: d(29Si) ¼
65.9 ppm, rSieAs ¼ 2.1661(6) Å, and its SieAs bond order was calculated as 1.72 (Wiberg bond index, WBI) and 1.66 (Mayer
bond order, MBO).
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Lee, Sekiguchi and coworkers applied a different synthetic approach towards stable >Si]Ee (E ¼ heavy group 15 element)
derivatives, namely, by the reaction of their isolable 1,1-dilithiosilane derivative (tBu2MeSi)2SiLi2 with the group 15 halides
Mes*EX2 (E]P, As, Sb) (Scheme 18).89 In such way, a series of isostructural phosphasilene (tBu2MeSi)2Si]PeMes* 43, arsasi-
lene (tBu2MeSi)2Si]AseMes* 44, and stibasilene (tBu2MeSi)2Si]SbeMes* 45 were prepared and fully characterized, with the
latter being the first compound featuring a Si]Sb bond and as such representing the “heaviest” double bond between the silicon
and pnictogen element. All these compounds feature particular push-pull substitution pattern (electron donors on silicon and elec-
tron acceptor on pnictogen), resulting in the relaxation of the natural polarity (and thus high reactivity) of the Sidþ ¼ Ed– (E]
PeSb) bond, caused by the differing electronegativity of silicon and pnictogen atoms. All these compounds uniformly displayed
low-field shifted resonances of the doubly bonded Si atoms: d(29Si) ¼ 201.2 ppm (for 43, doublet with 1JSieP ¼ 171.3 Hz;
d(31P) ¼ 389.3 ppm), 214.1 ppm (for 44), and 215.2 ppm (for 45). In all 43–45, the Si]E (E]PeSb) bond is:
(a) remarkably shortened [rSieP ¼ 2.1114(7) Å (43), rSieAs ¼ 2.2164(14) Å (44), rSieSb ¼ 2.4146(7) Å (45)]; (b) practically undis-
torted [43–45: SSi ¼ 360.0� and s ¼ 0.6–2.3�]. The Si]E 43–45 is best described as covalent (rather than ionic or donor-
acceptor) interactions, given notably low values for the natural ionicity of their double bonds ISi ¼ E: 0.14 (s-bond) and 0.18
(p-bond) (for phosphasilene 43), 0.11 (s-bond) and 0.14 (p-bond) (for arsasilene 44), 0.07 (s-bond) and 0.06 (p-bond)
(for stibasilene 43). The frontier molecular orbitals of 43–45 are uniformly represented by the Si]E p-orbital (HOMO) and
p*-orbital (LUMO), respectively, whereas HOMO-1 is represented by the pnictogen lone pair n-orbital.

Among the germanium derivatives of the type >Ge]Ee (E ¼ group 15 element), the first reported were germaimines >Ge]
Ne, synthesized and structurally characterized in 1991 by Meller and coworkers.90 Their heavier congeners, phosphagermenes
>Ge]Pe, were prepared for the first time91a and crystallographically identified91b by Escudié and coworkers. No other represen-
tatives of the stable germaimines and phosphagermenes were reported within the last decade.

The “heaviest” currently known doubly bonded combination between the germanium and group 15 element is arsagermene
>Ge]Ase. The first (and still the only) example of such compounds, arsagermene (tBu2MeSi)2Ge]AseMes* 46 was recently
synthesized by Lee, Sekiguchi and coworkers.92 46 was readily available by the simple coupling of 1,1-dilithiogermane derivative
(tBu2MeSi)2GeLi2 and Mes*AsF2. The Ge]As double bond in 46 is quite short [rGe]As ¼ 2.2727(8) Å] and practically planar, like
the C]C bond in alkenes (SGe ¼ 360.0� and sGe]As ¼ 0.1�). The calculated Ge]As bond order is 1.79 (WBI) and 1.93 [Natural
Resonance Theory (NRT) bond order, with 92%NRT covalent character]. The Natural Population Analysis (NPA) charges for the Ge
and As atoms are rather similar (þ0.08 and þ0.14, respectively), indicative of the very small polarization of the double bond in
accord with the relaxation of the natural polarity of the Gedþ]Asd– bond caused by the peculiar push-pull substitution pattern in 46.
As is typical for such compounds, the HOMO and LUMO are represented by the bonding (p) and antibonding (p*) orbitals of the
Ge]As double bond, whereas HOMO-1 is the lone pair orbital at the As atom.

For the doubly bonded combinations of tin of the type >Sn]Ee (E ¼ group 15 element), only stannaimines >Sn]Ne and
phosphastannenes >Sn]Pe are synthesized, with no examples of the isolable arsastannenes >Sn]Ase and stibastannenes
>Sn]Sbe known to date. The first stannaimine [(Me3Si)2N]2Sn]NeAr (Ar ¼ 2,6-iPr2-C6H3) was prepared by Meller group,93

whereas the first phosphastannene [(Me3Si)2CH]2Sn]PeMes* (Mes* ¼ 2,4,6-tBu3-C6H2) was synthesized by Escudié and
coworkers.94 The latest report on the isolable phosphastannene 47, with rather unusual substituents at both Sn and P atoms,
came from Inoue group.95 47 was prepared by the reaction of the precursor (stannylene-phosphinidene NHC complex) with
B(C6F5)3 in the attempted removal of NHC ligand from P atom (Scheme 19). Due to its specific zwitterionic push-pull structure,
47 displayed significantly shielded P and Sn nuclei: d(31P) ¼ �93.1 ppm [1J(31P–117/119Sn) ¼ 2919/3046 Hz] and d(119Sn) ¼
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152.2 ppm [1J(119Sne31P) ¼ 3069 Hz]. The Sn]P double bond in 47 is planar (SSn ¼ 359.9�) and very short [2.3450(10) Å],
being the shortest tin-phosphorus interatomic distance reported to date.

1.03.3.2.1.2.4 >E]E0 (E ¼ group 14 element, E0 ¼ group 16 element)
Among all the title compounds, with no doubts, by far most difficult-to-realize and accordingly most synthetically challenging are
silanones>Si]O, which are sometimes coined as “Kipping’s dream”. Before 2013, there were several reports from Driess group on
the isolable organosilicon compounds featuring SieO bond possessing some extent of the doubly bonded character, including sila-
noic ester96a and NHC-supported silanone.96b

Since 2013, several research groups closely approached the “silanone problem,” uniformly applying the reaction of the corre-
sponding stable silylenes with N2O as the synthetic method of choice. In 2015, Iwamoto group reported persistent cyclic dialkylsi-
lanone 48 [d(29SiSi]O) ¼ 128.7 ppm] that was stable in toluene solution below �80 �C rapidly isomerizing at higher temperatures
(by the 1,3-migration of Me3Si-group from C to O) to the corresponding siloxysilene (Scheme 20).97

In 2017, Kato and coworkers described several compounds which were classified as cyclic silanones, namely, (amino)(phospho-
nium bora-ylide)silanone 4998a and its carbon analogue, (amino)(phosphonium-ylide)silanone 5098b (the latter is stable
below �50 �C) (Scheme 20). However, based on their peculiar spectral and structural features [d(29Si) ¼ 71.3/38.4 ppm and
rSieO ¼ 1.5432(12)/1.533(1) Å, for 49/50, respectively], and also on the computational data, the electronic situation in these
compounds is best described by the canonical structures 49A and 50A (but not by the silanone resonance form),98 manifesting
Si]B or Si]C double bonds and bora-ylide or phosphonium-ylide moiety, respectively (Scheme 20). Later, the same authors re-
ported also a room temperature stable N-hetero-Rh1-metallic silanone 51, featuring their traditional tricyclic framework incorpo-
rating Rh atom [d(29Si) ¼ 81.5 ppm and rSieO ¼ 1.540(3) Å] (Scheme 20).99

Filippou and coworkers also contributed to the stable silanone field by preparation of acyclic ionic metallasilanone 52 featuring
Cr(Cp*)(CO)3-fragment (Cp*]C5Me5) as a rather unusual substituent at the sp

2-Si atom [d(29Si) ¼ 169.6 ppm, rSieO ¼ 1.526(3)
Å, SSi ¼ 359.9�] (Scheme 20).100 According to DFT calculations, the SieO bond in 52 is expectedly strongly polarized towards
oxygen [85% NBO density on O atom; NPA charges: þ1.77 (Si) and �1.21 (O); ionic contribution (1.30) is remarkably greater
than the covalent contribution (0.56)], thus indicating a crucial contribution of the zwitterionic resonance structure SiþeO�.

Inoue and his groupmade a step closer to the authentic silanone by synthesis of their stable neutral acyclic silanone 53, featuring
p-donating N-heterocyclic imino (NHI) and s-donating silyl group as substituents at the sp2-Si atom [for R]tBu: d(29Si) ¼
28.8 ppm, rSieO ¼ 1.537(3) Å, SSi ¼ 360.0�] (Scheme 20).101 Computational analysis of 53 clearly indicated the critical
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importance of the p-donation from the NHI ligand to electron-deficient Si atom (seen in HOMO-10) and also s-donation from the
silyl substituent to the sp2-Si (sSieC / p*Si]O, seen in LUMOþ4) for the overall stabilization of otherwise highly reactive Si]O
bond. On the other hand, such stabilization occurs at the expense of diminishing Si]O double bond character, as an alternative
zwitterionic resonance form (with the Si]N double bond, positive charge on N and negative charge on O atom) begins to operate
and contribute to the overall structure of 53.

The long-term quest for the stable silanones was finally culminated in the recent publication from Iwamoto group on the
synthesis of their neutral cyclic dialkylsilanone 54 containing electronically unperturbed Si]O double bond (Scheme 20).102

54 does not feature coordination of any internal or external Lewis base or Lewis acid to its Si]O double bond, thus lacking any
electronically perturbing s- and p-conjugation stabilizing effects and therefore representing the first example of a genuine silanone.
For its Si]Odouble bond, silanone 54 exhibited low-field 29Si NMR chemical shift of 90.0 ppm, planar geometry around the sp2-Si
atom (SSi ¼ 360.0�), and exceptionally short Si]O bond distance of 1.518(2) Å, the shortest one among all >Si]O derivatives
reported to date. DFT calculations of 54 revealed the HOMO-13, LUMO, and HOMO-8 as pSi]O, p*Si]O, and the lone pair orbital
of the OSi]O atom. NPA analysis clearly disclosed the presence of a highly polar Sidþ]Od– double bond in 54: þ2.08 (Si)
and �1.10 (O), that implies intrinsically high electrophilicity of the silicon center and high nucleophilicity of the O center of
the genuine Si]O double bond.

The synthesis of the heavier analogues of silanones, that is (diaryl)silanethiones >Si]S, (diaryl)silaneselones >Si]Se, and
(diaryl)silanetellones>Si]Te, was pioneered by Tokitoh group.103 These achievements were followed by the report from Iwamoto,
Kira and coworkers on the synthesis of the stable dialkylsilane-thione, -selone, and -tellone.104 No further progress has been made
to this field since 2013.

The first generation of the stabilized germanone>Ge]O complexes, [NHC / germanone]105a and [DMAP / germanone]105b

(DMAP ¼ 4-dimethylaminopyridine), was reported by Driess and coworkers. The major breakthrough to the field of stable germa-
nones was achieved when Matsuo, Tamao and coworkers published their seminal paper on the isolable diraylgermanone
(Eind)2Ge]O (Eind ¼ 1,1,3,3,5,5,7,7-octaethyl-s-hydrindacen-4-yl) 55 (Scheme 21).106

Germanone 55 is stabilized only kinetically bymeans of its exceptionally bulky Eind substituents, lacking highly perturbing ther-
modynamic stabilization effects (both inductive and resonance) and thus representing a closest approach towards the genuine ger-
manone. In 55, the Ge]O double bond features a trigonal-planar sp2-Ge atom (SGe ¼ 359.8�) and a very short Ge]O bond [rGe]
O ¼ 1.6468(5) Å]. As is typical for heavy ketones, the Ge]Obond in 55 is highly polarized [NPA charges:þ1.798 (Ge) and�1.046
(O); WBI ¼ 1.252], thus being better represented by a charge-separated, germylene oxide, resonance form (Eind)2Ge

þeO� 55A,
rather than the charge-free, germanone, resonance extreme (Eind)2Ge]O 55.

The first representatives of the heavier analogues of germanones, namely, germanethiones >Ge]S, germaneselones >Ge]Se,
and germanetellones >Ge]Te, were all prepared by Tokitoh and coworkers: (Tbt(Tip)Ge]S (Tbt ¼ 2,4,6-[(Me3Si)2CH]3-C6H2),
Tbt(Tip)Ge]Se, and Tbt(Tip)Ge]Te/Tbt(Dis)Ge]Te [Dis]CH(SiMe3)2]).

107 Since 2013, there is only one new report on the
stable germanethione, namely, (Eind)2Ge]S 56, synthesized by Matsuo and coworkers by the reaction of stable germylene
(Eind)2Ge: with elemental sulfur S8, similar to the above case of germanone 55 (see Scheme 21).108 Although germanethione
56 revealed structural features similar to those of the previously reported germanone 55106 [trigonal-planar Ge (SGe ¼ 360.0�)
and short Ge]S bond (rGe]S ¼ 2.0569(9) Å)], its Gedþ]Sd– bond is remarkably less polarized compared to the GeþeO� bond
in germanone 55. This was evidenced by the accompanying computations on the Ge]S bond in 56, NPA charges: þ1.336 (Ge)
and �0.613 (S) [vs. þ1.821 (Ge) and �1.039 (O), in 55], WBI ¼ 1.635 [vs. 1.263, in 55].

As for the tin containing derivatives of the type>Sn]E (E]OeTe), the lightest and most challenging stannanones>Sn]O are
still unknown. The first stannanthione Tbt(Tip)Sn]S,109a stannaneselone Tbt(Ar)Sn]Se [Ar ¼ 2,6-(2-iPr-C6H4)2-C6H3],

109b,c and
stannanetellone Bbt(Ar0)Sn]Te [Bbt ¼ 2,6-[(Me3Si)2CH]2-4-[(Me3Si)3C]-C6H2, Ar0 ¼ 2,6-(2,4-iPr2-C6H3)2-C6H3],

109d were all
prepared and characterized by Tokitoh and coworkers. No new compounds of the type >Sn]E (E]SeTe) were reported since
2013.
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1.03.3.2.2 1,3-Diene analogues
1.03.3.2.2.1 Homonuclear derivatives >E]EeE]E< (E]Si, Ge)
The very first isolable tetrasilabuta-1,3-diene Tip2Si](Tip)SieSi(Tip)]SiTip2

110a and tetragermabuta-1,3-diene Tip2Ge](Tip)
GeeGe(Tip)]GeTip2

110b were reported by Weidenbruch in 1997 and 2000, respectively, uniformly prepared by the metalation
of the disilene Tip2Si]SiTip2 or digermene Tip2Ge]GeTip2 with metallic lithium followed by the reaction of intermediate vinyl-
lithium derivative [Tip2E]E(Tip)Li] (E]Si, Ge) with MesBr.

Since 2013, a couple of other 1,3-diene derivatives were reported. The first one, tetragermacyclobutadiene Ge4[EMind]4
(EMind ¼ 1,1,7,7-tetraethyl-3,3,5,5-tetramethyl-s-hydrindacen-4-yl) 57 (as the germanium version of the previously reported
remarkable tetrasilacyclobutadiene), was synthesized by Matsuo and coworkers.111 57 was prepared by the reduction of dichloro-
digermene [EMind](Cl)Ge]Ge(Cl)[EMind] with lithium naphthalenide (Scheme 22). In contrast to its silicon congener, 57 was
quite thermally stable, and exhibited UV-absorptions at 458 ( 3¼ 15000), 510 ( 3¼ 7400), and 836 nm ( 3¼ 150). The Ge4-ring has
a planar (sum of the internal bond angles ¼ 360�) rhombic shape with GeeGe bonds ¼ 2.430 Å (av.). Two germanium atoms
exhibit sp2-like trigonal-planar geometry (S ¼ 360.0�), whereas the other two feature sp3-like pyramidal configuration
(S ¼ 334.0 and 327.7�, respectively) with the trans-bending of substituents at these germanium atoms (q ¼ 37.9 and 40.6�, respec-
tively). Computational studies disclosed the GeeGe bond orders in 57 to be 1.08–1.09 (Wiberg bond indices, WBI). The natural
population analysis (NPA) clearly showed charge separation within the Ge4-ring: two Ge atoms are only slightly positively charged
(þ0.146 andþ0.151), whereas the other two Ge atoms are strongly positively charged (þ0.602 andþ0.573). All these data suggest
the important contribution of the alternately charge-separated resonance form cyclo-[GeþeGe�eGeþeGe�], as was also the case of
the previously reported tetrasilacyclobutadiene. Overall, the polar Jahn-Teller distortion causes relaxation of the intrinsic 4p-elec-
tron antiaromaticity of the tetragermacyclobutadiene 57 to form a planar rhombic-shaped charge-separated singlet structure, which
has nonaromatic character (according to NICS calculations).

The second example, tetrasilabuta-1,3-diene 58, was reported by Iwamoto group, being prepared starting from Me3Si(Tip)Si]
Si(Tip)SiMe3 by its reduction with tBuOK generating potassium disilenide [Me3Si(Tip)Si]Si(Tip)eK], which was subsequently
oxidized with 1,2-dibromoethane to form finally 58, Me3Si(Tip)Si]Si(Tip)eSi(Tip)]Si(Tip)SiMe3.

112 Both antiperiplanar (58ap)
and synclinal (58sc) conformations of 58 were separately crystallized as the purple and red crystals, respectively. The Si]Si bonds
in 58ap (2.1599(12)–2.1755(12) Å, for three independent molecules) are marginally longer than those of 58sc (2.1592(7)/
2.1617(7) Å), all being within the range of the typical Si]Si double bonds. The central SieSi bond between the two Si]Si double
bonds is notably shorter in 58ap compared to that of 58sc: 2.2801(12)–2.2862(11) Å and 2.2902(2) Å. These structural features
provide evidence for the better p-conjugation between the two Si]Si double bonds in 58ap. Such conclusion was further supported
by the observation of the longest wavelength absorption of 58 (537 nm) that was remarkably red-shifted compared to that of the
starting disilene Me3Si(Tip)Si]Si(Tip)SiMe3 (394 nm). Interestingly, 58 can be functionalized at its terminal Si atoms by the metal-
ation with tBuOK to generate intermediate tetrasilabutadienyl anion salt [Me3Si(Tip)Si]Si(Tip)eSi(Tip) ¼ Si(Tip)eK] (stable
below �50 �C), which readily reacts with Et3SiCl at �50 �C forming novel unsymmetrically substituted tetrasiladiene Me3Si(-
Tip)Si]Si(Tip)eSi(Tip)]Si(Tip)eSiEt3.

1.03.3.2.2.2 Heteronuclear derivatives >E]E0eE0 0]E0 0 0<(E, E0, E0 0, E0 0 0 ¼ group 14 element)
The compounds of this type, featuring formally conjugated 1,3-diene moieties >E]E0eC]C< (E, E0]Si, Ge), were first reported
by Lee and Sekiguchi in 2000,113 followed by the report from Power group in 2004.114 In the first case,113 the >Si]GeeC]C<

fragment was incorporated into the cyclopentadiene skeleton in which no noticeable conjugation between the Si]Ge and C]C
bonds was found, whereas in the second one114 the >Ge]GeeC]C< unit constituted a Ge2C2-cyclobutadiene scaffold.

The structural analogue of the above-described Power digermacyclobutadiene,114 namely, 1,2-Tbb-3,4-diphenyl-1,2-
digermacyclobutadiene (Tbb ¼ 4-tBu-2,6-[(Me3Si)2CH]2-C6H2) 59, was recently reported by Sasamori and coworkers, prepared
by the [2 þ 2] cycloaddition of isolable digermyne TbbGe^GeTbb and diphenylacetylene.115 59 featured nearly planar Ge2C2-
ring with the endocyclic Ge]Ge and C]C double bonds of 2.4160(5) and 1.362(5) Å, respectively [GeeC bond length:
2.022(2) Å].
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Two other recently reported examples of the title compounds were of the >C]SieSi]C< types. The first one, cAAC]Si(Cl)
eSi(Cl)]cAAC (cAAC: cyclic alkyl(amino) carbene, cyclo-[:CeCMe2eCH2eCMe2eN(2,6-iPr2-C6H3)]) 60, was synthesized by Roe-
sky and coworkers by the reduction of (cAAC: / SiCl4) complex with KC8.

116 The doubly bonded Si atoms in 60 resonated at
25.6 ppm, and both of them featured pyramidal configuration (S ¼ 325.3 and 328.0�). The Si]C and SieSi bond lengths were
measured as 1.823(3)/1.826(3) Å and 2.3058(13) Å, the former being elongated compared with the standard Si]C double bonds
whereas the latter being shortened compared with the typical SieSi single bonds. Although such structural peculiarities might be
explained by the partial conjugation within the C]SieSi]C diene system, the authors stated that the conjugation is not effective
because CeSieSieC unit is not planar but twisted (due to the steric hindrances) which results in the elongation of the C]Si bonds.

By contrast, 2,3-disilabuta-1,3-diene Ad]Si(SiMe2
tBu)eSi(SiMe2

tBu)]Ad (Ad ¼ 2-adamantylidene) 61, prepared by Iwamoto
and coworkers by the reaction of 1,2-dilithiodisilane (tBuMe2Si)2Si(Li)eSi(Li)(SiMe2

tBu)2 with 2-adamantanone, exhibited signif-
icant interaction between the two Si]C units in solution.117 This was evidenced by the important red-shift of the longest wave-
length UV-absorption in 61 of 371 nm, compared with other structurally similar silenes. Likewise, the 29Si and 13C NMR
resonances of the Si]C unit were found in the region typical for the structurally similar silenes: 41.2 and 197.3 ppm, respectively.
The C]SieSi]C unit adopts a synclinal conformation with the dihedral angle of 76.8�, and the geometries around the doubly
bonded Si and C atoms were essentially planar: S ¼ 359.8 and 360.0�, respectively. The Si]C bond of 1.748(2) Å in 61 is notably
shorter than that in Roesky 1,3-diene 60, whereas the central SieSi bond of 2.3149(13) Å in 61 is marginally longer than that in 60.

The reaction of the above-described 1,2-digermacyclobutadiene 59115 with (Me2N)3P]Se afforded 2,5-digermaselenophene 62
via the intermediate formation of the “housene”-type selenadigermirane followed by its valence isomerization to 62, as reported by
Sasamori and coworkers (Scheme 23).118 Based on the structural data of its cyclic skeleton [rGeeC ¼ 1.921(3)/1.922(3) Å,

rCeC ¼ 1.375(4) Å, qTbb ¼ 7.8�(trans), nonplanar SeGe2C2 five-membered ring] and computational studies, the structure of 62 is
best described as a singlet (digerma)biradicaloid resonance form 62Bwhereas classical Lewis structure 62A is of a minor importance
(Scheme 23). Nevertheless, 62 showed some appreciable extent of aromaticity, as its NICS(1) was notably negative (�8.0), compa-
rable to that of the parent organic selenophene. The 77Se NMR resonance of 62 was found in the low-field at 481.8 ppm, thus sug-
gesting that 62 retains its trans-pyramidalized structure in solution as well.

1.03.3.2.3 Allene analogues
1.03.3.2.3.1 Group 14 element derivatives >E]E0]E< (E, E0]C, Si, Ge, Sn)
The first compound of this type, namely, tristannaallene (tBu3Si)2Sn]Sn]Sn(SitBu3)2, was reported by Wiberg and coworkers in
1999.119 Several years later (in 2003), a milestone trisilaallene R2Si]Si]SiR2 was prepared by Kira’s group,120a followed by the
synthesis of its heavier homologues, trigermaallene R2Ge]Ge]GeR2 and 1,3-digerma-2-silaallene R2Ge]Si]GeR2, and 2-
germa-1,3-disilaallene R2Si]Ge]SiR2 (everywhere, R2 ¼ [cyclo-(eSieC(SiMe3)2eCH2eCH2eC(SiMe3)2e])).

120

In the last decade, there was only one report on the synthesis of title compounds. In 2017, Sasamori, Tokitoh and coworkers
synthesized 1,3-digerma-2-silaallene 64 in which the allenic >Ge]Si]Ge< moiety is a part of the cyclic system.121 64 was
prepared by the exhaustive reductive dechlorination of tetrachloro-2,5-digerma-1-silacyclopentane with KC8 (Scheme 24). The
SiGe2C2-ring in 64 is planar, and the Ge]Si bond lengths of 2.2681(18) and 2.2900(18) Å are typical for the Ge]Si double bonds.
However, the 29Si NMR chemical shift of the allenic Si atom in 64 was found at unusually high-field (�16.5 ppm), thus being
exceptionally shielded compared to that of Kira 1,3-digerma-2-silallene (236.6 ppm).120b This points to a crucial contribution of
the [>Ge: / Si0 ) :Ge<] “silylone” resonance form of 64 featuring Si0 character for its central silicon atom, caused by rather acute
GeeSieGe bond angle (80.1�) as a result of GeeSieGe unit incorporation into the rigid five-membered ring skeleton. This was
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further backed by computations which showed highly polarized GedþeSid– bonds with clear charge separation (NPA
charges): �0.27 (for Si) and þ0.90/þ0.91 (for Ge), implying a significant s-donation from the germanium atoms to the silicon
atom.

Compounds of the type >E]C]C< (E]Si, Ge), that is 1-sila- and 1-germaallenes, are known since 1993 when West and
coworkers reported the very first 1-silaallene.122 This was followed by the synthesis of the first stable 1-germaallene by the same
research group,123 and a new 1-silaallene by Pietschnig and coworkers.124

As the recent development in the field, one can mention anionic lithium 1-silaallenolate [tBu2MeSi(tBuMe2Si)C]C]Si(Si-
MetBu2)OLi] 65 synthesized by Apeloig and coworkers by the reaction of tBu2MeSi(tBuMe2Si)C]Si(SiMetBu2)Li with carbon
monoxide.125 As is typical for allenes, the SieCeC bond angle of 175.0� only very slightly deviate from the required linearity
(180�), whereas the Si]C and C]C bond lengths of 1.711(5) and 1.324(3) Å, respectively, are normal for 1-silaallenes. The allenic
atoms in 65 resonated in the expected fields, at 50.0 ppm (for Si]C]C), 301.7 ppm (for Si]C]C), and 160.6 ppm (for Si]C]
C). Featuring an anionic moiety, 65 can still be functionalized at O atom: thus, reaction of 65 with Me3SiCl produced a novel 1-
silaallene tBu2MeSi(tBuMe2Si)C]C]Si(SiMetBu2)OSiMe3 [NMR chemical shifts (d): 61.7 ppm (Si]C]C), 282.3 ppm (Si]C]
C), and 165.2 ppm (Si]C]C)].

1.03.3.2.3.2 Hybrid group 14/group 15 element derivatives >E]E0]E0 0e (E, E0 ¼ group 14 element, E0 0 ¼ group 15 element)
Grützmacher and coworkers were the first to report such derivative, stannaketenimine R2Sn]C]NMes [R ¼ 2,4,6-(CF3)3-C6H2]
which exists in equilibrium with the stannylene R2Sn: and isocyanide: C]NMes.126 The first silaketenimines featuring true
>Si]C]Ne allenic character were synthesized by Kira and Iwamoto,127 and this was followed by the report from Sekiguchi group
on the synthesis of bis(silaketenimine).128

Unusual silaketenimine anionic derivatives 66 were reported by Cui and coworkers.129 Both 66a and 66b were uniformly
prepared from a masked lithiosilylene with isocyanides RNC: (R ¼ 2,6-iPr2-C6H3, 1-adamantyl) (Scheme 25). The allenic atoms
resonated at very high-field for silicon nucleus reflecting its negatively-charged nature [d(29Si) ¼ �144.0/�162.4 ppm], and at
very low-field for carbon nucleus [d(13C) ¼ þ235.7/þ227.0 ppm]. The Si]C and C]N bonds in 66a,b were relatively short
and relatively long: 1.725(4)/1.730(2) Å and 1.285(4)/1.279(3) Å, respectively. The SieCeN bond angles of 160.6/157.4� in
66a,b are remarkably smaller than the one required for the classical allenic system (180�). Based on the structural and computa-
tional data, the authors described their compounds 66a,b as allenic systems BeSi]C]NeR.

Allenic systems with phosphorus atoms of the type >E]C]Pe (E]Si, Ge, As) were all prepared by Escudié and coworkers by
dehalogenation of the corresponding precursors: phosphasilaallene Tip(Ph)Si]C]PMes* (Mes* ¼ 2,4,6-tBu3-C6H2) stable
below �30 �C,130a phosphagermaallene Tip(tBu)Ge]C]PMes* stable at room temperature,130b and arsagermaallene Tip(tBu)
Ge]C]AsMes* also stable at room temperature.130c Since then and to date, no further progress to the field has been made.

Despite some recent reports on the generation of donor/acceptor-stabilized 1-silaketenes >C]Si]O,131 isolable derivatives of
this type, free from the high electronic perturbation caused by the intra/intermolecular donor/acceptor coordination, are still
elusive, thus remaining to be the next highly attractive challenge.

1.03.3.2.4 Vinylidene analogues
Vinylidenes R2C]C: are the valence isomers of alkynes RC^CR featuring a naked terminal carbon atom (substituents-free) being as
such extraordinarily reactive. To stabilize this low-coordinate center, use of external base, such as NHC, is particularly effective, and
therefore almost all examples of the isolated heavy group 14 analogues of vinylidenes of the type R2E]E0: (E, E0 ¼ heavy group 14
elements), except for the digermavinylidenes, were stabilized in such a way by the external NHC-coordination.

The first breakthrough in the field came from the Scheschkewitz group who reported the very first isolable compound of this
type, namely, NHC-stabilized silagermenylidene Tip2Si]Ge:()NHC) (NHC ¼ 1,3-diisopropyl-4,5-dimethylimidazol-2-
ylidene) 67 prepared by the co-reduction of Tip2SiCl2 and NHC / GeCl2 complex with lithium naphthalenide.132 The sp2-Si center
of 67 is expectedly deshielded [d(29Si) ¼ 158.9 ppm], the Si]Ge bond is short [rSi]Ge ¼ 2.2521(5) Å] well-fitting within the range
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of the typical silagermenes, and the Si atom has planar configuration (S ¼ 359.8�). The Si]Ge bond is nearly undistorted
(s ¼ 3.1�) thus allowing for an effective ppepp orbital overlap, and the NHC-ligand coordinates to Ge center in nearly orthogonal
manner (CNHCeGeeSi bond angle ¼ 98.9�) to maximize their nlone pair NHCepGe orbital interaction. Following their original report,
the same group subsequently synthesized another NHC-stabilized silagermenylidene Tip2ClSie(Tip)Si]Ge:()NHC)
(NHC ¼ 1,3-diisopropyl-4,5-dimethylimidazol-2-ylidene) 68.133 Being structurally similar to 67, 68manifested spectral and struc-
tural characteristics that were reminiscent to those of 67, namely: d(29Si) ¼ 162.5 ppm, rSi]Ge ¼ 2.2757(10) Å, CNHCeGeeSi bond
angle ¼ 101.9�.

Silicon analogues of 67 and 68, that is disilavinylidenes were reported by Filippou and coworkers. The first one, Tbb(Br)Si]
Si:()NHC) (NHC ¼ 1,3-bis(2,6-diisopropylphenyl)imidazoline-2-ylidene) 69 was prepared by the reduction of NHC-
stabilized bromo(silyl)silylene Tbb(Br2)Sie(Br)Si:()NHC) with KC8.

134 The sp2-Si atoms resonated at 34.6 and 86.0 ppm, the
disilavinylidene core was almost planar with the sum of the bond angles around the tricoordinate Si atom of 360.0� and the twist
angle about the Si]Si bond of 2.7�, and NHC coordinated to the Si]Si bond nearly orthogonally with the CNHCeSieSi bond
angle ¼ 97.6�. The Si]Si bond in 69 of 2.167(2) Å was very short corroborating the presence of the genuine double bond, which
was further supported by the NBO and NRT calculations (Si]Si: WBI ¼ 1.79, NRT bond order ¼ 1.91). The presence of a stereo-
chemically active lone pair (77% s-character) at the naked Si atom was confirmed by the NBO calculations.

Applying this synthetic approach, the same group succeeded also in the synthesis of the NHC-stabilized phosphasilenylidene
Mes*P]Si:()NHC) 70 (NHC is the same as the one in the above paragraph) available by the reaction of Cl2Si:()NHC) with
LiP(Mes*)SiMe3 (Mes* ¼ 2,4,6-tBu3-C6H2).

135 70 displayed structural features that are typical for vinylidene systems, namely: short
rSi]P bond of 2.1188(7) Å that is typical for phosphasilenes, acute CNHCeSieP bond angle of 92.7�, planar Si]P bond with the
twist angle of only 1.9�. Spectroscopic data for 70 are also in line with its formulation as phosphasilenylidene: both Si and P nuclei
are strongly deshielded being observed at 267.3 and 402.4 ppm, respectively. The 1J(29Sie31P) coupling constant of 170.4 Hz is
large, expectedly for the Si]P doubly bonded system, which was further supported by the NBO calculations (WBI for SieP
bond is 1.68).

The latest example of isolable disilavinylidene, compound 71, was reported by Iwamoto group. 71 was synthesized by the co-
reduction of a mixture of their tetrabromodisilane and NHC (NHC ¼ 1,3-di-tert-butylimidazol-2-ylidene) with metallic sodium
(Scheme 26).136 The doubly bonded Si atoms resonated at 160.8 and 65.0 ppm, for the tricoordinate silicon and NHC-

coordinated terminal silicon nuclei, respectively. As is typical for disilavinylidenes, the Si]Si bond in 71 is short [rSi]
Si ¼ 2.1787(8) Å], tricoordinate silicon has a planar geometry (S ¼ 359.7�), and Si]Si bond is only slightly twisted (s ¼ 7.2�).
Interestingly, when 71 was treated with N2O followed by B(C6F5)3, unique disilaacetolactone 72 was formed in which the Si]
O bond is push-pull coordinated to NHC (for Si) and B(C6F5)3 (for O) (Scheme 26).136

The first digermavinylidene 73 reported by Aldridge group in 2016 is remarkable because it is free from any external NHC-
coordination, unlike the case of the above-described NHC-supported silagermenylidenes and disilavinylidenes (vide supra).137

Digermavinylidene 73was synthesized by the reaction of the NHC-stabilized boryl(chloro)germylene with K or KC8 followed by
the oxidation of the intermediate dianionic species by [Ph3C][B(C6F5)4] (Scheme 27). The Ge]Ge double bond in 73 is practically
planar, as the four atoms (two Ge and two B atoms) lie within a single plane. The Ge]Ge distance of 2.312(1) Å is reasonably short
to formulate it as a double bond. In the solid state, there are also weak stabilizing interactions between one of the flanking aryl p-
systems of each of the boryl substituent and the vacant in-plane p-orbital at the one-coordinate Ge atom. The HOMO of 73 is rep-
resented by the GeeGe p-bond, whereas the HOMO-1 is mostly naked Ge atom lone pair. The longest wavelength UV-absorption
in 73 at 460 nm corresponds to a Ge]Ge double bond p-p* electronic transition.

Another digermavinylidene 74 was very recently reported by Wesemann and coworkers.138 74 was available by the reduction of
intramolecularly phosphine-stabilized chloro(germyl)germylene with [(MesNacnac)Mg]2 (MesNacnac ¼ {[(2,4,6eMe3eC6H2)
Ne(Me)C]2CH}�) or metallic sodium (Scheme 28). The Ge]Ge bond of 2.3060(2) Å is marginally shorter than that in Aldridge
digermavinylidene 73, being in the range of the typical Ge]Ge double bonds. Except for the substituents, the bicyclic molecule is
nearly planar, and the tricoordinate Ge atom manifests practically planar geometry (S ¼ 358.8�). Formulation of the germanium-

Scheme 26
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germanium interaction in 74 as a double bond was further supported by consideration of its frontier orbitals: HOMO and LUMO
represent bonding and antibonding p- and p*-orbitals of the Ge]Ge double bond. However, alternatively the bonding situation in
74 can be interpreted as a double Lewis base-stabilized Ge atom in the formal oxidation state 0, that is, Ge0. As such, digermavi-
nylidene 74 can serve as a source for a single Ge0 atom transfer by the germanium atom abstraction reactions.

1.03.3.2.5 E(0)]E(0): Derivatives (E]Si, Ge, Sn)
This exciting class of low-coordinate group 14 element derivatives, featuring central elements E in their formal oxidation state 0, has
emerged recently. The first milestone report in the field was published by Robinson and coworkers in 2008, describing
[NHC/Si0]Si0 ) NHC] (NHC ¼ 1,3-(2,6-iPr2-C6H3)2-imidazol-2-ylidene).139 This breakthrough was quickly followed by
the synthesis of its heavier analogues, [NHC/Ge0]Ge0 ) NHC] (NHC ¼ 1,3-(2,6-iPr2-C6H3)2-imidazol-2-ylidene or 1,3-
(2,4,6eMe3eC6H2)2-imidazol-2-ylidene) and [NHC/Sn0]Sn0 ) NHC] (NHC ¼ 1,3-(2,6-iPr2-C6H3)2-imidazol-2-ylidene),
by Jones and coworkers.140

As the most recent development in the field, one can mention N-heterocyclic silylene(NHSi)-stabilized digermanium(0)
complex 75, prepared by So and coworkers by the reduction of NHSieGeCl2 complex with KC8 (Scheme 29).141 NHSi-ligands
in 75 coordinate to the: Ge]Ge: moiety almost perpendicularly (SieGeeGe bond angle 92.0�), and the Ge]Ge bond of
2.3518(16) Å is still in the range of the typical Ge]Ge double bonds in digermenes. In contrast to the above-described
[NHC/Ge0]Ge0 ) NHC],140a 75 features p-back-bonding interaction of the Ge]Ge p-bond and vacant p(Si)-orbital of the
NHSi ligand stabilizing the whole molecule, as was evidenced by the frontier molecular orbital (HOMO) and AIM analyses.

Scheme 27

Scheme 28

Scheme 29
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1.03.3.3 Triply bonded derivatives

1.03.3.3.1 Homonuclear derivatives eE^Ee (E]Si, Ge, Sn, Pb)
1.03.3.3.1.1 Disilynes eSi^Sie
The quest for the stable alkyne analogues of the heavy group 14 elements has a long history dating back to the early 1990s when
Masamune and coworkers described disilyne ReSi^SieR among the greatest challenges for silicon chemists in their seminal
review.142 However, it took more than a decade when the first isolable disilynes R3SieSi^SieSiR3 were independently reported
by Wiberg (R3Si]SiMe(SitBu3)2)

143 and Sekiguchi (R3Si]SiiPr[CH(SiMe3)2]2)
144 groups in 2004. These historical achievements

were followed by the subsequent synthesis of a couple of other stable disilynes, unsymmetrically substituted bis(silyl)disilyne
R3SieSi^SieSiR0

3 (R3Si]SiiPr[CH(SiMe3)2]2, R0
3Si]Si(CH2

tBu)[CH(SiMe3)2]2)
145 by Sekiguchi and coworkers and diaryldisi-

lyne BbteSi^SieBbt (Bbt ¼ 2,6-[(Me3Si)2CH]2-4-[(Me3Si)3C]-C6H2)
146 by Tokitoh and coworkers.

Since 2013, a few other examples of the stable disilynes were reported. As a remarkable new entry to the stable disilynes family,
Iwamoto group reported the first dialkyldisilyne ReSi^SieR [R]C(SiMe3)2(CH2

tBu)] 76.147 As is uniform for disilynes, 76 was
prepared by the exhaustive dehalogenation of the tetrabromodisilane precursor ReSiBr2eSiBr2eR with KC8. The triply bonded
Si atoms in 76 resonated at 31.8 ppm, that is at higher field compared to those in bis(silyl)disilynes (89.9 ppm144 and 62.6/
106.3 ppm145) but at lower field than to that in diaryldisilyne (18.7 ppm).146 The Si^Si triple bond in 75 of 2.0863(13) Å is
in-between those of bis(silyl)disilynes (2.0622(9) Å165 and 2.0569(12) Å145) and diaryldisilyne (2.108(5) Å90). The trans-bent
angle CeSi^Si in 76 of 132.1� is again intermediate between those of bis(silyl)disilynes (137.4�144 and 137.9/138.8�145) and dia-
ryldisilyne (133.0�146).

The second diaryldisilyne TbbeSi^SieTbb (Tbb ¼ 2,6-[(Me3Si)2CH]2-4-
tBu-C6H2) 77 was synthesized by Sasamori and

coworkers by the reduction of 1,2-dibromodisilene precursor (E)-Tbb(Br)Si]Si(Br)Tbb with KC8.
148 77 manifested spectral and

structural features that are typical for disilynes, namely: 29Si NMR resonance at 16.2 ppm, short Si^Si bond of 2.1050(15) Å,
and a notable trans-bending angle CaryleSi^Si of 131.4�.

An interesting three-membered ring MgSi2 compound 78, featuring cyclic Si]Si double bond (magnesium disilacyclopropene)
and as such considered as the doubly reduced disilyne derivative, was recently reported by Cui and coworkers.149 This dianionic
disilyne magnesium complex 78 was available by the reduction of (NHBoryl)tribromosilane with activated magnesium (Scheme
30). The anionic Si atoms in 78 expectedly resonated in very low-field at 204.1 ppm, as is characteristic for disilenides. The Si]Si

bond of 2.223(17) Å in 78 is also in line with its formulation as a double bond, and both Si atoms have nearly planar geometry
(S ¼ 355.7 and 359.9�). The dianionic character of the Si2-core in 78 was further confirmed by the NPA charge calculations: �0.61
and �0.63 (for Si atoms) and þ1.59 (for Mg atom).

1.03.3.3.1.2 Digermyne eGe^Gee
The first isolable digermyne AreGe^GeeAr [Ar ¼ 2,6-(2,6-iPr2-C6H3)2-C6H3] was reported by Power group in 2002,150 and this
was followed by the synthesis of another stable diaryldigermyne BbteGe^GeeBbt (Bbt ¼ 2,6-[(Me3Si)2CH]2-4-[(Me3Si)3C]-
C6H2) by Tokitoh and coworkers.151

A couple of other stable digermynes were reported since 2013. The first one, bis(amido)digermyne ReGe^GeeR {R ¼ N(SiiPr3)
[2,6-(CHPh2)2-4-

iPr-C6H2]} 79, was synthesized by Jones and coworkers by the reduction of the monomeric germylene R(Cl)Ge:
with [(MesNacnac)Mg]2.

152 However, given the GeeGe bond distance of 2.3568(3) Å in 79 that is much longer than those of previ-
ously reported diaryldigermynes (2.2850(6) Å150 and 2.2060(7)/2.2260(7) Å151), the very formulation of 79 as a digermyne casts
some doubts on it. It is very likely that 79 is better viewed as a digermene derivative (WBI ¼ 1.75),152 rather than a digermyne one.

By contrast, triply bonded constitution of another digermyne TbbeGe^GeeTbb (Tbb ¼ 2,6-[(Me3Si)2CH]2-4-
tBu-C6H2) 80

prepared by the reduction of 1,2-dibromodigermene (E)-Tbb(Br)Ge]Ge(Br)Tbb with KC8 as reported by Sasamori, Tokitoh
and coworkers, was firmly established.153 80 has short Ge^Ge bond of 2.2410(9)/2.2221(9) Å and trans-bent CaryleGeeGe angle
of 130.5/130.7�.

1.03.3.3.1.3 Distannyne eSn^Sne
The first stable distannyne AreSn^SneAr [Ar ¼ 2,6-(2,6-iPr2-C6H3)-C6H3]

154 was reported by Power group in the same year 2002,
when the first digermyne was reported by the same group.150 Since then, several bis(amido)-substituted ditin derivatives were

Scheme 30
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claimed as distannynes.155 However, again, based on their exceptionally long SneSn separations of 3.1429(7) Å155a and 3.0638(7)
Å155b (cf.: 2.6675(4) Å in Power distannyne154), these compounds should be classified as the singly bonded bis(stannylenes), and
therefore their formulation as distannynes is somewhat misleading.

Power group has recently authenticated another diaryldistannyne AreSn^SneAr [Ar ¼ 2,6-(2,4,6-tBu3-C6H2)2-C6H3] 81
prepared by the standard procedure, namely, by the reduction of the corresponding chlorostannylene Ar(Cl)Sn: with KC8.

156

The Sn^Sn bond in 81 is short (2.7621(6) Å) although being the longest one observed in distannynes, and the CaryleSneSn
trans-bending angle is narrow (119.1/119.8�) being comparable to that in the first Power distannyne (125.2�).154 No solution
119Sn NMR resonance for the triply bonded Sn atoms in 81 were observed due to the anisotropy of the chemical shift tensor, as
in the case of other distannynes.

1.03.3.3.1.4 Diplumbyne ePb^Pbe
The first diplumbyne ArePb^PbeAr [Ar ¼ 2,6-(2,4,6-iPr3-C6H2)-C6H3], which was actually the very first example of the formal
heavy group 14 element alkyne analogues, was reported by Power and coworkers in 2000.157 However, given its peculiar structural
features (very long PbePb separation of 3.1881(1) Å and nearly orthogonal arrangement of the aryl substituents in relation to the
PbePb bond with the CarylePbePb bond angle of 94.3�), the compound was formulated as the trans-bent singly bonded diplum-
bylene ArePb:ePb:eAr, rather than the triply bonded diplumbyne ArePb^PbeAr.

Very recently, Power group reported a series of novel “diplumbynes” ArPbPbAr [Ar ¼ 2,6-(2,6-iPr2-C6H3)2-C6H3, 2,6-(2,4,6-
iPr3-

C6H2)2-3,5-
iPr2-C6H, 2,6-(2,4,6-tBu3-C6H2)2-C6H3, 2,6-(2,6-

iPr2-C6H3)2-4-SiMe3-C6H2].
158 These compounds were prepared by

the reduction of aryl(bromo)plumbylene dimers {Ar(m-Br)Pb:}2 with (iBu2AlH)2 forming intermediate hydrides [{Ar(H)Pb:}]2
which subsequently eliminate H2 thus forming ArPbPbAr, or alternatively by the reduction of [Ar(m-Br)Pb:]2 with [(MesNacnac)
Mg]2. All diplumbynes (except for the one with the bulkiest Ar substituent, 2,6-(2,4,6-iPr3-C6H2)2-3,5-

iPr2-C6H) are unstable,
surviving only at the temperatures as low as �20 �C/�30 �C. The PbePb separation in these diplumbynes was in the range
3.0382(6)–3.2439(9) Å, with the shorter bonds being still notably longer than the typical PbePb single bonds in diplumbanes
but rather comparable to the Pb]Pb double bonds in diplumbenes. The trans-bending angles CarylePbePb were in the range
95.2–116.0�.

1.03.3.3.2 Heteronuclear derivatives eE^Ce and eE^P
Heteronuclear heavy alkyne analogues featuring different group 14 elements of the typeeE^E0e (E, E0]CePb) were the subject of
permanently high interest of the main group chemists. However, despite many research efforts, no such stable derivatives were iso-
lated to date. The closest approach to the compounds of interest is represented by the metastable silyneeSi^Ce (stable in solution
only below �30 �C), which has rather peculiar substituents pattern and in which the intramolecularly phosphine-stabilized Si^C
bond is very short (1.667(3) Å) being notably shorter than the conventional Si]C double bonds. This compound was reported by
Kato, Baceiredo and coworkers in 2010.159

An equal, if not even more, attractive synthetic challenge are hybrid group 14/15 element alkyne analogues of the type ReE^E0

(E ¼ group 14 element, E0 ¼ group 15 element). Accordingly, the search for the room-temperature stable compounds of this type,
first of all, of the heavy nitriles ReE^N and heavy phosphaalkynes ReE^P types (E ¼ heavy group 14 element), intrigued Main
Group elements community for at least a couple of last decades. However, stabilization of such fascinating species appeared to be
exceptionally challenging, especially given that only ONE substituent R is available for stabilization (both thermodynamic and
kinetic) of otherwise exceptionally reactive E^N and E^P triple bonds. The extraordinary difficulties in stabilization of such species
was recently experimentally verified by the research of Hinz and Goicoechea, who attempted synthesis of the phosphagermyne
ReGe^P and phosphastannyne ReSn^P derivatives.160 Accordingly, to date, there is no success in the field of compounds of
the type ReE^E0 (E/E0 ¼ group 14/group 15 elements), but one can expect progress in this field in the future.

1.03.4 Low-coordinate compounds of heavier group 15 elements

1.03.4.1 Introduction

The chemistry of low-coordinate compounds of heavier Group 15 elements has seen remarkable progress. As for low-coordinate
compounds of heavier Group 15 elements, the field of the multiple bonded compounds correspond to one of the most popular
categories. Up to date, numerous literatures for heteroaromatics such as phosphole (C4H5P) and phosphine (PC5H5) derivatives,
multiple bonded systems, e.g., phosphaalkenes (>C]Pe), phosphaalkynes (eC^P), and diphosphenes (eP]Pe), have been re-
ported together with their heavier analogues. In this chapter, we will discuss the synthesis and structural features of diphosphenes
and related heavier analogues between 2016 and 2020.

1.03.4.2 Diphosphene derivatives

Remarkable advances have been made in low-valent main-group chemistry, providing new insights into bond making and breaking
processes. Among heavier Group 15 elements, dipnictenes have attracted considerable attention. Since the preparation of the first
stable diphosphene Mes*eP]PeMes* (Mes* ¼ 2,4,6-tBu3-C6H2) by Yoshifuji and coworkers in 1981,5 the field of low-coordinate
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compounds of heavier Group 15 elements has rapidly expanded by using steric protection of bulky substituents. Thus, the concept
of kinetic stabilization by sterically demanding substituents provided a breakthrough in the field of multiple bonded compounds
based on heavier Group 15 elements. This section covers recent progress for substantial synthesis of diphosphenes and their struc-
tural information as summarized in Table 1.

The first stable boryl-substituted diphosphene derivative was successfully synthesized by Yamashita and coworkers.161 Reductive
coupling reaction of boryldichlorophosphine precursor with magnesium metal afforded boryl-substituted diphosphene 82 in 47%
yield. In the 31P NMR spectrum in C6D6, two magnetically equivalent phosphorus nuclei were observed at þ605 ppm, which are
comparable, albeit slightly low-field-shifted, to the resonances of carbon-substituted trans-diphosphenes (477–600 ppm). Further-
more, the solid-state structure of 82 was determined by single-crystal X-ray diffraction analysis. The PeP bond of 2.0655(17) Å is
slightly longer than those of previously reported carbon-substituted diphosphenes (1.985–2.051 Å). The five-membered rings con-
taining a boron atom are oriented almost perpendicular to the planar BeP]PeB moiety (Scheme 31).

Goicoechea and coworkers reported that photolysis converted boryl-substituted phosphaketene to 2,3-dihydro-1H-1,3,2-
diazaboryl-substituted diphosphene 83.162 The 31P NMR spectrum showed a singlet resonance at 596.0 ppm. Orange crystals of
83 suitable for single crystal X-ray diffraction could be obtained by cooling a concentrated hexane solution of the product. The single
crystal X-ray structural analysis reveals a diphosphene with a relatively short PeP bond distance of 2.027(1) Å, which is in line with
the expected distance for a P]P double bond (Scheme 32).

Slootweg reported that diphosphetanedione derivative is converted to cyclopropenyl-substituted diphosphene 84 in 99% yield
upon UV irradiation.163 The 31P NMR spectrum exhibited a signal at þ585.3 ppm. The molecular structure of 84, determined by

Table 1 Selected structural parameters of diphosphene derivatives.

Compounds

Bond lengths/Å Bond angle/degree

P]P EeP EeP]P

82 2.0655(17) 1.936(3) 95.83(9)
83 2.026(1) 1.926(2) 97.02(4)
84 2.0210(6) CeP 1.8778(12) 102.88(4)
85 2.0351(7) 97.72(6)–103.07(4)
86 2.0611(7) CeP; 1.821(2)

PeN; 1.6411(17)
PePeN; 105.66(6)
CePeP; 94.32(6)

87 2.038(1) CeP; 1.834(2)
PeC; 1.854(4)

CePeP; 105.0(1)
PePeC; 95.1(1)

88 2.1897(4) 1.7502(11), 1.7488(11)
89 2.0530(5) 1.832(2) 101.54(5)
90 2.0565(9) 1.824(2), 1.833(2)
91a 2.0453(6) CeP 1.854(2) 104.45(5)
91b 2.041(1) 1.864(3) 105.9(1)
92a 2.062(1) 1.785(1) 103.0(1)
92b 2.055(1) 1.797(1) 102.6(1)
93 2.0369(5), 2.0423(4) 1.8853(8), 1.8853(8) 106.10(3), 106.56(3)
94 1.997(6)
95 2.045(1) 2.439(1) 95.43(4)
96b 2.053(2) 73.54(4)
97a 2.1684(7)
97b 2.1340(12)
98a 2.1826(7) 1.8548(13) 108.39(5)
98b 2.1699(5) 1.8548(13), 1.8495(13) 108.88(4), 112.53(4)
99 2.037(1) 2.340(1) 99.04(3)

Scheme 31
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a single-crystal X-ray analysis, shows a centrosymmetric diphosphene with the PeP and PeC bond lengths of 2.0210(6) and
1.8778(12) Å, respectively (Scheme 33).

Tsurusaki and Kamikawa reported that diphosphene 85 possessing an axially chiral 1,10-binaphthyl moiety was synthesized.164

Enantiomerically pure substrate can be converted into diphosphene 85 without any loss of enantiomeric purity (Scheme 34).
Bertrand and co-workers demonstrated that bis-phosphinidene unit stabilized by imidazol-2-yl carbene could be isolated.165

Since then, persistent unsaturated species with N-heterocyclic carbenes based on heavier Group 15 elements have been synthesized.

Grützmacher166 and Weigand167 independently reported synthesis and structural characterization of NHC-substituted diphos-
phenes 86 and 87, respectively. They succeeded in the formation of a P]P double bond via a chloride abstraction of the corre-
sponding chlorodiphosphanide precursor. Treatment of precursors with GaCl3 afforded diphosphene 86 or 87, respectively. The
31P NMR spectrum of diisopropylamino-substituted diphosphene 86 showed two coupled doublets (J ¼ 525 Hz) at 492.1 and
158.1 ppm. In the molecular structure of 86, the PeP distance of 86 was 2.0611(7) Å, being slightly longer than those of previously
reported carbon-substituted diphosphenes. In the case of 87, the 31P NMR spectrum showed an AX spin system at 398.1 (PA) and
605.8 (PX) ppm with 1JPP ¼ �577.9 Hz. The PA and PX can be assigned to the imidazoliumyl- and the imidazolyl-substituted phos-
phorus atoms, respectively. The molecular structure of 87 revealed, the PeP bond length (2.038(1) Å) typical for diphosphenes. The
CePeP angle involving the imidazoliumyl-substituent (CePeP: 105.0(1)1�) is larger than that involving the Dipp-substituent
(CePeP 95.1(1)1�). This might be a result of a higher degree of p-bonding interactions involving the more electron withdrawing
imidazoliumyl-group, or the large steric demand of the imidazoliumyl-substituent (Schemes 35 and 36).

N-Heterocyclic carbene coordinated diphosphene 88 was also prepared by chloride abstraction from the corresponding singly-
bonded derivative with GaCl3.

168 The 31P NMR spectrum of 88 exhibited a higher-order AB spin system at 438.5 and 440.1 ppm
with 543 Hz. The solid-state structure of diphosphene 88was confirmed by X-ray crystallographic analysis. The PeP bond length of
2.1897(4) Å falls in a range for the reported diphosphenes (Scheme 37).

Tamm and coworkers reported that diphosphenes 89 and 90 bearing N-heterocyclic carbenes were synthesized by a chloride
abstraction by the reduction with magnesium powder or by Lewis acid, respectively.169,170 The 31P NMR spectrum of 89 revealed
a broad signal at very low field (þ434 ppm), which is characteristic of sterically protected diaryldiphosphenes. In the solid-state
structure, diphosphene 89 exhibit the typical (E)-geometry with the PeP bond length of 2.0530(5) Å. In the case of 90, The 31P

Scheme 32

Scheme 33

Scheme 34
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NMR spectrum in THF-d8 showed two doublets at 403 and 456 ppm (J ¼ 554 Hz). The molecular structure for 90 was determined
by XRD analysis. The PeP length is 2.0565(9) Å, which is comparable to those of reported diphosphenes (Schemes 38 and 39).

Stephan reported that reaction of a N-heterocyclic carbene with three equivalents of t-Bu-substituted phosphaalkyne afforded
vinyl-substituted diphosphene 91a as purple crystals in 74% yield.171 In the case of the reaction with 1-adamantyl-substituted

Scheme 35

Scheme 36

Scheme 37

Scheme 38

Scheme 39
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phosphaalkyne, diphosphene 91b was also isolated as pink powder in 68% yield. The 31P NMR spectra of 91a and 91b in CDCl3
exhibited resonances at 530.1 and 524.0 ppm, respectively. The molecular structures were unambiguously confirmed by single
crystal X-ray diffraction. The PeP bond lengths of 91a and 91b exhibited 2.0453(6) and 2.041(1) Å, respectively, which are in
the typical range of diphosphenes (Scheme 40).

Ghadwal and coworkers reported synthesis and characterization of new divinyldiphosphene compounds.172 Reduction of
dichlorovinylphosphanes with magnesium leads to the formation of divinyldiphosphenes 92a and 92b as crystalline solids. The
31P{1H} NMR spectrum of each of 92a (þ380 ppm) and 92b (þ414 ppm) exhibits a signal characteristic for the reported diphos-
phenes. Molecular structures of 92a and 92b were determined by single-crystal X-ray diffraction studies, which reveal their trans-
configurations along the P]P bonds. The PeP bond lengths of 2.062(1) (92a) and 2.055(1) Å (92b), which are in the typical range
of diphosphenes (Scheme 41).

New C-dichlorofluorosilyl-functionalized dialkyldiphosphene was also synthesized by Jones, du Mont and coworkers.173 Treat-
ment of fluorophosphaalkene with 1,1,1-trichloro-2,2,2-trimethyldisilane in pentane at 40 �C finally afforded diphosphene 93
bearing silylmethyl groups. The 31P NMR spectrum of 93 exhibited four lines at þ560.1 ppm as an AA’XX’ system with
JPF ¼ 100.3 Hz. The solid-state structure of 93 exhibited intramolecular P/FeSi contacts. The PeP bond lengths of 93 are
2.0369(5) and 2.0423(4) Å, which are in a range of those for the reported carbon-substituted diphosphenes (Scheme 42).

Stephan and coworkers synthesized a new di-1,2-dihydro-1,2-diphosphete-substituted diphosphene by oligomerization of
phosphaalkynes mediated by bulky N-heterocyclic carbenes.174 Reaction of a phosphaalkyne with N-heterocyclic carbene afforded
di-1,2-dihydro-1,2-diphosphete-substituted diphosphene 94 as purple crystals (Scheme 43).

Scheme 40

Scheme 41

Scheme 42
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A germyliumylidene-substituted diphosphene was synthesized by Driess and coworkers.175 Photolysis of phosphaketenylgermy-
liumylidene borate with UV for 2 h at room temperature afforded bis(germyliumylidenyl)diphosphene 95 as deep red crystals in
10% yield. Diphosphene 95 is insoluble in common organic solvents and no solution NMR data could be obtained. In the solid-
state, 31P NMR spectrum of 95 exhibited a singlet signal at 903.5 ppm, which is strongly shifted downfield compared with those of
other reported diphosphene species. The observed low-field shift indicates strong electron-withdrawing property of the germyliu-
mylidenyl moieties of 95. The molecular structure of 95 was determined by single-crystal X-ray diffraction analysis. The PeP bond
length is 2.045(1) Å, which is slightly longer than those of previously reported carbon-substituted diphosphenes (1.985–2.051 Å)
(Scheme 44).

Photolysis of germylenyl- and stannylenyl-phosphaketenes stabilized with sterically hindered groups afforded diphosphenes
96a and 96b, respectively.160 The 31P NMR resonances were found at þ745.7 (96a) and þ797.8 ppm (96b), which are character-
istically downfield shifted as is typical for diphosphene derivatives. The single crystal diffraction experiment of 96b confirmed the
presence of a diphosphene-type structure with a typical short PeP distance of 2.053(2) Å (Scheme 45).

New diphosphene-iron, palladium, and platinum complexes were also synthesized byWeigand and coworkers.176 A sequence of
reduction of dichlorophosphine precursor and reaction with transition metal complexes such as Fe2(CO)9, Pd(PPh3)4, and
Pt(PPh3)4 afforded diphosphene-metal complexes 97a–c. The molecular structures of 97a–c were confirmed by X-ray crystallo-
graphic analysis. In the solid-state, the h2-coordination of the corresponding metal by the diphosphene ligand is observed. In
the cases of 97b and 97c, Pd/Pt atoms are in a distorted square-planar bonding environment. In addition, complexes 97a–c reveal
that the imidazoliumyl-substituents of the diphosphene ligand are arranged in a trans-configuration with the CePePeC of

Scheme 43

Scheme 44

Scheme 45
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149.205(1)� (97a)/148.393� (97b)/147.088� (97c). The PeP bond lengths are only marginally shorter (2.1340(12) Å for 97b and
2.1562(9) Å for 97c) compared to that of complex 97a (2.1684(7) Å) (Scheme 46).

In 2019, new h2-diphosphene titanocene complex was synthesized from a cyclic triphosphane precursor.177 Diphosphene–tita-
nium complexes 98a and 98b were prepared by the reaction of the corresponding triphosphane with titanium bis(trimethylsilyl)
acetylene complex in benzene. In C6D6 solution, the 31P NMR spectra of 98a and 98b showed signals at 290.7 and 283.8 ppm,
respectively, which are high-field shifted as compared with that of trans-diphosphene TipeP]PeTip (Tip ¼ 2,4,6-iPr3C6H2)
(517.4 ppm, in C6D6).

177 In the crystal structures, the aryl groups of 98a/98b are oriented in a trans-conformation. Complexes
98a and 98b showed the PeP distance of 2.1826(7) and 2.1699(5) Å, respectively, which are intermediate between the typical
PeP single and double bonds. This structural feature can be explained by the p-back-donation from d-orbitals of the metal into
the p*-orbital of the P]P unit (Scheme 47).

Goicoechea and co-workers reported that gallium carbenoid-substituted diphosphene 99 was synthesized by UV-promoted
decarbonylation of phosphaketene derivative using a 600 W broadband UV lamp.178 Diphosphene 99 displayed a 31P NMR reso-
nance at þ596.2 ppm. The solid-state structure showed that the PeP bond distance of 2.037(1) Å is in the expected range of
a double bond and the GaeP distance of 2.340(1) Å is consistent with a single bond. The GaePeP bond angle of 99.04(3)� is
comparable to that of boryl-substituted diphosphene 84 (Scheme 48).

1.03.4.3 Heavier dipnictene derivatives

In this section, examples of stable diphosphene and their heavier congeners such as arsaphosphene, diarsene, distibene and dibis-
muthene are discussed.

New arsaphosphene 100 bearing N-heterocyclic carbenes was prepared by chloride abstraction from the corresponding AseP
single bond derivative with GaCl3.

170 The 31P NMR spectrum of 100 exhibited a broad singlet at 456 ppm. The 1H NMR spectrum

Scheme 46

Scheme 47
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of 100 showed signals at 7.78 and 8.64 ppm for the protons of the N-heterocyclic carbene units. The solid-state structures of arsa-
phosphene 100 were confirmed by X-ray crystallographic analysis. The AseP bond length of 2.1577(7) Å falls in a range for the
reported arsaphosphenes such as Mes*eP]AseMes* (2.141(5) Å, Mes* ¼ 2,4,6-tBu3-C6H2), MeseP]Ase(2,6-Tip2C6H3)
(2.134(2) Å), and Mes*eP]AseCH(SiMe3)2 (2.125(1) Å) (Scheme 49).

Diarsene 101 and distibene 102 bearingN-heterocyclic carbenes were also synthesized by Tamm and co-workers.169 Dihalogen-
ated compounds were employed for the preparation of the corresponding diarsene and distibene species by reductive coupling

reaction. The molecular structures of 101 and 102, were established by X-ray diffraction analysis, and they exhibited the typical
(E)-geometry. The AseAs and SbeSb bond lengths are 2.2882(8) and 2.6632(3) Å, which are in good agreement with known dia-
rsene and distibene compounds such as Mes*eAs]AseMes* (2.2634(3) Å), (2,6-Mes2C6H3)eE]Ee(2,6-Mes2C6H3) (2.276(3) Å;
E]As, 2.668(2) Å; E]Sb), (2,6-Trip2C6H3)E]E(2,6-Trip2C6H3) (2.285(3) Å; E]As, 2.668(2) Å; E]Sb), TbteSb]SbeTbt
(2.642(1) Å, Tbt ¼ 2,4,6-[(Me3Si)2CH]3C6H2), and TbbeSb]SbeTbb (2.6677(3) Å, Tbb ¼ 4-tBu-2,6-[(Me3Si)2CH]3C6H2)
(Scheme 50).

Ghadwal reported synthesis of the first divinyldiarsenes 103a,b by magnesium reduction of the corresponding dichloroar-
sines.179 The molecular structures of 103a,b were established by X-ray diffraction analysis. Both exhibit a trans-geometry along

Scheme 48

Scheme 49

Scheme 50
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the As]As double bond and the CeAseAseC unit is planar. The As]As bond lengths of 103a (2.296(3) Å) and 103b (2.290(1) Å)
compare well with those of the known diarsenes (2.276(3)–2.358(4) Å).

Since 2016, many research groups approached diphosphenes and their heavier analogues possessing a doubly-bonded system,
new dipnictenes were involved in the field of chemistry of low-coordinate heavier Group 15 elements, which will be linked to the
discovery of new applications (Scheme 51).

1.03.5 Low-coordinate compounds of heavier group 16 elements

Heavier group 16 elements in nature mainly bound to metal atoms in minerals. Elemental sulfur is produced as a volcanic product.
Elemental selenium and tellurium are produced as by-products of metal refining. Besides, there are numerous organic sulfur, sele-
nium, and tellurium compounds, and they have a wide range of applications. For example, thiourea with a double bond between
carbon and sulfur atoms is an excellent synthetic raw material for resins, pharmaceuticals, and agricultural chemicals. In addition,
the elemental heavier group 16 elements are widely used for trapping reaction of low-valent p-block element species to afford polar-
ized double bonds such as Edþ]Chd– (Ch]S, Se, Te). Herein, we will discuss the synthesis and structural features of p-block
element species containing multiple bonding to heavier group 16 elements.

1.03.5.1 Multiple bonds between group 13 element and heavier group 16 element

The multiple bonds between group 13 element and group 16 element are highly polarized due to the large difference in their elec-
tronegativities, providing aggregates to balance the polarity. Monomeric oxoboranes (ReB]O, R ¼ monoanionic substituent) and

Scheme 51

Scheme 52
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their heavy analogues (ReB]Ch, Ch]S, Se, Te) are labile and elusive under normal laboratory conditions.180 Only platinum oxo-
boryl complexes ([Pt]eB^O, 104, Scheme 52) are structurally characterized as ReB]X (X]O, S, Se, Te) monomers.181 Because
heavier analogues ReE]Ch (E]B, Al, Ga, In) of oxoboranes also easily dimerize/oligomerize, the isolation of their monomeric
states requires fine molecular design. Fundamental concepts for the isolation of ReE]Ch monomers containing multiple bonds
between group 13 element and group 16 element are illustrated in Scheme 52.182 Lewis base ligand(s) (L) on group 13 element
center complement the electron deficiency on the element (A, B, D, F, G, and H). Metals, Lewis acids, and Brønsted acids
(M) quench the negative charge on chalcogen atoms (D, E, F, and H). Sterically hindered and/or electron-donor groups attached
on group 13 element also contribute to prevent the aggregation of ReE]Chmonomers. Types F–H have been especially applied for
the combination of heavier group 13 and group 16 element.183–185 In this section, types A–C containing multiple bonds between
group 13 element and heavier group 16 element are focused on, where group 13 element possess the trigonal-planar geometry and
only chalcogen atoms bound for group 13 element.

Types A, B, and C are classified into neutral,186 cationic,187 and anionic188 ReE]Ch, respectively. In 2010, Cui and coworkers
reported the first isolable monomeric thioxo- and selenoxoboranes 105 with type A form (Scheme 53).186a The bond lengths of
BeS (1.741(2) Å) and BeSe (1.896(4) Å) were significantly shorter than those of BeS and BeSe single bonds. The B atoms had
trigonal-planar geometries. The B]S double bond character was supported by theoretical calculations. Thioxoborane 106 was
prepared by desulfurization of boron polysulfides.186b The 11B NMR signal was observed at 50.3 ppm which was downfield-
shifted relative to 105-S (36.79 ppm), indicating the increase of B and S bond order due to decreasing the number of p-donor
ligands on B atom. This trend was also observed for carbene coordinated acyclic thioxo- and selenoxoboranes 107. The BeS
(1.739(2) Å, 107-S) and BeSe (1.876(4) Å, 107-Se) bonds were slightly shorter than those of 105-S and 105-Se, and the 11B
NMR signals were observed at 66.4 and 73.5 ppm for 107-S and 107-Se, respectively.186c For 108-S, the BeS bond length was short-
ened to 1.714(2) Å.186d Strong p-donating N-heterocyclic imine (NHI) ligand stabilized neutral ReB]Ch in Lewis acid absent
form (109), shifting their 11B NMR signals to 35.2 (109-S) and 35.8 (109-Se).186e,g For compound 109, both of canonical structures

Scheme 53 Examples of neutral ReE]Ch monomers. Ar ¼ 2,6-Me2C6H3; Mes ¼ 2,4,6-Me3C6H2.
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corresponding to types A and C can be considered. Multiple canonical structures (types A–C) were considered for 110 bearing
bis(phosphinimino)amide ligand.186f

In 2014, Inoue and co-workers reported cationic thioxoborane 111-S by using NHI ligands, which complied with stabilization
type B and C (Scheme 54).187 The B-S (1.710(5) Å) bond length was comparable to that of 108-S, in contrast, the 11B NMR signal
was observed at 33.9 ppm which was up-field-shifted relative to that of 109-S bearing one NHI ligand.

Anionic ReE]Chmonomers (type C in Scheme 52) were obtained in their separated ion-pair form (Scheme 55). Thioxoborane
anion 112-S, isoelectronic with thiourea, was reported by Aldridge and co-workers.188a The BeS (1.774(1) Å) bond was longer than

those found in neutral and cationic thioxoborane monomers (Schemes 53 and 54). The 11B NMR signals was observed at 33.1 ppm
which was comparable to 111-S. For thioxoborane anion 113-S, bearing the acenaphthene-annulated 1,3,2-diazaborole skeletal,
the BeS bond length was shortened to 1.7682(17) Å, and the 11B NMR signals was observed at 36.3 ppm.188b The heavier analogue
of carbonyl moiety containing an AleSe bond was reported by Coles and coworkers (114-Se).188c The AleSe (2.2032(6) Å) bond
length was comparable to the calculated value for the sum of the covalent molecular double bond radii, r2 (

P
(r2) ¼ 2.20 Å),189 and

significantly shorter than those of Ale(m-Se)eAl group (2.319(1) Å) in which Al atoms had trigonal-planar geometries.190 The 77Se
NMR signal (�563 ppm) was up-field-shifted relative to those of 105-Se (�195.6 ppm),186a terminal AleSeH (�419
to �339 ppm),191 and Ale(m-Se)eAl group (�535 to �414 ppm) in which Al atom had tetrahedral geometry.191

1.03.5.2 Multiple bonds between group 14 element and heavier group 16 element

Oxidation of low-valent group 14 species by elemental chalcogens provides multiple bonds between group 14 elements and heavier
group 16 elements, and the multiply bonded species have been isolated even if no metals and Lewis acids are attached on terminal
group 16 elements (Scheme 2, A–D).

Scheme 54 An example of cationic ReE]Ch monomer.

Scheme 55 Examples of anionic ReE]Ch monomers. Crypt ¼ cryptand; Dip ¼ 2,6-i-Pr2C6H3.

Scheme 56
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Heavier analogues R2E]Ch (E]C, Si, Ge, Sn; Ch]S, Se, Te; Scheme 56, A) of carbonyl compound (>C]O) can be obtained
by trapping reaction of in situ generated tetrylene (>E:) with elemental chalcogens.192,193 For examples, a variety of chalcogenour-
eas have been prepared from N-heterocyclic carbenes (NHC) and elemental chalcogens, which have been applied as a ligand for
main-group elements and transition metals.192,194 It is worth noting that the p-acceptor properties of carbenes can be experimen-
tally estimated by measuring the 77Se NMR chemical shifts of their selenium adducts.194,195 In contrast, there are still a few reports
on isolable heavier ketone analogues consisting of heavier group 14 and heavier group 16 elements, the details are described in
Section 1.03.3 and recent review papers.192,193 Oxidation of zero-valent heavier group 14 species afford B and C, which can be
viewed as heavier congeners of SiO2 monomers and dimers, respectively (Scheme 56).196–198 Heterocumulenes R2C]Ch]CR2

(Ch]S, Se) containing heavier group 16 elements have been also obtained from the reaction of carbenoid and elemental chalco-
gens (Scheme 56, D).199 Sugamata and coworkers reported heterocumulenes 115 containing internal C]Ch]C multiple bonds
with bent geometries (Scheme 57). The multiple bond characters were caused by the three-center four-electron (3c-4e) p-bond. The
heterocumulenes 115 reacted with AuCl(SMe2) to afford dinuclear (chalcogeno)(silyl)carbene gold(I) complexes with an accom-
panying elimination of MePh2SiCl.

199c

1.03.5.3 Multiple bonds between group 15 element and heavier group 16 element

Covalently bonded compounds of heavier group 15 element and heavier group 16 element have been investigated as molecular
precursors of binary materials E2Ch3 (E]Sb, Bi; Ch]S, Se, Te).200 The multiply bonded heavier group 15 and 16 compounds
can be classified into types A–C as monomers (Scheme 58). The compounds of type A are well-known and can be obtained by
the reaction of R3E (E]P, As, Sb, Bi) with elemental chalcogen to afford R3E]X (E]P, As, Sb; X]O, S, Se, Te), in which the double
bonds R3E]X are (partially) polarized R3E

þeX�.201 The multiply bonded group 15 and 16 compounds ReE]Ch (type B) are
labile and elusive. In 1993, Yoshifuji and coworkers reported phosphinothioylidene 116-S by using the bulky substituent and

Scheme 57

Scheme 58

156 Low-coordinate compounds of heavier group 14–16 elements



the intramolecular coordination to P center.202 Pincer type ligands have also been applied to stabilize ReE]Ch form as mono-
mers.203 Organodithioxophosphoranes ReP(]S)2 (type C) were isolated without ligand coordination(s) (117-S, 118-S, and
119-S).204 In contrast, for Se analogues, only ligand-coordinated (L)ReP(]Se)2 have been isolated and structurally determined.205

These differences are most likely due to polarization of p-bond caused by poor p-overlap between P and Se atoms.

1.03.5.4 Multiple bonds between group 16 element and heavier group 16 element

Elemental chalcogens form several allotropes in Chn (Ch]S, Se, Te) states. Although multiply bonded diatomic Ch]Ch

compound is the smallest unit (Scheme 59, A), their electronic and structural characteristics are difficult to elucidate experimentally.
In 1981, Stang and Maas reported the oxidation of thioureas to afford NHC-coordinated dicationic disulfides [(L)CheCh(L)]2þ

(type B).206 Se analogues were reported by Devillanova and coworkers in 1996.207 Te analogues were recently discovered by Ishii,
Nakata, and coworkers.208 It is noteworthy that two chalcogen moieties maintain the s(CheCh) bond despite charge repulsion. For
diatomic radical cations (type C), the CheCh bonds were shorter than CheCh single bonds. Beckmann and coworkers reported
one-electron oxidation of dichalcogenides ArCheChAr to provide the corresponding radical cations 120 and 121.209 The CheCh
bonds (120-S, 1.998(2) Å; 121-S, 2.014(3) Å), SeeSe (120-Se, 2.289(1) Å; 121-Se, 2.289(7) Å), and TeeTe (121-Te, 2.662(1) Å)
were shorter than those of corresponding neutral dichalcogenides, as well as significantly shorter than those of NHC-coordinated
dicationic disulfides. The Wiberg bond indices of CheCh bonds were between 1.216 and 1.315 for the [(PhCh)2]

$þ (Ch]S, Se, Te)
and between 1.176 and 1.282 for the [(C6F5Ch)2]

$þ (Ch]S, Se, Te). The singly occupied molecular orbital of [(C6F5Se)2]
$þ was

predominantly represented by the p*(SeeSe) and p(C6F5) orbitals. For radical cations 120 and 121, these insights resulted in
the double bond characters in CheCh bonds (odd-electron p-bonds).

1.03.6 Summary

Combination of experimental and theoretical approaches to low-coordinate compounds with a multiple bond between heavier
main group elements revealed essential properties of their chemical bondings. Summarizing the findings described in this chapter
leads to the following conclusion: the classical multiple-bond indicators in organic chemistry, e.g., the shorter bond lengths and
higher bonding energies, have almost no meanings for the multiple bonds between heavier atoms and they are valid for only
2nd-row elements such as carbon. The bonding characters of multiple bonds of heavier main group elements described above
are reasonably interpreted in terms of unfavorable s-p hybridization of the heavier atoms. The understanding of the feature of
heavier atoms suggested that sterically demanding substituents should be required in order to kinetically stabilize and isolate

Scheme 59
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the heavier multiply-bonded compounds. Indeed, the concept of kinetic stabilization using bulky substituents led to the significant
progress in the chemistry of unsaturated compounds with heavier main group elements. However, important synthetic targets
remain in main group element chemistry. For example, a hexasilabenzene (R6Si6), a silicon-analogue of a benzene, should be
one of the important targets, for establishment of a concept of “aromaticity” of heavier main group elements. It is expected that
the combination of “organic chemistry”, “transition metal chemistry”, and “main group element chemistry” will open up a new
field of chemistry by the use of the characters of every element in the periodic table.
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Abstract

In this article, we review the concept of biradical(oid)s from a theoretical as well as experimental perspective. In particular, we
analyze the “two electrons in two orbitals” model, which is frequently used to describe the electronic structure of bir-
adical(oid)s, with special emphasis on systems with a small HOMO-LUMO gap, so-called open-shell singlet biradicals or
singlet biradicaloids. We then revise the chemistry of main group analogs of cyclobutane-1,3-diyls and cyclopentane-1,3-
diyls as typical examples of singlet biradical(oid)s. Lastly, it is shown how some of these biradicals can be applied as
molecular switches by switching the biradical character on and off.

1.04.1 Introduction

To be radical is to grasp things by the root.
Karl Marx in Critique of Hegel’s Philosophy of Right (1844).1

The word “radical” is borrowed from the Latin word radix (English: root) and originally meant “going to the origin, essential.”
The word appeared in several European languages at the end of the 14th century, mostly in a philosophical context. The “root sign”
of mathematics was introduced in the 1680s.2 In chemistry, the word appears for the first time at the end of the 18th century, when
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Lavoisier spoke of organic compounds as “oxides of radicals” (components of an acid).3 The meaning of the word changed over
time in everyday language (radical ¼ extreme) as well as in chemistry. Let’s look a little closer at the historical development of
the term radical in chemistry.4 Lavoisier used the term radical for an atom or a group of atoms bound to oxygen in oxygen
compounds (Fig. 1), “the residue of a body freed from oxygen.” Sulfur and phosphorus were the radicals of sulfuric acid and phos-
phoric acid. Moreover, he called organic compounds “oxides of radicals” composed of at least two elements, and according to Ber-
zelius the main difference in composition between inorganic and organic compounds seemed to be that the former contained
simple, the latter compound radicals. This concept was given a more definite and real form by investigations into cyanogenic
compounds, above all by those carried out by Gay-Lussac in 1815,5,6 from which it emerged that the radical composed of carbon
and nitrogen (cyanogen) behaves entirely like an element and passes from one compound into the other, and can even be deposited
in free form. At that time, however, cyanogenic compounds had not yet found their proper place among organic compounds. This
radical concept gave rise to the first comprehensive theory for the inner composition of organic compounds which was mainly intro-
duced by Liebig and Wöhler in 1832.7 It should be noted that the word “radical” has two meanings in chemistry today, which,
however, developed at different times.8 On the one hand, it is understood to mean the part of a molecule that remains unchanged
during a chemical transformation (e.g., an alkyl or aryl group); on the other hand, certain fragments of molecules that occur as inter-
mediates in chemical reactions are called “free radicals.”3 Today, according IUPAC Gold Book,9 a radical is “a molecular entity such
as $CH3, $SnH3, Cl$ possessing an unpaired electron.” With respect to the two meanings, as mentioned above, it is recommended:
“In the past, the term “radical” was used to designate a substituent group bound to a molecular entity, as opposed to “free radical,”
which nowadays is simply called radical. The bound entities may be called groups or substituents, but should no longer be called
radicals.”9

Interestingly, the term “radical”was introduced long before a corresponding theoretical basis, so it is not surprising that the orig-
inal meaning referred to an atomic group in the sense of a substituent. The electron was not discovered until 1897. Shortly after-
wards, Gomberg10 published his work on the first persistent radical (Scheme 1), while the first paramagnetic biradical was
synthesized by Schlenk in 1915 (Scheme 2).11 Furthermore, Gomberg’s groundbreaking work also showed the typical reaction
behavior of radicals, such as dimerization at lower temperatures or the reaction with oxygen to give a peroxide (Scheme 1). This
is all the more astonishing because the birth of a modern bond theory or a theoretical basis for today’s radical definition was
only laid in 1916 by Lewis12 with the introduction of the valence-bond (VB) method. In terms of VB theory, a biradical bond situ-
ation is in some ways the opposite of a bond. If you break a bond in a molecule, you have a biradical or at least its relative, a zwit-
terion (see below).

Fig. 1 Timeline of important dates leading to the modern description of biradicals.

Scheme 1 Gomberg’s persistent radical.
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What’s in a name? That which we call a rose by any other name would smell as sweet.
William Shakespeare in Romeo and Juliet (1597).13

Unfortunately, there are many names and classifications for biradicals; even the IUPAC does not offer a consistent definition.14–
16 According to the “Gold Book,” a “biradical”14 is a molecule with two radical centers that act nearly independently of each other,
i.e., singlet and triplet state are nearly degenerate. In the case of a particularly weak interaction between the two electrons, such
species are best described as a pair of radicals (two local doublets) that are connected by a linker of some sort (Scheme 3). In
case of a significant interaction between the radical centers (here: antiferromagnetic coupling), the term “biradicaloid” is proposed.
Conversely, a “diradical”15 is a molecule with two “unpaired electrons,” in which a distinct singlet (electron-paired) and triplet
(electron-unpaired) state can be identified. Hence, the electrons display antiferromagnetic (or ferromagnetic) coupling, respectively.
According to the above definitions, the terms “diradical” and “biradicaloid” could be regarded as synonyms.

Tomakematters more complicated, a different definition by the IUPAC exists,16 stating that the terms “biradical” and “diradical”
are to be considered synonymous and describe an “even-electron molecular entity with two (possibly delocalized) radical centers,”
whereas the terms “biradicaloid” and “diradicaloid” are synonyms for “species in which the two radical centers interact
significantly.”

In the literature, we often find yet another definition18–20: While the expressions “biradical” or “diradical” are used to indicate
species with degenerate frontier molecular orbitals (e.g., dioxygen or trimethylenemethane), the terms “biradicaloid” or “diradica-
loid” refer to species with a small HOMO–LUMO gap, whichmay be regarded as somewhere in between an open-shell biradical and
a closed-shell singlet species. While this classification is of course equally valid, it is worthy to note that the various definitions pre-
sented here rely on different properties of the electronic structure of biradical(oid)s, so they are not always identical.

To use a uniform notation, we recently proposed to use the term “disbiradical”21 (using the Latin prefix “dis-”: asunder, apart) for
the two-doublet species (almost no coupling) and “(singlet/triplet) biradical” for all other cases. As stated above, ferromagnetic
coupling between the two electrons leads to a triplet biradical, whereas antiferromagnetic coupling results in an (open-shell) singlet
biradical (Scheme 4). Since there is no defined limit to the degree of interaction, there is no real need to use the term “di-/biradi-
caloid” unless theory presents us with a clear dividing line. In fact, the transitions between biradical/ biradicaloid/ closed-shell
singlet species are smooth in terms of electronic interaction.22 For this reason, a corresponding distinction between (singlet) birad-
icals and biradicaloids is not made in this text.

Nonetheless, we will explore the electronic structure of biradicals in detail and point out various descriptors that help to under-
stand the nature of different “types” of biradicals. This includes, but is not limited to, the HOMO-LUMO gap, the singlet-triplet gap
(ST gap), the bonding situation (e.g., with regard to the conjugation of p bonds), whether the radical sites are localized or

Scheme 2 Schlenk’s paramagnetic biradical.

Scheme 3 Examples of biradicals according to the “Gold Book” definition. Adapted from Abe, M. Diradicals. Chem. Rev. 2013, 113 (9), 7011–
7088.
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delocalized, etc. The different types and classifications of biradicals are discussed in detail throughout Section 1.04.2 and, partic-
ularly, in Sections 1.04.2.10 and 1.04.2.11.

In Section 1.04.3, we will discuss cyclic four-membered and five-membered biradicals, namely so-called cyclobutane-1,3-diyls
and cyclopentane-1,3-diyls,21 for which there are experimental studies and in which at least one of the carbon atoms of the central
ring fragment is substituted by a main group heteroatom. Furthermore, the radical centers should be centered within the four- and
five-membered ring system, respectively, and be in 1,3-position to each other. Cyclic triplet carbenes, which can be understood as
1,1-diyls, are therefore not part of the present work. Cyclic heavier analogs containing double bonds, such as the disilene23 inves-
tigated by Glasovac et al., which can be regarded as 1,2-diyls, are also not discussed. Furthermore, cage compounds that can formally
be derived from cyclobutanediyls, such as [1.1.1]propellane derivatives,22,24,25 are also not included in our review. We will discuss
why the classes of compounds presented are biradicals and describe the synthesis and reactivity of these special molecules.

In Section 1.04.4, the application of heterocyclopentane-1,3-diyls as molecular switches is shortly discussed. This very recent
field of research offers new possibilities to control chemical equilibria by outside stimuli such as irradiation with visible light.

1.04.2 Theoretical description of biradicals

1.04.2.1 Scope of this section

This section aims to convey a principal understanding of the electronic structure of biradicals and is targeted at readers who have
a basic understanding of Hartree-Fock (HF) and Density Functional Theory (DFT). First, we will cover fundamentals such as two-
configuration wavefunctions, and then discuss implications of the theoretical description on our understanding of biradicals, espe-
cially regarding their classification in different subsets. Lastly, we will shortly discuss the popular “broken-symmetry” approach,
which may be used to describe biradicals using UHF/UKS wavefunctions, and its connection to multireference wavefunctions.

The discussion presented in this section is partly adapted from the excellently worked-out analyses of Salem/Rowland,18

Bona�ci�c/Koutecký/Michl,19,26 Lineberger/Borden,27 Stuyver/Chen/Zeng/Hoffmann20 and their co-workers.

1.04.2.2 Dynamic vs. non-dynamic correlation

Before we start our exploration of the electronic structure of biradicals, a quick revision of the concept of “electron correlation” is in
order28: Electron correlation describes the instantaneous interaction of each electron with all other electrons of a many-electron
wavefunction. Consequently, it cannot be described by a single molecular orbital (MO) configuration, such as a Hartree-Fock
(HF) Slater determinant. Remember that in HF self-consistent field (SCF) calculations, the MOs are variationally optimized as
one-electron eigenfunctions of the Fock operator and include only the averaged repulsion with the mean field of all other elec-
trons/orbitals (expressed as a sum over Coulomb integrals Jij) as well as the exchange interaction (which is a correlation effect
between same-spin electrons as a result of the antisymmetrized Slater determinant, expressed as a sum over exchange integrals
Kij). Thus, the correlation energy can be defined as the difference between the HF limit (EHF, i.e., the HF-SCF energy at the basis
set limit) and the true ground state energy (Eexact, i.e., the exact solution of the non-relativistic Schrödinger equation):

Ecorr ¼ Eexact � EHF (1)

To include electron correlation and thus lower the energy of a given system, it is necessary to express the wavefunction J not as
a single Slater determinant, but as a linear combination of several Slater determinants Ji:

J ¼ c1J1 þ c2J2 þ c3J3 þ/ (2)

Scheme 4 Definition for biradicals and disbiradicals used in this article.
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This linear combination is, in general, called a “configuration interaction” (CI) wavefunction, with CI coefficients ci defining the
contribution of each determinant to the CI expansion. Note if CJi |JjD ¼ dij (i.e., if the Slater determinants are orthonormal, which
is typically the case), then

P
ci
2 ¼ 1.

For many molecular systems, the leading contributionJ1 is the HF wavefunctionJHF (also called HF reference in this context).
Even though the correlation might be large, it is usually composed of a sum of individually small contributions from all other deter-
minants, that is, c1 is much larger than all other coefficients. (The other determinants J2, J3, etc. are then typically generated by
“exciting” one or more electrons from occupied to unoccupied HF orbitals.) This type of electron correlation is called “dynamic
correlation,” and the wavefunction can still be approximately described using a single configuration.

There are, however, instances in which two (or more) coefficients ci in Eq. (2) are much larger than the other coefficients. In these
cases, a single electronic configuration is unsuitable to describe the wavefunction of the system! Thus, the HF reference is an insuf-
ficient approximation, and we must use two-configurational (or multireference) wavefunctions for a qualitatively correct represen-
tation of the electronic structure. This type of electron correlation is called “non-dynamic” or “static correlation” and is key to the
understanding of biradicals (or polyradicals).

For readers who are unfamiliar with the concept of two-configurational or multireference wavefunctions, the idea that several
configurations are needed to describe the electronic wavefunction of a molecule might be astounding. Thus, we must stress once
more that the representation of the wavefunction as a single electronic configuration (i.e., a single Slater determinant) is the central
approximation of HF theory, and as such simply does not hold for every molecular system. As the variational principle of quantum
mechanics allows us to express the electronic wavefunction in arbitrary form, it is mathematically justified to use linear combina-
tions of determinants as in Eq. (2) if this lowers the total energy of the system.28 Two-configurational or multireference wavefunc-
tions follow that logic and use two or several determinants to describe non-dynamic correlation that single determinants fail to
represent.

In the next sections, we will learn when and why multireference wavefunctions are needed, as we begin our journey of the elec-
tronic structure of biradicals.

1.04.2.3 Two electrons in two orbitals

As indicated by the discussion of the term “biradical” in Section 1.04.1, several properties of biradicals need to be considered to gain
an understanding of their electronic structure. First and foremost, it is important to realize that the interaction between the radical
electrons (ferromagnetic/antiferromagnetic coupling) dictates the spin multiplicity of the electronic ground state29 (spin-dipole and
spin-orbit couplings will be ignored for the sake of simplicity). Thus, biradicals may adopt either a singlet or a triplet ground state.
Yet, as the extent of the interaction between the radical centers is directly linked to the singlet-triplet energy gap (DEST), both singlet
and triplet state must be considered to understand the electronic structure, as these two states ultimately define the reactivity of
a biradical.20 In this vein, “disbiradicals” could be regarded as a special case, where the lack of magnetic coupling between the
unpaired electrons results in degenerate singlet and triplet states. Typical examples of disbiradicals are dihydrogen (H2) at its disso-
ciation limit (see below) or bisnitroxides with long linkers as depicted in Scheme 3.

From an MO viewpoint, a prerequisite and characteristic feature of biradicals is the (near) degeneracy of the frontier molecular
orbitals (FMOs), as opposed to classical closed-shell species with typically large HOMO-LUMO gaps. The electronic structure of
biradicals is therefore best described by the “two electrons in two orbitals” picture20,27: The two “radical electrons” can be distrib-
uted among the two (nearly) degenerate orbitals ja and jb, in six different ways; that is, there are six possible determinants that need
to be considered for the description of the different electronic states of biradicals (Fig. 2; note that all orbitals outside the two-orbital
“active space” are omitted for clarity).

1.04.2.4 Two degenerate frontier orbitals

Initially, we will assume that the two orbitals are exactly degenerate (by symmetry). Note that the first two determinants in Fig. 2,
|ja

ajb
aD and |ja

bjb
bD, correspond to the MS ¼ � 1 configurations of a triplet (T):

JTþ1 ¼
�
�ja

aj
a
bD (3)

JT�1 ¼
�
�
�jb

aj
b
bD (4)

Fig. 2 When distributing two electrons among two degenerate orbitals ja and jb, six different SLATER determinants need to be considered.
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The last two determinants |ja
2D and |jb

2D are closed-shell singlet configurations. Due to the degeneracy of ja and jb, however,
neither one of these configurations alone is sufficient to describe the corresponding singlet states, but linear combinations of the
two configurations must be formed:

JSTCþ ¼ 1
ffiffiffi
2

p ��
�j2

a Dþ
�
�j2

bD
�

(5)

JSTC� ¼ 1
ffiffiffi
2

p ��
�j2

a D�
�
�j2

bD
�

(6)

Note that JSTCþ and JSTC� are two-configuration (TC) wavefunctions and the formally paired electrons are therefore strongly
(non-dynamically) correlated. Thus, the wavefunction cannot be accurately described using single-determinantal methods such
as HF or post-HF methods relying on a single HF reference. (The same applies to typical Kohn-Sham DFT methods; however,
this also depends on the approximation used for the exchange-correlation functional as discussed in Section 1.04.2.10) One could
argue that the inability of HF theory to properly describe the wavefunction of singlet biradicals is one of their defining features! In
this context, it is worthy to note that triplet biradicals can be described using a single determinant as evidenced by Eqs. (3) and (4),
so the “problem” of non-dynamic correlation due to the degeneracy of the orbitals ja and jb only arises in the case of singlet
biradicals.

Lastly, the two determinants at the center of Fig. 2, |ja
ajb

bD and |ja
bjb

aD, do not correspond to pure spin states, but their linear
combinations define the MS ¼ 0 configuration of the triplet state (antisymmetric spatial wavefunction, symmetric spin wavefunc-
tion) and the so-called “open-shell” singlet configuration (symmetric spatial wavefunction, antisymmetric spin wavefunction):

JT0 ¼
1
ffiffiffi
2

p
��
�
�ja

aj
b
bDþ

�
�jb

aj
a
bD
�
¼ 1

2
½jað1Þjbð2Þ�jbð1Þjað2Þ�½að1Þbð2Þþ bð1Það2Þ� (7)

JSOS ¼
1
ffiffiffi
2

p
��
�
�ja

aj
b
bD�

�
�jb

aj
a
bD
�
¼ 1

2
½jað1Þjbð2Þþjbð1Þjað2Þ�½að1Þbð2Þ� bð1Það2Þ� (8)

The three triplet configurationsJTþ1
,JT0, andJT�1

are, of course, degenerate in the absence of a magnetic field when neglecting
the small spin-dipole coupling between the unpaired electrons. Thus, usually only JTþ1

is considered in MO calculations. On the
other hand, the three singlet configurationsJSTCþ,JSTC�, andJSOS

are, in general, not degenerate. Thus, these three singlet states and
the triplet state define the four lowest energy states of every biradical (Fig. 3). Their relative ordering and especially the singlet-triplet
gap DEST ¼ ES � ET between the lowest-lying singlet and triplet state define some of the most important characteristics of biradicals.

1.04.2.5 Energetic ordering of the biradical states

The energy of the triplet state is given by the usual expression

ET ¼ CJT jHJTD ¼ ha þ hb þ Jab �Kab (9)

where ha and hb are the one-electron energies of the orbitals ja and jb exclusive of the interelectronic interaction, and Jab as well as
Kab are the Coulomb and exchange integrals

Jab ¼ aajbbð Þ ¼
ZZ

j2
a ð1Þ

1
r12

j2
bð2Þdr1dr2 (10)

Kab ¼ abjabð Þ ¼
ZZ

jað1Þjbð1Þ
1
r12

jað2Þjbð2Þdr1dr2 (11)

which arise from the interelectronic repulsion term
P

ij1/rij of the Hamiltonian acting on the determinantal wavefunction (all
expressions in atomic units). Eq. (9) implies that the Coulomb repulsion energy Jab between the two spin-unpaired electrons is

Fig. 3 The four lowest energy states of a biradical are expressed as linear combinations of the six determinants in Fig. 2. Note that all singlet states
of a biradical are linear combinations of two determinants; thus, they cannot be described by single-determinantal methods such as HF.
Normalization constants omitted for clarity.
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reduced by the exchange interaction energy Kab (which is always positive).30 This circumstance is usually interpreted in terms of the
so-called “Fermi hole” around each electron, which means that electrons of equal spin tend to avoid each other, thus reducing their
mutual repulsion in the triplet state.

The situation is different for the singlet states. In HF theory, we learn that there is no exchange interaction between opposite-spin
electrons.28 However, this is a result of the single-determinantal nature of the HF wavefunction! When evaluating the interelectronic
repulsion operator for the two-determinantal singlet wavefunctionJSOS

, one can easily show that the exchange interaction between
the two electrons leads to an increase of the interelectronic repulsion:

CJSOS j
1
r12

JSOS D¼ Jab þ Kab

0ESOS ¼ CJSOS jHJSOS D¼ ha þ hb þ Jab þ Kab

(12)

Thus, the electrons of opposite spin tend to localize in the same region of space, i.e., their movement is strongly correlated, result-
ing in a larger repulsive term. In consequence, the triplet state JT is 2Kab lower in energy than the open-shell singlet JSOS

, if (and
only if!) the optimal MOs for singlet and triplet state are identical. Moreover, note that dynamic electron correlation (which is
neglected in our derivation) may also impact the energy difference between open-shell (OS) singlet and triplet.29

The energies of the two-configurational (TC) singlet states may be derived in a similar manner, resulting in the following
expression:

ESTC� ¼ CJSTC� jHJSTC� D¼ ha þ hb þ
Jaa þ Jbb

2
�Kab (13)

Thus, the energy of the singlet state JSTC� is 2Kab lower than the energy of the JSTCþ state. Moreover, the energy difference
between the singlet JSTC� and triplet JT can be expressed solely in terms of the one-site and two-site Coulomb integrals:

ESTC� � ET ¼ Jaa þ Jbb
2

� Jab (14)

Again, note that these considerations are only valid under the approximation that the same set of orbitals can be used to describe
all four electronic states. As pointed out by Stuyver et al.,20 it is then obvious that the four electronic states can be grouped in two
pairs, namely JT/JSOS

and JSTC�/JSTCþ (Fig. 4A). The two states in each pair have a constant energy separation of 2Kab, while the
energetic position of the two pairs relative to each other is determined by Eq. (14). Thus, the final order of the states depends on the
magnitude of the Coulomb and exchange integrals.

According to Hund’s rule, the triplet state is usually the ground state of a biradical with a set of degenerate frontier orbitals. To
decide whether the singlet-triplet (ST) gap is small or large, let us take a closer look at the nature of the two orbitals ja and jb. We
started our discussion by assuming that the two orbitals are a degenerate set of MOs, such as the two p* valence orbitals of the O2

molecule, or the s and s* orbitals of H2 stretched to the dissociation limit (Fig. 5). However, this is not the only acceptable choice!
As the two-configurational wavefunctions discussed here are of the “complete active space” (CAS) type (i.e., all possible configura-
tions of two electrons in the two “active” orbitals are considered, basically a full-CI within the active space), they are invariant to
arbitrary orbital rotations within the active space (the CI coefficients being rotated accordingly). Thus, any normalized set of linear

Fig. 4 Relative energy levels of the four electronic states of a biradical. (A) Two degenerate orbitals ja and jb. The position of the formal closed-
shell (blue) and open-shell (red) states depends on the Coulomb and exchange integrals. (B) Small energy gap between orbitals ja and jb
(JSTC� ¼ c1 |ja

2D � c2 |jb
2D, cf. Section 1.04.2.7). Adapted from Stuyver, T.; Chen, B.; Zeng, T.; Geerlings, P.; De Proft, F.; Hoffmann, R. Do Diradicals

Behave Like Radicals? Chem. Rev. 2019, 119 (21), 11291–11351.
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combinations of the orbitals ja and jb is an equally acceptable choice. We may therefore define a different set of orthogonal, degen-
erate orbitals

ca ¼
1
ffiffiffi
2

p ðja þjbÞ;cb ¼ 1
ffiffiffi
2

p ðja �jbÞ (15)

which is also referred to as “generalized valence bond” (GVB) orbitals.20,27,31 This orbital transformation has important implica-
tions for the chemical interpretation of the different electronic states, as we will discuss in a moment. First, note that the transformed
orbitals ca and cb might be localized on different atoms (as in case of H2, Fig. 5A) or still be delocalized (as in case of O2, Fig. 5B). If
the transformed orbitals are localized, the biradical is a so-called “disjoint” biradical17,20 and the ST gap is generally small, that is,
JSTC� andJT have similar energies. Thus, the interaction between the radical centers is weak (cf. Section 1.04.2.10). If, however, the
orbitals cannot be localized, the biradical belongs to the group of so-called “joint” or “non-disjoint” biradicals.17,20 They exhibit
a large ST gap, and the triplet state is the ground state according to Hund’s rule (see also Section 1.04.2.6). The radical centers of
these biradicals are therefore said to be ferromagnetically coupled.

We need to stress again that dynamic electron correlation (including orbitals/electrons outside the “active space” of two elec-
trons in two orbitals) may also influence the ordering of the states (as is the case, for example, in square cyclobutadiene which
possesses a singlet ground state).32–34 This phenomenon has been dubbed “dynamic spin polarization” and/or “dynamic charge
polarization” by different authors, and the reader is referred to the literature for an in-depth analysis of these correlation
effects.27,29,32,33

1.04.2.6 Chemical interpretation of the biradical states

Let us now consider the orbital transformation laid out in Eq. (15) in more detail. It should be clear that we can equivalently write

ja ¼
1
ffiffiffi
2

p ðca þcbÞ (16)

jb ¼ 1
ffiffiffi
2

p ðca �cbÞ (17)

Substituting Eqs. (16) and (17) in Eq. (6) yields

 
Fig. 5 Examples of MOs and corresponding GVB orbitals. (A) H2 orbitals at the dissociation limit (rHH /N). Due to zero overlap of the atomic 1 s
orbitals, the MOs ja and jb are degenerate. (B) Degenerate set of p* orbitals in the O2 molecule. The GVB orbitals correspond to a 45� rotation of
the MO set. (C) Although the GVB orbitals of square cyclobutadiene (D4h) are not localized on single atoms, both are localized on different sets of
atoms and therefore do not share a considerable region of space. (D) The MOs of trimethylmethylene (TMM) cannot be localized in the GVB
picture.20,27
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JSTC� ¼ 1
ffiffiffi
2

p ��
�j2

a

�� ��j2
b

��

¼ 1
2
½jað1Þjað2Þ � jbð1Þjbð2Þ�½að1Þbð2Þ � bð1Það2Þ�

¼ 1
2
½cað1Þcbð2Þ þ cbð1Þcað2Þ�½að1Þbð2Þ � bð1Það2Þ�

¼ 1
ffiffiffi
2

p
��
�
�caac

b
b

E
� ��cbacab

�� ¼ J’
SOS

(18)

that is, the closed-shell, two-configurational singlet wavefunctionJSTC� transforms into an open-shell singlet wavefunctionJSOS
0 in

the GVB basis!20,27 Conversely, the open-shell singlet wavefunction JSOS
in the MO basis transforms into a closed-shell, two

configurational singlet wavefunction JSTC�
0 in the GVB basis, as evidenced by substituting Eqs. (16) and (17) in Eq. (8):

JSOS ¼
1
ffiffiffi
2

p
��
�
�ja

aj
b
b

E
� ��jb

aj
a
b

��

¼ 1
2
½jað1Þjbð2Þ þ jbð1Þjað2Þ�½að1Þbð2Þ � bð1Það2Þ�

¼ 1
2
½cað1Þcað2Þ � cbð1Þcbð2Þ�½að1Þbð2Þ � bð1Það2Þ�

¼ 1
ffiffiffi
2

p ��
�c2a
�� ��c2b

�� ¼ J’
STC�

(19)

Thus, JSTC� and JSOS
have exchanged their character upon orbital transformation. The assignment of a singlet state as “closed-

shell” or “open-shell” is therefore dependent on the orbital basis, and the latter must be specified if the terms “closed-shell” and
“open-shell” singlet are to be used to describe the electronic structure of any biradical.27 Arguably, any two-configurational singlet
could be regarded as “open-shell” singlet18,19 due to the ambiguity of the wavefunction depending on the orbital basis.

Now, one may ask why this change of character is remarkable, especially when we noted before that the choice of orbital basis is
arbitrary. Yet, the transformed orbitals ca and cb are often localized on different atoms of a molecule (i.e., they can be regarded as
“localized orbitals” in many instances) and therefore guide us to a chemical interpretation of the wavefunction. The two-
configurational wavefunction JSTC�, which has two electrons in either of the two delocalized MOs ja and jb, can thus be viewed
as a “biradical” state, as we find one electron in each of the localized orbitals ca and cb. By localizing on two different sites, the two
non-dynamically correlated electrons avoid each other. It is exactly this correlated movement of the electrons that results in biradical char-
acter. In contrast, the formal open-shell wavefunctionJSOS

, which has one electron in each of the delocalized MOs, is actually a zwit-
terionic state, since the two electrons will always occupy the same orbital, ca or cb, in the localized picture.18

Let us once again consider dihydrogen (H2) at its dissociation limit as an example: JSTC� is the lowest-energy singlet (S0) wave-
function and the two formally spin-paired electrons are distributed equally across the two delocalized MOs ja and jb (Fig. 6,
bottom). This electronic situation is chemically hard to interpret. In the localized picture, however, one electron is localized in
each of the two hydrogenic 1 s orbitals (ca and cb), in agreement with our anticipation that we find two H radicals at the disso-
ciation limit. (Notice that in this special example, singlet and triplet state are degenerate, resulting in a true “disbiradical.”)
Conversely, the first excited singlet state (S1) is described by JSOS

, which corresponds to the ionic dissociation limit as shown
by the orbital transformation to the localized orbital basis (Fig. 6, top). The localized picture therefore offers a straightforward
description of the electronic structure in a sense that it is often easier to understand in chemical terms. We must stress, though,
that neither orbital basis (MO or GVB) is more “right” or “wrong” than the other; they merely represent different sides of the same
coin.

As mentioned before, the transformed orbitals are not always nicely localized (cf. joint biradicals, Fig. 5). In such cases, an inter-
pretation of the wavefunction is more difficult; however, one can still choose the more localized set of orbitals (i.e., ca and cb) to
decide whether an electronic state has larger biradical or zwitterionic character. There will, however, always remain an ambiguity
with respect to the biradical and zwitterionic nature of the singlet states of joint biradicals.20 Note that O2 is a special case; here,
the GVB orbitals correspond to a 45� rotation of the molecule around the O–O axis; thus, the GVB and MO description are equiv-
alent. Consequently, JSTC� and JSOS

are degenerate by symmetry and it is no longer possible to classify theses states as biradical or
zwitterionic states. The situation is similar for TMM in D3h symmetry.20,27

The attentive reader will have noticed that we have not yet discussed the remaining two states of a biradical,JSTCþ andJT. These
states do not change their character upon orbital transformation:

JSTCþ ¼ 1
ffiffiffi
2

p ��
�j2

a

�þ ��j2
b

��

¼ 1
2
½jað1Þjað2Þ þ jbð1Þjbð2Þ�½að1Þbð2Þ � bð1Það2Þ�

¼ 1
2
½cað1Þcað2Þ þ cbð1Þcbð2Þ�½að1Þbð2Þ � bð1Það2Þ�
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¼ 1
ffiffiffi
2

p ��
�c2a
�þ ��c2b

�� ¼ J’
STCþ (20)

JT ¼ ��ja
aj

a
bD

¼ 1
ffiffiffi
2

p ½jað1Þjbð2Þ � jbð1Þjað2Þ�½að1Það2Þ�

¼ 1
ffiffiffi
2

p ½cbð1Þcað2Þ � cað1Þcbð2Þ�½að1Það2Þ�

¼ ��cabcaa
�
� ¼ J’

T

(21)

Therefore, the triplet wavefunctionJT ¼JT
0 corresponds to a biradical state, whereas the singlet wavefunctionJSTCþ ¼JSTCþ

0 is
zwitterionic.

Let us finally come back to the ordering of the states as depicted in Fig. 4A. We already mentioned that disjoint and joint bir-
adicals differ in that they display small or large ST gaps, respectively. This is intuitively understandable; if the orbitals are localized in
different regions of space, the interaction between the electrons and thus the ST gap will be small. Conversely, if the orbitals cannot
be localized, the interaction between the electrons and thus the ST gap will be large. Still, we have not yet answered the question
whether JSOS

or JSTC� is lower in energy and therefore defines the ST gap.
Once again, considering the (possibly localized) GVB orbitals gives us an easy answer. Notice that, as we did not make any

restrictions to the choice of orbitals in our derivation of the biradical states in Sections 1.04.2.4 and 1.04.2.5, the same energetic
relations apply within the sets of the “original” and “transformed” states, i.e., regardless of whether we use MOs j or GVB orbitals c
(Fig. 7). However, recall that JSTC� (using orbitals j) equals JSOS

0 (using orbitals c) and vice versa, so the Coulomb and exchange
integrals will, of course, have different magnitudes depending on the orbital basis. If we now consider a disjoint biradical (with
orbitals ca and cb localized on different sites), the exchange integral Kab

0 between those two orbitals will typically be small.
Thus, the energy difference between JSOS

0 and JT
0

E0SOS
� E0T ¼ 2K 0

ab (22)

will also be small. Conversely, the energy splitting between JTC�0 and JT
0 as given by Eq. (14)

E0STC� � E0T ¼ J0aa þ J0bb
2

� J0ab (23)

will be large, since the one-site Coulomb integrals Jaa0 and Jbb0 will be much larger than the two-site Coulomb integral Jab0. Therefore,
the formal “open-shell” singlet JSOS

0 will be the lowest-energy singlet state, and the ST gap will be determined by Eq. (22).

Fig. 6 H2 at its dissociation limit in the delocalized (MO) and localized (GVB) orbital picture. The CAS-CI wavefunctions are given by J ¼ P
ciJi.

Note that the orbitals ja and jb as well as ca and cb are degenerate.
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Transforming the orbitals back to the delocalized MOs ja and jb, it becomes clear that JSTC� ¼JSOS
0 will be the lowest-energy

singlet state, and the ST gap will be given by Eq. (14). Hence,

DEST ¼ 2K 0
ab ¼ Jaa þ Jbb

2
� Jab (24)

that is, the exchange integral in the GVB basis is related to the Coulomb integrals in the MO basis and vice versa.
The same reasoning holds true for joint biradicals. Even if the transformed orbitals ca and cb are not perfectly localized on

different sites, the exchange integral Kab
0 between the localized orbitals will generally be smaller than the exchange integral Kab

between the delocalized orbitals, because the localized orbitals only share a smaller region of space.19,20 Therefore, JT
0 and JSOS

0

will generally be lower in energy than JTC�0 and JTCþ0, the former being assigned biradical and the latter being assigned zwitter-
ionic character as discussed before (Fig. 7).

1.04.2.7 Two nearly degenerate frontier orbitals

Up to this point, we have assumed that the two orbitals ja and jb are exactly degenerate (thus, the resulting biradicals have a bir-
adical character of 100%, cf. Section 1.04.2.10). This degeneracy is often induced by symmetry, but there are numerous examples of
biradicals with lower symmetry than D2d or C3, that is, these systems do not possess orbital degeneracy required by symmetry.
Therefore, many (if not the majority of) biradicals possess at least a small energy gap between the two orbitals ja and jb, which
are then typically referred to as HOMO and LUMO, the so-called frontier molecular orbitals (FMOs). These species with a small
HOMO-LUMO gap are also referred to as “di-/biradicaloids” in the literature17–20,22,24–26,35–37 (see also our discussion of different
designations of biradicals in Section 1.04.1).

In the following discussion, we assume that the radical centers are, just as before, connected by some symmetry operation, such
as inversion or rotation (this has been dubbed the “homosymmetric” case by Salem and Rowland),18 that is, the orbitals ja and jb

are typically derived from symmetry-adapted linear combinations (SALCs) of atomic orbitals (basis functions) at the radical sites.
Thus, the orbitals are perfectly delocalized (Fig. 8). When the energy gap between ja and jb is increased (ha < hb), the configuration
|ja

2Dwith two electrons in the lower-energy orbital ja becomes energetically favored, considering that all other configurations place
at least one electron in the higher-energy orbital jb. In the limiting case of a large HOMO-LUMO gap, a closed-shell singlet ground
state is expected, i.e., the configuration |ja

2D alone is sufficient to describe the ground state wavefunction (when disregarding
dynamic correlation, of course). Thus, increasing the HOMO-LUMO gap results in a decreasing biradical character (cf. Section
1.04.2.10), until a closed-shell species is obtained (Fig. 9).

Obviously, this means that themixing (i.e., the “interaction”) of the configurations |ja
2D and |jb

2D inJSTC� (Eq. 6) must decrease
when the HOMO-LUMO gap is increased, up to the point where the contribution of |jb

2D can be neglected and a closed-shell
species is obtained. To account for varying HOMO-LUMO separations, we therefore introduce the CI coefficients c1 and c2,

JSTC� ¼ c1
�
�j2

a D� c2
�
�j2

bD (25)

where c1 � c2 > 0 and c1
2 þ c2

2 ¼ 1 for normalization of the wavefunction. (Notice that by this definition, we explicitly state that the
second term on the r.h.s. of Eq. (25) is negative. In a general CI expansion of the type J ¼ P

ciJi, the value of c2 of JSTC� would
have a negative sign, cf. Figs. 8 and 9) Conversely,

JSTCþ ¼ c2
�
�j2

a Dþ c1
�
�j2

bD (26)

Fig. 7 The four biradical states expressed in the (fully delocalized) MO basis and the (possibly localized) GVB basis. The states that are formed
from open-shell determinants are printed in red, those that are formed from closed-shell determinants are printed in blue. If the GVB orbitals are
localized, Kab0 is small. Otherwise, Kab0 is larger, but generally smaller than Kab. Note that H2 at its dissociation limit and O2 can be regarded as
“extreme” cases of disjoint and joint biradicals: For dissociated H2, Kab0 ¼ 0 (i.e., DEST ¼ 0), whereas for O2, Kab0 ¼ Kab (i.e., ESTC� ¼ ESOS

).
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that is, the second term on the r.h.s. of Eq. (26) is always positive. In case of c1 ¼ c2 ¼ 1=
ffiffiffi
2

p
, we have the limiting case of degenerate

orbitals ja and jb as discussed in the previous sections, and in case of c1 ¼ 1 and c2 ¼ 0, a closed-shell species is obtained:

JSTC� ¼ ��j2
a D

JSTCþ ¼ ��j2
bD

Thus, if the quotient c1/c2 is large, the system resembles a closed-shell system, and if c1/c2 approaches unity, the molecule
becomes more biradical-like.20

The formal open-shell wavefunctions JT and JSOS
remain, of course, unaffected by the HOMO-LUMO energy gap, as one elec-

tron is placed in each orbital, irrespective of the relative orbital energies.
Let us once again look at the energies of the four biradical states. To simplify the mathematical description, we first introduce the

energies Haa and Hbb of the configurations |ja
2D and |jb

2D, respectively.20

Haa ¼ Cj2
a jHj2

a D ¼ 2ha þ Jaa (27)

Hbb ¼ Cj2
bjHj2

bD ¼ 2hb þ Jbb (28)

In Eqs. (27) and (28), ha and hb are the one-electron energies of the orbitals ja and jb exclusive of the interelectronic repulsion,
and Jaa as well as Jbb are the one-site Coulomb integrals (as discussed above). It is straightforward to show that the energy ESTC� of the
two-configurational wavefunction JSTC� as defined in Eq. (25) is given by

Fig. 9 Dissociation of H2. The CAS-CI wavefunctions of the different structures along the dissociation curve are given by J ¼ P
ciJi. At its

equilibrium structure, H2 is a typical “closed-shell” molecule (c2 z � 0.1, so the contribution of the second determinant J2 would be considered
dynamic correlation). When the H-H distance r is increased, the overlap of the atomic 1s orbitals decreases, and so does the HOMO-LUMO gap. For
r/N, the overlap integral between the atomic orbitals vanishes, so the MOs 1s and 1s* become degenerate and a “perfect” biradical is obtained.
Notice that there is no clear distinction between closed-shell and biradical(oid); the biradical character increases smoothly with increasing r.

Fig. 8 Examples of symmetric biradicals with a small HOMO-LUMO gap. The CAS-CI wavefunctions are given by J ¼ P
ciJi, where J1 ¼ |ja

2D
and J2 ¼ |jb

2D.
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ESTC� ¼ 	JSTC� jHjJSTC�
�

¼ c21$
	
j2
a jHjj2

a

�þ c22$
	
j2
bjHjj2

b

�� c1c2$
	
j2
a jHjj2

b

�� c2c1$
	
j2
bjHjj2

a

�

¼ c21Haa þ c22Hbb � 2c1c2Kab

(29)

where Kab ¼ Cja
2|H |jb

2D ¼ Cjb
2|H |ja

2D is the exchange integral between orbitals ja and jb. In case that c1 ¼ c2 ¼ 1=
ffiffiffi
2

p
(i.e., if the

orbitals are degenerate), Eq. (29) reduces to

ESTC� ¼ 1
2
Haa þ 1

2
Hbb � Kab

¼ ha þ hb þ
Jaa þ Jbb

2
� Kab

which is identical to the expression derived in Eq. (13). Similarly, the energy of the wavefunction JSTCþ amounts to

ESTCþ ¼ CJSTCþ jHJSTCþ D¼ c22Haa þ c21Hbb þ 2c1c2Kab (30)

The energies of JT and JSOS
remain the same as those given in Eqs. (9) and (12), respectively:

ET ¼ CJT jHJTD ¼ ha þ hb þ Jab �Kab

ESOS ¼ CJSOS jHJSOS D¼ ha þ hb þ Jab þKab

Clearly, for a system with non-degenerate orbitals ja and jb (i.e., c1 > c2), Eqs. (27) and (29) show that the energy of JSTC� is
dominated by the energy Haa, and thus the one-electron energy ha of orbital ja. In contrast, as shown by Eqs. (9) and (12), the
energies of JT and JSOS

are dependent on the formal average of the one-electron energies ha and hb, whereas the energy of JSTCþ
is a function of the one-electron energy hb, as demonstrated by Eq. (30). Given that orbital ja is the lower-energy orbital, the singlet
state JSTC� is usually the ground state, followed by the triplet state JT and the “open-shell” singlet JSOS

, while JSTCþ is the highest-
energy state of the four states of a biradical (Fig. 4B).

The energy difference between the two “closed-shell” states JSTC� and JSTCþ amounts to

ESTCþ � ESTC� ¼ �c21 � c22
�
$ðHbb �HaaÞþ 4c1c2Kab (31)

which reduces to 2Kab for c1 ¼ c2 ¼ 1=
ffiffiffi
2

p
. The energy difference between the two “open-shell” states JT and JSOS

is 2Kab as
discussed before.

Let us now consider Eqs. (29) and (30) in more detail. The integrals Haa, Hbb, and Hab ¼ Hba ¼ Kab (if real orbitals are used,
which is normally the case) are the matrix elements of a CI matrix with double substitutions in the active space (i.e., orbitals ja

and jb).
28 To find an optimal set of coefficients ci, the energy of the system must be minimized (vE/vci ¼ 0).28,38 Thus, we need

to solve for the energy eigenvalues E of the matrix equation

Hc ¼ ESc (32)

where H is the CI matrix

H ¼
 
Haa Hab

Hba Hbb

!

(33)

S (here Sij ¼ dij) is the overlapmatrix, and c are the eigenvectors associated with the CI coefficients ci of the general two-configuration
CI wavefunction

J ¼ c1
�
�j2

a Dþ c2
�
�j2

bD (34)

Note that in Eq. (34), c2 < 0 forJSTC�. The energy eigenvalues are obtained by diagonalizing the CI matrix, that is, by solving the
corresponding secular equation,28

�
�
�
�
�

Haa � E Hab

Hba Hbb � E

�
�
�
�
�
¼ 0 (35)

ðHaa � EÞðHbb � EÞ � K2
ab ¼ 0

0E� ¼ Haa þHbb

2
� 1
2

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

ðHbb �HaaÞ2 þ 4K2
ab

q (36)

where E� ¼ ESTC� and Eþ ¼ ESTCþ. It becomes evident from Eq. (36) that E� ¼ Haa if Kab ¼ 0, and consequently, E� < Haa if Kab > 0.
Thus, JSTC� is typically lower in energy than the single configuration |ja

2D, but certainly never higher in energy. That is, the two-
configurational wavefunction JSTC� improves upon the single-determinantal description of the RHF wavefunction, and the
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energy lowering is directly connected to the magnitude of Kab. Similarly, JSTCþ is generally higher in energy than the single
configuration |jb

2D (cf. Fig. 4B).
Using Eq. (36), we can now express the energy difference between the two “closed-shell” states JSTC� and JSTCþ as

ESTCþ � ESTC� ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ðHbb �HaaÞ2 þ 4K2

ab

q
(37)

whereas the singlet-triplet energy gap DEST amounts to

DEST ¼ ESTC� � ET

¼ 2K ’
ab þ Kab �

1
2

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

ðHbb �HaaÞ2 þ 4K2
ab

q (38)

with

2K 0
ab ¼ Jaa þ Jbb

2
� Jab (39)

by analogy with Eq. (24). Thus, the singlet-triplet gap depends on the exchange integral, the one- and two-site Coulomb integrals, as
well as the energy difference between the configurations |ja

2D and |jb
2D, which again is related to the HOMO-LUMO gap (Fig. 10).

As indicated above, the CI coefficients ci of the two-configuration wavefunction are typically computed as eigenvectors c of the CI
matrix H. For the sake of our discussion, though, it is advantageous to re-write the CI wavefunction in Eq. (34) as

Js ¼ cos sð Þ��j2
a Dþ sin sð Þ��j2

bD (40)

where

cos sð Þ ¼ c1 (41)

sin sð Þ ¼ c2 (42)

Note that cos2(s) þ sin2(s) ¼ 1 for any value of s, that is, the normalization condition is always fulfilled. The energy of the wave-
function in Eq. (40) is then given by

E ¼ CJsjHJsD ¼ cos2 sð ÞHaa þ sin2 sð ÞHbb þ sinð2sÞKab (43)

Note that sin(2s) ¼ 2 cos(s) sin(s). We can calculate s by minimizing the energy, vE/vs ¼ 0,

tanð2sÞ ¼ � 2Kab

Hbb �Haa
(44)

0sn ¼ � 1
2
arctan



2Kab

Hbb �Haa

�

þ np
2

(45)

Fig. 10 Singlet-triplet gap DEST as a function of Hbb � Haa. The exchange integral is arbitrarily fixed at Kab ¼ 0.1 Eh. The quantity Kab0, which
corresponds to the exchange integral between the localized orbitals fa and fa (cf. Section 1.04.2.8), is set to Kab

0 ¼ 0.025 Eh. If DEST > 0, the triplet
state is the ground state; if DEST < 0, the ground state is a singlet. In the region where DEST z 0, the species is best described as a “disbiradical”,
i.e., a molecule with two independent radical sites. When the difference Hbb � Haa increases, the singlet ground state is stabilized, and the molecule
gradually becomes a closed-shell species.
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where n � 0 is an integer (even n correspond toJSTC�, odd n toJSTCþ).
19 Thus, the CI coefficients ci as defined in Eqs. (41) and (42)

depend on the energy difference Hbb � Haa, which is related to the HOMO-LUMO gap, as well as the exchange integral Kab, which
depends on the shape of the orbitals (whether or not they share a significant region of space).19 In particular, the multireference
character of the wavefunction is significant (i.e., c1z � c2z1=

ffiffiffi
2

p
) when the quotient on the r.h.s. of Eq. (44) becomes large, that is,

when the exchange integral Kab is large and the energy difference between Haa and Hbb is small. However, notice that in case of
a vanishing exchange integral,

lim
Kab/0

s0 ¼ 0

0c1 ¼ cosðs0Þ ¼ 1
c2 ¼ sinðs0Þ ¼ 0

a closed-shell wavefunction is obtained, even if the HOMO-LUMO gap is small. While this usually does not occur in “homo-
symmetric” species (here, the orbitals ja and jb share a significant region of space due to symmetry), it may well be the case in non-
symmetric species (cf. Section 1.04.2.9), e.g., if the HOMO is localized on a ligand and the LUMO is localized on a metal center.

In case of a vanishing energy difference DE ¼ Hbb � Haa, we have

lim
DE/0

s0 ¼ �p

4

0c1 ¼ cosðs0Þ ¼ þ 1
ffiffiffi
2

p

c2 ¼ sinðs0Þ ¼ � 1
ffiffiffi
2

p

which is, of course, a biradical with degenerate orbitals ja and jb. Clearly, as it has already been implied throughout this section, the
CI coefficients can be taken as a measure of biradical character, seeing that the limiting cases c2 ¼ 0 and c2 ¼�1=

ffiffiffi
2

p
correspond to

a “pure” closed-shell species and a “pure” biradical, respectively. While we will postpone our discussion of different measures of
biradical character to Section 1.04.2.10, it is still worthy to appreciate the interrelation between c2 and the biradical character of the
wavefunctionJSTC� at this stage. In Fig. 11, the evolution of c2 (and thus the biradical character) is plotted as a function of the energy
difference Hbb � Haa and the exchange integral Kab according to Eqs. (42) and (45). The plots nicely demonstrate that the
contribution of |jb

2D to the wavefunction (34) decreases with an increasing HOMO-LUMO gap, even more so when Kab is small
(Fig. 11, left). Conversely, as the exchange integral Kab becomes larger, the multireference character of the wavefunction grows
(Fig. 11, right). This is in line with the typical observation that two orbitals ja and jb correlate most strongly when they are a pair of
bonding and antibonding MOs,20 because they have a large exchange integral Kab due to their localization in the same region of
space.19

Allow us to make a last comment on Eq. (45): It is worthy to note that cos(s0) ¼ sin(s1) and sin(s0) ¼ � cos(s1). Thus, if we
define cos(s0) ¼ c1 and sin(s0) ¼ � c2, we get

Fig. 11 Dependence of the CI coefficient c2 ¼ sin (s0) of J ¼ c1 |ja
2D þ c2 |jb

2D on the energy difference DE ¼ Hbb � Haa and exchange integral
Kab (note that c2 < 0, i.e., J ¼JSTC�). Left: c2 vs. DE, with isolines for different values of Kab. The contribution of the second determinant |jb

2D
decreases with an increasing energy difference, especially if Kab is small. Right: c2 vs. Kab, with isolines for different values of DE. In case of a small
energy difference, the contribution of |jb

2D rises quickly even for small values of Kab. The circles indicate H2 at its equilibrium structure
(�c2 ¼ 0.111, DE ¼ 1.24 Eh, Kab ¼ 0.14 Eh) and dissociation limit ( � c2 ¼ 1=

ffiffiffi
2

p
;DE ¼ 0, Kab ¼ 0.31 Eh).39 The horizontal gray line indicates

2c22 ¼ 0.1, i.e., a biradical character of 10%.
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JSTC� ¼ cosðs0Þ
�
�j2

a Dþ sinðs0Þ
�
�j2

bD ¼ c1
�
�j2

a D� c2
�
�j2

bD

JSTCþ ¼ cosðs1Þ
�
�j2

a Dþ sinðs1Þ
�
�j2

bD ¼ c2
�
�j2

a Dþ c1
�
�j2

bD

which proves our previous statement in Eqs. (25) and (26).

1.04.2.8 More orbital transformations

We now understand the effect of a small HOMO-LUMO gap on the energies of the four biradical states, and how an increasing
HOMO-LUMO gap leads us to the limiting case of a closed-shell species. However, we have only discussed the case of delocalized
orbitals ja and jb so far, yet for a chemical interpretation of the electronic structure, localized orbitals are the preferred choice.

For reasons of simplicity, let us continue to discuss a homosymmetric biradical. We can then use a similar approach as discussed
in the previous sections for orbital localization. However, since the MOs ja and jb are no longer degenerate, some additional
considerations must be made. Let us re-consider the orthogonal orbital transformation scheme laid out in Eq. (15), i.e.

ca ¼
1
ffiffiffi
2

p ðja þjbÞ;cb ¼ 1
ffiffiffi
2

p ðja �jbÞ

As discussed in Section 1.04.2.5, the transformed orbitals ca and cb correspond to the generalized valence bond (GVB) orbitals if
(and only if) the orbitals ja and jb are degenerate. In case of non-degenerate orbitals ja and jb, the GVB transformation20,31

depends on the CI coefficients ci of the wavefunction

JSTC� ¼ c1
�
�j2

a D� c2
�
�j2

bD

and is given by

ca ¼ k1ja þ k2jb; cb ¼ k1ja � k2jb (46)

where

k1 ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

c1
c1 þ c2

r

; k2 ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

c2
c1 þ c2

r

Thus, in case of c1 ¼ c2 ¼ 1=
ffiffiffi
2

p
, Eq. (46) is identical to Eq. (15). When applying the GVB transformation in Eq. (46) to JSTC�,

we get

JSTC� ¼ c1
�
�j2

a

�
:� c2

�
�j2

b

�

¼ 1
ffiffiffi
2

p ½c1jað1Þjað2Þ � c2jbð1Þjbð2Þ�½að1Þbð2Þ � bð1Það2Þ�

¼ c1 þ c2
ffiffiffi
2

p $
1
2
½cað1Þcbð2Þ þ cbð1Þcað2Þ�½að1Þbð2Þ � bð1Það2Þ�

¼ c1 þ c2
ffiffiffi
2

p $
1
ffiffiffi
2

p
��
�
�caac

b
b

E
� ��cbacab

�� ¼ J’
SOS

(47)

where the prefactor ðc1 þc2Þ=
ffiffiffi
2

p
is required for normalization (since ca and cb are, in general, no longer orthogonal). Thus, JSTC�

transforms into an open-shell wavefunction in the GVB basis, and in the limiting case c1 ¼ c2 ¼ 1=
ffiffiffi
2

p
, we obtain the same result as

in Eq. (18).
Thus, in principle, we can draw the same conclusions as before: JSTC� is generally a biradical state, and the system can be clas-

sified either as disjoint biradical if the GVB orbitals are localized on different atoms, or as joint biradical if they cannot be localized.
In the latter case, it is less straightforward to assign biradical or ionic character to the wavefunction, as discussed before.

Notice how the overlap between ca and cb depends on the CI coefficients (and thus on the HOMO-LUMO gap, cf. Section
1.04.2.7):

CcajcbD ¼
c1 � c2
c1 þ c2

(48)

In the limiting case of a “perfect” biradical (c1 ¼ c2 ¼ 1=
ffiffiffi
2

p
), we have Cca|cbD ¼ 0, i.e., the orbitals are orthogonal (and, in case

of a disjoint biradical, perfectly localized). Conversely, a “perfect” closed-shell species (c1 ¼ 1 and c2 ¼ 0) has an overlap integral
Cca |cbD ¼ 1, i.e., ca and cb are identical and correspond to the delocalized HOMO ca according to Eq. (46). Thus, with an increasing
HOMO-LUMO gap, the GVB orbitals gradually become more and more delocalized across the radical centers (Fig. 12), which
makes chemical interpretation of the wavefunction in terms of “biradical” and “ionic” contributions impractical in the GVB basis.
In fact, it is exactly this delocalization of the GVB orbitals that describes the ionic contributions that are inherent to any covalent
bond.31 (In the closed-shell limit, i.e., using a single determinant to describe a closed-shell wavefunction, the wavefunction has 50%
covalent and 50% ionic character, see below.)18
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To overcome the “problem” of the partly delocalized GVBs in biradicals with non-degenerate frontier orbitals ja and jb,
different localization methods may be used, such as Foster-Boys localization.40,41 In the case of homosymmetric species, this is
equivalent to

fa ¼
1
ffiffiffi
2

p ðja þjbÞ;fb ¼ 1
ffiffiffi
2

p ðja �jbÞ

which is mathematically identical to the orbital transformation laid out in Eq. (15). Note that due to the non-degeneracy of ja and
jb, the transformed orbitals fa and fb are no longer the GVB orbitals, but rather orthonormal, (semi-)localized orbitals (Fig. 12)
that minimize the exchange integral Kab

0.19 Applying this orbital transformation to the singlet wavefunction JSTC� yields

JSTC� ¼ c1
�
�j2

a

�
:� c2

�
�j2

b

�

¼ 1
ffiffiffi
2

p ½c1jað1Þjað2Þ � c2jbð1Þjbð2Þ�½að1Þbð2Þ � bð1Það2Þ�

¼ c1 þ c2
ffiffiffi
2

p $
1
2
½fað1Þfbð2Þ þ fbð1Þfað2Þ�½að1Þbð2Þ � bð1Það2Þ�

þc1 � c2
ffiffiffi
2

p $
1
2
½fað1Þfað2Þ þ fbð1Þfbð2Þ�½að1Þbð2Þ � bð1Það2Þ�

¼ c1 þ c2
ffiffiffi
2

p $
1
ffiffiffi
2

p
��
�
�fa

af
b
b

E
� ��fb

af
a
b

��þ c1 � c2
ffiffiffi
2

p $
1
ffiffiffi
2

p ��
�f2

a

�þ ��f2
b

��

(49)

Thus, the wavefunction can be written as

JSTC� ¼ ccovjJcovDþ cionjJionD (50)

with

c1 þ c2
ffiffiffi
2

p ¼ ccov;
c1 � c2

ffiffiffi
2

p ¼ cion (51)

Using the localized orbitals fa and fb, it becomes clear that the singlet ground state wavefunction JSTC� possesses cova-
lent (biradical) and ionic character, if the delocalized frontier orbitals ja and jb are non-degenerate. In fact, in the

limiting case of a “perfect” biradical (i.e., c1 ¼ c2 ¼ 1=
ffiffiffi
2

p
) we have ccov ¼ 1 and cion ¼ 0, whereas the limiting case of

a “perfect” closed-shell with an infinite HOMO-LUMO gap (i.e., c1 ¼ 1 and c2 ¼ 0) is defined by ccov ¼ cion ¼ 1=
ffiffiffi
2

p
.

Thus, the wavefunction varies from purely covalent in the “perfect” biradical limit to 50% covalent and 50% ionic in
the closed-shell limit.

In case the radical centers can be fully localized on two single atoms, it is also possible to use atomic (hybrid) orbitals 4a and
4b as localized orbitals (Fig. 12).18 Again assuming a homosymmetric system, the MOs can then be expressed as linear
combinations

ja ¼
1

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
2þ 2Sab

p ð4a þ4bÞ;jb ¼ 1
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
2� 2Sab

p ð4a �4bÞ (52)

where the prefactor 1=
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
2þ 2Sab

p
ensures normalization of the MOs, and Sab ¼ C4a |4bD is the overlap integral between the atomic

orbitals 4a and 4b (notice that the atomic orbitals are, in general, not orthogonal to each other). It is straightforward to show that

JSTC� ¼ c1
�
�j2

a

�� c2
�
�j2

b

�

¼ 1
ffiffiffi
2

p ½c1jað1Þjað2Þ � c2jbð1Þjbð2Þ�½að1Þbð2Þ � bð1Það2Þ�

¼
�

c1
2þ 2Sab

þ c2
2� 2Sab


1
ffiffiffi
2

p ½4að1Þ4bð2Þ þ 4bð1Þ4að2Þ�½að1Þbð2Þ � bð1Það2Þ�

þ
�

c1
2þ 2Sab

� c2
2� 2Sab


1
ffiffiffi
2

p ½4að1Þ4að2Þ þ 4bð1Þ4bð2Þ�½að1Þbð2Þ � bð1Það2Þ�

¼
�

c1
2þ 2Sab

þ c2
2� 2Sab

��
�
�4a

a4
b
b

E
� ��4b

a4
a
b

��þ
�

c1
2þ 2Sab

� c2
2� 2Sab


��
�42

a

�þ ��42
b

��

(53)

Thus, the wavefunction is composed of covalent and ionic contributions just as in case of the orthogonal, localized orbitals fa

and fb. Note, however, that due to the non-orthogonality of the atomic orbitals 4a and 4b, the covalent and ionic contributions to
the wavefunction are also not orthogonal and a partitioning scheme is needed to assign their overlaps either to the covalent or the
ionic contribution.20 Also note that Eq. (53) is mathematically equivalent to the valence bond (VB) wavefunction of the system.
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Fig. 12 Molecular orbitals of H2 (r ¼ 1.4 a.u., J ¼ 0.994|ja
2D � 0.111|jb

2D).39 Top and middle row: Contour plots of the orbitals in the xz plane. Bottom row: Section of the orbitals along the x-axis (i.e.,
y ¼ z ¼ 0). Left column: Canonical (delocalized) MOs ja and jb. Center left column: GVB orbitals ca and cb. The two electrons are mainly located at opposite nuclei, demonstrating their correlated motion.
However, notice the small (positive) cusp at the position of the second H atom, indicating that the orbitals are still somewhat delocalized and there is a certain probability of finding both electrons at the same
nucleus. Center right column: Orthogonal localized orbitals fa and fb. The negative cusps are the so-called “orthogonalization tails,” ensuring that Cfa |fbD ¼ 0. Right column: Atomic orbitals 4a and 4b. Like
the GVB orbitals, the atomic orbitals are not orthogonal. At infinite separation of the H nuclei (i.e., a “perfect” biradical), GVB orbitals, localized orbitals, and atomic orbitals are identical.
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In fact, as we have not made any mathematical restrictions on the orbitals 4a and 4b, the orbital transformation in Eq. (52) holds
true for any choice of (semi-)localized orbitals, so Eq. (53) is valid for all the cases discussed above. For example, if Sab ¼ 0 (i.e., if the
orbitals 4a and 4b are orthogonal), we obtain the same solution as in Eq. (49). Moreover, if the overlap integral is

Sab ¼ 2c1
c1 þ c2

� 1 ¼ 1� 2c2
c1 þ c2

(54)

Eq. (53) transforms into Eq. (47), i.e., the GVB wavefunction.

1.04.2.9 Non-symmetric biradicals

Up to this point, we have restricted our discussion to “homosymmetric” biradicals (radical centers localized on symmetry equiva-
lent sites). If, however, the radical centers are inequivalent, the singlet ground state wavefunction (in the basis of the canonical
molecular orbitals ja and jb) takes the general form

JS ¼ c1
�
�j2

a D� c2
�
�j2

bDþ c3$
1
ffiffiffi
2

p
��
�
�ja

aj
b
bD�

�
�jb

aj
a
bD
�

(55)

where the last term on the r.h.s. of Eq. (55) is responsible for distributing the electrons unevenly between the two radical sites; that
is, c3 ¼ 0 for homosymmetric and c3 > 0 for non-symmetric species. In the basis of localized orbitals fa and fb, this will result in
two different ionic contributions, since the probabilities of finding both electrons at either radical site “a” or “b”will, in general, not
be the same20:

JS ¼ ccov$
1
ffiffiffi
2

p
��
�
�fa

af
b
bD�

�
�fb
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a
bD
�
þ cion;1

�
�f2

a Dþ cion;2
�
�f2

bD (56)

with

fa ¼ cos að Þ$ja þ sin að Þ$jb

fb ¼ sin að Þ$ja � cos að Þ$jb

where a is the “rotation angle” that transforms the MOs ja and jb into the localized orbitals fa and fb (for homosymmetric species,
a ¼ 45�). The different ionic terms in Eq. (56) are typically due to different electronegativities of the atoms involved, i.e., fa might
have a lower orbital energy than fb (and thus higher occupation number), resulting in an overall polarization.

In this regard, we see fit to introduce another type of delocalized orbitals which is often used to represent multiconfigurational
wavefunctions, the so-called natural orbitals (NOs) ui. These are often the default orbitals in CASSCF-type calculations, and are
defined as the eigenfunctions of the 1-electron reduced density operator G,20,42,43

Gui ¼ niui (57)

with eigenvalues ni that correspond to the occupation numbers of the NOs, and the density operator being defined as

G ¼ Jj DCJj (58)

For the wavefunction in Eq. (55), the density operator is

G ¼ �2c21 þ c23
�jjaDCjaj þ

�
2c22 þ c23

�jjbDCjbj þ
ffiffiffi
2

p
ðc1c3 � c2c3ÞðjjaDCjbj þ jjbDCjajÞ (59)

with the corresponding density matrix

r ¼
0

@
2c21 þ c23

ffiffiffi
2

p ðc1c3 � c2c3Þ
ffiffiffi
2

p
ðc1c3 � c2c3Þ 2c22 þ c23

!

(60)

The diagonal elements correspond to the occupancy of orbitals ja and jb, while the off-diagonal elements indicate the “bond
order” between these orbitals19 (clearly, this value makes more sense if the density matrix is constructed for localized orbitals). The
NOs diagonalize the density matrix, so all off-diagonal elements become zero in the NO basis.

Note that for a homosymmetric biradical (c3 ¼ 0), all off-diagonal elements of the density matrix in the MO basis are zero, so the
density matrix is already diagonalized20:

r ¼
 
2c21 0

0 2c22

!

G ¼ 2c21jjaDCjaj þ 2c22jjbDCjbj

Thus, the NOs of a homosymmetric biradical are just the regular canonical MOs. In all other cases, though, the NOs are distinctly
different (but often similar in shape). By diagonalizing the density matrix, the NO basis offers the most compact representation of
any multireference state, i.e., the wavefunction in Eq. (55) becomes
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Hence, only two determinants are needed to express the singlet ground state wavefunction in the NO basis, irrespective of molec-
ular symmetry.

1.04.2.10 Biradical character

Our discussion up to his point has already hinted several times at a fundamental concept of biradicals, namely the quantification of
the biradical character. There are a lot of different ways to do so; thus, discussing all different indices lies outside the scope of this
article. Nonetheless, we are going to cover some of the most fundamental approaches and give some selected examples.

In Section 1.04.2.7, we have already discussed that the CI coefficients can act as a measure of biradical character: Using delo-
calized orbitals (usually the MOs or NOs), that is,

JSTC� ¼ c1
�
�j2

a D� c2
�
�j2

bD (62)

the limit of a “perfect” biradical is given by c1 ¼ c2 ¼ 1=
ffiffiffi
2

p
, whereas the closed-shell limit is defined by c1 ¼ 1 and c2 ¼ 0. Thus, if

we find a function that normalizes c2 in the limit of a “perfect” biradical, it can serve as a measure of biradical character that ranges
from 0 to 1. However, while the end points of such a scale are clearly defined, it remains unclear how to interpolate between these
values.20

Conversely, using localized orbitals fa and fb, we find

JSTC� ¼ ccovjJcovDþ cionjJionD (63)

where ccov and cion can be derived from c1 and c2 as described in Eq. (51). Here, the “perfect” biradical limit is defined by ccov ¼ 1 and
cion ¼ 0, while the closed-shell limit is given by ccov ¼ cion ¼ 1=

ffiffiffi
2

p
.

Using these limits, one can devise many different normalized indicators of biradical character, such as

y ¼
ffiffiffi
2

p
$c2 ¼ ccov � cion (64)

d ¼ 2c1c2 ¼ c2cov � c2ion (65)

b ¼ 2c22 ¼ ðccov � cionÞ2 (66)

The first indicator in Eq. (64),44 simply measures the amplitude of the configuration |jb
2D, which corresponds to the excess of the

covalent amplitude relative to the ionic contribution. To understand the second indicator in Eq. (65), we note that when using
orthonormal orbitals (which is usually the case), the configurations |ja

2D and |jb
2D or |JcovD and |JionD are also orthonormal,

and thus
P

ci
2 ¼ 1. Therefore, the squared CI coefficients correspond to the relative weight (i.e., the probability) of each contribu-

tion to the CI expansion. Thus, the indicator in Eq. (65),45 describes the difference between the probabilities of the covalent and
ionic contributions. The last indicator in Eq. (66),43 is directly related to the probability of |jb

2D, which (if natural orbitals are
used, see below) also corresponds to the occupation number of jb.

The indices in Eqs. (65) and (66) were also modified for general CI wavefunctions that contain more than two coefficients45,46:

J ¼
XN

i¼1

ciJi ¼ c1J1 þ c2J2
|fflfflfflfflfflfflfflfflfflffl{zfflfflfflfflfflfflfflfflfflffl}
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p
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þ.þ cNJN (67)

This may be the case if the active space is chosen larger than the simple “two electrons in two orbitals” [i.e., CAS(2,2)] model
discussed here, or even within the CAS(2,2) picture if the biradical is non-symmetric [cf. Eq. (56)]. The coefficients c3.cN are typi-
cally small and describe dynamic electron correlation. Note that the notation used in Eq. (67) implies that c2 < 0 for the singlet
ground state.

Due to the inclusion of dynamic correlation, the relative contribution of the original two-configuration wavefunction JSTC� to
the total CI wavefunction is c1

2 þ c2
2. Thus, the factor 1/(c1

2 þ c2
2) is introduced in Eqs. (65) and (66) to normalize the biradical

character:

d ¼ 2

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
c21c

2
2

c21 þ c22

s

(68)

b ¼ 2c22
c21 þ c22

(69)
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The different biradical indicators are depicted in Fig. 13. It becomes clear that b predicts the smallest, while d predicts the highest
numerical values of biradical character.

Notice that in the localized picture, i.e., when considering the covalent and ionic coefficients ccov and cion, all biradical indicators
discussed above depend on both coefficients. This is noteworthy insofar as the “covalent” and “ionic” structures |JcovD and |JionD
can be translated to the valence bond (VB) picture, where the “covalent” structure is usually drawn as a dot-dot structure. However,
this should not be regarded solely as a biradical contribution, as |JcovD clearly describes a purely “bonding” situation in the closed-
shell limit. Thus, even though one might draw a Lewis structure with two dots at the radical centers, the weight of this structure (i.e.,
ccov
2 ) alone is not a suitable measure of biradical character.
A last note of caution: As we have discussed in quite some detail in the previous sections, the CI coefficients depend on the choice

of orbitals, thus they are not uniquely defined! There are manymore possible choices than those we have discussed,19 and therefore it
is not necessarily straightforward to compare the biradical character of different molecules, especially among different publications by different
authors, who might have used different computational methods and orbital bases.

Another popular indicator of biradical character is derived from the occupation numbers of the natural orbitals (NOs). The NOs
are uniquely defined for a given system (cf. Section 1.04.2.9), independently of the orbitals that were used to derive the multire-
ference wavefunction. If NOs are used to represent the CAS(2,2) wavefunction, the occupancy of the lowest unoccupied NO
(LUNO) is equal to 2c2

2, as the NOs diagonalize the density matrix. Thus, its occupancy varies from 0 in the closed-shell limit
to 1 in the limit of a “perfect” biradical and it is therefore a natural indicator of biradical character. The occupancy of the
HONO (highest occupied NO), on the other hand, varies from 2 to 1, with nHONO ¼ 2 � x and nLUNO ¼ x � 1, and thus
nHONO þ nLUNO ¼ 2.

In a general CI wavefunction, i.e., using larger active spaces than (2,2), the LUNO is the orbital with the highest occupation
number smaller than 1, while the HONO corresponds to the orbital with the smallest occupation number larger than 1. Orbitals
with smaller occupancy than the LUNO, in the order of decreasing occupation numbers, are called LUNOþ1, LUNOþ2,., while
orbitals with increasing occupancy are named HONO�1, HONO�2, etc.20 Typically, each pair of HONO� i and LUNOþ i corre-
sponds to a pair of delocalized bonding and anti-bonding orbitals. The equality nHONO � i þ nLUNO þ i ¼ 2 holds strictly for
“broken-symmetry” UHF or UDFT calculations (see below), while it is approximately satisfied for general multireference wavefunc-
tions.20 In this vein, the occupation numbers can be generalized to polyradical indicators, the occupancy of the LUNO indicating
biradical character as explained above, the occupancy of LUNOþ1 indicating tetraradical character and so on. Note that apart from
non-dynamic correlation, dynamic correlation in highly correlated calculations (e.g., when using large active spaces or a multirefer-
ence configuration interaction (MRCI) approach) can also influence the occupation numbers.

One advantage of NOs is certainly that they can be calculated using almost all computational methods, especially UHF or UDFT,
which come with a much smaller computational cost than CI methods. Using the “broken-symmetry” formalism, one can approx-
imately describe a multiconfigurational wavefunction by single-determinantal methods. For instance, the “broken-symmetry” UHF
wavefunction of a singlet biradical (ignoring all paired electrons) is given by

JBS ¼
�
�
�caac

b
bD (70)

where the orbitals ca and cb are the GVB orbitals localized at the radical sites “a” and “b” as defined in Eq. (46):

Fig. 13 Examples of biradical indicators based on the CI coefficients. While y is proportional to the amplitude c2, b is proportional to the probability
c2

2. Note that both y and d predict a significant biradical character for |c2 | ¼ 0.1, which is typically considered dynamic correlation (y ¼ 14%,
d ¼ 20%, b ¼ 2%; cf. H2 at req ¼ 1.4 a. u., J ¼ 0.994|ja

2D � 0.111|jb
2D).39 Thus, numerical values of the different indicators cannot be compared

directly.
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ca ¼ k1ja þ k2jb;cb ¼ k1ja � k2jb

As discussed above, ja and jb are the delocalized frontier orbitals, and the coefficients k1 ¼ cos q, k2 ¼ sin q.
Obviously, the wavefunction in Eq. (70) is physically wrong, since it introduces unphysical spin polarization. The correct wave-

function using the GVB orbitals would, of course, be given by Eq. (47). In fact, using the GVB orbital transformation we can show
that
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(71)

Hence, the “broken-symmetry” UHF wavefunction is really a mixture of singlet and triplet wavefunctions, leading to the well-
known problem of spin contamination.20,28,47 It changes from a closed-shell singlet in the limit q ¼ 0

JBS ¼
�
�j2

a D

to an equal mixture of singlet and triplet in the limit q ¼ p/4 (i.e., a “perfect” biradical)

JBS ¼ 1
2

��
�j2

a D�
�
�j2

bD
�þ 1

2

��
�
�ja

bj
b
a Dþ

�
�
�j

b
bj

a
a D
�

The density operator of the UHF wavefunction is given by

G ¼ jcaihcaj þ jcbihcbj

¼ jcosq$ja þ sinq$jbihcosq$ja þ sinq$jbj
þ jcosq$ja � sinq$jbihcosq$ja � sinq$jbj

¼ 2cos2q$jjaihjaj þ 2sin2q$jjbihjbj
Thus, ja and jb are the natural orbitals of the UHF wavefunction with occupancies nHONO and nLUNO:

nHONO ¼ 2cos2q ¼ 1þ CcajcbD

nLUNO ¼ 2sin2q ¼ 1� CcajcbD

The latter, however, is not a good indicator of biradical character, since it suffers from spin contamination. This can be remedied
by projecting out the spin-contaminants, as proposed by Yamaguchi47:

y0 ¼ npLUNO ¼ n2LUNO

1þ CcajcbD2
¼ 2n2LUNO

n2HONO þ n2LUNO
(72)

Here, nLUNO
p is the spin-projected occupation number of the LUNO. The occupation number of other NOs can also be corrected

using a generalized version of Eq. (72):

yi ¼ npLUNOþi ¼
2n2LUNOþi

n2HONO�i þ n2LUNOþi
(73)

There are many more bi- and polyradical indicators based on natural occupancies. The interested reader is referred to the excel-
lent review of Stuyver/Chen/Zeng/Hoffmann and co-workers.20

Lastly, the biradical character is often also related to the singlet-triplet gap DEST,
48,49 which in turn is related to the magnetic

coupling between the two radical sites. The magnetic coupling between two electrons can be described by the phenomenological
Heisenberg-Dirac-van-Vleck Hamiltonian29,45,49,50

HHDvV ¼ � 2Jij Si$Sj (74)

where Jij is the magnetic exchange coupling constant (not to be confused with the Coulomb integral Jab) and Si and Sj are the local
spin operators on radical sites “i” and “j”. Note that some authors also use the definition HHDvV ¼ � Jij Si $ Sj,

29,51 which changes
the magnitude of Jij by a factor of two. When comparing values between different publications, it is therefore paramount to check
which definition was used! We will continue to use the definition in Eq. (74).

The exchange coupling constant Jij can be computed from DEST:

DEST ¼ ES � ET ¼ 2Jij (75)

Thus, if DEST z 0, there is no magnetic coupling between the electrons, and the species is best understood as a disbiradical, i.e.,
a molecule with two independent radical sites. If DEST > 0 (and thus Jij > 0), the electrons are ferromagnetically coupled and the
ground state is a triplet. Conversely, if DEST < 0 (i.e., Jij < 0), the electrons are antiferromagnetically coupled and the ground state is
a singlet. Depending on the magnitude of the coupling constant Jij, it may either be a singlet biradical (in the weak coupling region)
or a closed-shell singlet in the limit of strong coupling. Note that for a “perfect biradical,” we have
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DEST ¼ 2K 0
ab ¼ 2Jij (76)

that is, the magnetic exchange coupling constant Jij is equal to the exchange integral Kab
0 between the localized orbitals ca and cb.

While the ST gap DEST is most accurately computed using multireference methods that include dynamic correlation,29,32–34 it
may also be inferred from “broken-symmetry” UDFT (or UHF) calculations.52,53 In the latter case, it is typically necessary to correct
the computed ST gap using spin-projection to account for the spin-contamination of the “broken-symmetry” singlet wavefunction
JBS. While several schemes for spin projection exist, we only want to discuss the most generally applicable formula here49,50,54:

Jij ¼ EBS � ET	
S2
�
T �

	
S2
�
BS

(77)

EBS and ET are the SCF energies of the “broken-symmetry” singlet and triplet state, respectively, while hS2iT and hS2iBS are the
expectation values of the S2 operator, viz

	
S2
�
T ¼ CJT jS2jJTD

	
S2
�
BS ¼ CJBSjS2jJBSD

Typically, hS2iT z 2, whereas hS2iBS may range from 0 in the closed-shell limit to 1 in the limit of a “perfect” biradical.
Remember that in the biradical limit, JBS is a 50:50 mixture of singlet and triplet; thus, hS2iBS is then also the average of the actual
eigenvalues of a singlet (0) and a triplet (2). In consequence, the ST gap DEST ¼ 2Jij is twice the difference EBS � ET in the case of
a “perfect” biradical, while in the closed-shell limit, it is just the normal difference EBS � ET ¼ ES � ET.

On a final note, some care should be taken when using the “broken-symmetry” formalism to detect biradical character. As
implied by our discussion above, biradical character will induce “symmetry-breaking” of the Hartree-Fock or Kohn-Sham wavefunc-
tion (i.e., the non-dynamic correlation is represented by localization of the a and b spin orbitals in different regions of space).
However, DFT methods are typically able to describe biradicals with small to moderate biradical character (depending on the choice
of density functional) using a restricted approach,20,28,55 as the electron correlation is incorporated into an effective potential. Thus,
“symmetry-breaking” of Kohn-Sham wavefunctions usually only occurs when the biradical character is already quite significant.
Therefore, when comparing the biradical character of different molecules, it is imperative to use consistent indices and electronic
structure methods!

1.04.2.11 Different classifications of biradicals

Lastly, we wish to give a fewmore notes on the classification of biradicals in addition to what is written in the introduction as well as
in Section 1.04.2.5, where the distinction between disjoint and non-disjoint (or joint) biradicals is discussed in some detail. There
are, however, other possibilities to classify different types of biradicals.

Typically, p-conjugated biradicals are categorized as either “Kekulé” or “non-Kekulé” molecules, depending on whether a clas-
sical Kekulé structure (i.e., a structure without radical electrons) can be drawn in the Lewis representation. For example, o- and p-qui-
nodimethane (QDM, Scheme 5) are typical Kekulé molecules, whereas trimethylenemethane (TMM) or tetramethyleneethane
(TME) are archetypical examples of Non-Kekulé structures. Note that TMM is a joint biradical, while TME is a disjoint biradical.

Often, the term “non-Kekulé biradicals” is used synonymously with “delocalized biradicals,”22,24 because the radical sites cannot
be localized on a single set of two atoms. Moreover, Kekulé molecules can also be regarded as delocalized biradicals, since it is
usually possible to draw different resonance structures where the radical sites are localized at different atoms (Scheme 5).17 Addi-
tionally, antiaromatic compounds can also be classified as delocalized biradicals. (Note that planar, highly symmetric structures of
antiaromatic compounds often correspond to an excited triplet state, which distorts in the singlet ground state due to a second-order
Jahn-Teller effect. A typical example is cyclobutadiene, which has a rectangular equilibrium structure.)56 The term “localized” bir-
adicals, on the other hand, refers to molecules whose radical sites are not conjugated by a classical p system, so each radical electron
can be localized at a single atom.17,24 Typical examples of localized biradicals are cyclobutane-1,3-diyl and cyclopentane-1,3-diyl
(Scheme 5).

Another important classification is based on the orbital symmetry of the frontier orbitals, specifically regarding their bonding
and antibonding character. Usually (at least in most closed-shell molecules), the bonding orbital is lower in energy than the cor-
responding anti-bonding orbital. However, depending on the relative strengths of the so-called “through-space” and “through-
bond” interactions in cyclic biradicals,17,22 the transannular antibonding orbital can be the HOMO, whereas the bonding orbital
is the LUMO (Fig. 14), effectively inverting the typical order of the orbitals. Abe classified biradicals with a bonding HOMO and
anti-bonding LUMO as “type-1 biradicals,” whereas those with an anti-bonding HOMO and bonding LUMO were classified as
“type-2 biradicals.”17

It should be noted that, when the two radical centers are on the same atom, the species are most often referred to by their generic
names: carbenes, nitrenes, etc. rather than biradicals.

As we have discussed in detail, the transition between closed-shell, biradical(oid)s and “perfect” biradicals is continuous. Thus,
biradicals can, depending on their biradical character, singlet-triplet gap, orbital symmetry etc. undergo typical radical reactions (i.e.,
stepwise reactions, or reactions that take place solely at one radical site) as well as typical closed-shell reactions (i.e., concerted reac-
tions that involve both radical centers). While closed-shell reactivity is confined to the singlet energy surface, (bi-)radical reactivity
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can take place both on the singlet as well as triplet energy surface. Less coupling between the electrons (i.e., stronger non-dynamic
correlation) will lead to more radical-like reactivity and vice versa. This has very recently been thoroughly reviewed by Stuyver/
Chen/Zeng/Hoffmann,20 so we will not further discuss the matter here but refer the interested reader to that excellent review article.

Nonetheless, the following sections will showcase various reactions of heterocyclobutane-1,3-diyls as well as heterocyclopen-
tane-1,3-diyls that give a good impression of the versatility of biradical reactivity.

1.04.3 Main group biradicals

1.04.3.1 General aspects

In main group molecular chemistry, the activation of small molecules plays a central role. In recent years, many new concepts have
been introduced for this, e.g., the utilization of bulky substituents to introduce kinetic stabilization,57–74 weakly coordinating
anions,75–84 as well as unusual reaction media,85 such as ionic liquids,86–91 neat (Brønstedt and Lewis) acids (e.g., SO2,

92,93

oleum94,95) and bases (e.g., NH3
96–101). However, the generation of unusual bonding situations such as in frustrated Lewis

acid/Lewis base pairs (FLPs),102–105 N-heterocyclic carbene stabilized fragments,106–114 adducts115 with large substituents (e.g.,
B(C6F5)3),

116–119 low-valent main group species120 with open coordination sites, persistent radicals120 or the use of biradicals
led to new ways in molecular activation. The latter concept of biradicals was introduced in a series of publications by Niecke,
who can be considered a pioneer in this field, in the 1990s. Beyond the exact definition of the different bonding situations in bir-
adicals (cf. Section 1.04.2), the use of such open-shell species for molecule activation can or should also be understood as a concept.

The concept of the open-shell singlet biradicals is sometimes met with doubt and questions are raised as to how an open-shell
singlet biradical can be identified spectroscopically. There is no such defined experiment (unless there is a very low-lying triplet
state), but there are indicators that can be derived from both theory and experiment. Theoretically derived biradical indicators
are (see also Section 1.04.2.10): (1) a restricted Hartree-Fock / unrestricted Hartree-Fock wavefunction instability, i.e., no closed
shell wavefunction is found, (2) a small singlet-triplet gap (DES-T), (3) b value46 >15% and (4) biradical and zwitterionic Lewis
representations in the valence bond description, e.g., obtained from NRT calculations (NRT ¼ natural resonance theory). Experi-
mentally, rather long bonds, unusual chemistry (molecular activation such as reversible H2 addition) and molecular switching
behavior are often observed. Moreover, such biradicals can be easily oxidized to persistent (mono)radicals or reduced to anions.
In addition, biradicals also usually exhibit a small splitting between their lowest energy and first excited singlet states (DES1-S0). Bir-
adicals often occur when bonds are formed or broken and can therefore also be regarded as compounds with an extraordinarily
stretched bond, which also results in the unusual observed reactivity. The latter aspect plays an essential role when it comes to

Scheme 5 Classification of biradicals as localized, delocalized, Kekulé and non-Kekulé biradicals.
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molecular switching properties as found for the pnictogen-centered cyclopentane-1,3-diyl analogs (cf. Sections 1.04.3.3.2 and
1.04.4).

In this book chapter we will mainly focus on main group analogs of cyclobutane-1,3-diyls and cyclopentane-1,3-diyls. Both
localized biradical species have two well-defined radical substructures that are not conjugated by a p-system (Scheme 6).

1.04.3.2 Main group analogs of cyclobutane-1,3-diyls

Cyclobutane-1,3-diyls (1) are very unstable compounds. Singlet cyclobutanediyls were predicted as extremely short-lived transition
states for the ring inversion of bicyclo[1.1.0]butanes (Scheme 7). For a long time, experimental observation was not possible. The
singlet state of 1 is quantum chemically predicted as the transition state of the inversion reaction from bicyclo[1.1.0]butane 10 by
homolytic cleavage of the transannular bond (Scheme 7). The calculated activation barrier for the inversion is between
46 kcal mol�1 and 52 kcal mol�1, depending on the method and basis set used.121 According to calculations by Dougherty
et al., the singlet ground state of 1 is 1.7 kcal mol�1 higher than the triplet state (CASSCF(2,2)).122 In 1984, Dougherty et al. re-
ported the detection of the first cyclobutanediyl derivative (1Me), which was substituted with methyl groups at the radical centers,
by EPR spectroscopy (electron paramagnetic resonance). This triplet molecule was generated by irradiating the diazo compound in
a solid matrix below 25 K (Scheme 8).123

In the following years, further derivatives of 1 could be observed (Scheme 8).124 However, the unsubstituted parent compound
1H could not be detected so far.125 The triplet species 1R are very short-lived and react via formation of a transannular bond to the
bicyclic isomers 10R and to other products.124,125 On the way to stable cyclobutane-1,3-diyls, attempts were made to enlarge the
transannular bond in bicyclo[1.1.0]butane by introducing substituents, thereby possibly forcing the system into the planar, birad-
ical form.126,127 Calculations by Schleyer et al. show that the exchange of the hydrogen atoms on the geminal carbon atoms in bicy-
clo[1.1.0]butane for heteroatoms leads to a significant lengthening of the transannular carbon-carbon bond. However, the resulting
compounds are still preferentially angled and feature weak elongated bonds.128

Scheme 6 Left: Cyclobutane-1,3-diyl, right: cyclopentane-1,3-diyl.

Fig. 14 Schematic MO diagram of cyclobutane-1,3-diyl.17,22,25 The singly occupied atomic orbitals (left) are combined to a bonding and anti-
bonding symmetry adapted linear combination (SALC, sometimes also referred to as “group orbital”). The bonding orbital is somewhat lower in
energy due to the orbital interaction (the “through-space” interaction). The b1u SALC interacts with the SALCs of corresponding symmetry at the CR2
bridges (depicted on the far right), which are part of the formal s(CeR) bonding system (thus, this interaction is called “through-bond” interaction).
In consequence, the transannular bonding orbital is raised in energy, and depending on the magnitude of the different interactions, it may lie above
or below the anti-bonding orbital. (For reasons of clarity, the CeH anti-bonding b2g orbital is not depicted.)
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1.04.3.2.1 Niecke’s 1,3-diphospha-cyclobutane-2,4-diyl
In 1995, Niecke published his first report on amain group analog of cyclobutane-1,3-diyl, [Cl-C(m-P-Mes*)]2, which was a landmark
in main group as well as biradical chemistry (cf. Section 1.04.3.2.2).129 The reactivity of 1,3-diphospha-cyclobutane-2,4-diyls has
been studied in detail by the Niecke group and later by Ito et al., who introduced air-tolerant 1,3-diphospha-cyclobutane-2,4-diyls
obtained by direct arylation (Section 1.04.3.2.2).37,130 It should be noted that probably the first heteroatom-substituted cyclobu-
tanediyl derivative to be synthesized is 4-membered cyclic disulfur-dinitride (S2N2), however the biradical character of S2N2 was/is
heavily discussed in the literature (Section 1.04.3.2.4).131

Ever since thediscoveryofNiecke’s biradical, cyclobutane-2,4-diyl analogshavebeen intensively studied,16,17,20–22,24,25,29,35,132–138

which we will also systematically describe in more detail below. Before we begin, however, we want to shed light on the “intrinsic”
reactivity, i.e., what possibilities such biradical systems themselves have to avoid a biradical electronic structure. We would like to
discuss this using [E2(m-E1R)]2 (E

1,2 ¼ pnictogen, Scheme 9) as an example.
Species such as [E2(m-E1R)]2 are easily generated by reduction of [Cl-E2(m-E1R)]2 with e.g., magnesium chips forming either

a planar 4-membered heterocycle featuring open-shell biradical character or a closed-shell, non-planar butterfly species with a trans-
annular bond (Scheme 9). Both species are singlet species, that is, the spin density is precisely zero at each and every point in space
(i.e., both are NMR active but EPR silent). If a bond is formed across the ring, one obtains a puckered butterfly molecule that has no
radical character at all. Interestingly, according to calculations, when E1 is a nitrogen atom, the planar 6p-electronic biradical is
always energetically favored, while in all other cases the closed-shell bicyclic butterfly species are the global minima on the energy
surface.139,140 Such butterfly species, e.g., with four phosphorus atoms,141 have been known for more than 30 years and exhibit
a normal transannular covalent bond.142

The question now arises, what is the origin of these structural and electronic differences? Essentially, three things are important:
(i) first, better delocalisation of the 6p-electrons in the case of nitrogen favors a planar situation.143–146 (ii) second, and Ugalde et al.
have drawn attention to this, is the fact that angular strain is reduced in the case of the nitrogen species in the planar structure
because nitrogen prefers a larger bond angle. Therefore, the angular strain is not compensated by the E2–E2 bond across the
ring, as is the case in the butterfly structure (Scheme 9).140 When nitrogen is replaced by heavier pnictogen atoms (P–Bi), the
angular strain of the bond is reduced, a transannular bond is formed and the butterfly compound becomes the most stable
isomer.142 (iii) When a small substituent is used, oligomerisationdmainly dimerizationdoccurs, leading to the formation of
different types of dimers, as shown in Scheme 9.145–147 Therefore, to protect the four-membered biradical from oligomerisation,
kinetic protection must be provided (e.g., by a terphenyl ¼ Ter ¼ 2,6-bis(2,4,6-trimethylphenyl)-phenyl, Bbp ¼ 2,6-bis[bis(trime-
thylsilyl)methyl]phenyl, hypersilyl ¼ Hyp ¼ bis-tris(trimethylsilyl)silyl group). Besides the buried volume,69,108,148,149 the cone
angle71,72 is a good measure of the steric hindrance introduced by the bulky substituent on the nitrogen atom. For example, the
cone angle decreases along the series 232� (terphenyl), 230� (Bbp) to 213� (hypersilyl).58 The smallest cone angle for kinetic stabi-
lization of biradicals of the type [E2(m-E1R)]2 is about 200�. Even for the hypersilyl-substituted biradical, dimerization occurs slowly
in polar solvents (forming the a-cage dimer), but can be suppressed if nonpolar solvents are used.145,146 Furthermore, the charge
transfer of the substituent into the four-membered ring plays a crucial role in reactivity, e.g., it increases for [P(m-NR)]2 (R ¼ Ter,
Bbp, Hyp) from the terphenyl- (0.4e) to the hypersilyl-substituted (1.2e) species, which is the most reactive species among these
three compounds.

1.04.3.2.2 Hetero-cyclobutane-1,3-diyls with radical centers on elements of group 13
1.04.3.2.2.1 Boron centered biradicals: [R1

2P(m-BR2)2PR1
2]

The first 1,3-diphospha-2,4-dibora-cyclobutane-2,4-diyl, 2_tBu_tBu, was synthesized in 2002 by the group of Bertrand,150 starting
from correspondingly substituted 1,2-dichlorodiboranes (Scheme 10, path a).150 The biradical is formed by the addition of two
equivalents of lithium diisopropyl phosphide to the diborane. Investigations of the mechanism suggest that the chlorine

Scheme 8 Generation of triplet cyclobutanediyl 1R by photolysis of an N2 bridged precursor.

Scheme 7 Inversion of bicyclo[1.1.0]butane 10 via a planar transition state that represents a planar biradical.
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substituents on the diborane are first replaced by diisopropyl phosphane groups through the elimination of LiCl. The resulting trans-
butadiene structure subsequently isomerizes to form the four-membered ring.151

Quantum chemical calculations for 2_tBu_tBu are interpreted differently in the literature. Calculations by Bertrand’s group
confirm the singlet state as the energetic minimum ((U)B3LYP/6-31G*). If the substituents on the boron and phosphorus atoms
are replaced by protons, the planar structure is no longer an energetic minimum, but the transition state of the inversion of the
bicyclic compound (B3LYP/6-31þþG**).150 It is noteworthy that for the molecule 2_tBu_tBu the formal HOMO describes the
transannular bonding situation and the LUMO the corresponding antibonding one. This is true for all 1,3-diphospha-2,4-
diboracyclobutane-2,4-diyls, but the reverse is true for the other heteroatomic cyclobutanediyl analogs described in this article
(see Sections 1.04.3.2 and 1.04.3.3).150,153,154 Cramer et al. calculated a singlet-triplet gap of �23.4 kcal mol�1 (B3LYP/6-
31G(d)) for 2_tBu_tBu, as well as the occupation numbers of the HONO (1.81) and the LUNO (0.19) (GVB(2,2)/6-31G(d)).154

Jung and Head-Gordon determined a singlet-triplet gap of �33.7 kcal mol�1 (SF-TD-DFT/TDA/6-31G(d)) and an occupation
number of the LUNO of 0.17 electrons (UB3LYP/6-31G(d)). They conclude that 2_tBu_tBu is clearly below known organic birad-
icals in terms of biradical character, but above normal closed-shell compounds.155 Cheng and Hu conclude from their calculations
(taking into account a singlet triplet gap of �28.4 kcal mol�1, B3LYP/6-31G*) that 1,3-diphospha-2,4-diboracyclobutane-2,4-diyls
are not biradicals but have a long p-bond between the boron atoms.156

According to Bertrand et al. the biradical character of 2_tBu_tBu is clearly shown by its reactivity. With CDCl3, one chlorine atom
is added to each of the radical centers in a reaction over 3 days at room temperature. This produces a mixture of the cis and trans

Scheme 10 Syntheses of 2_tBu_tBu (route a, R1 ¼ tBu) and 2_Ph_Ph (route b, R1 ¼ Ph).150,152,153

Scheme 9 Oligomerization and transannular bond formation in [E2(m-E1R)]2 depending on the size of R and the element E (E1,2 ¼ pnictogen).
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compound (ratio 3:1). A spontaneous reaction takes place with HSnMe3 and leads to the trans-2,4 adduct. With elemental selenium,
the two radical centers are bridged by a selenium atom, resulting in a [1.1.1]bicycle.157

In addition to the tBu-substituted biradical 2_tBu_tBu, the phenyl-substituted compound 2_Ph_Ph was also synthesized in the
group of Bertrand.152 Here, in contrast to 2_tBu_tBu, the diborane is not used as the starting material, but a cyclic 2,4-dichloro-
substituted compound, generated from P1 and B1 building blocks (Scheme 10, route b), in which the four-membered ring is pre-
formed. The chlorine atoms are abstracted by reduction with lithium naphthalide and the violet biradical 2_Ph_Ph is formed. Like
2_tBu_tBu, this is sensitive to air, but stable in the solid state in the absence of air. In solution, an equilibrium can be observed
between the open-shell form 2_Ph_Ph and the closed-shell variant 20_Ph_Ph (Scheme 11).152

With the help of NMR investigations, it could also be determined that at high temperatures the closed-shell (transannular
bonded) species is preferred (room temperature, ratio 7:1 [20_Ph_Ph:2_Ph_Ph]) and at low temperatures the open-shell species
(�145 �C, ratio 1:3). The trend is confirmed by temperature-dependent UV-vis investigations. It is crucial to note that the bicyclic
20_Ph_Ph is colorless in contrast to the violet biradical 2_Ph_Ph. The observed absorption decreases with increasing temperature.
The bond formation at higher temperatures is explained by entropy effects, since, for example, the phenyl substituents in the closed-
shell species are freely rotatable; in the biradical they lie co-planar to the four-membered ring.152

In addition to the “monomeric” biradical compounds 2_tBu_tBu and 2_Ph_Ph, Bertrand et al. succeeded in linking two birad-
ical units via a phenyl linker and thus synthesizing the formal tetraradical para-3.158 The synthesis is similar to route a shown in
Scheme 10, again utilizing a diborane. However, here two diborane units are already linked to each other via a phenyl ring in
the para position. Bromine serves as leaving group on the boron atoms. Hence, the violet, phenyl linked biradical para-3 is obtained
by reaction with lithium diisopropylphosphide (Scheme 12).158

In the solid state, only the open-shell species is observed. The phenyl ring lies in one plane with the two four-membered rings. In
solution, however, as with 2_Ph_Ph, an equilibrium is formed between the open-shell form para-3 and the closed-shell compound
para-30 (Scheme 13). Here, too, the open-shell compound is preferentially present at low temperatures, and the closed-shell
compound at high temperatures.158

The synthesis as shown in Scheme 12 can also be carried out with the two diborane groups in the meta position. In this case,
however, the open-shell tetraradical meta-3 is not obtained, but only the closed-shell isomer meta-30, both in solution and in
the solid state.158 This difference is attributed to the fact that meta-phenyl is a ferromagnetic linker, whereas para-phenyl is an anti-
ferromagnetic linker. Antiferromagnetic linkers favor a coupling between radical centers more strongly than ferromagnetic ones.159

In the para-substituted compound, the coupling or “communication” between the individual biradical units is therefore stronger
than in the meta-substituted isomer. This argument is supported by further experimental findings of Bertrand et al. The asymmet-
rically substituted biradicals 20_tBu_Ph (cf. Scheme 10, route a: R1 ¼ tBu, R2 ¼ Ph) and 20_tBu_Npht (cf. Scheme 10, route a:
R1 ¼ tBu, R2 ¼ Npht; Npht ¼ 2-naphthyl) exist in solution and in the solid state only as closed-shell compounds.160 From this
observation it was concluded that the combination of a tBu substituent and an aromatic radical does not sufficiently stabilize
the open-shell species. In order to exclude the possibility that the electronic effect of the second P2B2 unit on the phenyl ring in

para-3
Scheme 12 Synthesis of para-3.158

para-3 para-3'
Scheme 13 Equilibrium between open-shell form para-3 and closed-shell form para-30 in solution, as a function of temperature.158

Scheme 11 Equilibrium between open-shell species 2_Ph_Ph and bicyclic 20_Ph_Ph in solution, as a function of temperature.152
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para-3 alone is decisive for the stabilization of the biradical form, a methyl group was introduced on the linking phenyl ring in the
ortho-position of one or both P2B2 units. The result is a closed-shell system. Through steric interactions, the methyl groups prevent
the phenyl ring from lying co-planar to the P2B2 units, which means that communication via the p-system is no longer possible.
These results indicate an existing communication between the biradical units in para-3, which is essential for the stabilization of the
open-shell singlet species.160

1.04.3.2.2.2 Aluminum centered biradical: [R1
2P(m-AlR2)2PR1

2]
The synthesis of the 1,3-diphospha-2,4-dialumina-cyclobutane-2,4-diyl (4) was published in 2009 by Schnöckel et al.161 For the
formation of 4, a LiP(tBu)2 solution in toluene is overlaid with an AlCl solution in a toluene-diethyl ether mixture (Scheme
14). As AlCl is metastable, elemental aluminum and AlCl3 are formed over time by disproportionation reactions. The reactive inter-
mediate is thought to be Al5Cl7(OEt2)5.

161

Biradical 4 is only obtained in low yields in the form of green crystals. Additionally, colorless by-products are formed. The low
yield can be attributed to the instability of the biradical compound 4, both in the solid state and in solution. Characterization of 4
was only possible by X-ray crystal structure analysis. Further investigations (including EPR spectroscopy) were not carried out due to
the complex synthesis and low yields, therefore further conclusions could only be drawn from quantum chemical calculations.161

The open-shell character of biradical 4 was confirmed by calculations of UV-vis spectra (BP86/def2-TZVP). It is assumed that green
colored 4 is a triplet biradical that is stabilized by reaching the singlet state through spin reversal, which results in the direct forma-
tion of the transannular AleAl bond to give 40.162 Stabilization through dimerization is not possible due to steric hindrance (see
Section 1.04.3.2). The singlet state is between 1.0 and 1.4 kcal mol�1 lower in energy than the triplet state (vertical energy gap at the
triplet structure), depending on the methods and basis sets used for the calculations (CASSCF(2,2); MRCI).162 The adiabatic singlet-
triplet gap ranges between �16.3 and �18.3 kJ/mol depending on the method (PB86, TPSS, B3LYP with def2-TZVP basis). Thus, 40

with a transannular AleAl bond is the equilibrium ground state structure.161

1.04.3.2.3 Hetero-cyclobutane-1,3-diyls with radical centers on elements of group 14
1.04.3.2.3.1 Carbon centered biradicals: [R1P(m-CR2)2PR1]
1,3-Diphospha-cyclobutane-2,4-diyl, Niecke’s biradical (Scheme 15),163 was the first carbon centered biradical within a [P2C2]-
four-membered heterocycle and, in a sense, the prototype for the chemistry of the four-membered biradicals that followed in
the subsequent period of time. Starting from Mes*P¼CCl2 (Mes* ¼ 2,4,6-tBu3C6H2), the biradical 5_Cl_Cl is obtained when
reacted with half an equivalent of nBuLi and LiCl is eliminated.

Further biradicals of a similar structure can be synthesized through subsequent reactions starting from 5_Cl_Cl. In this case, the
phosphorus atoms are always substituted withMes*, however, different substituents can be attached to the carbon atoms. By adding
Hg(TMS)2, the exchange of a chlorine substituent for a TMS group is achieved leading to 5_Cl_TMS (Scheme 15). The second chlo-
rine substituent can be abstracted with nBuLi. Addition of tBuOH yields the hydrogen-substituted biradical 5_H_TMS as a red, crys-
talline solid.164 5_H_TMS is thermally very stable under inert conditions. However, when a solution of 5_H_TMS is irradiated with
a mercury vapor lamp at �25 �C, the closed-shell isomer 50_H_TMS with a transannular CeC bond is formed (Scheme 16). When
this bicyclus in solution is heated to 150 �C, ring opening and formation of a butadiene derivative occurs (Scheme 16).164

By adding LDA (lithium diisopropylamide) to the protonated biradical 5_H_TMS, the likewise red, deprotonated anion
[5_TMS]L is generated (Scheme 16). In the solid state, under inert atmosphere, the lithium salt of [5_TMS]L is stable. In THF solu-
tion, however, the protonated species is re-formed within 1 day.165 During the reaction of [5_TMS]L with AlCl3, the water-sensitive
Lewis acid adduct [5_AlCl3_TMS]L is formed (Scheme 16). The proton in 5_H_TMS can be replaced by another TMS group after
reaction with two equivalents of LDA and subsequent addition of TMS-Cl. This leads to the symmetrically substituted biradical
5_TMS_TMS. Irradiation of this compound, however, does not cause the formation of a transannular bond to give 5‘_TMS_TMS
(cf. 5_H_TMS); instead, homolytic cleavage of the bond between a phosphorus atom and a Mes* substituent occurs.166

YoshifujI and Ito have expanded the class of 1,3-diphospha-cyclobutane-2,4-diyl compounds by being able to introduce a wide
variety of substituents at the P atom, starting from phospha-alkynes,167 in contrast to Niecke’s biradicals, which are limited to the
Mes* substituent at the P atom (cf. Scheme 15 compound 5 and Scheme 17 compound 6). Thus, the 1,3-diphospha-cyclobutane-
2,4-diyls synthesized in the working groups of Yoshifuji and Ito differ from those of Niecke by the arrangement of the substituents
(Scheme 17, compound 6), that is, in Yoshifuji’s and Ito’s biradicals the carbon atoms are always Mes*-substituted, since Mes*-CP
is always utilized in the synthesis. Until today, various substitution patterns are known for the phosphorus atoms. This diversity is

Scheme 14 Synthesis of 4.
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made possible by the new synthesis route (Scheme 17), which allows the introduction of the substituents at the phosphorus atoms
in two successive steps. The phosphaalkyne, Mes*CP, is reacted with half an equivalent of the lithium compound of the first substit-
uent (LiR1). This leads to the formation of the anionic [C2P2]-four-membered ring 7, which subsequently reacts with an alkyl-
halogenide (R2-X, X ¼ halogen) of the desired second substituent (R2) to form the biradical 6 (Scheme 17). The majority of the
examples of compound class 6 were generated by this two-step reaction pathway. However, some compounds are obtained only
by subsequent reactions at the substituent R2.168–170 If R2 is an aromatic substituent (Table 2), R2 is introduced via the intermediate

[ ]

Scheme 16 Reactivity of 5_H_TMS and synthesis of 5_TMS_TMS, [5_TMS]L as well as [5_AlMe3_TMS]L.164–166

Scheme 17 General synthesis route of compound class 6 according to YOSHIFUJI and ITO.167

Scheme 15 Synthesis of 5_Cl_Cl, 5_Cl_TMS und 5_H_TMS (Mes* ¼ 2,4,6-tBu3C6H2, TMS ¼ SiMe3).163,164
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formation of an arine.171 Almost all biradicals of this type and synthesized by this procedure can be handled in air, and some are
stable in air for more than 6 months.37,167–170,172–180

The first example of this class of biradicals was 6_tBu_Me. To prepare 6_tBu_Me, the phosphaalkyne, Mes*CP, was reacted with
tBuLi and MeI according to the synthetic route shown in Scheme 17, resulting in the formation of a deep blue-purple solution of
biradical 6_tBu_Me.167 This biradical shows extremely high stability. It can be handled in air and decomposes only after some time
after treatment with water, which is explained by kinetic stabilization due to the steric hindrance of the Mes* substituents.167 In
contrast to the 1,3-diphospha-cyclobutane-2,4-diyl 5_H_TMS of Niecke, no reaction is observed when 6_tBu_Me is irradiated
with a mercury lamp.167 Numerous examples are known of compounds of type 6. For an overview, the biradicals are divided
into categories depending on their substituents R1 and R2 and listed in Tables 1–4. The reactivity of the biradicals is summarized
below using selected examples.

The reactivity of diphospha-cyclobutanediyls is strongly dependent on the substituents at the phosphorus atoms. In the
following, selected examples are presented that reflect the most important reactivities of this class of compounds. Despite the excep-
tional stability of the biradicals synthesized by Yoshifuji and Ito et al., decomposition of the compounds is observed upon pro-
longed heating in solution. Depending on the nature of the substituents, the starting material Mes*-CP is released again or ring
expansion occurs (Scheme 18).177,181

In the case of the heteroatom-substituted biradical 6_NiPr2_Me, reaction with TEMPO (2,2,6,6-tetramethylpiperidinyloxyl)
under irradiation leads to the transfer of an oxygen atom to the methyl-substituted phosphorus atom (Scheme 19). This reactivity
is not observed with the aliphatically substituted biradical 6_tBu_Me.181 The reaction of 6_NiPr2_Me with elemental sulfur leads to
the analogous product with a sulfur atom on the methyl-substituted phosphorus atom (Scheme 19).176 Again, also this reaction
with the aliphatically substituted biradical 6_tBu_Me is not observed.

The reaction of 6with LiAlH4 can lead to different products. Depending on the substituents, either a hydride ion is transferred to
a phosphorus atom so that the cyclic anion 8 is formed (Scheme 20) or the cyclic anion 7 is formed by eliminating a hydrogenated
substituent R2H (Scheme 21).168,183 Both reactions can be observed for compounds 6_tBu_CH2CH[CMe2 and 6_tBu_CH2-(E)-
CH[CHPh.168

In the case of the hydrogenated four-membered ring 8, protonation can then take place by adding methanol. The proton is
added to the second phosphorus atom affording 9 (Scheme 20). Formally, the reaction product 9 can be seen as the addition of
molecular hydrogen. However, the hydrogen atoms are not bound to the carbon atoms where the radical electrons were previously
located, but to the phosphorus atoms. According to Yoshifuji and Ito et al., the reaction with molecular hydrogen was attempted in
a 1:1 stoichiometry as well as under increased pressure, but this has not yet been further elaborated in the literature.183

For numerous other compounds of class 6, the reaction with LiAlH4 leads to the cleavage of a substituent, whereby the anion 7 is
obtained, which also occurs as an intermediate in the synthesis of the biradicals. When MeI is added, this reacts to form a biradical
with a methyl substituent. In the overall reaction, R2 is exchanged for a methyl group (Scheme 21, cf. Scheme 17).168

Some compounds of type 6 add hydrogen fluoride, HF, reversibly yielding 10 (Scheme 22). Different HF sources are possible.
Reactions were carried out with HF,NEt3 and the mixture of C5F5N and HNEt2, among others. As in the reaction with LiAlH4 and
the subsequent protonation (Scheme 20), the hydrogen and fluorine atoms are transferred to the two phosphorus atoms, although
the radical centers are located on the carbon atoms. The elimination of HF takes place in each case by the addition of NaH and
crown ether (15-crown-5).171,182

In contrast to the biradicals presented above, 6_tBu_C(O)Ph reacts with HF with the addition of the fluorine atom to the tBu-
substituted phosphorus atom and of the hydrogen atom to a carbon atom.182 In addition to the reactions presented so far, different
reactivities of various representatives of 6 towards tBuLi have been observed.169 In the context of an EPR study, the groups of Yoshi-
fuji and Ito have also succeeded in oxidizing the biradical 6_tBu_Me with tris(4-bromophenyl)ammonium hexachlorido-
antimonate to a radical cation.184 Some derivatives have also been investigated with regard to their suitability as semiconductors
in field-effect transistors.173,185

In addition to the numerous biradicals summarized in Tables 1–4, biradical compounds of type 6 were also synthesized in
which two or three biradical units are linked (Scheme 23). The synthesis does not deviate significantly from the route shown in
Scheme 17. The anion 7 is reacted with a di- or tri-brominated linker (Scheme 23, bromine atoms instead of the biradical units
R). For some derivatives, it is necessary to react a still brominated intermediate with the anion 7 again. The resulting tetra- or
hexaradicals are summarized in Table 5.175,178,180 The tetra- and hexaradicals isolated by Yoshifuji and Ito et al. have non-
conjugated moieties as linkers (Scheme 23). This means that no communication of the biradical units via a conjugated p-
system is possible, but only covalent and electrostatic “communication.” An equilibrium between the biradical and the
closed-shell isomer with a transannular bond (as depicted in Scheme 9) is also not observed in contrast to Bertrand’s boron
centered biradical 2.

1.04.3.2.3.2 Silicon centered biradicals: [R1N(m-SiR2)2NR1]
The silicon-centered biradical, a 1,3-diaza-2,4-disilacyclobutane-2,4-diyl derivative (11), was presented by Sekiguchi’s group in
2011. The synthesis was achieved by reacting a disilyne with an azo compound (Scheme 24).186 The violet biradical 11 is sensitive
to air and water. The biradical character was derived from the planarity of the central four-membered ring and the increased Si-Si
distance in the X-ray structure as well as the absence of a bond-critical point between the silicon atoms in AIM (atoms in molecules)
calculations on a model system (phenyl groups at N, TMS groups at Si, RB3LYP/6-31G(d)). The calculated singlet-triplet gap of the
model compound of 12.8 kcal mol�1, the absence of an EPR signal and the smooth recording of NMR spectra indicate the singlet
character of the biradical.186
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If 11 is reacted with methanol, the cis addition product is formed in which one silicon atom is additionally substituted with
a hydrogen atom and the other with a methoxy group (12). With CCl4, both silicon atoms are chlorinated forming the trans isomer
(13, Scheme 25).186

1.04.3.2.3.3 Silicon centered biradicals: [R1
2C(m-SiR2)2CR1

2]
The synthesis and characterization of a singlet delocalised 2,4-diimino-1,3-disila-cyclobutane-1,3-diyl, [LSi(m-CNAr)2SiL] (14a),
and a silylenyl-sila-imine, [LSi(]NAr)SiL] (14b), were published by So et al. (Scheme 26, L ¼ PhC(NtBu)2, Ar ¼ 2,6-iPr2C6H3).

187

The reaction of three equivalents of the disilylene [LSiSiL] with two equivalents of Ar-N]C]N-Ar in toluene at room temperature
for 12 h gave biradical 14a and [LSi-(]NAr)SiL] (14b) in a ratio of 1:2. Compounds 14a and 14b were characterized by NMR spec-
troscopy and X-ray crystallography.

Pure 14a was found in the form of dichromic yellow-brown crystals in 25.7% yield. Compounds 14a and 14b are stable in solu-
tion or in the solid state at room temperature under inert atmosphere. They are soluble in toluene and THF. The four-membered
Si2C2 ring in 14a is planar. The SieC bonds (1.834(5)–1.829(5) Å) are almost identical and are between the SieC single (1.87 Å)

Table 1 1,3-Diphospha-cyclobutane-2,4-diyls according to Yoshifuji and Ito et al. (Scheme 17) in which the
substituents R1 and R2 are linked to the phosphorus atoms via non-aromatic carbon atoms.

Entry R1 R2 References

1 Me Me 176
2 Me Et 179
3 Et Et 179
4 iPr iPr 169
5 iPr tBu 169
6 tBu Me 167
7 nBu nBu 176
8 sBu sBu 180
9 sBu CH2Ph 180
10 sBu CH2-(o)-C6H4CH2Br 180
11 tBu tBu 176
12 tBu C18H37 176
13 tBu iPen 168
14 tBu C3F7 176
15 tBu CH2OMe 179
16 tBu CH2C(O)OMe 168
17 tBu CH2CH]CMe2 168
18 tBu CH2Ph 177
19 tBu (CH2)2Ph 169
20 tBu C(O)Ph 181
21 tBu CH2-(E)-CH¼CHPh 168
22 tBu CH2C^CH 168
23 tBu CH2-(p)-C6H4C^CPh 168
24 tBu CH2-(p)-C6H4Br 168
25 tBu CH2-(p)-C6H4I 168
26 tBu CH2-(p)-C6H4OMe 168
27 tBu CH2-(p)-C6H4CH2OH 168
28 tBu CH2-(p)-C6H4C(O)OMe 168
29 tBu (CH2)4O(SiMe3)3 169
30 tBu (CH2)4O(SiMe2t Bu)3 169
31 CH2Ph (CH2)4O(SiMe2t Bu)3 169
32 (CH2)4O(SiMe2t Bu)3 (CH2)4O(SiMe2t Bu)3 169
33 tBu CH2-1-naphtyl 173
34 tBu CH2-2-naphtyl 173
35 tBu CH2-2-antracenyl 173
36 tBu 173

37 tBu 173

38 tBu CH2-2-thienyl 168
39 tBu CH2-3-thienyl 168
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Table 2 1,3-Diphospha-cyclobutane-2,4-diyls according to Yoshifuji and Ito et al. with aromatic R1 and/or R2.

Entry R1 R2 References

1 Ph Me 168
2 tBu Ph 171
3 Ph Ph 170
4 tBu (o)-C6H4I 171
5 tBu 1-Naphtyl 171
6 tBu 2-Naphtyl 171
7 tBu 3,4-Dimethylphenyl 171
8 tBu (m)-C6H4OMe 171
9 tBu 171

10 tBu 171

11 tBu 171

Table 3 1,3-Diphospha-cyclobutane-2,4-diyls according to Yoshifuji and Ito et al. in which a phosphorus atom is directly linked to a heterocycle
(R2).

Entry R1 X1 X2 X3 Y1 Y2 References

1 tBu CF CF N F F 170
2 tBu CF CF N Ph Ph 170
3 tBu N N N Cl Cl 170
4 tBu N N N Ph Ph 170
5 tBu N N N OtBu OtBu 170
6 tBu N N N NEt2 NEt2 170
7 tBu N N N N(H)nBu N(H)nBu 170
8 tBu N N N Me Me 170
9 tBu N N N C^CTMS C^CTMS 170
10 tBu N N N N3 N3 182
11 tBu CCl N N F F 182
12 tBu CCl N N F NEt2 182
13 tBu CCl N N OtBu OtBu 37
14 tBu CCl N N NEt2 NEt2 182

Table 4 1,3-Diphospha-cyclobutane-2,4-diyls according to Yoshifuji and
Ito et al. in which a phosphorus atom is substituted with
a heteroatom (R2).

Entry R1 R2 References

1 Me NiPr2 181
2 Ph NiPr2 174
3 CH2Ph NiPr2 174
4 tBu SMe 172
5 tBu S-(p)-C6H4Me 172
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Scheme 21 Reactivity of compound class 6 (R1 ¼ tBu, R2 ¼ CH2C(O)OMe, CH2CH]CMe2, CH2-(E)-CH]CHPh, CH2C^CH, CH2Ph, CH2-(p)-
C6H4Br, CH2-(p)-C6H4I, CH2-(p)-C6H4OMe, CH2-(p)-C6H4C^CPh, s. Table 1, entries 36, 37) with LiAlH4.168

Scheme 22 Reversible reaction of representatives of compound 6 (see Table 3: entries 7, 11, 12; Table 2: entry 7) with HF.171,182

Scheme 18 Decomposition of biradicals 6_tBu_Me and 6_tBu_C(O)Ph in solution by elevated temperature.177,181

Scheme 19 Reactivity of 6_NiPr2_Me towards TEMPO and sulfur.176,181 (The LEWIS representation of the products was taken from the original
publication. Possibly, the reaction products are also biradicals, but this was not discussed by the authors.)

Scheme 20 Reactivity of compound class 6 (R1 ¼ tBu, R2 ¼ Me, iPen, CH2CH]CMe2, CH2-(E)-CH]CHPh; R1 ¼ Ph, R2 ¼ Me) with LiAlH4.168,183
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and double (1.70 Å) bond lengths. The Si/Si distance (2.553(2) Å) is significantly longer than a typical SieSi single bond
(Srcov(SieSi) ¼ 2.32 Å).188 Theoretical studies show that compound 14a has a singlet biradical character with extensive electronic
delocalisation via the Si2C2 four-membered ring and exocyclic C]N bonds. The energy difference between the singlet and triplet
states of 14a was calculated at the B3PW91/6-31G(d) level with the singlet state being more stable than the triplet state by
30.1 kcal mol�1. The complete active space self-consistent field CASSCF(4,6) calculations show that there are two dominant contri-
butions to the configuration interaction (CI) wave function for the 1A state with occupation numbers of 1.86 in the HONO and of
0.13 in the LUNO, clearly indicating open-shell singlet biradical character for 14a.187

1.04.3.2.3.4 Silicon centered biradicals: [R2
1Si(m-SiR2)2SiR2

3]
In 2020, Scheschkewitz et al. reported on the isolation and characterization of all-silicon cyclobutane-1,3-diyls as singlet species
(15) obtained from the reversible reactions of cyclotrisilene, cycloSi3Tip4 (Tip ¼ 2,4,6-triisopropylphenyl) with the heterocyclic
silylenes cyclo-[(CR2CH2)(N

tBu)2]Si: (R ¼ H or methyl) with saturated backbones (Scheme 27).189 At elevated temperature,
tetrasila-cyclobutenes are obtained from these equilibrium mixtures. However, in the first reaction step biradical 15 is formed
upon treatment of cyclotrisilene with one equivalent of heterocyclic silylene in toluene at room temperature yielding a red-
brown solution. Storage of such a concentrated solution in toluene gave dark purple single crystals of 15 (R ¼ H) in 63% yield.
Dissolution of single crystals of 15 re-establishes the equilibrium (Scheme 27). An X-ray diffraction study of the crystals revealed
the structure of the homonuclear biradical 15with a cyclic Si4 subunit. The four-membered ring is essentially planar with a strikingly

Scheme 23 Linkers for connecting two or three biradical units (R ¼ biradical group; R1 ¼ tBu, sBu).175,178,180
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Table 5 Bis- and tris-1,3-diphosphacyclobutane-2,4-diyls according to
Yoshifuji and Ito et al. in which two or three biradical units (R) are
linked together via a linker (Scheme 23).

Entry linker R1 References

1 a sBu 180
2 b sBu 180
3 d sBu 180
4 m sBu 180
5 b tBu 178
6 c tBu 178
7 d tBu 178
8 e tBu 175
9 f tBu 175
10 g tBu 175
11 h tBu 175
12 i tBu 175
13 k tBu 175
14 l tBu 175
15 m tBu 178
16 n tBu 175
17 o tBu 175

Scheme 25 Reactivity of 11 towards methanol and CCl4.

Scheme 26 Synthesis of 14 (Ar ¼ 2,6-iPr2C6H3).

Scheme 24 Synthesis of 11 (Dsi ¼ SiH(Me)2; Dmp ¼ 3,5-Me2C6H3).186

200 Biradicals in main group chemistry: Synthesis, electronic structure, and application in small-molecule activation



long distance between the three-coordinated silicon atoms (Si/Si 2.871(1) Å), which is significantly longer than, for example, the
very long SieSi bond length in tBu3Si-Si

tBu3 with 2.697 Å190 (cf. Srcov(Si-Si) ¼ 2.32 Å),188 suggesting a very weak interaction.
The singlet ground state of 15 is confirmed by the well-resolved NMR spectra at low temperature and by the absence of an EPR

signal at RT, 193 K and in the frozen state in toluene solution.189 This is confirmed by DFT calculations, which determine the singlet
state of 15 to be 8.4 kcal mol�1 lower in energy than the triplet (B3LYP-D3(bj)/6-311G(d,p)/SCRF ¼ toluene). The calculated
HOMO-LUMO energy gap is 2.21 eV, where the HOMO can be associated with a weak transannular p-bond (bond order 0.57)
over the two silicon centers. Already Fischer and Frenking et al. identified such transannular p-bond, which is not supported by
an underlying s-bond, in a cyclic Ge2Ga2 biradical (see biradical 18).191

Time-resolved electron paramagnetic resonance (TR-EPR) spectra recorded after pulse laser excitation of 15 in frozen solution at
80 K together with a spectral simulation revealed a broad signal centered at about 340 mT, a value that compares well with reported
silicon-centered biradicals.189 A dipolar coupling between two unpaired electrons in a triplet state is assumed. Furthermore, the
shape of the signal suggests that this triplet state is not in Boltzmann equilibrium, but rather spin-polarized. Spectra with these prop-
erties indicate the formation of a triplet state through intersystem crossing from an excited singlet state after photoexcitation.189

1.04.3.2.3.5 Germanium centered biradicals: [R1N(m-GeR2)2NR1]
The germanium-centered biradical, a 1,3-diaza-2,4-digermacyclobutane-2,4-diyl derivative (16) was first synthesized by the Power
group in 2004.192 The heavy analog of Sekiguchi’s silicon biradical with two germanium atoms is obtained when a sterically very
demanding digerma-alkyne is reacted with trimethylsilyl azide (Scheme 28). The resulting biradical 16 has a deep violet color and is
very sensitive to air and water. With solvents, it reacts within a few days, which is evident by decolorisation of the solution.192 The
planarity of the N2Ge2 ring, the large distance between the germanium atoms, the absence of signals on EPR investigation and the
ease of investigation of 16 by NMR spectroscopy indicate a singlet biradical character for the electronic ground state. Using a model
system (SiH3 groups at N, methyl groups at Ge), quantum chemical calculations were performed to characterize 16. The HOMO of
the compound is antibonding with respect to the transannular Ge-Ge interaction, while the LUMO is bonding. A HOMO-LUMO
gap of 57.97 kcal mol�1 and a singlet-triplet gap of 17.51 kcal mol�1 were determined for the model compound (UB3LYP/6-31G*,
broken symmetry approach).192

Furthermore, Power et al. observed that biradical 16 reacts with molecular hydrogen in solution at room temperature and 1 bar,
assuming that the hydrogen is added to the germanium atoms of 16, which results in two tetravalent Ge atoms as parts of the four-
membered ring.192

1.04.3.2.3.6 Germanium centered biradicals: [O(m-GeR2)2NR1]
In 2009, Power et al. described the synthesis of the first 1-oxa-3-aza-2,4-digerma-cyclobutane-2,4-diyl, a substituted asymmetric bir-
adical (17), which is obtained when a bulky digerma-alkyne is treated with a nitroso-arene (Scheme 29).193 The properties of the
resulting biradical are very similar to those of the symmetrical germanium biradical 16 in Scheme 28. Biradical 17 is also violet and
highly sensitive to air and water. In the experimental structure, the biradical character is implied by the planarity of the ring system
and a large Ge-Ge distance. In addition, there is themeasurability of NMR spectra as well as the absence of signals in EPR spectra that
indicate the singlet character of the biradical.193 Quantum chemical calculations of a model system (nitrogen substituted with
a hydrogen atom, germanium substituted with methyl groups) show, as for compound 16, a transannular antibonding HOMO
localized at the two germanium atoms in 17. The HOMO-LUMO gap of the model compound is 55.3 kcal mol�1 (UB3LYP/6-
31G*).193

Scheme 27 Equilibrium reactions of a cyclotrisilene and a heterocyclic silylenes yielding biradical 15 (R ¼ H or methyl).

Scheme 28 Synthesis of 16 (Ar0 ¼ 2,6-Dipp2C6H3; Dipp ¼ 2,6-iPr2C6H3).192
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1.04.3.2.3.7 Germanium centered biradicals: [R2Ga(m-Ge)2GaR2]
Fischer and Frenking reported on the reduction of GeCl2 with Ga(DDP)/KC8 and the properties of a possible biradical
Ge2[Ga(DPP)]2 (18) (Scheme 30, DDP ¼ HC(CMeNC6H3-2,6-

iPr2)2) that is formed in the course of this reaction.191 Compound
18 shows a planar, four-membered Ge2Ga2 ring with the two R2Ga moieties in a bridging position. The planar, four-membered
GeeGa rhombic ring of 18 has two sets of equivalent GaeGe bonds of 2.3899(8) and 2.4113(8) Å which are shorter than the
sum of the covalent radii (cf. Srcov(GaeGe) ¼ 2.45 Å). The Ge/Ge distance of 2.8714(11) Å, however, is much longer than the
value of elemental germanium (2.45 Å) as well the sum of the covalent radii (cf. Srcov(GaeGe) ¼ 2.45 Å).188 BP86/SVP AIM
computations show four GeeGa bond paths and one ring critical point but there is no GeeGe bond path. The unusual bonding
situation in 18 is described in terms of the Ge/Ge interaction by a transannular p-bond but no s-bonding, which is supported by
NBO and ELF (electron localization function) analyzes. Alternatively, the authors describe the bond situation by two unpaired elec-
trons (in p atomic orbitals) at the Ge atoms possessing opposite spin which are weakly coupled.191 This in turn means 18 can be
understood as a singlet biradical (Scheme 30).

1.04.3.2.3.8 Tin centered biradicals: [R1N(m-SnR2)2NR1]
The Lappert group synthesized 1,3-diaza-2,4-distanna-cyclobutane-2,4-diyl 19 in 2004 (Scheme 31).194 Biradical 19 was isolated
from a reaction of a nitrogen-tin precursor, [(TMS)2N-Sn(m-Cl)]2, when treated with silver cyanate. It is assumed that Ag and CO2

are eliminated. Biradical 19 was shown to be diamagnetic in the crystal and in solution, in accord with computational studies,
showing that the singlet ground state is substantially favored over the triplet. The solid-state structure of the colorless compound
shows a planar heterocycle. Quantum chemical calculations indicate that 19 can be assumed to be biradical with singlet-triplet gaps
of 18.2 kcal mol�1 (non-relativistic) and 13.6 kcal mol�1 (relativistic).194

1.04.3.2.4 Hetero-cyclobutane-1,3-diyls with radical centers on elements of group 15
1.04.3.2.4.1 Nitrogen/Pnictogen centered biradicals: [N(m-NR2)2Pn]
1,2,3-Triaza-4-pnicta-cyclobutane-2,4-diyls (20) have both a nitrogen-centered radical center and a further pnictogen (Pn ¼ P, As,
Sb, and Bi) radical center. They can be prepared starting from terphenyl (Ter)-substituted triazenides. The pnictogen atom is intro-
duced by reaction with the respective pnictogen trichloride affording 21. Upon reduction of acyclic compound 21 either with
magnesium or KC8, the cyclic biradical 20 is formed (Scheme 32).195 The stability of the biradicals 20_Pn decreases along the series
P > As > Sb > Bi. For example, the red biradical 20_Bi is only stable for a few minutes in solution, while the other compounds
20_P (yellow), 20_As (yellow), 20_Sb (red) could be isolated in substance and completely characterized. They are sensitive to water
and air. X-ray crystal structure analysis shows that all three derivatives have a planar, kite-shaped distorted four-membered ring. The
distortion increases with the atomic number of the pnictogen. However, none of the compounds shows reactivity towards small
molecules with double or triple bonds, as has been observed with similar compounds (see below). This speaks against a pronounced
biradical character of the compounds.195 Only the reaction of 20_P and 20_As with the isonitrile CN-Dmp leads to the expected

Scheme 29 Synthesis of 17 (Ar‘¼ 2,6-Dipp2C6H3; Dipp ¼ 2,6-iPr2C6H3).193

Scheme 30 Synthesis and schematic description of the bonding situation in the four-membered ring of 18. Only a Lewis representation with the
spin-coupled lone-electrons, describing a transannular p bond, is shown (DDP ¼ HC(CMeNC6H3-2,6-iPr2)2).

Scheme 31 Synthesis of 19.194
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insertion of the carbon atom into the four-membered ring. The insertion takes place selectively in the nitrogen-phosphorus or
nitrogen-arsenic bond and not in the nitrogen-nitrogen bond (for further information on similar insertion reactions, see below).196

Calculations on model compounds of 20_Pn (Ph substituents instead of Ter) show a decrease of the biradical character b from
the phosphorus- to the bismuth-containing compound (20_P 15%, 20_As 10%, 20_Sb 6%, and 20_Bi 0%) (M06-2X/aug-cc-pVDZ,
CASSCF(2,2)). The larger the atomic number of the pnictogen, the more strongly the bonding situation is described by closed-shell,
zwitterionic resonance formulae. Some of the possible Lewis representations within the resonance are illustrated in Scheme 33.195

1.04.3.2.4.2 Pnictogen centered biradicals: [Pn1(m-NR)2Pn2] (Pn ¼ P, As, Sb, Bi)
1,3-Diaza-2,4-dipnicta-cyclobutane-2,4-diyls (22) of the type [Pn1(m-NR)2Pn

2] are biradicals with exclusively pnictogen-centered
radical sites (notation: 22_Pn1Pn2_R means Pn1,2 ¼ pnictogen, R ¼ bulky substituent in [Pn1(m-NR)2Pn

2]). All these biradicals
with the pnictogen in the oxidation state þ II are discussed together here, as are the biradicals with two different pnictogens as
radical centers. Due to similar synthetic routes, properties and reaction behavior, 1,3-diaza-2,4-diphosphacyclobutane-2,4-diyls
(22_PP), 1,3-diaza-2,4-diarsacyclobutane-2,4-diyls (22_AsAs) and 1,3-diaza-2-phospha-4-arsacyclobutane-2,4-diyls 22_PAs are
grouped together in this section, all of which were synthesized by us.21 The first examples of this biradical class to be presented
in 2011 were the biradicals 22_PP_Ter and 22_PP_Hyp (Hyp ¼ (Me3Si)3Si), Scheme 34).143

The synthesis of 22 is possible via two reaction paths, depending on the substituent R, which are shown in Scheme 34. The first
route starts with the chlorinated heterocycle which can be transformed into the biradical by reduction with magnesium, (Cp2TiCl)2
or Cp2Ti(BTMSA) (BTMSA ¼ bis(trimethylsilyl)acetylene; Scheme 34, route a). This synthetic route can be used for the
phosphorus-containing biradicals 22_PP_Ter,143 22_PP_Hyp,143,145 22_PP_CPh3,

197 the arsenic-containing derivative
22_AsAs_Ter144 and the mixed biradical 22_PAs_Ter.199 For the substituent Bbp (2,6-bis[bis(trimethylsilyl)methyl]phenyl),
a different synthetic route is used. Here, the Bbp amine substituted twice with the pnictogen (phosphorus or arsenic) is reduced
with magnesium (Scheme 34, route b), which gives access to the symmetrical biradicals 22_PP_Bbp and 22_AsAs_Bbp.198 Heavier
derivatives, i.e., the symmetrical biradicals of antimony and bismuth (22_SbSb and 22_BiBi) as well as the asymmetrical
phosphorus-antimony biradical (cf. 22_PSb), could only be observed in situ due to their intrinsic instability. However, their exis-
tence could be proven by reaction with trapping reagents such as alkynes.200,201

Most of these biradicals show strong coloration: 22_PP_Ter orange, 22_PP_Hyp pink, 22_PP_CPh3 yellow, 22_PP_Bbp yellow,
22_AsAs_Ter violet, 22_AsAs_Bbp greenish yellow, 22_PAs_Ter violet. All are sensitive to water and air, but are thermally extremely
stable (>100 �C) in the solid state under an inert atmosphere. The central heterocycles of all these biradicals are planar and the

Scheme 33 Closed-shell, zwitterionic resonance structures of 20 besides a biradical Lewis representation.195

Scheme 32 Synthesis of 20 (Pn ¼ P, As, Sb, Bi; Ter ¼ 2,6-Mes2-C6H3, Mes ¼ 2,4,6-Me3C6H2).195

Scheme 34 Synthesis of biradicals 22_PP, 22_AsAs und 22_PAs [route a: R ¼ Ter, Hyp, CPh3, Pn1, Pn2 ¼ P, As; route b: R ¼ Bbp, Pn ¼ P, As
(Hyp ¼ (Me3Si)3Si, Bbp ¼ 2,6-bis[bis(trimethylsilyl)methyl]phenyl)].143–145,197–199
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transannular pnictogen-pnictogen distance in each case is significantly larger than the sum of the covalent radii of the atoms.143–
145,197–199

Singlet-triplet gaps of 22.6 and 29.8 kcal mol�1 were calculated for 22_PP_Ter and 22_PP_Hyp, respectively (UB3LYP/6-
311þG(d,p)//6-31G(d)), as well as a LUNO occupation number of 0.3 electrons and a biradical character b ¼ 25% for 22_PP_Ter
(UHF and CASSCF(2,2)/6-31G(d)).143 For the Bbp-substituted biradicals 22_PP_Bbp and 22_AsAs_Bbp, biradical characters of
23% and 28%, respectively, could be calculated utilizing CASSCF(6,4) computations; also, the occupation numbers of the LUNOs
were calculated for 22_PP_Bbp (0.24) and 22_AsAs_Bbp (0.29).198 The singlet-triplet gap of 22_AsAs_Ter is 19.8 kcal mol�1

(UB3LYP/6-311þG(d,p)//6-31G(d,p)) and a biradical character of 32% was determined (CASSCF(2,2)/6-31G(d,p)).144 For the
mixed biradical 22_PAs_Ter, the biradical character is 28% and an occupation number of the LUNO of 0.3 electrons [CASSCF(2,2)]
was estimated.199 It should be noted that DFT calculations can only give an estimate of the singlet-triplet gap due to their limitations
with respect to multi-configurational systems (cf. Section 1.04.2.10).

The heavier congeners, 22_SbSb and 22_BiBi possess even higher biradical character (36% and 39%, respectively, for model
compounds with R ¼ H). The biradical character of the series 22_PnPn_H was also computed by us using high-level MRCI calcu-
lations that include the effect of dynamic correlation on the wavefunction.198 While the absolute numbers (b ¼ 17–30%) are some-
what smaller than in case of a CASSCF calculation, the MRCI calculations confirm the trend that the biradical character increases
with atomic number. This can nicely be rationalized by a change in the through-bond interaction (cf. Section 1.04.2.11) between
the radical sites, owing to the increasing size of the heteroatoms (Fig. 15).

Especially the reactivity of the Ter-substituted compounds 22_PP_Ter and 22_AsAs_Ter, but also the reactivity of 22_PP_Hyp
and 22_PAs_Ter were studied in detail, paying attention to the activation of small molecules. In the reaction of 22_PP_Ter and
22_AsAs_Ter with a variety of molecules, containing single, double and triple bonds, the addition of the molecules to the phos-
phorus or arsenic atoms is mostly observed (Scheme 35). For example, molecules with single bonds such as chalcogens (sulfur,
selenium and tellurium), with double bonds (e.g., acetone, CS2, diphenyl-diazene and diphenyl-diphosphene), and with triple
bonds (acetylene, tolane, acetonitrile and various sulfanyl-acetylenes) add easily forming [2.1.1]bicyclic structures (23) in almost
quantitative yields at ambient temperatures.144,146,201–205 Molecules with sterically too high demands are not activated. For
example, no reaction is observed between 22_PP_Ter and the bulky alkyne BTMSA. Most of the addition reactions can be under-
stood as a formal [2 þ 2] reaction (Scheme 35).

Interestingly, if the substituent on the alkyne is small, such as R ¼ H, the addition product (23, [2.1.1]bicyclic) slowly isomerizes
to a [3.1.0]bicyclic species (24, Scheme 35) upon thermal treatment, which is not observed for bulkier substituents (e.g.,
R ¼ Ph).202 X-ray structure elucidation shows that the alkyne is inserted into the four-membered Pn2N2 ring and initially forms
a six-membered heterocycle, which is also a pnictogen-centered biradical. In this case, however, a transannular covalent bond is
formed, giving 24 with a three-membered dipnicta-aziridine and a fused planar five-membered ring that is almost perpendicular
to the three-ring.

The addition reaction of molecular hydrogen to 22_PP_Ter takes place under HeH bond breaking yielding exclusively the cis
product (25, Scheme 36). Interestingly, this addition is reversible. At room temperature (and even lower temperatures), dihydrogen
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Fig. 15 Schematic MO diagram of the p orbitals of 22_PnPn_H. Only the configuration with the largest contribution to the CI wavefunction is
shown. Due to the through-bond interaction (i.e., the interaction between the two b1u SALCs; see also Fig. 14), the LUMO p4 is transannular bonding
in character. With increasing size of the Pn atom, the overlap between the p orbitals at the Pn and N atoms (i.e., the b1u SALCs) decreases, resulting
in an energetic lowering of the orbital p4. Thus, the HOMO-LUMO gap decreases, resulting in an increase in biradical character.198
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is added to the biradical; at elevated temperatures (above 60 �C), dihydrogen is slowly eliminated again.206 Regarding the activation
of hydrogen, Zhivonitko et al. carried out investigations with para-hydrogen to check the potential suitability of 22_PP_Ter for
signal amplification via PHIP (para-hydrogen-induced polarization) in NMR spectroscopy.207 Indeed, 22_PP_Ter, provides
pronounced 1H and 31P hyperpolarization while activating the para-hydrogen molecules. It was the first time, in general, that
a metal- free compound of a biradical structure was shown to produce hyperpolarized nuclear spins, introducing a new class of
para-hydrogen activators for NMR signal enhancement. This observation also proved that the mechanism of H2 activation with
22_PP_Ter is pairwise, i.e., the two hydrogen atoms of an H2 molecule follow each other through all elementary steps of the acti-
vation process. An up to 300-fold signal amplification was observed in 31P NMR spectra of 22_PP_Ter.207 Similar results were ob-
tained for 22_PAs_Ter and 22_AsAs_Ter.208

Hydrogen (pseudo)halides HX (X ¼ Cl, CN, NCO, N3, PCO) cleanly add to the biradical 22_PP_Ter. Upon addition, the HeX
bond is broken, and exclusively the cis product is formed (26, Scheme 37).209 In the case of HPCO, the addition product isomerizes
to a [3.1.1]bicyclic compound (27, Scheme 37). When 22_PP_Ter is treated with the free acid of a weakly coordinating anion such
as Jutzi’s acid, H[B(C6F5)4]$2Et2O, the biradical is protonated at one phosphorus atom, yielding a (closed-shell) phosphenium
cation (28). Treating this cation with an X� source again results in the formation of the formal HX adduct 26.209

A special reactivity is observed in the reaction of 22_PP_Ter and 22_PAs_Ter with CO or isonitriles. Although these molecules
also contain multiple bonds, they do not add to the radical centers as shown in Scheme 35 (forming a [2.1.1]bicyclic species), but
insert into the heterocycle (in the case of 22_PAs_Ter selectively into the nitrogen-arsenic and not into the nitrogen-phosphorus
bond, Scheme 38). This insertion reaction was also observed for 1,2,3-triaza-4-pnicta-cyclobutane-2,4-diyls (see above).196,210,211

Both, the insertion of CO and the electronically very similar isonitriles lead to the formation of a five-membered heterocycle (29),
which is also a biradical, which will be discussed in detail in Section 1.04.3.3.2. Since the insertion only takes place via the carbon
atom, one can speak of a carbene-like reactivity.

For example, the reaction of 22_PP_Terwith CO at a CO pressure of 60 bar yields the five-membered biradical 29_PP_Ter as the
main product. This reacts to a small extent with another equivalent of CO, which bridges the two radical centers with the carbon
atom yielding a [2.1.1]bicyclic species (Scheme 38, 30_PP_Ter).210 The reaction of 22_PP_Ter with CN-tBu gives a similar result
(see also Section 1.04.3.3.2). In all cases, there is an equilibrium between the formal mono-adduct (29, i.e., the five-membered
biradical) and di-adduct (30, i.e., the bridged five-membered ring). On heating, the four-membered biradical 22_PP_Ter can
also be observed in the mixture. With CN-Dmp, the reaction is more selective due to a larger steric hindrance of the Dmp

Scheme 36 Reversible reaction of 22_PP_Ter with molecular hydrogen.206

Scheme 35 Reactivity of 22_PnPn_Ter (Pn ¼ P, As) towards small molecules (XY) containing single, double and triple bonds, and isomerization of
alkyne adducts with small substituents R (e.g., XY ¼ R-CC-R).

Scheme 37 Reaction of 22_PP_Ter with Brønsted acids (X ¼ Cl, CN, NCO, N3, PCO).209
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substituent. Only the five-membered biradical is formed. No double addition was observed.211 The reaction with CN-Dmp was also
carried out with 22_PAs_Ter. Here, as with 22_PP_Ter, only the insertion of one isonitrile molecule is observed, which, however,
selectively inserts into the nitrogen-arsenic bond.196 In the case of 22_PP_Hyp, the reaction with sterically demanding CN-Ter leads
to biradical 29_PP_Hyp, while smaller isonitriles yield a cyclic diene due to migration of one Hyp substituent (see Section
1.04.3.3.2, Scheme 56).212

Furthermore, 22_PP_Ter reacts with molecular oxygen and KMnO4 yielding not a [2.1.1]bicyclic species as illustrated in Scheme
39, but only one P atom is oxidized. That is, both oxygen atoms are transferred to one phosphorus atom affording 31.146 In the
reaction with CO2, one oxygen atom is transferred to a phosphorus atom and CO is released leading to the formation of 32.
The reaction with ammonia leads to the cleavage of a nitrogen-phosphorus bond. A hydrogen atom is transferred to the nitrogen
atom, and an NH2 group is transferred to the phosphorus atom yielding 33 (Scheme 39).206

Phosphorus-centered biradicals 22_PP_R (R ¼ Ter, Hyp) were also treated with ionic azides (AgN3 and Hg(N3)2), leading to the
formation of diazides, [N3-P(m-NR)]2 (R ¼ Ter), and reduced metal in a redox process, while triaza-diphospha-pentadienes (34)
could be isolated when covalent azides were added to 22_PP_R (R¼ Ter, Hyp; Scheme 39).213 Theoretical studies of the azide addi-
tion reaction showed a very soft potential energy surface with a large number of different isomers. This reaction can be understood
as a novel Staudinger reaction. The classical STAUDINGER reaction consists of two steps: (i) the trans-azide, RN3, attacks the P

III atom of
a phosphane, R3P, and forms a chain-like cis-intermediate, R3P-NNN-R (cis-PNNN and trans-NNNR unit),214 and (ii) this interme-
diate forms a four-membered PN3 ring, which readily separates into N2 and R3P]NR, forming a PV atom. Due to the mostly very
flat potential energy surface in the second step, the Staudinger reaction essentially requires one step to release N2, which means that
mostly no intermediates can be isolated. In contrast, the potential energy surface for the reaction of biradical 22_PP_Rwith R-N3 has
several reaction channels, including classical Staudinger-type reactions with the formation of four-membered N3P rings followed by
the release of molecular nitrogen.213 Since there is also a second P atom present in the molecular skeleton, oxidation to a PV species
does not take place (in contrast to the classical Staudinger reaction), but rather the formation of a triaza-diphospha-pentadiene (34,
Scheme 39) with two PIII atoms. Since both P atoms are described with the formal oxidation state þ II in the biradical, each P atom
is oxidized by the loss of one electron. This also means a total loss of two electrons in accordance with the oxidation of PIII to PV in
the typical Staudinger reaction when only one PIII atom is involved. In terms of the oxidation process and mechanism, the reaction
of the phosphorus-centered biradical with a covalent azide represents a new variant of the Staudinger reaction.213

In addition, 22_PP_Ter can also be used as a radical scavenger.Moreover, since biradicals of the type 22 possess also zwitterionic character
theycanbeutilizedinreactionseitherasLewisacidand/orbase.215,216Finally,ashortwordon22_PP_Hyp,whichtakesonaspecial roleas faras
reactivity is concerned. First, the dimerization of the biradical to a cage compound is observed here in polar solvents.145 Such a dimerization is
known from reduction reactions with sterically less demanding substituents such as tBu or Dmp (see Section 1.04.3.2, Scheme 9).203,217

Finally, cyclo-1,3-dipnicta-2,4-diazane-1,3-diyls of the type [Pn(m-NTer)2Pn] (22, Pn ¼ P, As) can undergo a one-electron oxida-
tion utilizing silver salts of weakly coordinating anions such as [AgLn][B(C6F5)4](L ¼ donor solvents) to afford the cyclic radical
cations, [E(m-NTer)2E]

þ,. The bonding situation in the radical cations features a rare example of a transannular one-electron p-
bond without having a s bond (cf. Frenking’s biradical 18).218

1.04.3.2.4.3 Phosphorus centered biradical dianions
The only example so far of a biradical with tetravalent phosphorus atoms (35, Scheme 40) was presented by Wright and co-workers.
For its preparation, the four-membered ring 36, which is already substituted on the phosphorus atoms with sulfur and chlorine, is
reduced with sodium, yielding the anionic biradical 35 as trans isomer (Scheme 40). The cis isomer (possibly also the trans isomer)
reacts with polymerization to form a macrocycle. Both reactions run parallel.219 Biradical salt 35 is a colorless compound. The
appearance of sharp NMR signals confirms the singlet character of the biradical. For the model substance of the biradical 35
(R ¼ methyl), occupation numbers of 1.21 e for the HONO and 0.79 e for the LUNO were calculated (CASSCF(2,2), MRCI
methods; base set: aug-cc-pVDZ).219

Scheme 39 Products of the reaction of 22_PP_Ter with O2 (31), CO2 (32), NH3 (33) and Mes-N3 (34 as an example).

Scheme 38 Reactivity of 22_PPn_Ter towards CO und isonitriles (Pn ¼ P, As; R ¼ O, NtBu, NDmp).196,210,211
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1.04.3.2.4.4 NHC stabilized phosphorus centered biradicals
In 2017, two groups independently presented synthesis options for a phosphorus centered biradical 37 (Scheme 41), where the
C2P2 four-membered rings are stabilized by NHC (N-heterocyclic carbene) ligands. In contrast to the 1,3-
diphosphacyclobutanediyls 5 and 6 synthesized by Niecke and Yoshifuji/Ito et al. biradical 37 also features a C2P2 four-
membered ring, however, both radical centers are located on both phosphorus instead of on the carbon atoms. The synthesis
procedure of the Grützmacher group begins with a phospha-allene, which is reduced by KC8 (Scheme 41). The substituent of
the phosphorus atom serves as a leaving group which leaves the molecule upon reduction. The terminal carbon atom of the
phospha-allene is part of the N heterocycle that stabilizes the biradical after the reaction. The reaction is possible with a saturated
backbone in the heterocycle as well as with an unsaturated backbone. This gives rise to the biradicals 37a and 37b, which differ by
one p-bond in the ligand.220

An alternative synthesis for 37a was developed by Ghadwal et al. (Scheme 42). An N-heterocyclic olefin is reacted with PCl3 in
the presence of NEt3. On elimination of HCl, a C2P2 four-membered ring is formed, which affords, after reduction with KC8, the
biradical 37a (see Scheme 42).221

Biradicals of type 37a and 37b are sensitive to air and water, but thermally stable under an inert atmosphere. While 37a has a dark
green color, 37b is yellow. The planarity of the central 4-ring as well as the rather large distance between both phosphorus atoms suggest
a biradical character within these species.220,221 AIM calculations on amodel system of 37a (nitrogen atoms substituted bymethyl groups)
show a ring-critical point between the phosphorus atoms but no bond-critical point (BP86/def2-TZVPP).220

Grützmacher and Li et al. conducted first investigations on the reactivity of biradical 37 (Scheme 43).220 37 was shown to react
with molecular hydrogen at atmospheric pressure yielding an addition product (38b) with one hydrogen atom at each phosphorus
atom of the biradical. With ferrocenium ions, both biradicals are oxidized to radical cations as illustrated in Scheme 43. The positive
charge of the cation (39a/b) sits in both N-heterocycles and the overall positive charge of the radical cation is compensated by the
BARF� anion.

Moreover, biradical 37b was treated with alkyl iodides, leading to the formation of cyclic phosphenium ions 40, which can be
further reacted with Me2Zn to give the dialkyl substituted ring system (Scheme 44).222 The reaction of 37b with diketones leads to
the corresponding [4 þ 2] addition products (41).223 Biradical 37b can also activate CeH, NeH, and OeH bonds, leading to cyclic

Scheme 40 Synthesis of 35.

Scheme 41 Synthesis of 37 (a ¼ unsaturated backbone, b ¼ saturated) according to Grützmacher et al.220

Scheme 42 Synthesis of 37a according to Ghadwal et al.221
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products of the type [HP(m-C(NHC))2P-ER] (42, E ¼ C, N, O).224 Lastly, biradicals 37a/b can act as h4 ligand in transition metal
complexes (43).225

1.04.3.2.4.5 Pnictogen centered biradical anions: [Pn4]2�

Cyclic tetrapnictide anions of the type [Pn4]
2L can formally be derived from the archetypical inorganic biradicaloid S2N2 (see

Section 1.04.3.2.4) by substituting the group 16 atoms (i.e., S) with group 15 atoms. The first experimentally characterized deriv-
ative was [Bi4]

2� in the salt [K(crypt)]2[Bi4] (crypt ¼ [2.2.2]cryptand) by Corbett and co-workers in 1977.226 The same group later
also published the Sb derivative [K(crypt)]2[Sb4].

227 The As and P species were reported in 2002 and 2003, respectively, by Korber
et al. as the alkali metal salts [Na(NH3)5]2[As4]$3NH3 and Cs2[P4]$2NH3.

228,229 All compounds were characterized by single-crystal
X-ray diffraction. The structure of all four-membered ring systems is nearly ideally square planar, with equal PnePn bond lengths
within the uncertainty of the structure elucidation, and PnePnePn bond angles of nearly 90� (deviation less than 0.5�).

The biradical character of the tetrapnictide anions was recently investigated by Coburger et al. by means of CASSCF(6,4) calcu-
lations.230 All species possess a medium-low biradical character, with n(LUNO) ¼ 0.11 (P), 0.14 (As), 0.16 (Sb) and 0.19 (Bi). Due
to the D4h symmetry of the anions, there are two biradicaloid Lewis structures with equal weights (A, B in Scheme 45), which the
authors determined by localizing the active orbitals (cf. Sections 1.04.2.8 and 1.04.2.10). In total, the two biradicaloid structures
contribute more than 40% to the total wavefunction (P: 41%, As: 43%, Sb: 45%, Bi: 47%).

Furthermore, the aromaticity of the [Pn4]
2� anions was investigated on the basis of the Shannon aromaticity index (SAI),231

revealing a somewhat lower aromaticity than benzene.230

1.04.3.2.5 Hetero-cyclobutane-1,3-diyls with radical centers on elements of group 16
In this article on chalcogen-centered cyclobutanediyl analogs, we found only one neutral compound, S2N2, which could also have
been discussed in the section on nitrogen centered biradicals. Although molecular oxygen232–236 is a triplet radical in its ground
state and ozone, O3, also shows (open-shell singlet) biradical character,237,238 there is no compound with oxygen that can be

Scheme 44 Reactivity of 37 towards alkyl iodides R-I (R ¼ Me, Et, iBu),222 a diketone,223 compounds with polarized EeH bonds (e.g., Ph-CC-H, 4-
NC-C6H4-NH2, 4-F3C-C6H4-NH2, MeOH, PhOH),224 and metal complexes ([M] ¼ Cr(CO)3, Mo(CO)3, Co(CO)2, NiBr2).225

Scheme 43 Reactivity of 37 towards oxidation (Fc ¼ Fe(C5H5)2; BARF� ¼ [B(3,5-(CF3)2C6H3)4]�).220
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regarded as cyclobutanediyl analog, even though N2O2 ¼ 2 NO, which is isovalence electronic to S2N2, is of course a radical that,
however, does not exist as a ring but only as a NO molecule or as its non-cyclic dimer at lower temperatures.

1.04.3.2.5.1 Sulfur-nitrogen centered biradical: [N(m-S)2N] -
One of the first heteroatom-substituted cyclobutanediyl derivatives to be synthesized is S2N2, disulfurdinitride (44, Scheme 46), the
biradical character of which was/is discussed in the literature.20,239,240 It can be obtained by decomposing S4N4 on silver wool, fol-
lowed by freezing out the product. At room temperature, 44 polymerizes to the chain-like polythiazyl (SN)x.

131 By means of single
crystal X-ray structural analysis of 44 in 1975, it was shown that the S2N2 ring is planar.131 The electronic structure, on the other
hand, is still disputed today.131,239–243 Among other things, the aromatic character of 44 is in question. While the molecule fulfills
the criteria of a Hückel aromatic compound due to its formal six p-electrons and planarity, Head-Gordon et al. conclude from their
calculations that it is merely a 2p-aromatic system.244 Another point of discussion is the biradical character of 44. While Head-
Gordon et al. do not attribute any significant biradical properties to the molecule,244 other groups discuss the question of where
the radical centers are localized. Gerratt et al. see these at the sulfur atoms (Lewis representation B), while Harcourt, Schulz and
Klapötke conclude from their calculations a stronger localization at the nitrogen atoms (A), which has the advantage that no formal
charges are needed.239,245,246 Furthermore, it is argued that the electronic situation in 44 can only be described properly by reso-
nance between two biradical (Lewis representation A and B) and further zwitterionic structures (C–F, Scheme 46). In addition
to the resonance forms shown in Scheme 46, further formulae can be formulated, utilizing d-type orbitals (extension of the electron
octet), which, however, have a very small contribution to the description of the ground state.239,240 In 2012, Hibertiy and Braida
et al. calculated the contributions of the individual resonance formulae using different methods and concluded that the biradical
form with the radical centers on the nitrogen atoms (A) has the largest weight. This is followed by the four degenerate, zwitterionic
structures (C–F). However, the biradical formula with the radical centers on the sulfur atoms (B) also has a non-negligible contri-
bution.240 One further essential statement of this work regarding aromaticity versus biradical character is that the biradical structure
indicates that aromaticity and biradical are not mutually exclusive, contrary to what is usually claimed.

Apart from VB-type calculations with localized orbitals, the biradical character of 44 was also estimated on the basis of CI coef-
ficients and the LUNO occupancy (i.e., in the delocalized picture). For example, Tuononen et al. reported comprehensive
CAS(22,16) computations, which correlate all orbitals in the valence space.247,248 They report the CI coefficients c1 and c2 from
which b ¼ 7% can be estimated, and they also conclude that resonance structure A has the largest weight. More recently, Coburger
et al. reported a LUNO occupancy of 0.14 electrons, as derived from CAS(6,4) calculations including all p-type orbitals in the
valence space.230

1.04.3.2.5.2 Chalcogen biradicals [E4]2þ (E ¼ S, Se, and Te)
Starting from an isoelectronic substitution of the nitrogen atoms by one Eþ ion each in S2N2 leads to the substance class of [E4]

2D

cations (E ¼ chalcogen ¼ S-Te), which also have 6p electrons. Since this substance class has already been described in a large
number of reviews,81,86,249–253 we would like to focus here on its biradical character. To begin with, let us shortly summarize
the synthesis of salts bearing these chalcogen cations. The first synthesis of a chalcogen polycation may have been carried out in
1798, when Klaproth described that tellurium dissolves gradually in sulfuric acid to give a red solution.254 However, it was Gillespie
and Bjerrum et al. who first synthesized and characterized polycations of the type [E4]

2D.249,255 There are a variety of established
methods for the synthesis of such polycations, which all use strongly polar media such as H2SO4, anhydrous HF, HSO3F, liquid
SO2, molten salts, e.g., Na[AlCl4], or GaX3 benzene media (X ¼ Br, Cl).86 The chalcogens can be transformed into the cations either
by oxidation with suitable oxidants such as AsF5 or SbF5, or synproportionation reactions in the presence of a strong halide ion
acceptor such as AlX3 (X ¼ Cl, Br, I). Recently, room-temperature ionic liquids have been used as a new alternative reaction medium

Scheme 45 Most important Lewis structures of [Pn4]2L and their corresponding weights in the entire resonance.230

Scheme 46 Resonance formulae to describe the electronic situation of 44.239,240
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for the synthesis of such polycations.86 In any case, a suitable oxidizing agent is needed to oxidize the chalcogen to the [E4]
2D ion

and a suitable anion, e.g., weakly coordinating anions that can stabilize these cations.81

With regard to the electronic situation in the [E4]
2D ion, it strongly resembles the S2N2 biradical. Hiberty and Braida et al.

pointed out that for all cations (E ¼ S, Se, and Te) the cumulative weights of the two possible biradical structures (Scheme 47, repre-
sentations H and I) are always important and close to 50%, making these molecular cations comparable to ozone in terms of bir-
adical character.240 As the two biradical structures are degenerate in the [E4]

2D dications, they have equal weights in contrast to the
situation in the neutral and heteroatomic ring S2N2. The biradical character increases slightly with increasing atomic number.

1.04.3.3 Main group 15 analogs of cyclopentane-1,3-diyls

The parent system of the five-membered 1,3-diyls is cyclopentane-1,3-diyl (45), which is also known as the Closs biradical named
after Closs and co-workers who first synthesized it (Scheme 48).256 Biradical 45 was detected as a reaction product after irradiation
of 2,3-diazabicyclo[2.2.1]hept-2-ene 46 with UV light at 5.5 K in a cyclohexane matrix by EPR spectroscopy. At 5.5 K, 45 has a half-
life of approx. 30 min. The EPR signal behaves almost unchanged in the range from 1.3–20 K, suggesting a triplet ground state,257 in
accord with quantum mechanical studies. On the singlet energy hypersurface (Fig. 16), the bicyclo[2.1.0]pentane (housane, 47)
represents a minimum structure, while the planar isomer, which has the same point group as cyclopentane-1,3-diyl, is a transition
state.256,258 By heating the cyclopentane-1,3-diyl 45, housane 47 can be detected as the main product,259 as well as a small amount
of 0.5% cyclopentene 48 as the Wagner-Meerwein rearrangement product.260 Kinetic investigations of the formation of cyclopen-
tane-1,3-diyl and its decay were carried out by Engel and co-workers using Raman spectroscopy.261 Since then, a large number of
experimental investigations have been carried out in which the protons of the cyclopentane-1,3-diyl parent system were replaced by
organic substituents.17,262–264 However, to the best of our knowledge, it was never possible to achieve sufficient stabilization solely
by substituting the protons to obtain cyclopentane-1,3-diyls that are stable at room temperature. The next section summarizes the
experimental investigations in which additional substitutions of the carbon atoms by heteroatoms were carried out to stabilize the
corresponding biradicals.

1.04.3.3.1 Hetero-cyclopentane-1,3-diyls with radical centers on elements of group 14
1.04.3.3.1.1 Carbon centered biradicals: 1,2-Diaza-cyclopentane-3,5-diyls
Starting from the parent compound cyclopentane-1,3-diyl 45, both, the carbon atoms can be substituted by heteroatoms and the
protons by other groups. First studies on heteroatom-substituted systems, in which the carbon atoms are substituted in the 4- and 5-
position by nitrogen atoms, were carried out by Arnold et al. in the late 1960s.265–267 In their syntheses, they started from various
isopyrazole derivatives 49a-d and reacted them in a cycloaddition with 4-phenyl-1,2,4-triazoline-3,5-dione (PTAD) 50Ph yielding
51a-e (Scheme 49). From the reaction products 51a-e, the transient biradicals 52a-d can be generated by light-induced N2 elimi-
nation (l ¼ 253.7 nm).

With 51b and 51c in hand, the biradical species 52b and 52c could be investigated in solution after previous irradiation at 77 K.
The two compounds 52b and 52c are green and by means of EPR spectroscopy it could be shown that 52b and 52c exist as triplet
biradicals in the ground state. At 77 K the biradicals are stable for several hours, but decompose within a short time at 190 K.
Compounds 52a and 52d are of lower stability and could only be detected as triplet species after previous irradiation at 4 K by
EPR spectroscopy.

When irradiation of 51a-e occurs at room temperature, the biradicals 52a-e immediately react further with transannular bond
formation to form the housane derivatives 520a-e. In the case of 520a and 520d, isolation and extensive characterization of the
compounds were successful. Compounds 520b and 520c could be detected by low-temperature 1H NMR spectroscopy or by the trap-
ping reaction with 50Ph to give 53b and 53c. It could be shown by time-dependent 1H NMR spectroscopy that the housane

Scheme 47 Resonance formulae to describe the electronic situation of [E4]2D and their weights in the entire resonance.240

Scheme 48 Synthesis of cyclopentan-1,3-diyl 45 starting from 2,3-diazabicyclo[2.2.1]hept-2-ene 46.
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derivatives 520a-e are in thermal equilibrium with the isomers 5200a-d. In the case of 520e, the reaction to 5200e is irreversible. For the
respective conversion between the two isomers, a reaction path via the biradical 52a-e is discussed.

Abe et al. were able to show with quantummechanical calculations at the UB3LYP/6-31G(d) level that in the systems studied by
Arnold et al. a substitution of the substituents R3 and R4 by electron-withdrawing groups (-F, -OH) leads to an energetic lowering of
the singlet state and that this singlet state is even more stable than the triplet state.268,269

Preparatively, such a modification of the system was carried out in 2006 by Abe et al.270 Analogous to the work of Arnold et al.,
the synthesis is based on an isopyrazole derivative 54 (Scheme 50). The difference is that the quaternary carbon of the isopyrazole
ring is no longer saturated with alkyl substituents (see 49a-d), but with electron-withdrawing methoxy groups. The cycloaddition of
54 with 50Ph leads to the diazoalkane 55. Irradiation with short-wave light (l ¼ 360–440 nm) forms the 1,2-diazacyclopentane-
3,5-diyl 4,4-dimethoxy-3,5-diphenylpyrazolidine-3,5-diyl 56 as a short-lived compound under N2 elimination. Biradical 56 is in
rapid thermal equilibrium with 560 and irreversibly decomposes to 57.

By laser flash photolysis (lexcitation ¼ 355 nm, lobservation ¼ 640 nm), 58 was shown to have a lifetime of 9.67 � 0.007 ms in
toluene at 298 K and to react in a 1st order reaction to 57. In contrast to compounds 52a-e introduced by Arnold et al., 56 is a singlet
biradical, as demonstrated by EPR inactivity at 77 K in a 2-methyltetrahydrofuran (MTHF) matrix and quantum mechanical calcu-
lations at the UB3LYP/6-31G(d) level. Furthermore, the presence of oxygen leads to no change in the lifetime and with PTAD
(50Ph) the addition product 59 is formed. The housane species 560 was also detected by laser flash photolysis and time-
resolved IR spectroscopy (TRIR).271 Using TRIR, rate constants and free enthalpy were determined. In toluene, the formation of

Fig. 16 Schematically depicted potential energy hypersurfaces of the singlet (S) and triplet (T) states of biradical 45 (E in kcal mol�1).

Scheme 49 Synthesis of 52a-e.
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560 at 293 K is exergonic (DG�
293 ¼ �1.3 kJ mol�1), while in acetonitrile it is endergonic (DG�

293 ¼ 0.2 kJ mol�1). (BS)-CAM-
B3LYP/6-31G(d) calculations show an exergonic reaction course for the formation of 560 (DG�

293 ¼ �1.4 kJ mol�1) for the gas
phase. Due to the rapid reaction of 560 via 56 to 57, a more comprehensive characterization is not possible. The decay product
57 can be isolated in 70% yield and its structure could be confirmed by 2D NMR spectroscopy (HMBC, HMQC).270

In protic solvents, such as ethanol, a different reaction behavior is shown after irradiation of 55, in which first a cation 60 is
formed, with cleavage of a methanolate anion, and then 61 is formed by reaction with the solvent. The lifetime of the cation 60
could be determined by laser flash photolysis and is 607 � 18 ms. The formal ethanol addition product 61 can be isolated in
48% yield.

1.04.3.3.1.2 Carbon centered biradicals: 1,2-Diaza-4-silacyclopentane-3,5-diyls
In 2010, Abe et al. found another possibility to stabilize the singlet state with respect to the triplet state by substituting the carbon
atom in position 2 by a silicon atom in the 2-position of the cylopentane-1,3-diyl (Scheme 51).269 The synthesis starts with 3,6-
diphenyl-1,2,4,5-tetrazine 62, which is reacted with the silirane 63 at 125 �C for 3 days.272 The reaction leads to the formation
of silylene 64 in situ, which reacts with 62 under elimination of N2 to give diazasilol 65. 65 can be isolated in 27% yield after puri-
fication by column chromatography. Reaction of 65 with PTAD (50Ph) or 4-methyl-1,2,4-triazoline-3,5-dione (MTAD) 50Me at
60 �C in threefold excess leads to the isolatable compounds 66Ph, and 66Me in yields of 53%, and 90%, respectively. During
the reaction, the Diels-Alder product, azo compound 67, could not be observed by NMR spectroscopy. Abe et al. therefore assumed
that the denitrogenation of the azo compounds 67Ph and 67Me to the biradicals 68Ph and 68Me proceeds faster than their forma-
tion by the Diels-Alder reaction.

Quantum mechanical calculations for biradical formation at the UB3LYP/6-31G(d) level assume a stepwise elimination of
nitrogen with an activation energy of 22 kcal mol�1. Furthermore, neither the biradicals 68Ph and 68Me, nor the housane deriva-
tives 680Ph and 680Me derived from the biradicals could be observed by NMR spectroscopy. Since no change in reactivity was
observed under O2 atmosphere and no EPR signals were observed during the reaction, Abe et al. were able to show that 680Ph
and 680Me are singlet biradicals, in accord with quantum mechanical calculations at the UB3LYP/6-31G(d) level.269

1.04.3.3.1.3 Carbon-centered biradicals: 1,2-Dithiolylium-4-olates
Another substance class with biradicaloid compounds are the 1,2-dithiolylium-4-olates 69 (Scheme 52). The synthesis of the first
1,2-dithioylium-4-olate, the 3,5-diphenyl-1,2-dithiolylium-4-olate 69g was described in 1969 by Frese et al.273 However, the
authors assumed the presence of the open-chain form, the 1,3-thioxacetone (1,2-diphenyl-1,3-thioxacetone, 70). An initial formu-
lation of 69g in its mesoionic, cyclic form was made the following year by Frese et al. as this better explained UV-vis and IR
spectra.274 That is, mesoionic 3,5-diphenyl-1,2-dithiolylium-4-olate was considered a valence isomer of 2-oxo-1,3-dithioxo-1,3-
diphenyl-propane. Using single crystal X-ray structural analysis, the cyclic structure in the solid state was finally established.275,276

However, depending on substituents R1 and R2, the open-chain 1,3-thioxacetone 70 rather than the cyclic species, 1,2-
dithiolylium-4-olate 69, can also be stabilized (Scheme 52).276–284 Experimental and theoretical studies on the valence isomeric
structure types 69 and 70 have shown that the cyclic biradical structure 69 is preferred by acceptor substituents (and to a lesser extent
by phenyl groups), while the acyclic species 70 is energetically preferred by donor substituents.278 The open-shell singlet biradical
nature of the 1,2-dithiolylium-4-olates was studied and established by Fabian et al. for the phenyl-substituted system 69g and the

Scheme 50 Synthesis and reaction behavior of 4,4-dimethoxy-3,5-diphenylpyrazolidine-3,5-diyl (56).
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para-dimethylaminophenyl-substituted system 69h using quantum mechanical calculations.48 Thus, a singlet-triplet splitting
energy DEST of 0.88 eV could be calculated in the case of 69g and of 0.87 eV for 69h at the B3LYP/6-31G* level. However, for
both systems an expectation value hS2i ¼ 0.0 was calculated for the S2 operator at the UB3LYP/6-31G* level, indicating that the
biradical character is small to moderate at most (cf. Section 1.04.2.10). Furthermore, an antiaromatic character in the center of
the molecules was calculated with a NICS(0) value of aboutþ10 ppm, in which the authors see a further indication of the biradical
character of the compounds. The authors conclude that the compounds have a low biradical character, but this has not been further
quantified. Likewise, the authors do not comment on the influence of substituents R1 and R2 on the biradical character of 1,2-
dithiolylium-4-olates 69.48

Interestingly, biradicals of the type 69 are very stable. It is remarkable that despite the biradical character present, only a low
reactivity of e.g., 69g towards oxygen was observed.273 Studies on reactions with alkynes were carried out by White et al. leading
to different classes of substances that were obtained as products depending on the alkyne.275 Preparatively, 1,2-dithioylium-4-
olates 69 are accessible via a variety of synthetic routes summarized in the Science of Synthesis book series.285 To give one example,
69g can be prepared via the reaction of 1,1,3,3-tetrabromo-1,3-diphenylacetone273,274 (71Br) or 1,1,3-tribromo-1,3-
diphenylacetone275 (72H) with potassium O-ethyldithiocarbonate in ethanol at 50–60 �C (Scheme 53). The products 69 can be
isolated in yields of 26–50%. It should be noted that White et al. doubt on the basis of experimental data that 1,1,3,3-
tetrabromo-1,3-diphenylacetone was really used in the synthesis described by Frese et al.275 Synthesis of biradical 69h starts
with 1,3-dichloropropane-2-one 73, which is thiolated in DMF at 0 �C in the presence of triethylamine and then alkylated with
methyl iodide (Scheme 54).278 The resulting 3,5-bis(methylthio)-1,2-dithiolylium-4-olate 74 is then converted to the target
product with N,N-dimethylaniline in boiling acetic acid with 2 eq. of pyridine.284 The product 69h can be isolated in 18% yield.

1.04.3.3.2 Hetero-cyclopentane-1,3-diyls with radical centers on elements of group 15
Five-membered biradicals with radical centers at atoms of the 15th group were obtained by serendipity when investigating the reac-
tion behavior of pnictogen-centered cyclobutane-1,3-diyl (22) with unsaturated compounds (Scheme 38). While the reaction with
alkynes and nitriles, for example, leads to bridging of the radical centers (Scheme 35; compound 23), an insertion reaction was
observed in the reaction with carbon monoxide and the isovalence-electronic isonitriles, which in some cases leads to the formation
of room-temperature-stable five-membered biradicals as shown by us (Scheme 38, compound 29).21

Scheme 51 Preparation and reactivity of in situ generated 1,2-diaza-4-silacyclopentane-3,5-diyle 68Ph and 68Me.

Scheme 52 Literature known 1,2-dithiolylium-4-olates 69, which possess some biradical character, and 1,3-thioxacetones 70.
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1.04.3.3.2.1 Phosphorus-centered heterocyclopentane-1,3-diyls - Generated by CO insertion
The reactivity towards carbon monoxide was investigated with the cyclo-1,3-diphospha-2,4-diazane-1,3-diyl [P(m-NTer)2P]
(22_PP_Ter, Ter ¼ terphenyl ¼ 2,6-bis(2,4,6-trimethylphenyl)-phenyl).210 Carbon monoxide reacts completely within 48 h
(60 bar, RT) in benzene to give the insertion product 75 derived from cyclopentane-1,3-diyl (Scheme 55). Biradical 75 can be ob-
tained with 80% yield in the form of red crystals. The same reaction already takes place at 1 bar CO pressure, but here only a 75%
reaction conversion could be observed by 31P NMR spectroscopy after 24 h reaction time. Single crystal X-ray diffraction revealed
a planar P2N2C heterocycle with an exocyclic CO bond. Interestingly, under light the crystal slowly decomposed, which was studied
further. UV-vis studies revealed the formation of a housane type species 750 upon irradiation in accord with quantum mechanical
calculations at the PBE/6-31G(d,p) level. A biradical character b ¼ 22% was calculated for biradical 75 using CASSCF(2,2) calcu-
lations according to Xantheas et al.46

Biradical 75 exhibits a diverse reaction behavior, which is summarized in Scheme 55. For example, the reaction of 75 with CO
gives the formal addition product 76 that was only observed as a by-product in the 31P NMR spectra, but it decomposes rapidly to 75
and CO when the CO pressure drops so that isolation has not yet been possible.210

As already mentioned above, a “decomposition” of the biradical under light was observed at very low temperatures (�100 �C)
on the diffractometer. This led to a detailed investigation, as a result of which it was found that biradical 75 behaves like a molecular

69g71
Scheme 53 Synthesis of 69g starting from 1,1,3,3-tetrabromo-1,3-diphenylacetone 71Br or 1,1,3-tribromo-1,3-diphenylacetone 71H.226,227

Scheme 54 Synthesis of 69h.

Scheme 55 Synthesis and reactivity of 75.
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switch (see Section 1.04.4). An intramolecular reaction can be observed when 75 is irradiated with light affording housane 750.
Under decolorisation of the reaction solution, the housane-type isomer 750 with a transannular PeP bond is formed, which reacts
back thermally yielding the red-colored biradical 75 again. The reaction can be traced easily by 31P NMR spectroscopy. The initial
assumption of decomposition of biradical 75 under irradiation was therefore not correct, but only showed the molecular switching
under the influence of light. Calculations on the structure at the PBE/6-31G(d,p) level show that the bond formation significantly
shortens the PeP distance within the five-membered ring of 750, which is now in the range of a typical PeP single bond, and leads to
a bending of the planar ring along the PeP bond axis. However, housane species 750 could not be isolated.210 The reaction of 75
with two equivalents of silver tetrafluoroborate leads to 77, which is accompanied by the loss of the biradical character, and the
fluorination of the two P atoms (Scheme 55). Furthermore, elemental silver and gaseous trifluoro borane is formed. Since the
two P atoms in 75 are prochiral, several isomers of 77 are conceivable, three of which could be detected by 31P NMR spectroscopy.
Structural evidence was obtained for one of the isomers by single-crystal X-ray diffraction.210 As depicted in Scheme 55, the reaction
of 75 with tert-butylphosphaalkyne, tBu-PC, selectively leads to 78. Only one isomer with respect to the connectivity of the bridge
was found by an X-ray structure analysis.210 Unlike the reactions of 75 presented so far, the reaction with elemental sulfur results in
the elimination of CO in the course of the reaction.210 The resulting S2-bridged product 79 can also be obtained by the direct reac-
tion of 22_PP_Ter with elemental sulfur.146

1.04.3.3.2.2 Pnictogen-centered heterocyclopentane-1,3-diyls - Generated by isonitrile insertion
Isonitriles, R-NC, that are isovalent to carbonmonoxide show a similar reaction behavior, which, however, is strongly dependent on
the type of the R-NC species (Scheme 56). Still, this is precisely the advantage of isonitriles over CO, since the former can be modi-
fied both sterically and electronically via the R substituent.

With the terphenyl-substituted system [P(m-NTer)]2 (22a), it could be shown that the steric demand of the substituent R2 on the
isonitrile must match the steric demand of the system in order to achieve a selective insertion. For example, no reaction could be
observed in the reaction of 22a with the sterically very demanding terphenyl isonitrile, Ter-NC. The sterically less demanding 2,6-
dimethylphenylisonitrile (Dmp-NC) selectively inserts with the carbon atom into the phosphorus-nitrogen bond to give the
intensely blue colored compound 29a. The reaction of the relatively small tBu-NC first leads to the insertion into the PeN bond
to the blue-green insertion product 29b. Moreover, the addition of another equivalent of tBu-NC to the two phosphorus atoms takes
place to form 30a. The reactions are equilibrium reactions. By using a large excess of tBu-NC, 30a can be isolated in the form of
colorless crystals from a green reaction solution in benzene. However, re-dissolving the colorless crystals again leads to a green solu-
tion in which both 29b and 30a were detected by 31P NMR spectroscopy and even 22a at temperatures above 50 �C. The analogous
equilibrium was detected upon insertion of Me3Si-NC yielding 22a, the simple insertion product 29c, and the bridged derivative
30b.286

Another factor influencing the equilibrium and product distribution is the stability of the isonitrile. According to 31P NMR spec-
troscopic studies, the use of (SiMe3)2N-NC led to a large number of products among which the insertion product 29d could only be
identified as a by-product.211

Further studies were concerned with the reactivity of 22a towards various phenyl isonitriles (80a-e), which, however, do not have
substituents in the 2- and 6-position (Scheme 56). The electron-rich isonitriles phenyl-isonitrile (Ph-NC) 80a, para-N,N-
dimethylaminophenyl-isonitrile 80b, para-tert-butylphenyl-isonitrile 80c are activated by equimolar reaction with 22a in the
ortho-position to the isonitrile function, resulting in the formation of the phospha-indole-derived structures 81a-c. In the case of
para-N,N-dimethylaminophenyl-isonitrile, crystals could be isolated from which the structure could be clarified beyond doubt
by means of single-crystal X-ray diffraction. Interestingly, compounds of the type 30d-f could be detected when the isonitriles
were used in excess. Here, the derivative of para-tert-butylphenyl-isonitrile 30f could be crystallized. When para-nitrophenyl-
isonitrile 80d was reacted with [P(m-NTer)]2 (22a), a hitherto unknown product formation occurred, which, according to the
31P NMR data, indicates an oxidized phosphorus species, which could neither be further characterized nor isolated. The reaction
of the electron-deficient 3,5-dis(trifluoromethyl)phenyl-isonitrile 80e with [P(m-NTer)]2 (22a) initially led to the formation of
a mixture in which the heterocyclopentane-1,3-diyl 29e could also be identified by 31P NMR spectroscopy. Within 48 h, however,
the formation of the phospha-indane-like compound 81d also occurred here.286

The reaction behavior between the biradical [P(m-NR)]2 and the isonitriles is not only dependent on the isonitriles but also on
the substituent at the nitrogen atom. For example, the hypersilyl-substituted biradical [P(m-NHyp)]2 (22b, hypersi-
lyl ¼ Hyp ¼ tris(trimethylsilyl)silyl) showed a different reactivity with some isonitriles than the terphenyl-substituted system.212

In contrast to [P(m-NTer)]2, a reaction of [P(m-NHyp)]2 with terphenyl-isonitrile Ter-NC could be observed, leading to heterocylco-
pentane-1,3-diyl 29f. However, isolation failed. When reacting [P(m-NHyp)]2 with the sterically less demanding isonitriles tBu-NC,
Dmp-NC and Mes-NC (Mes ¼ 2,4,6-trimethylphenyl), heterocyclopentadienes 82a-b are obtained. The latter are formed by migra-
tion of the hypersilyl substituent to the nitrogen atom of the isonitrile (Scheme 56). According to our computations, the dienes are
the thermodynamically favored products and are best understood as closed-shell species (b ¼ 10%, CASSCF(8,6)/def2-TZVP).212

Another approach to obtain new five-membered biradicals 29 (by insertion of isonitriles starting from the four-membered bir-
adical 22) is to vary the pnictogens within the starting material: Thus, using four-membered biradicals with two identical heavier
pnictogens such as 22c144,201 and with two different pnictogens (22d-f, cf. Section 1.04.3.2.3)195,199,200 as starting materials, we
attempted to synthesize the corresponding five-membered biradicals 29 by insertion of Dmp-NC.196 The system with two arsenic
atoms 22c did not react to form the desired product. Likewise, no insertion reaction with Dmp-NC was observed for the mixed-
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centered biradicals with antimony and nitrogen, and with antimony and phosphorus.196 However, for the lighter triazenide deriv-
ative 22d with arsenic and nitrogen as biradical centers, an insertion reaction with Dmp-NC to give 29g was observed. The product
could be isolated in the form of red crystals. Interestingly, X-ray structure analysis revealed two different isomers within the unit cell.
A mixture of the expected five-membered biradical 29g and the corresponding housane structure 290g was found. This means that
two molecular structures, namely 29g and 290g, were obtained with one measurement on one crystal.196

In the reaction of Dmp-NC with the phosphorus- and nitrogen-centered biradical 22e, the analogous reaction to 29h was
observed. Here, too, structural elucidation bymeans of single-crystal X-ray structural analyzes was successful, but no partial housane
(290h) formation was observed. The same reaction behavior was found for the arsenic- and phosphorus-centered biradical 22f in

80

81

82

Scheme 56 Reactivity of 22 and 29 towards isonitriles.
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which a selective insertion into the arsenic-phosphorus bond could be observed with the formation of the five-membered biradical
29i.196 Here, the isomerisation in the solid state could be investigated by single crystal X-ray structural analysis. In a simple measure-
ment of a crystal, two isomers could be found in a disordered arrangement. The structure is dominated by the heterocyclopentane-
1,3-diyl 29i, which is present to 86%. The housane-like structure 290i was found as the second layer of the disorder (Fig. 17).

In all cases, the mixed-centered four-membered biradicals of type 22 (Scheme 56) reacted with the isonitrile to five-membered
biradicals 29 in which the insertion of the carbon atom of the isonitrile takes place at the element-nitrogen bond of the heavier
pnictogen of the two radical centers. An insertion into the other bond could not be observed. For all biradicals of type 29, the calcu-
lated biradical characters and coefficients of the CASSCF wavefunction (with ci � 0.1) are listed in Table 6. These data show that the
biradical character of the biradicals 29 ranges between 10 and 33%. Analogous to the five-membered biradical 75, which is obtained
by insertion of CO, the structural isomerism between the heterocyclopentane-1,3-diyl 29 and the housane-like, transannular
bonded structure 290 could also be observed.

When the crystal of 29i was exposed to light for a longer time on the X-ray diffractometer, a reversal of the ratio between the two
isomers was observed. Thus, after 12 h of irradiation, 95% of the crystal exhibited the housane species 290i.196 During the formation
of the housane derivative, a structural change occurs within the molecules. The central five-membered ring angles along the
phosphorus-arsenic axis and the phosphorus-arsenic distance decreases, forming finally a covalent bond. The structural change
leads only to minor changes within the molecular packing, so that only minor stresses occur within the crystal and it remains intact
as a single crystal during the transformation and X-ray measurement. In solution, only the heterocyclopentane-1,3-diyl 29i could be
detected by 31P NMR spectroscopy so far. However, recent studies show that for some biradicals of type 29, the housane 290 can be
detected by NMR spectroscopy after irradiation with low-energy radiation, such as light in the visible range. More detailed studies on
the isomerism between 29 and 290 were carried out by us using the phosphorus-centered system 29a.287 The heterocyclopentane-
1,3-diyl 29a can be isolated in good yields in the form of blue crystals. Using UV-vis spectroscopy and quantum mechanical calcu-
lations, it was found that red light leads to a conversion of 29a to 29a0 (lmax ¼ 643 nm). Irradiation leads to the formation of the
colorless isomer 29a0, which shows no absorption at 643 nm. After irradiation, a thermally induced reverse reaction occurs. This
behavior is also called molecular switching, which we will examine in detail in Section 1.04.4. Unlike the arsenic/phosphorus-
centered biradical 29i, for biradical 29a it was impossible to induce a transformation between the two isomers while maintaining
an intact single crystal on the diffractometer. Accordingly, the transformation between the two isomers was accompanied by such
large mechanic stress that the crystal split, as can be seen clearly in Fig. 18. Due to this internal stress in the crystal caused by light, the
measurement of a complete data set of 29a was only possible in complete darkness and revealed the planar biradical species.
Attempts to crystallize the housane derivative, for example under light, failed.287

The reactivity of the heterocyclopentane-1,3-diyls synthesized by insertion of isonitriles was investigated in detail for a large
number of molecules utilizing the terphenyl-substituted biradicals (Scheme 57).196,211 The reaction of tert-butylphosphaalkyne
with the phosphorus-centered biradicals 29a211 and 29b211 and the mixed, arsenic/phosphorus-centered derivative196 29i lead
to a selective bridging of the two radical centers, whereby bonds to the phosphorus atom and carbon atom of the phosphaalkyne

Fig. 17 Molecular structures of biradical 29i (left) and housane 290i (right) in the crystal obtained from one irradiated crystal. Color code: blue N,
red As, orange P, and gray C.196
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are formed. In the addition reaction to products 83a, 83b and 83c, complete selectivity was achieved in all cases, with the substit-
uent on the phosphaalkyne always localized on the side of the inserted isonitrile. The selectivity could be proven by 31P NMR spec-
troscopic data. It was also possible to isolate all compounds in yields between 52% and 70% and to describe the solid state structure
by single crystal X-ray diffraction. A reversible loss of the phospha-alkyne by prolonged irradiation with light of different wave-
lengths could not be detected in investigations on 83b.288 This speaks for a stronger binding of the phosphaalkyne compared to
the bridging isonitriles. No reaction was observed when the arsenic/nitrogen-centered derivative 29g and the phosphorus/
nitrogen-centered derivative 29h was reacted with tBu-PC. This agrees with the comparatively low biradical character of the two
compounds (Table 6).

For acetylene, which also contains a triple bond, a similar reactivity towards 29a was observed as for tBu-NC. Thus, activation of
the triple bond occurs with bond formation with the two phosphorus atoms. The product 84 resulting from the reaction could be
fully characterized. Whether the addition is reversible as in the case of isonitriles or irreversible as in the case of phosphorus atoms
has not been investigated in detail.211

By reacting 29b with dichloromethane, one of the two CeCl bonds could be activated, forming 85 with elimination of the iso-
nitrile. The same reaction product can be observed when 22a is reacted with dichloromethane.211 Halogenation of the phosphorus-
centered biradical 29a was possible with elemental iodine or carbon tetrachloride to form compounds 86a and 86b. However, the
reaction products could not be isolated, but only detected by mass spectrometry and NMR spectroscopy.211 The reaction of the one-
electron oxidant Ag[B(C6F5)4] with 29a leads to the formation of the radical cation 87 under elimination of the isonitrile.211 The
same radical cation is generated by the direct reaction of Ag[B(C6F5)4] with 22a.218

Moreover, it was possible to show that a diisonitrile 88 can insert into two four-membered heterocyclobutane-1,3-diyls such as
22a (Scheme 58) affording tetraradical 89. Very similar NMR spectroscopic data to 29a suggest that the two biradical units do not
interact significantly with each other, which is not surprising as both phenyl rings are linked by a methylene group. Due to the
hindered rotation around the CN double bond, three different isomers for 89 are conceivable, of which only two could be detected
in solution. Photoisomerisation could also be observed for 89 after irradiation. In addition to two isomers of the double housane
species 890, the isomer in which only housane formation took place, could also be detected in the 31P NMR studies. The tetraradical
89 reacts analogously to the biradicals of type 29with tert-butylphospha-alkyne to 90. Here, an addition to the two biradical centers
occurs (Scheme 58). By means of NMR spectroscopy, three different isomers could be detected. Whether the addition is reversible
has not yet been investigated.211

Table 6 Computed biradical character of different heterocyclopentane-1,3-diyls.197

Ter2N2P2CO (75) Ter2N2P2CNDmp (29a) Ter2N2P2CNtBu (29b) Ter2N2P2CNN(SiMe3)2 (29d)

c1 0.92 0.94 0.93 0.93
c2 �0.35 �0.33 �0.34 �0.35
c3 �0.13 �0.10
LUNO 0.25 0.23 0.25 0.25
b 0.25 0.22 0.24 0.24

Hyp2N2P2CNTer (29f) Ter2N3AsCNDmp (29g) Ter2N3PCNDmp (29h) Ter2N2PAsCNDmp (29i)

c1 0.95 0.96 0.95 0.91
c2 �0.33 �0.22 �0.26 �0.40
c3 �0.14 �0.15
LUNO * 0.10 0.15 0.33
b 29 0.10 0.14 0.33

c1,2,3: coefficients of the wave function, listed from |c | � 0.1; LUNO: Occupation number of the LUNO according to CASSCF calculation; *: not listed in the reference.

Fig. 18 Left: Crystal of 29a before irradiation with red light; right: the same crystal shortly after irradiation where the blue 29a was converted to the
colorless housane isomer 290a.287
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1.04.3.3.2.3 Phosphorus-centered benzo-fused cyclopentane-1,3-diyls
Heterocyclopentane-1,3-diyl derivatives of type 29 often eliminate the isonitrile moiety, R-NC, upon activation of small molecules, re-
forming the corresponding heterocyclobutane-1,3-diyl (22), which was used to synthesize 29. Therefore, we developed 5-membered
phosphorus-centered biradicals that are significantly more stable with regard to an elimination reaction. For this reason, the related
benzo-fusedcyclopentane-1,3-diyls (i.e., hetero-indanediyls91,Scheme59),whichalsoprovidearomatic stabilization,were introduced.289

The synthesis of biradical 91 was carried out in two steps (Scheme 59).289 In the first step, a suitable precursor (92) for the bir-
adical was synthesized: In analogy to the synthesis of 22 (Scheme 34), chlorinated azadiphospha-indanes (92) were prepared by
reacting primary amines with 1,2-bis(dichlorophosphino)benzene under HCl elimination. For different substituents (Dmp, Ter,
tBuBhp), the cis isomer of 92 (cis with respect to the Cl atoms) was obtained (31P NMR: d ¼ 147–149 ppm). The synthesis of the
hetero-indanediyls 91R (R ¼ Dmp, Ter, tBuBhp; tBuBhp ¼ 2,6-bis(benzhydryl)-4-tert-butylphenyl) was achieved by reduction of
92R with elemental magnesium. In the course of the reaction, the colorless solutions turned orange, indicating the formation of
the desired product. This could be traced by 31P NMR spectroscopy; all hetero-indanediyls 91R could be identified by a characteristic
singlet resonance (d ¼ 280–285 ppm). However, depending on the steric demand of R, different subsequent reactions were
observed (Scheme 59, bottom). The biradical 91Dmp was completely converted to an insoluble red polymer within 1 day, as
demonstrated by 31P NMR spectroscopy. In the case of 91Ter, selective trimerization to (91Ter)3 was observed. (91Ter)3 is formed
by activation of the condensed benzene ring of 91Ter by two further equivalents of the monomeric biradical. This self-activation
process can be regarded as a formal [2 þ 2] addition reaction. The sterically most demanding derivative 91tBuBhp is stable in
benzene for several weeks, as verified by NMR spectroscopy. 91tBuBhp is intensely yellow and shows absorption maxima at 407
and 424 nm in the UV-vis spectrum. The calculated biradical character (CASSCF(2,2)) of 91tBuBhp is b ¼ 18%, while the LUNO
occupancy amounts to nLUNO ¼ 0.21 (CASSCF(10,9)/def2-TZVP). This is slightly lower compared to other biradicals such as 22
and 29 (b ¼ 20–30%, nLUNO ¼ 0.2–0.3). In contrast, the biradical character of (91Ter)3 with 12% (nLUNO ¼ 0.12) is significantly
lower, so that it can be better described as diene.

1.04.3.3.2.4 Phosphorus-carbon-centered heterocyclopentane-1,3-diyl
Lips et al. described the addition of phospha-alkyne PC-tBu to an NHC-coordinated trisilacyclopropylidene, Si3Mes4NHC (93),
resulting in the formation of a heavier analog (940) of a bicyclo[2.1.0]pentane, a so-called housane.290 The NHC used was 1,3-
diisopropylimidazol-2-ylidene. In housane 940, the folding angle is 88.46(2)�, as expected for a housane. Upon irradiation or at

Scheme 57 Reactivity of heterocyclopentane-1,3-diyl derivatives 29.
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Scheme 58 Synthesis and reactivity of tetraradical 89.

Scheme 59 Synthesis of differently substituted 2-aza-1,3-diphosphaindane-1,3-diyls 91. Their stability depends on the sterical demand of the
substituent R, as depicted in the box.289
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temperatures above 60 �C, the housane isomerises to a formal cyclopentenyl anion analog, which can also be regarded as
a compound with biradical character (94, Scheme 60). However, Lips et al. describe the bond as a 3c-4e p bond but do not
comment on a possible biradical character. Nonetheless, if one looks at the HOMO (transannular antibonding) or the LUMO
(transannular bonding, cf. Section 1.04.2), this corresponds exactly to the situation in typical cyclopentane-1,3-diyls such as 29,
as discussed above.

1.04.4 Applications of biradicals as molecular switches

Due to their peculiar electronic structure, biradicals have various (potential) applications; for example, they may be applied in
small-molecule activation (see Section 1.04.3), molecular electronics,291–294 singlet fission,295–300 non-linear optics,35,301–303 or
as molecular switches.164,212,264,270,287,303–313

The concept of switchable biradicals is generally that a molecule can exist in two different (meta)stable states, just as is the case
for “normal” molecular switches.314–317 However, the biradical character is often very sensitive towards even small structural
changes, so it can effectively be varied by switching the molecule between different isomers. As the biradical character is the source
of many of the interesting properties outlined above, these properties can also be modified through the switching behavior. For
example, if the switchable biradical is light-activated, the biradical character can effectively be switched “on” and “off” by irradiation
(i.e., an outside stimulus). This will then also influence the activation chemistry, non-linear optical properties etc.

Regarding thecyclobutane-1,3-diyls andcyclopentane-1,3-diylsdiscussed in this article, the conceptof switchablebiradicalswasdemon-
strated by us using hetero-cyclopentanediyls of type 29. As indicated in Section 1.04.3.3.2, these five-membered cyclic biradicals can be
photoisomerized to housane-type species 290, which do not possess significant biradical character (Fig. 19). Thus, irradiation of biradical
29 effectively quenches the biradical nature of the compound. The housane 290 thermally reverts to the biradical isomer 29. This thermal
reverse reactionwas studiedbyvariable temperature31PNMRspectroscopy,212,287,310 revealing that thehousanepossessesahalf-lifeofup to
1 h at ambient temperature, depending on the substituents (t1/2 for 290a: 7 min, 290b: 57 min, 290f: 31 min).212,287

The isomerization between biradical 29 and housane isomer 290 can also be traced by UV-vis spectroscopy, as the biradical is
intensely blue (lmax for 29a: 643 nm,287 29b: 663 nm,287 29c: 675 nm,286 29f: 595 nm,208 29i: 684 nm196), while the housane
is colorless (Fig. 19). We studied the ultrafast dynamics of the photoisomerization of 29a using theoretical methods and transient
absorption spectroscopy,311 revealing that the photoisomerization proceeds via the first excited singlet state (Fig. 20). The excited
molecules can transfer back to the ground state through a conical intersection without the emission of radiation. The conical inter-
section between the S1 and S0 surfaces is located in the vicinity of the thermal transition state between 29a and 290a. Approx. 25% of
the excited molecules isomerize to the housane isomer (quantum yield 24.6(8)%),287 while the remaining 75% revert to the bir-
adical isomer. The photoreaction is very fast (exponential time constant s ¼ 210 fs),311 so the thermal reverse reaction does not play
a role on this timescale. Thus, it is easily possible to fully convert the biradical 29a to the housane isomer 290a.287

The switching between biradical and (closed-shell) housane isomer was exploited to influence the product formation in
a thermal equilibrium reaction (Scheme 61).287,310 Biradicals of type 29 can activate small molecules such as tBuNC (cf. Section
1.04.3.3.2), leading to the formation of addition products of type 30. Depending on the substituents at the biradical, this addition
reaction is often an equilibrium reaction, i.e., both product 30 and starting material 29 can be identified in solution. If the biradical
29 is now switched to the housane isomer 290 by irradiation with red (or white) light, the activation chemistry is inhibited (or, to

94

Scheme 60 Synthesis of 94 and 940.
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put it in different terms, the biradical 29 is removed from the equilibrium reaction), resulting in quantitative dissociation of the
adduct 30. Once the light is switched off again, the thermal equilibrium is restored, and the adduct 30 is again the main product
of the reaction. This switching can be repeated several times without detectable degradation of the mixture.287,310

Lastly, it could also be shown that the isonitrile can catalyze the thermal reverse reaction. In the presence of an excess of tBuNC,
the thermal isomerization of the housane 290a to the biradical 29a is accelerated. The housane 290a forms a transient adduct with
the isonitrile (95, Scheme 62), which quickly decays to the biradical 29a and free tBuNC. The formal addition of the isonitrile to the
housane proceeds via an SN2-type substitution of the isonitrile at one P atom (one PeN bond is broken in the process), as opposed
to the reactivity of the biradical, which reacts in a concerted reaction mechanism with both P atoms. This observation demonstrates
that (i) the thermal reverse reaction can be influenced chemically, and (ii) that switching the biradical character “on” and “off” can
open completely different reaction channels using the same reagent.

As discussed in Section 1.04.3.2, there are also examples of hetero-cyclobutane-1,3-diyls that can be thermally isomerized to
a closed-shell butterfly structure. This further underlines the potential of the concept of switchable biradicals. In the future, we expect
that more applications of switchable biradicals will be found, for example in the field of molecular electronics or in (metal-free)
catalysis.

Fig. 19 Sample solution of biradical 29a before (left) and after illumination (right) with red light. Adapted from Bresien, J.; Kröger-Badge, T.;
Lochbrunner, S.; Michalik, D.; Müller, H.; Schulz, A.; Zander, E. A Chemical Reaction Controlled by Light-Activated Molecular Switches Based on
Hetero-Cyclopentanediyls. Chem. Sci. 2019, 10 (12), 3486–3493.

Fig. 20 Minimum energy paths along the S0 and S1 potential energy surface (PES) of biradical 29a (here a model system with H substituents).
After excitation with red light, the excited state deactivates through a conical intersection (CInt), leading to formation of the housane 290a with
a quantum yield of approx. 25%. The thermal reverse reaction of the housane to the biradical proceeds via a single transition state (TS) in a first-
order reaction. Adapted from Völzer, T.; Beer, H.; Schulz, A.; Lochbrunner, S.; Bresien, J. Photoisomerization of a Phosphorus-Based Biradicaloid:
Ultrafast Dynamics Through a Conical Intersection. Phys. Chem. Chem. Phys. 2021, 23 (12), 7434–7441.
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Scheme 61 The activation chemistry of biradical 29 can be switched “on” and “off.” This effect has been studied by time-dependent and variable-
temperature NMR spectroscopy for 29a (R ¼ Ter, R0 ¼ Dmp) and 29b (R ¼ Ter, R0 ¼ tBu).287,310

Scheme 62 The two isomers of 29a react differently with tBuNC: The biradical 29a undergoes a formal [2 þ 1] cycloaddition reaction, while the
housane 290a reacts in an SN2-type substitution.310

Scheme 63 Examples of biradicals as part of a six-membered heterocycle containing main group elements (cAAC ¼ cyclic alkylaminocarbene,
Dipp ¼ 2,6-iPr2C6H3).333–335,341
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1.04.5 Outlook: Beyond four and five-membered heterocyclic biradicals

The biradical chemistry of the main group elements has been enriched by many newmolecules in the last decade.318–332 Besides the
cyclobutane-1,3-diyls and cyclopentane-1,3-diyls discussed in this book chapter, there are of course also a large number of birad-
icals as part of a six-membered heterocycle or even with a cage structure, which are not considered here. A few examples from recent
research are shown in Scheme 63.324,333–335

Still a very interesting strategy for producing new biradicals is the incorporation of main group elements into organic heterocy-
cles, e.g., into so-called acenes, which have been investigated intensively in recent years.333,336–392 Acenes are an important subclass
of polycyclic aromatic hydrocarbons that consist of linearly fused benzene rings (Scheme 63).17,337,340,348,351,363,374,375,391–395

Theoretical studies predicted that (oligo)-acenes from hexacene (n ¼ 2) to decacene (n ¼ 6) no longer have closed-shell configura-
tions, but open-shell singlet biradical ground states.17,20,295,329,333,334,396,397 The reason for this is the decreasing HOMO-LUMO
gap in these systems, which in turn leads to a smaller singlet-triplet energy gap.341,343 Acenes larger than dodecacene therefore
have polyradical character with an open-shell singlet ground state.353,355,389 Therefore, as the number of condensed benzene rings
increases, the acenes become p-type organic semiconductors, which makes them very relevant for organic electronic applica-
tions336,337,345,354,356,362,373,375 such as field-effect transistors,374,378 light-emitting diodes,365,371 organic conductors,354,362 and
solar cells. However, the widespread use of acenes larger than pentacene in such applications is still hampered by major experi-
mental difficulties in synthesizing large amounts of the pure acene compounds due to increasing instability and insolu-
bility.357,361,377,384 Implementation of heteroatoms such as boron into organic molecules could be another strategy to modify,
for example, these pure organic biradicalic acenes.333,334,346,376,381 Indeed, the implementation of boron atoms into organic mole-
cules proved to be a quite efficient strategy to reduce their HOMO-LUMO gaps, mainly by raising the energy of the HOMO.333 It is
assumed that this approach may also be feasible for acenes or other organic poly-aromatics, allowing the generation of open-shell
singlet systems even with a smaller number of condensed benzene rings. A similar approach is the incorporation of a biradical
moiety into a stabilizing NHC system or heterocyclic system, e.g., N-heterocyclic olefins,221,289,331,333,335,398 which are also similar
in structure to acene-based biradicals. Here, too, the biradical character can be significantly enhanced by the specific incorporation
of main group elements in unusual oxidation states (low valent) and chemical environments (low coordinated, bulky substituents).
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Abstract

The introduction of monoheteroatom stabilized cyclic carbenes, less than a decade after the discovery of stable acyclic andN-
heterocyclic carbenes (NHCs), soon led to the development of complex ligands fulfilling more than a simple spectator role.
Particularly the imidazol-4-ylidenes (Im4), cyclic (alkyl)(amino)carbenes (CAACs) and 1,2,3-triazol-5-ylidenes (trz) have
emerged as ligands for transition metal complexes that demonstrate a noninnocent role. The advancements of these
nonclassical N-heterocyclic carbenes as noninnocent ligands are reviewed in this contribution. A short overview of the
unique (stereo)electronic features of these classes of carbenes is provided. The focus of this study is however on the impact of
Im4, CAACs and trz on themetal complex reactivity in catalytic applications where the ligands exhibit a chemically or a redox
noninnocent role in cooperative, bifunctional or redox-switchable catalysis. The introduction of ligand-based chirality and
the role played in chiral induction are included, as well as the effect of multinuclear cooperativity in polymetallic complexes
of these nonclassical carbenes. The extension of these ligands tomacromolecular systems, including surface functionalization
for catalytic or material applications, are showcased. Finally, the potential for the nonclassical carbenes as noninnocent
ligands in non-catalytic applications, such as light emitting and biological applications, are highlighted.
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1.05.1 Introduction

Organic transformations mediated by transition metal complexes have historically been dominated by precious metal catalysts
following a metal centered reactivity profile.1–4 Tailored ligand design for coordination to an appropriate metal has increasingly
become a methodology that can aid or alter the classical reactivity pattern to further decrease reaction energy requirements or waste
produced, or even both.5 This is achieved by decorating the ligand with various functional groups that can assist in substrate manip-
ulation, lowering the reaction energy barrier and consequently allowing for even milder reaction conditions. Furthermore, the reac-
tion selectivity can be enhanced by using tailored ligands, thereby maximizing atom-economy to ultimately align with
environmentally friendly targets. In the context of this work, ligands that do not just play a spectator role, but rather actively partic-
ipate in the complex reactivity, are generally referred to as noninnocent. The noninnocent class of ligands has cemented itself as
a ligand category available to the synthetic chemist towards preparation of targeted coordination compounds.5–25 Beyond stabili-
zation of reactive metal complexes, the noninnocent ligands assist in the substrate transformation process via a redox event, a multi-
functional mode of action, or a chemically or light induced response, among others.

Another tool available to synthetic chemists, used generally as ligands during the preparation of organometallic compounds, is
the now ubiquitous N-heterocyclic carbenes (NHCs).26–28 These compounds, originally viewed as ‘laboratory curiosities,’ have
demonstrated wide and versatile application over the past 30 years.5,29 A subset of the classical NHCs that has also firmly estab-
lished itself as a ligand of choice during the preparation of targeted organometallic complexes over the past two decades, is the cyclic
monoheteroatom-stabilized carbenes, or nonclassical carbenes with increased basicity as a result of carbene stabilization imparted
by only one nitrogen atom adjacent to the carbene carbon and not two as in the case of classical NHCs.30–51 Of these nonclassical
carbenes, the abnormal or mesoionic carbenes (MICs)30–44 including imidazol-4-ylidenes (Im4) and 1,2,3-triazol-5-ylidenes (trz),
and the cyclic (alkyl)(amino)carbene (CAAC)45–51 class of carbene ligands have received growing attention compared to other
nonclassical carbenes (Fig. 1). This can be attributed to the characteristic donor properties of the carbene ligands, in addition to
their ease of preparation and ligand modification that allow for facile tailoring of the ligand’s electronic and steric properties.
Accordingly, the merging of a nonclassical carbene with a noninnocent ligand role is not surprising, and these multifunctional,
strong donor ligands have already exceeded expectations.

This chapter aims to highlight the impact of noninnocent nonclassical carbene ligands on metal complexes and their resultant
reactivity. This includes a short overview of the stereoelectronic properties of the different types of nonclassical carbenes (Im4, trz
and CAACs), as their electronic properties have been the subject of several recent reviews.1,2,33,35,37,38,47–49 For the sake of brevity,
only the five-membered cyclic (alkyl)(amino)carbenes will be reviewed, and not their derivatives such as the bicyclic CAACs
(BiCAACs), cyclic (aryl)aminocarbenes (CAArCs), etc. Important also towards the foundation of this chapter, is the brief discussion
with regards to the carbenes’ inherent noninnocent and stabilizing attributes. The advent of noninnocent ligand behavior of coor-
dinated nonclassical carbenes is showcased by a non-exhaustive account of recent topical developments. Various case studies are
used as examples to illustrate the state of the art of the advancements made within this topic, while the developments with possible
emerging noninnocent roles in applications beyond catalysis are highlighted.

1.05.1.1 Imidazol-4-ylidene

The explosive growth witnessed within the field of nonclassical carbenes, specifically for Im4, trz and CAACs, can be traced back to
their early reports detailing either the preparation of a stable coordination compound or the free carbene.52–56 Manifestation of an
unusual bonding mode during classical NHC metal complex preparation evidenced the first example of an abnormally bound imi-
dazolylidene, the imidazol-4-ylidene.52 Abnormal C4 coordination, instead of the classical C2 mode of bonding, yielded the
iridium carbene complex 2 with carbene stabilization imparted by only one heteroatom adjacent to the carbene carbon (Scheme
1, i). This was followed a few years later by the first example of a free abnormal carbene obtained by blocking of the other ring
positions and C4 deprotonation of the imidazolium salt 3, yielding 4 (Scheme 1, ii).53 The electronic properties of the abnormal
carbenes have been extensively investigated and reviewed to confirm increased electron donation to a metal when compared to clas-
sical NHCs.33,35,38–40,44,57 The lack of a second heteroatom adjacent to the carbene carbon imparts increased electron donation
towards the metal, a result of modifications to the s-pull/p-push properties of the heterocycle.

The Im4 five-membered heterocycle has been described as more than just a spectator ligand, tasked with aiding the metal
during bond manipulation processes.39,58,59 It is the unique electronic structure of Im4 that permits a possible cooperative
mode of action35,38–40,57–59 to render the nonclassical carbene with an in-built/inherent noninnocent character. Albrecht
et al. proposed a mechanism by which the Im4 could mediate a cooperative strategy. Intramolecular charge separation within

Fig. 1 Nonclassical carbenes highlighted in this contribution.
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the five-membered heterocycle would result in a vinylic metal-bound CeC fragment and a cationic amidinium unit (Scheme
2).35,39,58,59 The vinylic MeC]C fragment would then be susceptible to electrophilic attack, as postulated for the treatment
of a bisimidazol-4-ylidene coordinated rhodium(III) complex with D3PO4, yielding the C5 deuterated complex (Scheme 2,
i).59,60 Deuteration was observed to occur only at the C4 bound carbene of 5, and not the classical C2 bound carbene, which
results in formation of 11 when treated with D3PO4 (Scheme 2, i). Additional mechanistic investigations, in this case using
Et3SiD, supported the proposed intramolecular charge separation within the imidazol-4-ylidene heterocycle (Scheme 2,
ii).39,58 Im4 deuteration at the C5 position was noted once more, with its formation again postulated to involve the vinylic
MeC]C fragment resulting from intramolecular charge separation.58 A ligand-assisted SieD heterolytic bond cleavage across
the metal-vinylic moiety, followed by hydrolysis due to the presence of a small amount of water, yields the deuterated complex
16. An alternative mechanism was also proposed for the reaction between 12 and Et3SiD, namely the oxidative addition of the
hydrosilane across the metal, leading to formation of the intermediate rhodium(V) complex 15 (Scheme 2, ii), only accessible
due to the donor characteristics of the nonclassical carbene.58 Im4 has been suggested to stabilize metals in both low and high
oxidation states, also ascribed to be a consequence of the intramolecular charge separation.33,35,38–40,44,57 Subsequent tautome-
rization and rehybridization results in the C5 deuterated rhodium complex 14, leading to 16 after hydrolysis (Scheme 2, ii).58

In yet another corroboration of the postulated intramolecular charge separation, selective C5 deuteration was evidenced under
both acidic and basic conditions.61 Treatment of the iridium Im4 complex 17with DCl in D2O at 80 �C yielded the expected deuter-
ated complex 18 (Scheme 3). The formation of the intermediary metalla-allyl anionic fragment 19was postulated to account for the
observed reactivity. Subjecting 17 to basic conditions also yielded the C5 deuterated product 20, in addition to deuteration on the
C2 substituted methyl group (Scheme 3). In the presence of NaOH and D2O, fast deuteration of the methyl group was noted, with
C5 deuteration completed only after 2 days.

1.05.1.2 1,2,3-Triazol-5-ylidene

The first trz coordinated complex was reported by Albrecht and co-workers (Scheme 4, i),54 while the deprotonated free trz 24 was
reported 2 years later by Bertrand and co-workers (Scheme 4, ii).55 The carbene carbon atom is flanked by one of the three nitrogen
atoms in the five-membered heterocycle where the C2 carbon of the imidazolylidene is substituted with another nitrogen.30,33–38,42

Scheme 1 The first Im4 metal complex and free Im4.

Scheme 2 Im4 heterocyclic intramolecular charge separation.
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As for Im4, the donor properties of trz have also been extensively evaluated as stronger compared to classical NHCs, but are weaker
when compared against Im4.33,37,38

In the case of trz, the intramolecular charge separation derived from the mesoionic nature of the heterocycle leads to the forma-
tion of the anionic MeC]C and the cationic NNNþ fragments (Scheme 5, i) which facilitate bond manipulation processes coop-
eratively.37,39,62 The intramolecular charge separation has indeed been linked to the observed water oxidation reactivity of
ruthenium and iridium complexes coordinated by trz (vide infra).37,39,62,63 An alternative cooperative mode of action involving
the second nitrogen in the triazolylidene heterocycle has also been speculated.61 Deuteration experiments by Albrecht et al.
confirmed that, similar to Im4, selective deuteration occurs at the C4 position of the trz heterocycle under basic conditions, with
instantaneous deuteration of 28 reported in the presence of NaOH and D2O yielding 29 (Scheme 5, ii). The authors described
the deuteration of both the Im4 and trz heterocycles under basic conditions as reminiscent of a deprotonation followed by deuter-
ation mechanism. This would explain the differences noted in the rate of deuteration, depending on the differences in the acidity of
the protons being deprotonated. However, under acidic conditions no deuterium incorporation occurred in contrast to the reactivity
displayed by Im4 (Scheme 5, ii). The authors described the triazolylidene as exhibiting proton/deuterium scavenging properties,
with nitrogen deuteration leading to the formation of intermediate 30 proposed (Scheme 5, ii). Deuteration is therefore precluded

Scheme 3 Im4 deuteration in acidic or basic reaction media.

Scheme 4 The first examples of (i) coordinated and (ii) free 1,2,3-triazol-5-ylidenes.

Scheme 5 Triazolylidenes acting as more than simple spectator ligands.
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at the carbenic carbon of the heterocycle, illustrating the basicity of the trz central N2.61 This is similar to reported reactivity of the
five-membered heterocycle, with N2 protonation leading to catalyst activation64 or metal coordination by the second nitrogen,65 to
associate the trz heterocycle with a cooperative mode of action where the proton responsive entity acts as a proton shuttle during
bond activation reactions.

Indeed, both the groups of Albrecht66 and Bertrand, Grubbs and co-workers64 exploited the proton scavenging ability of the trz
during catalytic processes. Bertrand and Grubbs prepared the olefin metathesis catalyst 31 substituted with a trz (Scheme 6, i).64,67

Catalyst initiation was mediated by the addition of trifluoroacetic acid, hypothesized to protonate the heterocycle at the N2 position
with concomitant trz dissociation from 32. A 1,3-proton shift follows to yield the active catalyst 33 and the triazolium salt 34
(Scheme 6, i).64 Symmetrical ethers could be accessed very efficiently through the reductive coupling of ketones and aldehydes,
employing an iridium catalyst coordinated by a C,N-bidentate trz.66 The authors suggested that the trz acts as a proton shuttle
during the catalytic process. Heterocycle protonation at the N2 position leads to formation of 37, followed by substrate coordina-
tion at 38 with subsequent protiodeiridation or nucleophilic substitution, yielding the active catalyst 36 and the targeted product
(Scheme 6, ii). The authors also suggest an alternative catalytic mechanism, involving ligand dearomatization, which implies an
intramolecular charge separation mechanism within the five-membered heterocycle rather than a proton shuttling process.66

1.05.1.3 Cyclic (alkyl)(amino)carbene

Cyclic (alkyl)(amino)carbenes made their debut in 2005 with the report of both the free carbene 41 and the CAAC coordinated Pd
complex 42 (Scheme 7, i).56 Akin to the Im4 and trz, the CAACs feature only one electronegative and p-donating amino-substituent
neighboring the carbene. In a variation of the other nonclassical carbenes discussed, the other position adjacent the carbene carbon
is an sp3-hybridized carbon.42,45–51,68–70 This results in increased s-donating characteristics with negligible p-donating attributes
from said a-position. CAACs are both more nucleophilic and more electrophilic than traditional or nonclassical NHCs, as are
evident from the HOMO (highest occupied molecular orbital) and LUMO (lowest unoccupied molecular orbital) energies (Scheme
7, ii). The energy gap between the frontier orbitals is smaller compared to other popular donor ligands. This has led to the dubbing
of CAACs as ambiphilic carbenes.71,72 Both the steric environment imparted by the CAAC substituents and the electronic structure
of the frontier orbitals bestow unique reactivity profiles to this class of ligands which can be viewed as tantamount to noninnocent
ligand behavior.42,45–51,68–70

The stabilizing ability of CAACs attendant to the stereoelectronic properties is well-known.42,45–51,68–70 A direct consequence of
the low lying LUMO (Scheme 7, ii) is the ease with which CAACs can stabilize electron-rich main group elements (Scheme 8, ii),
low valent transition metals (Scheme 8, iii) and radical species (Scheme 8, iv).42,45–48,50,51,69 The empty p-orbital of CAACs can
accommodate p-electron density (43, Scheme 8, i), delocalizing the accumulated p-electron density and increasing the stability

Scheme 6 The noninnocent role of triazolylidenes towards (i) catalyst activation and (ii) proton transfer processes.
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of the species investigated (44, Scheme 8, i).46,50,51,73 This attribute was irrefutably illustrated by Bertrand and co-workers, who
disclosed the first example of a nucleophilic neutral trivalent boron derivative 45 that is isoelectronic with amines (Scheme 8,
ii).74 Calculations confirmed the delocalization of the boron’s lone pair of electrons into the HOMO of 45, as an overlap of the
boron p(p)-orbital with the carbene atomic p(p)-orbital (Scheme 8, ii). The groups of Bertrand, Roesky and others extended the
range of well-defined isolable reactive species by utilizing CAACs.42,45–48,50,51,69 This includes stabilization of radicals, again
possible due to the vacant p(p)-orbital of the carbene to accommodate additional electron density through conjugated electron

Scheme 7 Cyclic (alkyl)(amino)carbenes’ (i) debut and (ii) calculated HOMO and LUMO energy level.48 Modified from Paul, U. S. D.; Radius, U. Eur.
J. Inorg. Chem. 2017, 2017, 3362–3375.

Scheme 8 Stabilization of reactive species by CAACs via s-donation and p-backdonation.
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delocalization, while the rigid scaffold prevents rearrangement and subsequent decomposition. This was illustrated very recently by
nitrogen fixation75 and the reductive coupling thereof (Scheme 8, iv).76 Hydride transfer to and from the CAACs p(p)-orbital has
also been reported, illustrating the susceptibility of the carbene to nucleophilic hydrogen. Transition metals, and especially coinage
metals, have also demonstrated unique reactivities due to the coordination of CAACs (Scheme 8, iii). Diamagnetic and paramag-
netic main group elements, persistent radicals and transition metals of varying oxidation states that were previously not accessible,
are now available to the chemist via CAAC coordination.42,45–51,68–70

The stereoelectronic properties of CAACs allow for reactivity profiles of the metal-free ambiphilic carbenes that mimic the reac-
tivity of transition metals.47,49,70 This includes the binding and activation of small inert molecules to catalytic transformations. In
their seminal contribution, Bertrand and co-workers disclosed the facile activation of hydrogen and ammonia (Scheme 9).77 The
free CAAC 41 was treated with hydrogen, resulting in oxidative addition of H2 across the carbene, yielding 56. The activation of H2

was computationally modeled, with nucleophilic attack of the carbene lone pair of electrons into the antibonding orbital of H2 at
53. This induces H2 polarization, with the electrophilic hydrogen bonded to the carbene carbon. Subsequent elongation of the HeH
bond provides the hydrogen not bound to the carbene carbon with increased hydridic character. After stereochemical inversion, the
hydrogen featuring hydridic character coordinates to the carbene at 55 and forms the second CeH bond after HeH cleavage,
leading to 56. Accordingly, nucleophilic activation is followed by hydride transfer leading to H2 activation. Ammonia activation
was found to be favorable even at�40 �C. Ammonia activation was reported to be similar to H2 activation, with bond polarization
as the intermediary step towards formation of 57 from 41.77

The activation of EeH bonds via oxidative addition across the carbenic carbon78 was extended to include SieH, BeH and PeH
bonds.79 Accordingly, facile oxidative addition of primary, secondary and tertiary silanes across the carbene carbon of CAAC 58was
reported (Scheme 10). Similarly, primary and secondary phosphanes reacted with 58 leading to the corresponding products (62
and 63, respectively) of oxidative addition. Sterically less encumbered CAACs result in improved reactivity with silanes and phos-
phanes compared to CAACs featuring bulky substituents. Furthermore, the authors disclosed the oxidative addition of pinacolbor-
ane across the carbene carbon of 58 yielding 64, while adduct formation was noted upon reacting 58with BH3 to yield 65.79 Radius
et al. also described the oxidative addition of diboron leading to the oxidized product 66,80 while Turner disclosed the activation of
CeH and CeF bonds with CAACs, referring to the nonclassical carbenes as chemically noninnocent.81

For efficient catalysts and catalytic processes, however, both oxidative addition and reductive elimination reactions should be
viable. In support of the transition metal-like reactivity of CAACs, a recent report confirms the feasible reductive elimination at
the carbene carbon of CAACs.82 It was demonstrated that reductive elimination is dependent on the steric environment imposed
by the ligand, with sterically encumbered menthyl-CAACs such as 67 favoring reductive elimination (Scheme 11, i). The
requirement for the unique electronic properties of the CAAC ligand was verified computationally, with the prediction of the car-
bene p(p)-orbital participating in the reductive elimination reaction (see formation of 41 from 67, Scheme 11, i). The stereo-
electronic properties of the CAAC ligand therefore plays a crucial role during both the oxidative addition and reductive elimination
processes. Reversible oxidative addition facilitated by CAACs has also been described for the activation of boronates.83 Addition of
arylboronate esters 74 to CAAC 68 resulted in oxidative addition of the boronate across the carbene carbon yielding 75 (Scheme 11,
ii). The product of oxidative addition is in equilibriumwith the reduced species, an equilibrium affected by heating or cooling of the
reaction mixture (Scheme 11, ii). The above discussed examples of oxidative addition and reductive elimination further advances
our understanding towards carbene carbon-centered organocatalysis.

In culmination of the work described above, the ambiphilic CAAC was employed as an organocatalyst, with oxidation and
reduction reactions key steps toward closing the catalytic loop to access the organic products.84 Bertrand and co-workers also re-
ported the activation of CO leading to formation of the ketene 76 (Scheme 12, i).85 The authors exploited the activation of CO
with CAACs by promoting carbonylation of o-quinone catalytically to yield the corresponding cyclic carbonate.84 Accordingly,
o-quinone was converted under 4 atm of CO in the presence of 10 mol% 41. Both stoichiometric and computational investigations
support a mechanism that involves first ketene formation through the reaction of CO with the carbene organocatalyst 41. The

Scheme 9 Oxidative addition of H2 and NH3 via nucleophilic addition with subsequent hydride transfer.
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subsequent reaction of ketene 76 with quinone 77 can lead to 78 or 79, with 79 reported to be the resting state of the catalytic reac-
tion. Reduction of 79 leads to reformation of the catalytically active species 78. The final step in the catalytic mechanism involves
elimination of the targeted cyclic carbonate 81 from 80, regenerating the free CAAC. A pronounced influence exerted by the stereo-
electronic properties of the selected carbene on the catalytic reaction was noted. Reduction of 79 is possible (Scheme 12, i), but the
analogous compounds 82 (Scheme 12, ii) and 84 (Scheme 12, iii), obtained when using 68 or 83 as organocatalyst, respectively,
demonstrated reluctance towards reduction. Hence, the catalytic reaction is arrested at the resting state when employing 68 or 83 as
catalyst.84

Scheme 11 Reductive elimination across the carbene carbon of CAACs.

Scheme 10 Oxidative addition across the carbene carbon of CAACs.
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1.05.2 Chemical noninnocence

Tailored ligand design for noninnocent participation in substrate activation is elegantly exemplified by various strategies, such as the
established (de)aromatization process allowing for inert substrate activation.6–9,20,86–93 Substrate bond manipulation is realized
across the metal and the ligand, which is facilitated via aromatization/dearomatization of the ligand, with the metal remaining
in the same oxidation state (Scheme 13, i). Another approach involves tethering of a hemilabile donor functionality to the coor-
dinating ligand, with coordination/decoordination of the donor moiety either stabilizing the metal complex or vacating a coordi-
nation site for substrate binding (Scheme 13, ii).10,11,18,19,21,23,24,94,95 Alternatively, multifunctional ligands containing a reactive
site can be used in a Lewis acid-base pair activation strategy. Generally a reactive site such as a Lewis basic donor moiety is included
in the ligand structure while the metal fulfills the acceptor role (Scheme 13, iii).9,12–25,87,92,94,96–102

The amalgamation of a strong donor carbene with an additional functionality to aid substrate bond activation (Scheme
13),5,95,96,103–107 is in most instances achieved when the robust MeC bond acts as the anchor, securing the metal in close proximity
to the added noninnocent moiety. Substitution of the classical NHC with a nonclassical NHC allows access to different reactivity

Scheme 12 Realizing cyclic carbonates via CAAC catalyzed carbonylation of quinone with CO.

Scheme 13 Tailored NHC-ligand design towards facile bond manipulation via ligand cooperativity.
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profiles, and if tethered to a noninnocent moiety, new complex reactivity could be imagined. Various nonclassical NHC ligands
decorated with an auxiliary functional group that manifests the carbene containing ligand as noninnocent, have been developed.
These ligand functionalities range from hemilabile pendants, to chemoactive ligands, as well as ligands featuring bifunctionality to
actively participate in bond making and bond breaking processes.

The nonclassical carbene ligand of interest in this section, must demonstrate chemical noninnocence, with the noninnocent
functionality tethered (see Fig. 2) to the carbene donor group as a prerequisite (i.e. a metal complex coordinated by a trz, Im4
or CAAC and an independent ancillary noninnocent ligand will not be considered). The chemically cooperative nonclassical car-
benes are grouped according to the periodic group of the noninnocent moiety participating in the noninnocent strategy (Fig. 2).
A broad overview of the developments is presented, with various examples highlighted to emphasize either the importance of
the cooperative ligand, or the mechanism by which the noninnocent ligand facilitates bond manipulation strategies, or both.

1.05.2.1 Group 4 donor functionalized nonclassical carbenes

1.05.2.1.1 C-donor functionalized carbenes
A popular chelation strategy involves CeH bond activation, generally resulting in cyclometalation and subsequent isolation of the
target complex.108 Accordingly, Mandal and co-workers prepared C,C-cyclometalated complexes via a CeH activation strategy, for
use as catalyst mediating various cross-coupling catalyzed reactions.31 A C,C-chelated nickel complex was prepared, purposed for
the catalyzed hydroheteroarylation of vinylarenes, through coordination of the phenyl substituted Im4 85 to a Ni0 precursor
(Scheme 14).109 Carbene coordination is followed by isomerization of 1,5-cyclooctadiene to 1,3-cyclooctadiene, with concomitant
elimination of one of the cyclooctadiene (cod) ligands (Scheme 14). Subsequent C(aryl)eH bond activation results to CeH oxida-
tive addition and formation of 87, with ensuing hydride transfer to the remaining cod ligand, yielding the C,C-chelated nickel
complex 88 with the cod ligand coordinating in a h3-allyl fashion (Scheme 14). Decoordination of the phenyl carbon followed
by reduction of the NiII precatalyst 88 leads to the formation of the active Ni0 catalyst 89 (Scheme 14). The postulated reaction
mechanism indicates that the succeeding catalytic cycle does not involve cyclometalation of the C(phenyl)eH bond again, and
therefore re-coordination of the sp2 phenyl carbon does not occur during the completion of a catalytic cycle.109

In addition, Mandal et al. prepared C,C-cyclometalated dinuclear palladium complexes 91 and 92 (Scheme 15, route i), and
investigated the complexes as catalysts in the Suzuki-Miyaura cross-coupling of aryl chlorides with phenylboronic acid.31,110

High turnover numbers (TONs) were accessed, even when using aryl chlorides substituted with electron donating or electron with-
drawing groups. Furthermore, complex 91was determined to be catalytically active for 10 consecutive catalytic runs, while retaining
its catalytic activity. Both crystal structure analysis and DFT calculations suggested a stronger palladium carbene carbon bond
compared to the palladium aryl carbon bond.110 Subsequent addition of excess trifluoroacetic acid (TFA) resulted in C(aryl)ePd
bond cleavage, as reported by the same group, when exploiting the analogous chloro-bridged dimer 93 as a catalyst in the hydro-
arylation of aromatic CeH bonds (Scheme 15, route ii), in the presence of TFA.111 The catalytic addition of arenes across alkynes
was realized with adequate product yields and preferential selectivity towards the cis-adduct. The proposed mechanism commences
with substitution of the bridging chloro ligands of 93 with TFA ligands, first leading to the dimer 94, followed by monomer (95)
formation after addition of more TFA. Excess TFA then leads to protonation of the palladium-bound aryl carbon of 95, with

Fig. 2 Nonclassical carbenes containing a tethered functional group towards ligand cooperativity.

Scheme 14 Cyclometalation and phenyl decoordination yields a hydroheteroarylation catalyst.
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subsequent decoordination of the phenyl moiety to yield the catalytically active Pd-TFA species 96 (Scheme 15, route ii). This
allows for electrophilic attack on the substrate’s aromatic CeH bond, leading to the s-aryl-Pd complex 97, reported to be the first
step in the catalytic cycle (Scheme 15).111 The group further demonstrated the multifaceted potential of the dinuclear bridged
complex, with an analogous C,C-chelated palladium dimer mediating the oxidative Heck coupling reaction of arylboronic acids
with electron rich or electron deficient olefins at ambient conditions, using water as the solvent of the reaction.112

The dinuclear palladium complex 91 can additionally be utilized for the catalytic dehydrogenative cross-coupling of heteroar-
enes (Scheme 15).113 The complex catalytically mediated the CeH activation of both heteroaryl substrates in the presence of AgOAc
as oxidant. A range of stoichiometric experiments allowed insight into a possible reaction mechanism, involving again first the
substitution of the chloro-bridging ligands of 91 with acetato-ligands, originating from the addition of silver acetate (Scheme
15, route iii). It was proposed that dimer 98 subsequently dissociates in the presence of solvent, leading to formation of mononu-
clear complex 99 that is considered to be the catalytically active species.113 Next, the CeH activation of the first heteroaryl substrate
(100, Scheme 15) results in formation of the heteroarylpalladium(II) complex 101 with acetic acid elimination. It is proposed that
the second substrate (102) inserts across the C(aryl)ePd bond of 101, yielding the corresponding phenyl substituted mono-
coordinated triazolylidene palladium complex 103 with both heteroaryl substrates coordinated via a carbon-metal bond, in addi-
tion to coordination of a solvent molecule (Scheme 15). The authors further postulated that reduction of 103 yields the Pd0

complex 104 with elimination of the cross-coupled product 105, followed by oxidation of 104 with silver acetate leading to cyclo-
metalation and the catalytically active species 99 (Scheme 15).

The CeH bond activation methodology was further implemented towards preparation of trz metal complexes.59,114–122 This
process was demonstrated to be reversible in some instances, albeit through the addition of a base effecting cyclometalation, while
under acidic conditions, protonation occurred leading to decoordination and subsequent re-formation of the pendant moiety.123–
125 A variant to this is a cyclometalated ruthenium trz complex, demonstrated to activate hydrogen across the C(aryl)emetal bond
with accompanying CeH insertion or phenyl decoordination.126 The group of Stephan et al. prepared a series of ruthenium
complexes coordinated by a trz featuring a pendant phenyl group.126–128 The complexes were prepared via silver transmetalation,

Scheme 15 CeH activation towards C,C-cyclometalated dinuclear palladium complexes.
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leading to formation of various products, including the cyclometalated products 108, 111, 112 and 113 through phenyl CeH bond
activation (Scheme 16).126,127 The group further demonstrated that stirring a solution of the ruthenium hydride 109 in CD2Cl2
resulted in hydrogen elimination with concomitant phenyl cyclometalation (Scheme 16).126 Addition of H2 to the cyclometalated
product 113 immediately resulted in C(phenyl)eruthenium bond cleavage, with decoordination of the phenyl pendant and forma-
tion of the hydride 114. Continuous exposure to hydrogen gave rise to trz protonation and dissociation yielding 115, en route to the
triazolium salt 116 and the ruthenium hydride 117. Due to the observed reactivity, the complexes could be successfully utilized as
hydrogenation catalysts. Mechanistic considerations by Stephan et al. shows a catalytic pathway initiated by fast transformation of
the cyclometalated species 113 to the corresponding hydride product 114 under a hydrogen gas atmosphere (Scheme 16). The
authors further hypothesized the dissociation of a phosphine ligand with olefin coordination and subsequent insertion across
the metal hydride bond. Reaction with H2 leads to product formation and regeneration of the active catalyst.126

Noninnocent ligand behavior was inferred for iridium complexes catalyzing the oxidation of water, with the catalyst facilitating
the prevalent process with high TONs.129 Employing ligand 118 (Scheme 17), the water oxidation catalysts could be accessed
through double CeH activation of the ligand salt upon reacting with [Cp*IrCl2]2 (Cp* ¼ pentamethylcyclopentadienyl), yielding
two different C,C-chelated complexes. Pyridinium C(sp2)eH bond activation leads to the five-membered metallacycle 119. Alter-
natively, C(sp3)eH bond activation resulted in formation of an iridium-containing ylide complex 120, which is unusual as a strong
base is generally required to access the ylide in classical pyridinium chemistry.129 Both experimental and computational investiga-
tions elucidated the control effected by the remote substituent on the site of cyclometallation.130 Of further note is addition of
acetate to the reaction mixture during the complexation of the ligand to iridium, leading to NeCH3 bond activation instead of
the C(sp2)eH or C(sp3)eH bond activation (Scheme 17).131 Consequent selective methylene transfer from the pyridinium moiety
to the benzyl functional group has been paralleled to the methyltransferase activity in biological systems. Based on deuteration
experiments followed with NMR spectroscopic analysis, Albrecht et al. proposed a preliminary reaction mechanism illuminating
the methyl transfer and insertion process. Formation of 121 through initial carbene coordination is proposed to be followed by
cyclometalation, either acetate assisted or via oxidative addition, yielding C,C-chelated complexes 122 and 123 (Scheme 17). Nitrile
ligand substitution by the added acetate ensues with formation of 124. The authors speculated formation of 125 via concerted CeH
bond activation and NpyreC bond cleavage in 124, mediated by the coordinating acetate ligand. Methylene insertion across the
metal–phenyl bond is then followed by acetonitrile or benzonitrile coordination, with subsequent nitrile activation through nucle-
ophilic addition of the anionic benzyl functionality yielding the imine coordinated complex 127. Reacting the imine-containing
triazolylidene complex with HCl further resulted in immediate dissociation of the imine donor followed by Schiff base reactivity
to yield the carbonyl containing complex 128.131 Accordingly, the carbonyl oxygen could also potentially act as a noninnocent
moiety assisting in bond making and breaking processes.

Scheme 16 Ruthenium triazolylidene complexes accessed via CeH activation.
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Noninnocent ligand roles of the cyclic (alkyl)(amino)carbene class of the nonclassical carbenes, apart from the inherent non-
innocence discussed above, have also been exploited in metal-mediated processes. The unique reactivity of CAAC-metal complexes,
compared to metal complexes coordinated by inert ligands, was eloquently demonstrated by a CAAC coordinated chromium
complex, reported by Zeng et al.132 Chromium complexes coordinated by CAAC ligands has previously been reported.133 A
CAAC ligand featuring a hemilabile imine pendant, first reported by Bertrand et al. (vide infra),134 was coordinated to CrCl3
yielding the corresponding C,N-chelated CrIII complex 129 (Scheme 18).132 Zeng and co-workers determined that the CAAC coor-
dinated chromium complex could mediate the deoxygenative hydroboration of nitro functional groups, yielding the corresponding
amine derivatives. The catalytic deoxygenative hydroboration reaction was also realized with an analogous catalyst, such as a chro-
mium complex coordinated by a classical NHC (featuring either an imine pendant or no hemilabile group at all), in addition to
a CAAC coordinated chromium complex with no tethered donor functionality on the CAAC ligand. However, diminished catalytic
reactivity for these analogous catalysts was reported, highlighting the requirement for the CAAC donor ligand to feature a hemilabile
pendant. Various experiments and calculations allowed for insight into the catalytic reaction mechanism (Scheme 18).132 Reduc-
tion of complex 129 from CrIII to the Cr0 complex 130 by Mg is marked by a catalyst induction period, which is followed by THF
ligand exchange for PhNO2 yielding 131. The oxygen lone pair of PhNO2 in 131 can subsequently coordinate the boron from the
added HBpin (HBpin ¼ pinacolborane), leading to s-bond metathesis and formation of the hydride intermediate (Scheme 18).
This is followed by NeO bond scission with ensuing CreO bond formation. The noninnocent ligand effects the following step
involving hydride migration. The hydride is transferred from the metal to the carbene with accompanying reversal of the polarity
of the hydride. Proton transfer from the metal-bound carbon to the boron oxygen ensues, regenerating the carbene coordinated
complex 132 with concomitant elimination of HOBpin (Scheme 18). This constitutes the first deoxygenation step. The second
deoxygenation step yields the chromium nitrene complex 133, with elimination of another HOBpin molecule (Scheme 18).
Both HBpin and HOBpin contribute toward the reduction of the nitrene moiety, ultimately leading to O(Bpin)2 elimination
and release of the aniline product in a stepwise manner, regenerating the nitro-ligated active catalyst 131 (Scheme 18). Calculations
evidenced the carbene’s p-accepting attributes to accommodate a Cr unpaired d-type electron in the vacant p-orbital, facilitating the
reversible proton transfer event.132 Hydride transfer from a CAAC-coordinated dinuclear copper complex to the electrophilic car-
bene carbon has also been reported, albeit as an irreversible migratory process.135

Ligand cooperation not only applies for bond making and breaking processes, but also towards stabilization of reactive
complexes, as discussed above.136 Isolation of these reactive species allows insight into transient intermediates in catalysis, facili-
tating a better understanding of the catalytic processes. Bertrand and co-workers coordinated the menthyl-substituted CAAC ligand
41 to rhodium, resulting to formation of a stable 14-electron T-shaped rhodium complex 135 (Scheme 19). Crystal structure and
NMR analysis of the complex in solution confirm two agostic interactions which provide stabilization towards the low-valent metal
complex.136 Furthermore, chloride abstraction of a menthyl-CAAC coordinated palladium complex56 with a silver salt, yielded

Scheme 17 Pyridinium-containing trz iridium complexes for water oxidation and methyltransferase activity.
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a stable 14-electron cationic palladium complex 136, featuring an agostic interaction as evidenced by X-ray diffraction and NMR
analysis.136 The corresponding cyclohexyl-substituted CAAC rhodium and palladium complexes could not be isolated.

1.05.2.2 Group 5 donor functionalized nonclassical carbenes

1.05.2.2.1 N-donor functionalized carbenes
Noninnocent ligand roles of the group 5 atom functionalized nonclassical carbenes predominantly employ N-donors, although
examples of P-donor tethered carbenes are known.137,138 A bifunctional ligand, featuring the strongly donating imidazol-4-
ylidene and a benzimidazolato motif, was developed towards facile hydrogenation of various aromatic and aliphatic aldehydes
under atmospheric hydrogen pressure, room temperature, and base-free reaction conditions in the presence of water (Scheme
20).139 The authors postulated that the noninnocent Im4 coordinated iridium complex 137 catalyzed this transformation via
a rate-determining outer-sphere hydride transfer step, followed by a fast proton transfer event (Scheme 20). The two hydrogen
transfer steps could be realized due to the bifunctional character of the ligand, with the strong donor Im4 increasing the hydridic
character of the hydride ligand, resulting to enhanced hydride transfer, while the benzimidazolato functionality mediated the
proton transfer step via the basic imino moiety. It was established that the aldehyde hydrogenation reaction could be catalyzed che-
moselectively in the presence of various functionalities. The catalytic reaction was shown to be scalable, with a 95% yield obtained
for the alcohol at a 5 mmol scale. A plausible reaction mechanism included a ‘switch’ between the imine nitrogen of complex 139
and an iridium coordinated amine nitrogen in 140, facilitating the fast proton transfer step and completing the catalytic cycle, regen-
erating 138 and yielding the targeted product (Scheme 20).139

Choudhury et al. further exploited the analogous iridium complex towards storage of hydrogen at ambient pressure and subse-
quent release at 90 �C, via the carbon dioxide-formic acid couple.140 Development of a homogeneous catalyst facilitating both the

Scheme 19 Agostic interactions stabilizing low-valent metal complexes.

Scheme 18 Deoxygenative hydroboration catalyzed by a CAAC-Cr complex.
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storage and release of hydrogen from a carrier liquid would contribute towards the advancement of green processes, as it allows for
the risk mitigated transport of the volatile substance.141–143 Accordingly, the iridium complex reported by the group of Choudhury
was shown to promote both the hydrogen storage and release reactions, switching between the two processes via pH adjustment
(Scheme 21).140 Hydrogen incorporation was catalyzed by the C,N-chelated iridium complex 141 with a solution pH of 8.5,
attained through the addition of base (Scheme 21, i). Hydrogen coordinates to the metal yielding intermediate 143 from 142, fol-
lowed by H2 cleavage leading to formation of the hydride complex 144, with base-mediated proton abstraction hypothesized.
Iridium formate 145 is obtained after metal-bound hydride transfer from 144 to either CO2 or in situ generated HCO3

�. This leads
to formate release and regeneration of the active iridium catalyst 142 upon reacting with aqueous KOH. In contrast to the formation
of formate, the liberation of hydrogen occurs under acidic conditions (Scheme 21, ii). The mechanism postulated for the release of
hydrogen from formate involves the simultaneous protonation of the basic exo nitrogen of the benzimidazole moiety with HCO2H
and coordination of HCO2

� to iridium. An equilibrium ensues between the metal bound anionic amido nitrogen 146 and the
imino-coordinated iridium complex 147, after imine protonation (Scheme 21, ii),140 resembling the imine-amine switch in the
aldehyde hydrogenation mechanism discussed above (see 139 and 140 in Scheme 20).139 b-Hydride elimination proceeds from
the equilibrium, releasing CO2 and yielding 148 (Scheme 20, ii).140 Presumably, HCO2H forms a hydrogen bond with the distal
g-NH of 148 leading to intermediate 149, followed by formic acid and H2 formation with subsequent release of H2 yielding 146
(Scheme 21, ii). The noninnocent role of the ligand allows for the hydrogen transfer events, while the significance of the nonclas-
sical carbene was illustrated upon comparison to the analogous benzimidazole tethered pyridinylidene complex which demon-
strated poor catalytic performance in both reactions. The increased catalytic performance was attributed to the stronger donor
characteristics of the Im4, inducing increased hydride character and a decreased hydride transfer energy barrier. The iridium catalyst
was also demonstrated to facilitate the CO2-transfer hydrogenation catalysis at ambient pressure using biomass-derived alcohols
such as glycerol, as the source of hydrogen.144 Hydrogen storage and release,140 as well as the hydrogenation of CO2,

144 substantiate
the requirement for noninnocent ligand design with stronger donor carbenes, as both case studies demonstrate relevance towards
more environmentally friendly processes.

The same group furthered investigations into switchable catalysis, in this case scrutinizing an acid/base-responsive complex
towards hydrogenation of quinoxalines.145 Accordingly, a nonclassical carbene tethered by a uracil motif was coordinated to
iridium (152, Scheme 22). The incorporation of the uracil motif was rationalized by the possible lactam-lactim tautomerization,
which would render the ligand noninnocent and subsequently aid in heterolytic H2 activation towards hydrogenation. Choudhury
et al. determined that the complex could catalyze the hydrogenation of quinoxaline with 1 mol% catalyst loading, under atmo-
spheric hydrogen gas pressure at 50 �C in just 90 min. The catalyst could be switched off through the addition of base and switched
back on via the addition of HCl (Scheme 22). Thus, charging a solution of the neutral analog of 152 (where L ¼ Cl) with H2, yielded
the corresponding iridium hydride intermediate 155 through heterolytic H2 cleavage aided by the noninnocent ligand, with proton-
ation of the uracil carbonyl moiety forming the IreN]CeOH fragment.145 Heterolytic cleavage is followed by quinoxaline hydro-
genation, which is proposed to occur via an outer-sphere mechanism. Catalysis is however halted by the addition of base, a result of
the base capturing Hþ from the heterolytic H2 cleavage process. Proton transfer to the quinoxaline is therefore ceased, which subse-
quently inhibits hydride transfer (Scheme 22). The catalyst could be switched on again through the addition of HCl, and the catalyst
switching process could be repeated several times.

Tethering of a pyridine functionality to a carbene donor ligand allows for the preparation of C,N-chelating ligands, with the
possibility of yielding an inert nitrogen-metal bond upon chelation. Alternatively, the coordination/decoordination of the pyridine
moiety can affect a hemilabile noninnocent role,10–12,18,19,21,23,24,94,95 closely resembling the contributions of the pyridine func-
tionality in the well-known PEPPSI-type complexes (PEPPSI ¼ Pyridine Enhanced Precatalyst Preparation Stabilization and Initia-
tion).146–162 From an electronic point of view, the trz-pyridyl combination results in increased donor strength compared to the
pyridine-triazole C,N-chelating derivatives and the analogous bis-triazole and 2,20-bipyridine N,N-chelating ligands, while lower

Scheme 20 Bifunctional imidazol-4-ylidene ligand featuring a benzimidazolato motif.
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Scheme 22 Acid/base switchable hydrogenation catalyst.

Scheme 21 Hydrogen storage and release facilitated by an iridium catalyst.
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donating capabilities are seen when likened against the bis-trz C,C-chelating ligand163 (see Fig. 4 for representative examples of the
mentioned bidentate ligands). Scrutinizing the p-acceptor properties of the trz-pyridyl ligand reveals that only the 2,20-bipyridine
ligand has improved p-acceptor capabilities, with the abovementioned N,N-bistriazole, C,N- and C,C-chelating ligands demon-
strating decreased p-acceptor properties. Arguably, these features provide a balance between donor-acceptor strength of the biden-
tate trz-pyridyl ligand, while at the same time providing stabilization due to chelation in addition to possible metal coordination/
decoordination affecting a bifunctional role. Not surprising then is the number of documented examples of trz ligands featuring
a pyridine hemilabile donor.30,33,35,37

At the onset of the previous decade, Albrecht et al. reported ruthenium complexes chelated by a trz-pyridyl ligand, with coor-
dination of the nitrogen moiety to the metal (Fig. 3).62 Similarly, the corresponding C,N-chelated iridium complexes were also dis-
closed (Fig. 3).63,164 It was determined that in the presence of sacrificial oxidant, both the ruthenium and iridium complexes
catalyzed the oxidation of water,62,63,165 with the cationic pyridine coordinated ruthenium complexes displaying selectivity towards
oxygen (Fig. 3), contrasting to the cymene coordinated ruthenium complexes investigated in the study which formed CO2 in addi-
tion to O2.

62 The iridium complexes depicted in Fig. 3 displayed selectivity towards oxygen.63 However, catalytic activity for the
C,N-chelated complexes was still lower compared against the C-bound iridium complexes described above (see Scheme 17).129

Stable complex formation due to rigid C,C-chelation versus trz-pyridyl chelation could rationalize the difference noted in catalytic
activity, similar to the reported example of a trz-thiazole C,N-chelated iridium complex with increased water oxidation catalytic
activity compared against an analogous benzoxazole-tethered triazolylidene iridium complex.166

The group of Albrecht et al. also described the storage and release of hydrogen from a carrier molecule167 similar to the trz-
pyridyl coordinated iridium complex 141 described above.140 Hydrogenation and dehydrogenation of N-heteroarenes were medi-
ated by iridium trz-pyridyl catalysts.167 It was established that the two iridium complexes 164 (Fig. 3) and 177 (Scheme 23) could
catalyze both the hydrogenation and the dehydrogenation of quinolines, either in the presence or absence of hydrogen, respectively
(Scheme 23, i). The iridium complexes further demonstrated its functional group tolerance with the hydrogenation of a variety of
quinolines with varying substituents. The authors’mechanistic consideration proposed a roll-over cyclometalation,168 which in the
presence of hydrogen and D2O as solvent167 results in formation of a C,C-chelated iridium intermediate leading to deuteration of
the C6 of the pyridyl pendant, yielding 176 (Scheme 23, ii). Dissociation and coordination of the pyridine nitrogen therefore allows
for the deuteration to proceed, with selective deuteration at the C6 position. The proposed mechanism for hydrogen activation by
the trz-pyridyl chelated iridium complex 164 in the presence of hydrogen and D2O is depicted in Scheme 23. Deuteration at the C6
position of the C,C-chelated complex 177 was also demonstrated. However, for complex 177, deuteration occurred at both the C6
position and the pendant phenyl substituent, with concomitant formation of 178 (Scheme 23, iii).167

Another pyridine tethered trz complex, a palladium complex 179, was reported to catalyze the intermolecular hydroamination
reaction between anilines and terminal alkynes yielding the corresponding imines.169 Both the classical NHC as well as the trz con-
taining Pd-PEPPSI complexes showed no reactivity towards the intermolecular hydroamination catalyzed reaction. This clearly illus-
trated the requirement for both the stronger donor nonclassical carbene in conjunction with the tethered donor moiety to access
noninnocent reactivity. Complex stabilization is mediated through pyridine to metal association (Scheme 24, i). Pyridine dissoci-
ation from palladium 179 opens the catalytic pocket, exposing a coordination site in the metal’s first coordination sphere for subse-
quent h2-acetylene coordination via one of the alkyne’s p-bonds (Scheme 24, i). The decoordinated pyridine pendant arm was
reported to be in close proximity to the Pd center (<5.0 Å), as requisite for successful catalysis (vide supra).169 The basic nitrogen
subsequently facilitates the proton transfer events between the catalyst and the catalytic intermediates, working in tandem with the
Pd metal center to furnish the imines at room temperature with exclusive Markovnikov selectivity (Scheme 24, ii).The noninnocent
nonclassical carbene containing palladium complex could also catalyze the Sonagashira coupling reaction between an aryl halide
and a terminal alkyne.170,171 This could be achieved either through employing the trz palladium complex as shown,170 or in
conjunction with a second palladium complex coordinated by a phosphine donor ligand.171

Sarkar and co-workers demonstrated the s-donor p-acceptor balance of the trz-pyridyl ligand163 during both the electro-
catalytic H2 production employing a cobalt catalyst with acetic acid as the proton source (Fig. 4, i),172 as well as the oxygen-
ation of sp3 CeH bonds using iridium chelated complexes as catalysts (Fig. 4, ii).173 The trz-pyridyl ligand was compared

Fig. 3 Water oxidation catalysts featuring trz-pyridyl C,N-chelating ligands.
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against C,N-, C,C- and N,N-chelating ligands, displaying superior catalytic activity for the trz-pyridyl chelated metal
complexes.172,173 Ko�smrlj and Sarkar also investigated the effect of structure variation of the trz-pyridyl ligand, introducing
either a methylene spacer between the pyridine and the trz moieties [Fig. 4, iii (a)],174,175 or a second nitrogen at the pyridine
site yielding the corresponding pyrimidine appended trz ligand [Fig. 4, iii (b)].176 When equated against the analogous

Scheme 23 Proposed roll-over cyclometalation leading to pendant substituent deuteration.167 Modified from Vivancos, Á; Beller, M.; Albrecht, M.
ACS Catal. 2018, 8, 17–21.

Scheme 24 Hemilabile pyridine coordination/decoordination enabling catalytic processes.
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trz-pyridyl metal complexes, improved catalytic performance was observed.174,176 Enhanced selectivity in the catalyzed
alcohol oxidation reaction was noted for the six-membered metallacycle complex, compared against the five-membered
trz-pyridyl ruthenium complex derivatives investigated [Fig. 4, iii (a)].174 Sandoval et al. also reported a similar picolyl teth-
ered trz ruthenium complex, in addition to its catalytic transfer hydrogenation activity.177 Trz-pyrimidine chelated complexes
catalyzed various reduction reactions with increased catalytic activity when compared with the equivalent trz-pyridine
complexes, reported to be the effect of pyridine substitution with the pyrimidine pendant [Fig. 4, iii (b)].176 It is therefore
evident that even minor structural variation of the privileged trz-pyridyl chelate can accomplish improved catalytic activity
and/or selectivity.174,176

A slightly varied ligand design approach utilizes a pendant donor moiety, tethered to a triazolium-pyridyl C,N-bidentate proli-
gand.178–182 Chelation of the C,N-bidentate ligand results in an increased yaw angle (Scheme 25, i), which disfavors coordination
of the pendant donor to the metal center, but at the same time securing the pendant donor in close proximity to the metal.178,179

Substrate recognition and binding can subsequently be mediated by the noncoordinating Lewis basic pendant. Concomitantly, the
metal can complete the catalytic processes while exploiting the attributes imparted by the privileged trz-pyridyl chelate to mediate

Fig. 4 Towards improved catalyst with trz-pyridyl and trz-pyrimidine chelating ligands.

Scheme 25 Functional group tethered trz-pyridine C,N-chelated iridium complexes.

252 Nonclassical carbenes as noninnocent ligands



the sought-after process/es. The design methodology centered around the Lewis acidic metal in tandem with the Lewis basic donor
group, parallels the well-known frustrated Lewis acid-base pairs.183–185 Accordingly, Albrecht et al. prepared triazolium-pyridyl C,N-
bidentate ligand precursors containing either a phenyl or a second pyridine functionality (Scheme 25, ii).178 Coordination to
iridium formed the corresponding C,N-chelated iridium complexes, with the pyridine 195 or phenyl 196 pendant moiety in close
proximity to the metal center, but not coordinating to the iridium coordination sphere. The complexes were determined to be cata-
lytically active in the base- and oxidant-free oxidative dehydrogenation of amines yielding the corresponding imines. The catalytic
activity and selectivity were advantageously influenced by the presence of the hemilabile pyridine moiety. Stoichiometric investi-
gations with X-ray diffraction, NMR and IR spectroscopic analysis confirmed the noninnocent behavior of the chelating ligand,
exposing the substrate to pyridine hydrogen bond formation upon coordination of an amine substrate in 197, after addition of
one equivalent of silver triflate to 195 (Scheme 25, ii). Addition of a second equivalent of silver triflate yielded complex 198,
with silver coordinated by the pyridine nitrogen. The use of the phenyl substituted trz-pyridyl complex 196 did not amount to
any substrate recognition and binding to the ligand backbone, only substrate coordination to the metal upon addition of silver
triflate, yielding 199. The elegance behind the design of the pyridine tethered trz-pyridyl ligand is rooted in the fact that dehydrogen-
ative coupling of amines requires NeH bond activation and elimination of hydrogen. Transition metals are celebrated for medi-
ating b-hydrogen elimination reactions,3 while NeH bond activation necessitates a Lewis base.183–185 Complex 195 features
both the mentioned requirements.178

In addition to the reports above, the group of Albrecht also reported the preparation of nitrogen functionalized hemilabile trz
ligand salts for complexation to a gold(I) metal center.186 Bidentate ligand coordination yielding a chelated mononuclear gold(I)
complex was not reported. Instead, dinuclear gold(I) complexes were formed upon ligation, with coordination of the ligand’s car-
bene moiety to a gold atom, while the amine functionality coordinated the second gold center. The chiral biscarbene dinuclear
gold(I) complexes were found to be catalytically active in the aldol condensation reaction between various aldehydes and methyl
isocyanoacetate. However, the catalytically active species in the aldol condensation reactions was attributed to gold nanoparticle
formation upon ligand dissociation.186 The diarylated nitrogen tethered trz ligand analogs were reported a few years later, with
nitrogen coordination and formation of bidentate mononuclear rhodium(I) complexes (Scheme 26).187 The hemilabile donor
was varied between either an amine 200, dimethylamine 201 or Boc (tert-butyloxycarbonyl) protected amine 202, functional group.
The rhodium complexes were investigated as alkyne hydrothiolation catalysts and determined to be highly selective towards the
formation of the Markovnikov-type a-vinyl sulfide product. The catalytic reaction mechanism was described, in the case of the
amine or dimethylamine substituted ligand complexes 200 and 201, respectively, as hemilabile coordination/decoordination,
stabilizing the metal center when required while yielding an active catalyst upon catalyst initiation. It was determined that the addi-
tion of K2CO3 was required to ensure selectivity towards the a-vinyl sulfide product. However, the rhodium complex 202 featuring
the NBoc-protected ligand displayed a different reaction mechanism (Scheme 26). Thiol deprotonation was mediated by the Boc-
protected amine moiety, yielding the HNBoc-pendant arm as well as the metal thiolate complex. This was followed by alkyne

Scheme 26 Alkyne hydrothiolation catalyzed by nitrogen tethered triazolylidene rhodium complexes.
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coordination with subsequent migratory insertion and finally, thiol protonolysis yielding the catalytically active intermediate
(Scheme 26). The incorporation of the NBoc-protected ligand allowed for catalysis via a non-oxidative addition mechanism, cir-
cumventing the formation of RhIII catalytic intermediates,188,189 while retaining the high selectivity towards the a-vinyl sulfide
product. This again illustrates the importance of ligand design and noninnocent ligands, as the reaction can be completed without
the addition of base which allows for an even ‘greener’ method towards the preparation of vinyl sulfides.187

Nonclassical carbenes have also been incorporated into the privileged pincer platform, harnessing the increased electron
donating properties of the carbene moieties33 and combining it with the stability imparted by a tridentate pincer into one ligand
scaffold.190–199 Pincer ligands featuring nonclassical carbenes have been reported,33,58,59,200–214 albeit only a few exhibit a nonin-
nocent role. One such example reports the combination of trz with the lutidine fragment, as disclosed by van der Vlugt, Elsevier and
co-workers.215 The incorporation of the lutidine backbone is not surprising, as this is a known motif for ligand cooperativity via
aromatization/dearomatization (Scheme 13, i).6–9,20,86–93 Accordingly, alkylation of both triazoles flanking the pyridine moiety
yielded the corresponding bistriazolium ligand salt.215 Subsequent silver transmetalation from the silver carbene complex with
a ruthenium metal precursor resulted in formation of the corresponding ruthenium complex 203 (Scheme 27). The pincer ruthe-
nium complexes were demonstrated to catalytically mediate the hydrogenation of carboxylic esters to alcohols, in the presence of
base and H2. Stoichiometric experiments involving the addition of base or acid evidenced the sought-after aromatization/dearoma-
tization reactivity, which was postulated to participate in the catalytic hydrogenation process alongside the added base (Scheme
27). Addition of base resulted to the dearomatized complex 204, while adding HCl yielded the aromatized product 205.

Metals that are classically viewed as inert can be coerced to react under mild conditions by effective ligand tailoring. This was
demonstrated by the ‘remote basicity’ imparted by a pincer bis(triazolylidene)carbazolide ligand, which rendered a gold(I) metal
site nucleophilic (206, Scheme 28).216 Furthermore, 206 featured an unusual T-shaped geometry around the gold(I) metal, a result

Scheme 27 Aromatization/dearomatization of a bistriazolylidene-lutidine ruthenium complex.

Scheme 28 Oxidation of T-shaped gold(I) complexes towards square planar gold(III) complexes.
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of the tridentate pincer ligand anchoring the metal into a constrained geometry. These main attributes allowed for protonation of
the coinage metal 206 followed by mild oxidation, yielding the corresponding cationic gold(III) hydrides 207 or 208. Protic rather
than hydridic hydride character was established for 207 upon stoichiometric treatment with either acid or base. No reactivity was
noted for 207 under acidic conditions but 207 reacted cleanly with sodium hydride liberating H2 and yielding the gold(I) complex
206. The electrophilic oxidation strategy was extended to include oxidation of the gold(I) pincer complex with electrophilic alkylat-
ing reagents (Scheme 28), leading to alkylation of either the amido nitrogen or the gold(I), and subsequent oxidation of the metal
yielding the corresponding cationic gold(III) alkyl complex 211. Reacting the T-shaped gold(I) complex with Selectfluor resulted in
the first example of a stable, well-defined monomeric cationic gold(III) fluoride complex 213.217 The bis(trz)carbazolide imparts
unique, unprecedented reactivity to the gold(I) metal center,216,217 as an important contribution to the recent realization that mild
gold oxidation can be accessed through appropriate ligand design.218–221

Gold(I) coordination to another noninnocent nonclassical carbene, in this case, a bifunctional CAAC ligand, could likewise
accomplish mild oxidation.134 The group of Bertrand expanded the library of CAACs to comprise a range of hemilabile functional
group containing ligand salts (Scheme 29, i). The hemilabile groups consisted of various functionalities, which included an ethoxy
214, alkenes 215 and 216, amine 217, iodo 219 and even a phosphine 220 containing functional group. The imine containing
ligand salt 218134 introduced above,132 was again of particular interest. Treatment of the corresponding gold(I) complex 221134

with KB(C6F5)4 followed by addition of biphenylene resulted in oxidative addition of the biphenylene substrate across the gold(I)
metal, yielding the corresponding cationic gold(III) complex 223 (Scheme 29, ii), similar to the seminal report by Toste et al.222 The
reaction was only successful in the presence of the hemilabile functionality.134 The gold(I) complex 221 and its copper analog 222
were also found to be catalytically active in the hydroarylation of alpha-methylstyrenes withN,N-dimethyl aniline (Scheme 29, iii).
The reaction is known to involve a proton transfer step, implicating the basic hemilabile functionality in ligand assisted coinage
metal catalysis. The copper containing CAAC complex with the imine hemilabile tether (218) was further verified to selectively cata-
lyze the hydroamination of phenyl acetylene with dimethylhydrazine, affording the anti-Markovnikov product 225 with 96% selec-
tivity (Scheme 29, iv). The pendant imine moiety has a pronounced influence on the outcome of the reaction, as the corresponding
copper complex without a tethered pendant catalyzed the aforementioned hydroamination reaction with diminished selectivity.

The imine-containing CAAC ligand 218 (Scheme 29, i)134 was also coordinated to palladium, allowing for isolation of highly
reactive complexes demonstrating unique reactivity.223 One such reactive and elusive complex is a palladium(II) terminal imido
complex (228, Scheme 30, i), obtained through reduction of the palladium(II) chloride 226 followed by oxidation of 227 with
tosyl azide (Scheme 30, i). Reduction with KC8 in pyridine was accompanied with decoordination of the imine moiety,223 yielding
the 14-electron pyridine substituted palladium complex 227.224 Subsequent oxidation allows re-coordination of the pendant donor
and formation of the target complex 228.223 In both examples, complex stability could be mediated, in part, by cooperation of the
hemilabile pendant which stabilizes the various oxidation states of the metal either via coordination or decoordination. Addition-
ally, it was established that the CAAC supported palladium(0) complex 227 could facilitate the reversible oxidative addition of
water, isopropanol, hexafluoroisopropanol, phenol and aniline at room temperature, reactions generally deemed as unfeasible
for palladium.224 Accordingly, the addition of water to 227 resulted in substitution of the pyridine ligand and oxidative addition
of H2O, with concomitant imine coordination stabilizing the suggested intermediary palladium (hydrido)(hydroxo) complex 229
en route to 230 via hydride transfer (Scheme 30, i). Computational analysis elucidated the influence of the pendant imine on the
reaction. It was determined that the hemilabile donor moderately stabilizes the transition state during the oxidative addition of
water, while trapping the square planar palladium product through coordination after oxidation,224 akin to the oxidative addition
of biphenylene to gold (vide supra) (Scheme 29).134 Hydride migration from the carbene carbon in 229 yields the palladium
hydroxo complex 230, which dimerizes to form the stable palladium dimer 231 (Scheme 30).224 The palladium(0) complex
227 could be regenerated through the addition of excess pyridine to 230, resulting in reduction of the dimer complex 231,

Scheme 29 Hemilabile substituted cyclic alkyl amino carbenes.134 Modified from Chu, J.; Munz, D.; Jazzar, R.; Melaimi, M.; Bertrand, G. J. Am.
Chem. Soc. 2016, 138, 7884–7887.
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elimination of water and decoordination of the tethered imine from palladium (Scheme 30, i). Reacting the palladium dimer 231
with 4-tert-butylphenylacetylene afforded the PdII acetylide complex 232 with hemilabile coordination to the monomeric metal, in
addition to water being eliminated from the reaction (Scheme 30, ii). However, addition of 4-tert-butylphenylacetylene to the Pd0

complex 227 did not result in oxidative addition. Rather, the p-complex 233 was obtained with coordination of the hemilabile
donor to the palladiummetal (Scheme 30, ii). The reactivity, and outcome thereof, in the presence and absence of water illuminates
the requirement of water for oxidative addition of weak CeH bonds to ensue.

The hydridic nature of the hydride migrating to the carbene carbon was evidenced upon treatment of the hydroxo complex 234
with HCl, leading first to formation of 235, namely the palladium chloride dimer (Scheme 30, iii). Addition of another equivalent
of HCl was followed by hydride transfer back to the palladiummetal, with subsequent H2 elimination, yielding palladium(II) chlo-
ride 237 with imine pendant coordination (Scheme 30, iii).224 This contrasts the hydride transfer step noted above for the analo-
gous chromium complex 129, where hydride transfer from the metal to the carbene carbon was accompanied with a reversal of the
polarity of the hydride ligand, and subsequent proton transfer to the substrate (see Scheme 18 above).132 The reversible and facile
oxidative addition mediated by 227 was exploited in several catalytic reactions, such as the mild transfer hydrogenation reaction
catalyzed without the need for additives, cross-coupling of esters with aniline and borylation of alcohols and amines with bis(pi-
nacolato)diboron (B2Pin2) (Scheme 30, iv).224 The oxidative addition of water was further utilized as a switch in catalytic activity,
with dry reaction conditions mediating the alkyne dimerization reaction yielding enynes, while addition of water resulted to poly-
acetylene formation from the starting terminal alkyne (Scheme 30, v). As is evident from the above examples, combining the
inherent noninnocent properties of the CAACs with a noninnocent hemilabile pendant, allows access to highly reactive complexes
with atypical or even unknown reactivity patterns. Of particular significance is the multiple noninnocent roles fulfilled by a singular

Scheme 30 Palladium complexes coordinated by a CAAC ligand featuring a hemilabile imine donor.
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ligand design strategy, with the noninnocent processes facilitated either by the imine pendant,134 the carbene carbon,132 or the mid-
road taken with either the imine or carbene carbon directly involved in the noninnocent role.223,224

1.05.2.3 Chalcogen donor functionalized nonclassical carbenes

1.05.2.3.1 O-donor functionalized carbenes
Incorporation of oxygen into multifunctional ligands, ultimately towards noninnocent ligand design, has also been investi-
gated.8,14–16,23,29,97,101,122,225–230 The rationale includes the acid base mismatch, imparted by the use of the hard-basic oxygen
donor with the Lewis acidic metal, which constitutes a soft Lewis metal in most examples. Akin to the nitrogen donor functionalized
ligands, the presence of the oxygen donor could possibly effect a hemilabile role through coordination/decoordination to the metal
or provide a basic site towards electrophilic substrate recognition and binding, followed by substrate activation. Apart from the
mentioned multifunctional roles, an alternative noninnocent role imparted by the oxygen donor could also be imagined. Hence,
the combination of noninnocent carbenes and oxygen containing moieties are prevalent albeit less explored compared to the
nitrogen based multifunctional nonclassical carbenes.

The group of Bera focused on annulated Im4,231–235 and more specifically, reported on the preparation of an iridium complex
coordinated by a hydroxy containing imidazo-naphthyridine ligand (238, Scheme 31).236 It was reasoned that the strong donor
characteristics of the nonclassical carbene would mediate improved hydride transfer from the metal to the substrate. Moreover,
chelation of the annulated ligand would suppress ligand dissociation, while an extended p-conjugated system should facilitate
aromatization/dearomatization processes. Most importantly, the presence of the hydroxyl functionality would mediate a proton
responsive role, ensuring metal-ligand cooperativity. Accordingly, the lactam-lactim tautomerization was realized via stoichio-
metric addition of acid or base, with NMR and UV–vis spectroscopy confirming the reversible aromatization/dearomatization
(Scheme 31). The iridium complex 238 was employed in the catalytic reductive amination of aldehydes.236 It was established
that 238 catalyzed the reduction reaction using one of three different hydrogen sources, either molecular hydrogen, iPrOH/KOtBu
combination or an azeotropic mixture of HCOOH/Et3N in a 5:2 ratio. For the catalyzed reaction utilizing the HCOOH/Et3N
azeotrope, a turnover frequency (TOF) of 645 h�1 was noted while for the catalyzed reactions using either H2 or the iPrOH/
KOtBu combination, the TOF was reported to be 33 h�1 and 1.82 h�1, respectively. Of particular note was the different mech-
anistic considerations, computed or postulated for each of the catalytic systems, depending on the hydrogen source. For the best
performing catalytic system, which involved the HCOOH/Et3N azeotrope, ion-pair decarboxylation results in iridium hydride

Scheme 31 Proton responsive nonclassical carbene coordinated iridium complex towards amine preparation from aldehydes.
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formation, with subsequent outer-sphere hydride transfer to the protonated imine leading to product formation, as supported by
calculations. For the transfer hydrogenation exploiting the iPrOH/KOtBu combination, Bera et al. proposed the formation of the
solvated complex 241 from the cationic active species 240 (Scheme 31), with the anionic form of the ligand stabilized by
a solvated potassium ion (241, Scheme 31).236 This is followed by formation of the metal hydride 242, via an outer-sphere
mechanism. Finally, amine formation is speculated to occur through both hydride and proton transfer from the iridium hydride
and a proton from a solvent molecule, respectively. Direct hydrogenation was postulated and supported by computational calcu-
lations to ensue from the cationic active species 240, first via H2 coordination yielding intermediate 244 (Scheme 31). Successive
heterolytic H2 cleavage across the metal and the lactam oxygen of 245 leads to ligand aromatization and subsequent lactim and
iridium hydride formation, yielding intermediate 246. A synchronous process, involving hydride and proton transfer to the
imine substrate, achieves product formation and regeneration of the catalytically active species via the imine H-bonded interme-
diate 247. The complex is therefore proposed to be able to mediate the catalytic reductive amination through three distinct mech-
anisms, with the ligand either being inert or facilitating the catalytic reaction via two discrete ligand cooperative pathways.

Albrecht et al. harnessed the electron donating contribution imparted by trz and combined it with an oxygen containing frag-
ment, towards multifunctional ligand design featuring a basic oxygen hemilabile donor.237 Ruthenation of an ester containing
bidentate ligand 248 resulted to C,O-chelation via loss of the methyl group with formation of 249, presumed to have occurred
through ester hydrolysis under the basic reaction conditions (Scheme 32, i). The catalytic alcohol dehydrogenation and transfer
hydrogenation activity of the C,O-chelated ruthenium complexes were also investigated, and determined to be lower compared
against the analogous trz-pyridyl complexes237 (see Fig. 3). Additionally, gold(I) complexes 252 and 253 coordinated by either
an alcohol or an acetate tethered trz carbene, respectively, was also reported by the same group (Scheme 32, ii).238 It is well-
known that coordination compounds of gold(I) generally results in linear complex formation,218,219 which was also the case
with the C,O-functionalized ligands.238 Further development of the oxygen-tethered trz class of ligands involved coordination
of a trz-containing C,O-bidentate ligand to nickel, leading to the isolation of the nickel complex 254 (Scheme 32, iii).239 The nickel
complex catalyzes the hydrosilylation of C]Obonds with a catalytic efficiency comparable to some of the best hydrosilylation cata-
lysts reported to date. Moreover, the nonclassical carbene coordinated nickel complex 254 outperformed the classical NHC sup-
ported complex derivatives. The O-pendant introduced cooperativity to the complex, as PhSiH3 reacted with 254 across the
nickel-oxygen bond (Scheme 32, iii). This resulted to cleavage of the metal oxygen bond, yielding the catalytically active nickel
hydride species 255 and 256. The contribution of multiple factors, such as the incorporation of nonclassical carbenes imparting
increased donor strength to the metal, the stabilizing chelate effect which limits catalyst decomposition as noted for the monoden-
tate nickel complexes,240 in addition to cooperativity leading to the catalytically active species, again evidence the importance of
appropriate ligand design to access highly active catalysts.239

Iridium(I),241 iridium(III) and ruthenium(II)242 complexes coordinated by C,O-bidentate ligands featuring either an alcohol
tether,242 or an ether pendant241,242 were also disclosed. Chelation was realized through chloride substitution, either during metal-
ation or via chloride scavenging, yielding C,O-chelated iridium complexes 259 and 260, in addition to ruthenium complex 264
(Scheme 33).242 Addition of brine to the chelated ruthenium complex 264 resulted in metallacycle ring-opening and re-
formation of the hydroxyl tethered complex 263, demonstrating reversible hydroxyl binding and therefore the hemilabile nature
of the tether. Transfer hydrogenation catalysis utilizing the iridium complexes proved that the pendant O-donor does have a marked
influence on the catalytic activity, as the unfunctionalized complex 261 demonstrated significantly reduced catalytic activity.
Furthermore, the iridium complex 257 featuring a hydroxyl pendant was reported to facilitate the hydrogenation with improved
catalytic activity when compared against the ether functionalized complex 258 (Scheme 33). Stoichiometric experiments of

Scheme 32 Mono- or bidentate complex formation with oxygen tethered triazolylidene ligands.
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Cs2CO3 addition to 259 evidenced iridium-alkoxide formation. As a consequence, the impact of the hydroxyl functionality was
postulated to impart increased electron density to the metal during catalysis upon metal-bound alkoxide bond formation, subse-
quently increasing the catalytic activity. An alternative role was also hypothesized by the authors, involving dihydrogen abstraction
via an outer-sphere mechanism with concomitant hydride and proton transfer to the substrate. The analogous ruthenium
complexes demonstrate superior transfer hydrogenation catalytic activity compared to the iridium complexes, with no real differ-
ence noted between the ruthenium complexes containing either the O-functionalized pendants or the unfunctionalized ligands.
Accordingly, an inner-sphere monohydride mechanism was credited as the reaction mechanism at play during the ruthenium cata-
lyzed hydrogenation reaction. Thus, generalization of ligand cooperativity should be made only with careful consideration.242 Met-
alation of the hydroxyl and ether substituted trz proligands, in addition to an ester containing triazolium salt, was also extended to
include palladium, rhodium and iridium(I).243 Oxygen coordination of the ester and ether hemilabile substituent to the trz sup-
ported palladium, rhodium and iridium complexes was not reported. However, the presence of the oxygen moiety could still func-
tion as a hard-basic site, that can aid catalysis implicating the ligand as noninnocent. On the other hand, addition of Cs2CO3 to the
alcohol containing trz palladium complex 267 resulted to metal-alkoxide bond formation, yielding 270 (Scheme 33). The rhodium
and iridium complexes also yielded the corresponding alkoxide products, albeit through in situ deprotonation of the ligand with
KN[Si(CH3)3] followed by coordination to the metal precursor, differing from the silver transmetalation strategy employed towards
preparation of the aforementioned palladium complexes.243

The bidentate chelation strategy towards inhibiting pendant donor coordination to the metal, was again reported by Albrecht
and co-workers.178–182 However, oxygen-containing pendant donor functionalities were used instead of a pyridine tethered to
the trz-pyridyl chelate (Fig. 5). The ruthenium trz-pyridyl chelated complexes feature either a carboxylic acid (271), ester (272),
or carboxylate (273) pendant. Catalytic transfer hydrogenation activity of these complexes surpassed that of the analogous ruthe-
nium complexes without a pendant donor site (Fig. 5, i).179 The results indicate that the pendant carboxylate contributes in catal-
ysis, with the noninnocent role of the ligand postulated to mediate either proton shuttling or bond manipulation processes. This
necessitates C,N-bidentate chelation which in turn fosters a larger yaw angle, ultimately preventing coordination of the pendant

Scheme 33 Towards O-donor functionalized hemilabile ligands.
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O-donor to the metal center to render it available for substrate recognition and binding. In addition to the transfer hydrogenation,
C,N-chelated ruthenium complexes (Fig. 5, ii) featuring either an oxygen donor 274 and 275, or an alkyl group 276 as pendant,
were also successfully used towards the catalyzed dehydrogenation of amines to nitriles, using O2 as terminal oxidant.182 The range
of coordination compounds substituted by the trz-pyridyl ligand framework featuring the oxygen pendant donor, was extended to
include iridium(III) as well (Fig. 5, iii).180,181 The complexes 277–280 were prepared towards catalytic water oxidation180 and
alcohol dehydration/dehydrogenation reactions.181 The C,N-chelated iridium complexes could facilitate the catalytic water oxida-
tion reaction in the presence of cerium(IV) as sacrificial oxidant, or under electrochemical conditions.180 The presence or absence of
HPF6 allowed for switching between the alcohol dehydration or alcohol dehydrogenation catalyzed reactions, mediated by 278.181

In both reports, the remote electronic effect imparted by the presence or absence of the oxygen containing donor moieties was
credited for the observed differences in catalytic activity,180,181 rather than a cooperative role as was postulated for the analogous
ruthenium complexes (Fig. 5).179

A trz ligand featuring a hydroxyl-containing hemilabile pendant was reported in another example of mild gold(I) to gold(III)
oxidation, this time mediated by visible light.244 The group of Mendoza-Espinosa reported on the preparation of a series of triazo-
lium ligand salts featuring a hydroxyl hemilabile moiety with either one, two or three methylene spacer groups between the oxygen
donor and the five-membered triazolium heterocycle.244–246 Coordination of these hemilabile containing ligands allowed for
isolation of the corresponding monodentate gold(I) complexes.244 Exposure of the trz gold(I) complex 282 to visible light
(23 W fluorescent light) resulted in oxidation, yielding the biscarbene gold(III) complex 283, albeit accompanied with gold(0)
and MIC-related side-products (Scheme 34). The gold(I) and gold(III) complexes efficiently catalyze the hydrohydrazination of
terminal alkynes with hydrazine, with the gold(I) complex demonstrating enhanced catalytic activity compared to the gold(III)
complex, ascribed to possible reduction of the high oxidation state gold in the presence of a reducing agent. The role of the hemi-
labile oxygen moiety in both the oxidation and hydrohydrazination catalyzed reactions was not reported. However, subsequent
reports by the group of Mendoza-Espinosa shed light on the possible involvement of the hydroxyl hemilabile donor once coordi-
nated to other transition metals. Ligand coordination to palladium in the presence of pyridine yielded the corresponding trz
complexes 284, with pyridine occupying the position trans to the carbene (Scheme 34). The hydroxyl pendant did not coordinate
to the metal,246 similar to the palladium hydroxyl-trz complexes reported by Sankararaman and co-workers.247 However, initial
Suzuki-Miyaura cross-coupling catalytic investigations indicated that the hydroxyl-tethered trz palladium complexes outperformed
ether functionalized derivatives or a commercially available NHC-containing palladium complex (Scheme 34).246 Moreover, it was
verified that the complexes featuring either a one or two carbon spacer, respectively, between the OH pendant and the trz hetero-
cycle have higher catalytic activity while the complex featuring three CH2 moieties displayed diminished catalytic activity.

Stoichiometric investigations allowed insight into the observed differences between the hydroxyl functionalized hemilabile trz
complexes.246 Deprotonation of the pendant arm resulted in stable palladium alkoxide complex formation, in the case of the two
complexes featuring either one (285) or two (286) -CH2- spacer groups (Scheme 34). The pendant arm featuring three methylene
moieties resulted in decomposition after deprotonation, reported to be attributable to formation of an unstable seven-membered
palladacycle. The five- and six-membered palladacycles were also found to exhibit high catalytic activity in the abovementioned
catalyzed reactions. Resultantly, the hemilabile oxygen donor functionality of complexes 285 and 286 enhance the catalytic reac-
tivity of the palladium complexes, stabilizing the catalytic intermediate and therefore mitigating catalyst decomposition.246 Simi-
larly, allyl and cinnamyl palladium complexes featuring a hydroxyl hemilabile functional group displayed higher catalytic activity in
the cross-coupling catalyzed reaction of phenylboronic acid with p-chloroanisole, compared against an analogous palladium
complex containing a phenoxy-linked pendant.245 On the other hand, similar catalytic reactivity was noted when the

Fig. 5 C,N-chelated ruthenium (i, ii) and iridium (iii) complexes.
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hydroxyl-functionalized trz was compared against a palladium complex without a hemilabile O-donor group. The observed differ-
ences in the catalytic reactivity of the complexes investigated was rather attributed to the presence of cinnamyl versus allyl substit-
uents, with cinnamyl substituted complexes exhibiting higher catalyst activity. The hydroxyl pendant was however implicated in
a proposed reaction mechanism for the catalytic reaction, stabilizing the catalytic intermediate during the formation of the catalyt-
ically active Pd0 catalyst, as illustrated in Scheme 34.245

The group of Sierra and Torre prepared a range of triazolium salts featuring a chiral sulfoxide pendant, with subsequent coor-
dination to gold via a silver transmetalation route.32,248 Selected gold(I) complexes were investigated as enyne cycloisomerization
catalysts. It was determined that both the sulfoxide moiety and the gold metal were required for catalysis, as the complex without
a sulfoxide functionality or a corresponding silver analogs complex failed to catalyze the cycloisomerization reaction.248 A hypoth-
esized mechanistic scenario involved terminal alkyne coordination with subsequent cyclization dictated by the steric bulk of the
nitrogen substituent, to proceed either via the 5-exo or 6-endo cyclization pathways yielding the corresponding 5-membered or
6-membered cycles (Scheme 35).32,248 A bulkier substituent at the nitrogen favored the 5-exo pathway, and the 5-membered
product could therefore be preferentially accessed through simple ligand modification. The authors theorized description of the
sulfoxide’s influence in the catalytic process is especially noteworthy. It is suggested that the oxygen or the sulfur lone pair coordi-
nates and stabilizes the gold carbenic intermediate, facilitating the reaction towards completion (oxygen coordination and stabili-
zation is depicted in Scheme 35, similar to the authors mechanistic proposal).32 The sulfoxide containing gold catalyst was further
shown to mediate the cycloisomerization-dimerization cascade of 1,6-enynes, in addition to the diastereoselective [2þ2þ2] cyclo-
addition of 1,6-enynes with benzaldehyde.249

1.05.2.3.2 S-donor functionalized carbenes
Nonclassical carbenes with a sulfur pendant have also been reported.250,251 Compared to its oxygen analog, the ‘softer’ chalcogen is
expected to readily dissociate from ametal coordination sphere, vacating a coordination site on the metal.95,252 Not surprising then,
was the introduction of sulfur as a hemilabile pendant tethered to nonclassical carbenes. However, chelation of the sulfur contain-
ing carbene ligand was not achieved in every instance, and more specifically, sulfur coordination to copper was not realized.253

Fortunately, the use of arene-containing ruthenium, osmium or iridium metal precursors allowed for the preparation of the corre-
sponding metal complexes with coordination of the sulfur pendant (Scheme 36).254 The complexes were used as oxidation cata-
lysts, oxidizing benzyl alcohol as well as diphenylmethanol in the presence of N-methylmorpholine N-oxide. However, catalytic
activity of the trz-substituted complexes was markedly lower compared against the analogous triazole N-coordinated complexes.

Scheme 34 O-donor tethered trz gold and palladium complexes.
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A noticeable difference was the selectivity of the complexes in the oxidation of benzyl alcohol, with the trz-coordinated complexes
displaying higher selectivity for the targeted benzaldehyde product over the benzoic acid side product.254

1.05.3 Redox noninnocence

The noninnocent behavior of a ligand class cannot be discussed without referral to the original definition of (redox) noninnocence
as the oxidation state ambiguity arising when redox active ligands may contribute as the site of redox processes, thereby leaving the
formal metal d-electron count unequivocal.255 The definition has since evolved and the terminology is nowadays broadly used to
refer to the cooperative role that redox active ligands play in controlling metal complex reactivity, often involving additional chem-
ical noninnocent roles e.g. hemilability or reversible dissociation.256 Categorization of redox noninnocent ligands has been done by
various definitions5,256–258 to describe their roles as electron reservoirs or as radical transfer agents to substrates in both stoichio-
metric and catalytic conversions.259,260 In the case of traditional carbene complexes, carbene ligands of the Fischer-type (acyclic
heteroatom-stabilized singlet carbenes) are readily reduced in a single electron transfer to yield carbene radical ligands that mediate
catalytic CeC bond formation.259 For redox active NHCs, noninnocent behavior has mostly included redox switchable ligands5,261–
263 often with accompanying structural differences between the distinct redox states. Toggling between the various states, with
different activities, selectivities or solubilities, delivers redox switchable catalysts.263–267 Inherent redox noninnocence of carbenes,
such as the radical reactivity displayed by one-electron Fischer-type carbene ligands259 or N-donor ligands,268 is lesser known for
NHCs.

For the non-traditional carbene ligands under review in this chapter, redox noninnocence demonstrated has mostly been
focused on one area, namely the introduction of a redox active pendant group on a trz ligand scaffold, that is utilized to tailor
the Lewis basicity of the transition metal bonded to the carbene towards switchable catalytic applications. This common theme
is well demonstrated for traditional NHCs with ferrocenyl-appended or annulated quinone NHC scaffolds,261 a strategy also
used towards the preparation of chiral ligands for chiral catalysis (vide infra). The other classes of redox noninnocence (including
redox switchable hemilabile ligands,256 where the ligand (i) acts as an electron reservoir, or (ii) a reactive radical involved in bond
making/breaking; or (iii) mediates ligand-to-substrate single or two-electron transfer, or (iv) provides for metal-ligand bifunctional
homolytic substrate cleavage, as definitively categorized in recent reviews), remains predominantly unexplored.259,260 The dearth of
redox noninnocence reported is especially noticeable for Im4 and CAACs and examples are almost exclusively based on the ability
of these nonclassical carbene ligands to stabilize radicals (see Section 1.05.1).

Scheme 36 Introducing possible hemilability through C,S-chelation.

Scheme 35 Noninnocent ligand mediated enyne cycloisomerization.32 Modified from Sierra, M. A.; De La Torre, María C. ACS Omega 2019, 4,
12983–12994.
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1.05.3.1 Metallocenyl-appended carbenes

In his initial report, Sarkar et al. describes the use of a trz with a pendant ferrocenyl (Fc) substituted on the C4-position of the hetero-
cycle, to prepare the first examples of heterobimetallic trz complexes of Fe and Au, 298 and 299 (Fig. 6, i).269 Ferrocene was chosen
as the redox active substituent of choice not only due to its reversible one electron anodic behavior, but also because of its ease of
functionalization and its known electron-donating ability,270 while the oxidized ferroceniumyl moiety is almost as electron-
withdrawing as a -CF3 substituent.271 This means that the ligand donor properties can be redox modified for catalyst fine-
tuning, for example in gold(I)-mediated alkyne cyclizations where the carbophilic nature of the Lewis acidic, cationic gold(I)
carbene underpins the catalytic reactivity: coordination of the unsaturated substrate to the gold center is followed by p-activation
of the substrate towards nucleophilic attack.272–275 The metallocenyl-containing trz precursors were prepared via the copper-
catalyzed azide-alkyne click methodology from the accessible ferrocenyl azide and/or ferrocenyl acetylene to yield respectively,
the N1-substituted or the C4-substituted Fc-appended triazoles,276–286 followed by N3-methylation to give the corresponding tri-
azolium salts. In addition, bis(triazolium) salts featuring a bridging 1,10-ferrocendiyl as a redox active spacer provides the oppor-
tunity to prepare multinuclear complexes.287–290 Taking advantage of these facile modifications, Sarkar expanded his series of
metalloligands to prepare gold(I) chloride complexes with the trz containing also an N1-appended Fc, 300;291 or C4,N1-
diferrocenylated trz complex 301,292 based on a previously reported diferrocenylated complex.293 The digold complexes 302,
303 with the bridging 1,10-ferrocendiyl completes the series (Fig. 6, i).292

The electrochemical properties of the precursor triazoles, triazolium salts and the corresponding gold(I) complexes 298–303
(Fig. 6, i) were investigated by detailed cyclic voltammetry, UV–Vis-NIR and TD-DFT (time-dependent density functional theory)
calculations.292 As expected, reversible one-electron oxidations are observed in all cases, associated with the ferrocene/ferrocenium
couples, while irreversible reductions were found to be trz-based, as confirmed by calculated spin population analyses. A direct
comparison of the oxidation potentials of 298–303 to elucidate ligand donor properties is not possible, among others due to
different solvents/electrolyte systems employed in the cyclic voltammetry experiments. An indication of increased ligand donor
ability is seen when comparing the 13C NMR carbene carbon chemical shifts, with the trz carbene carbon atoms with N1-bound
Fc groups consistently resonating at higher field than the C4-bound Fc-trz carbene. Synthesis of the iridium dicarbonyl chloride
trz complexes 304–306 (Fig. 6, ii) containing the diferrocenyl trz with both N1- and C4-bound Fc (304), the C4-bound Fc
(305) or the N1-Fc (306), provided the opportunity for using the diagnostic carbonyl ligands as probes to determine the ligand
donating properties by calculating the modified Tolman Electronic Parameter (TEP).294–296 IR spectroelectrochemistry allows for
the measurement of the oxidized complexes’ carbonyl stretching frequencies so that the TEPs of also the one-electron oxidized
trz (and two-electron in the case of 304) could be calculated for comparison with the ligands in their native form. The obtained
TEPs confirmed that in general, Fc-trz (TEP ¼ 2045–2047 cm�1) are better donors than imidazol-2-ylidene based NHCs, while
the one-electron oxidized trz (TEP ¼ 2052–2057 cm�1) have donor properties equivalent to phosphine ligands.294–296 However,
no significant increase in the donor ability of the trz with electron-donating Fc substituents compared to other alkylated/arylated
trz54,55,67 are observed. The electron-withdrawing nature of the ferrocenium group is reflected in 7–11 cm�1 increase of the TEPs.
Unexpectedly, the highest TEP is obtained for the diferrocenylated trz ligand, and the N1-bound Fc-trz is found to be a weaker donor

compared to the C4-bound Fc-trz. For the two-electron oxidized [304]2D••, the corresponding decrease in ligand donor ability is
reflected by an increased TEP ¼ 2068.3 cm�1.292

Chemical oxidation of 299 to [299]þ• was achieved with acetylferrocenium tetrafluoroborate.292 To correlate the enhanced

Lewis acidity of [299]þ• with improved catalytic activity for heterocyclic compound synthesis, the benchmark intramolecular

Fig. 6 Ferrocenyl-functionalized triazolylidene complexes for application (i) in redox-switchable gold(I) mediated oxazoline synthesis, and (ii) as
probes of ligand donor strength.
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alkyne cyclisation of N(2-propyn-1-yl)benzamide to 5-methylene-2-phenyl-4,5-dihydroxazole (Scheme 37, i) was probed. Cata-

lytic conditions including 1 mol% loading of 299 and 1.2 equivalents of oxidant to generate [299]þ• in situ in CH2Cl2 at room
temperature yielded 88% yield of the oxazoline, while only 12% yield was reported in the absence of the oxidant. Notably, no silver

salts or other additives were required in the reaction with redox-induced catalyst [299]þ•, as is usually the case for gold(I) trz
complexes catalyzing organic transformations.186,238,248,297–302 Utilizing the same conditions, both the native and the oxidized
forms of 298, 300, and 302–304 were screened as catalysts for the reaction. In all cases, the native forms gave significantly lower
conversions (0–10% except for 300 where 30% conversion was obtained).269,292 Full conversion was observed for N3-bound fer-

roceniumyl trz complex [300]þ• in accordance with its slightly higher TEP (2054.3 cm�1), compared to the C4-bound ferroce-

niumyl trz [299]þ•(TEP ¼ 2052.7 cm�1). However, diferrocenylated-trz 304 yielded significantly lower yields (30% and 40%,

respectively for the one- ([304]þ•) and two-electron ([304]2 þ ••) oxidized complexes), despite their higher TEP values
(2056.9 cm�1 and 2068.3 cm�1, respectively). This was ascribed to the varying solubility of especially the dicationic complex

[304]2 þ ••. For the [302]þ•, the excellent activity observed (95% yield with a 0.5 mol% catalyst loading taking the metal molar
ratio into account), was similarly accounted for by increased solubility rather than any cooperative catalytic digold effects.

True redox switchable catalysis (RSC) (rather than redox induced) was demonstrated for catalyst 300 whereby the catalytic reac-

tion could be cycled between a ‘switched on’ catalyst (in situ generated [300]þ•), followed by reduction to the native form 300
(‘switched off’) with the consecutive addition of excess decamethylferrocene as reductant, or vice versa for more than one cycle,
as a first in gold(I)-catalysis.291 No conversion of the substrate in the presence of either the oxidant or reductant sans 300 was
observed. To test this redox switchability in other gold-mediated cyclizations, both the formation of furan from a b-alkynyl alcohol
(Scheme 37, ii) and intramolecular phenol formation from furan with a terminal alkyne (Scheme 37, iii) catalyzed by 300 were
investigated. These processes are known to be catalyzed by either gold(I) or gold(III), and notably require activation by a silver(I)
or copper(I) salt in the case of the low valent gold, even cationic gold(I) complexes.275,303

Utilizing the same reaction conditions reported for the oxazoline synthesis, 300 as catalyst in its native form did not yield any
product furan after 24 h, but 40% conversion of the substrate b-alkynyl alcohol was observed after 45 min of addition of
[Fe(C5H4C(O)CH3)Cp]BF4 (Scheme 37, ii).291 The reaction is quenched at this point, but addition of excess oxidant restarts the
reaction. Although the reasons for reaction quenching are not clear, a conversion of 90% after 24 h can be obtained in this way.
The acetyl ferrocenium oxidant itself does not catalyze the reaction, and a ‘switching off’ of the reaction can also be achieved by
addition of 1.2 equiv. of decamethylferrocene. The third reaction investigated involves the ring-opening of the substrate furan fol-
lowed by an intramolecular oxygenmigration and rearrangement to the product phenol. Catalyst 300 in its native form catalyzes the
reaction but a low conversion of only 12% is observed after 24 h. A marked increase in catalyst activity is achieved by addition of
[Fe(C5H4C(O)CH3)Cp]BF4, with full conversion within 5 min. Remarkably, adding reductant not only switches off the reaction,
but leads to the back-conversion of phenol to the starting material alkynylfuran. The phenol does not react with decamethylferro-
cene, nor a mixture of the oxidant/reductant or 300, and the authors ascribe the backwards and forwards switching of the reaction as
being inherently linked to the total catalytic mixture. In all three reactions investigated, oxidation of the pendant Fc group on the trz
ligand is the trigger to activate the gold(I) center towards catalysis.

Parallel to the efforts of Sarkar et al. in gold(I) RSC, related Fc-trz ligands coordinated to RhI were similarly investigated for their
ability to offer an additional handle on catalyst fine-tuning by influencing the catalytic metal center reactivity in heterobimetallic
catalysts for olefin hydroformylation.304 The series of complexes feature trz with a pendant Fc bound to the trz-C4 position, and
either an alkyl (ethyl) (307, 309) or aryl (Dipp ¼ 2,6-diisopropylphenyl) (311, 312) group on the N3-ring position, in addition
to the N1-Dipp group, to investigate the effect of the ring-substituent (ethyl vs Dipp). The influence exerted by the Fc in its native

Scheme 37 Redox switchable catalysis mediated by gold(I) Fc-trz complexes for the preparation of (i) 5-methylene-2-phenyl-4,5-dihydroxazole from
N(2-propyn-1-yl)benzamide, (ii) 4-methyl-2-phenylfuran from 2-methylene-4-phenylbut-3-yn-1-ol and (iii) 4-methyl-1,3-dihydroiso-benzofuran-5-ol
from 2-methyl-5-((prop-2-ynyloxy)methyl)furan.
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state on the donor properties of the ligand coordinated to RhI, was also evaluated by replacing the metallocene with a phenyl
substituent (308, 310, Fig. 7).

The cod complexes 307, 308 and 311 were employed as the catalyst precursors, while the dicarbonyl substituted complexes 309,
310 and 312 were prepared as probes for ligand donor ability.304 Unexpectedly, the TEPs305 calculated for 309, 310 and 312 were
found to be equivalent (2047.0 cm�1), also to that of 300. In an effort to delineate the more subtle ligand effects, the 13C NMR
spectroscopic method of Huynh et al. was applied by the preparation of 313 to probe ligand donicity in terms of the Huynh Elec-
tronic Parameter (HEP).306,307 A chemical shift of 13C d162.2 ppm was observed; lower field than any of the previously evaluated
N3-alkylated trz (d157.9–160.6 ppm), with no significant electron donation evident from the proximal Fc group.304 Catalytic eval-
uation of 307, 308 and 311 as catalysts in the hydroformylation of 1-octene was done under optimized conditions of syngas CO/H2

(1:1) at 40 bar, 75 �C in toluene with 0.08 mol% catalyst loading (Scheme 38). Complex 311 yielded slightly lower conversion
(96%) compared to the full conversion reported for the N3-alkylated complexes, 307 and 308, but gave the highest n/iso ratio
for the formation of the more desirable linear aldehyde products (2.4 compared to 1.8 for 307 and 308). This finding is in accord
with the findings of improved regioselectivity for less electron donating and sterically more demanding NHCs.308–313 However, this
improved regioselectivity is accompanied with a decrease in chemoselectivity and in the total yield of product aldehyde compared
to internal octene formation.304 In order to maintain the steric bulk of the complex but decrease the donor ability of the N3-arylated

Fc-trz ligand, one-electron oxidized complexes [311]þ• and [312]þ• (Fig. 7) were prepared either by chemical oxidation of the
native complexes 311 or 312 by [Fe(C5H4C(O)CH3)Cp]PF6, or by oxidation of the precursor triazolium salt, followed by in situ
deprotonation of the triazolium and coordination to [Rh(cod)Cl]2, and treatment with CO (g). Oxidation to the ferrocenium

moiety led to an increase of 10 cm�1 in the TEP. Performing the catalytic reaction with [311]þ• under the same conditions as
for the native complexes did improve the total aldehyde yield by 10%, as well as the activity of the catalysts (full conversion
and a TOF of 119 h�1 compared to a TOF of 100 h�1 for 311). The effects of solubility in the toluene were not considered. Unfor-
tunately, the regioselectivity is decreased so that the lowest n/iso aldehyde ratio for the series of catalysts is seen. Nevertheless, this
study is another example of a redox tunable ligand influencing metal-ligand reactivity.

Replacing the Fc-substituent with an isoelectronic cobaltoceniumyl group provides yet another handle on electronic modifica-
tion of the metal complex as acceptor ligands, while simultaneously altering the solubility of the complex as a result of the inherent
cationic charge of the cobaltoceniumyl. Continuing on their previous work of metallocenyl-functionalized trz gold(I) complexes,
Sarkar et al. prepared regioisomeric cobaltoceniumyl ferrocenyl triazolium salts with the cobaltoceniumyl bound to the C4-position
on the heteroaryl ring, and the Fc bound to the N1-position of the ring (314, Scheme 39, i), or vice versa (316, Scheme 39, ii).314

The tricationic triazolium precursor containing cationic cobaltoceniumyl moieties on both C4 and N1-positions was prepared as
a highly polar compound with two electron-withdrawing metalloceniumyl substituents (317, Scheme 39, iii). Deprotonation
and subsequent complexation of the trz ligands were complicated both by the commonly known nucleophilic attack of nucleo-
philic bases on the cobaltoceniumyl group as well as the steric bulk of the two a-metallocenyl substituents hindering deprotonation
of the triazolium CeH proton. Coordination was therefore not successful for 316 with the least acidic triazolium precursor. In situ
deprotonation with Ag2O in the presence of excess KCl yielded monocationic silver(I) chloride complex 315 from proligand 314
(Scheme 39, i), while the silver complex from precursor 317 was not isolated, but used as carbene transfer agent in the transme-
talation reaction with gold(I) precursor Cs[AuCl2] to yield the dicobaltoceniumyl trz gold(I) chloride complex 318 (Scheme 39,
iii).314

The difficulty associated with the coordination of the deprotonated ligands to transition metals precluded the preparation of
rhodium(I) or iridium(I) dicarbonyl complexes for experimental determination of their s-donor, p-acceptor properties from
TEPs derived from their FT-IR spectra.314 However, DFT calculations were employed to calculate theoretical values for the trz based
on precursors 314, 316 and 317. The values of 2077.9 cm�1 (314), 2077.1 cm�1 (316) and 2108.7 cm�1 (317), identify these

Fig. 7 Ferrocenyl-functionalized trz rhodium(I) complexes for application in tunable olefin hydroformylation.

Scheme 38 Hydroformylation of 1-octene with trz rhodium(I) complexes.
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carbenes as among the most electrophilicN-heterocyclic MICs known.315,316 Electrochemical characterization of the triazolium salts
confirm the expected reversible one-electron oxidation of the Fc moieties in 314 and 316, while no oxidation processes are observed
in their absence (317, 318). The reduction events of the cobaltoceniumyl groups represent two successive one-electron reductions of
CoIII / CoII / CoI. The electrophilic nature of 318 portends to its use in the beforementioned gold-catalyzed oxazoline synthesis
(Scheme 40, a). The same reaction conditions were employed as previously optimized for the Fc-trz gold(I) analogs,269,292 and full
conversion in less than 2 h was observed.314 In this case, no redox induction/additive was required in the presence of these electron-
poor dicationic carbene ligands. Redox switchability was potentially demonstrated with reaction termination upon the addition of
slight excess cobaltocene. However, addition of oxidant ferrocenium did not result in the back-switching on of the catalytic activity
of the system.314

Further utility of this ligand in reaction selectivity was demonstrated shortly thereafter.317 Oxidative chlorination of 318 was
possible simply by stirring overnight in aqua regia at room temperature, to yield dicationic gold(III) trichlorido complex 319
(Scheme 39, iii), without dissociation of the dicobaltoceniumyl trz ligand. More traditional methodology for gold(III) complex
formation, e.g. the use of a AuIII precursor or halogens as oxidants, proved intractable. Initial attempts at using 319 as catalyst
for oxazoline synthesis were discouraging, with no conversion observed under similar reaction conditions even after adding a sil-
ver(I) salt. Observation of the reduced solubility of the catalyst in dichloromethane prompted the use of the more polar solvent
CD3CN at elevated temperature. Reaction optimization resulted in conversion of the substrate (more than 90% after 24 h), but
notably a different product isomer, 5-methyl-2-phenyloxazole, forms exclusively (Scheme 40, b).318 This different mechanistic reac-
tion outcomes for AuI vs AuIII catalysts are well-known, yet such facile reaction tailoring by post-complexation of a metal-ligand
system is striking.

1.05.3.2 Nonmetal redox active moieties appended to triazolylidenes and imidazol-4-ylidenes

Reports of redox noninnocent nonclassical carbene ligands beyond these metalloligands are limited, yet new reports of other redox
active nonclassical carbenes bode well for the development of further redox switchable catalysts. One such example is the prepa-
ration of a bis-phenolate mesoionic carbene ligand that is not only redox active but the dianionic pincer ligand provides excellent
stabilization for high-valent early transition metal complexes, as exemplified by the isolation of the titanium (321), niobium (322)
and molybedenum (bis)imido complexes (323) from the precursor bisphenol triazolium 320 (Scheme 41).319

Scheme 39 Cobaltoceniumyl-ferrocenyl and dicobaltoceniumyl triazolium ligand precursors and the corresponding triazolylidene coinage metal
complexes.

Scheme 40 Chemoselective oxazole formation catalyzed by gold(I) and gold(III) dicobaltoceniumyl trz complexes.
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A recent report by the group of Severin details the strategy of incorporating arylazo-groups on the C2-position of Im4 to modify
the electronic properties in such a way that these aNHCs become more CAAC-like.320 AuI, RhI and PdII complexes of these
azoimidazolium-based dyes were prepared (324–326, Fig. 8, i), along with a range of C2-phenyl substituted analogs for compar-
ative purposes (327–329, Fig. 8, ii). The aim was tomaintain the strong s-donating ability (i.e. high-lying HOMOs) known for Im4s
while increasing the p-acceptor ability (i.e. lowering the LUMO energy levels) to produce complexes with the small singlet-triplet
gaps that are responsible for the unique reactivity of CAACs. Experimental spectroscopic methods were employed to evaluate the
ligand properties. HEPs measured from 326 (181.1 ppm) and 329 (181.0 ppm) demonstrate the similar s-donor ability of both
Im4. However, the TEP of 324 was determined to be 2045 cm�1, both lower than what is observed for normal NHCs (2048–
2053 cm�1) and higher than typical Im4 (2037–2043 cm�1) as an indication of the overall donating ability (s-donor/p-acceptor)
of the ligands.321 In comparison, TEP ¼ 2039 cm�1 for 327 falls in the range typical for Im4. From these spectroscopic values it can
be inferred that the energy of the LUMO of the azo-Im4 ligand is lowered in comparison to the unfunctionalized carbene, while the
HOMO energy levels remain mostly unaffected. This was confirmed by DFT calculations, as well as cyclic voltammetry experiments.
The reduction events of 324–326 are unambiguously linked to the presence of the arylazo substituent, and are carbene ligand-
centered as a first step in the preparation of Im4 that could potentially stabilize radicals.

Scheme 41 Bisphenol triazolium salt as precursor to bis(phenolate)trz imido complexes of group 4–6 transition metals.

Fig. 8 Azo-Im4 complexes with CAAC-like electronic properties.
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1.05.4 Chiral noninnocence

Enantiopure chiral products, from achiral organic substrates, can be accessed via asymmetric catalytic transformations using tran-
sition metal catalysts featuring a chiral motif on their backbone.322–327 Accordingly, the use of NHCs featuring a chiral motif which
imparts chirality to the corresponding metal complex after metalation, has led to further developments within the field of asym-
metric catalysis. The chiral motif can be introduced on the five-membered heterocycle framework, as depicted by 330 and 331
in Fig. 9. Alternatively, the N-side arm can accommodate the chiral motif, with various types of chiral functionalities possible,
such as a stereogenic center (332 or 333), or an axial (334) or a planar (335) chiral group (Fig. 9). These chiral motifs impart
the required chirality to the corresponding metal complex, which dictates the chirality outcome of catalyzed reaction.322–327 Not
surprising then, is the substitution of NHCs with the even stronger donor abnormal carbenes to access, possibly, a complex catalyst
with increased catalytic activity while controlling the stereogenic outcome of the catalyzed reaction. Consequently, the ligand plays
more than just a simple spectator role, as it has a direct influence on the outcome of a catalytic reaction.

Chiral trz made their introduction in 2009, with the report of Sankararaman disclosing the palladium complex 336 featuring
a chiral motif on the ligand (Fig. 10), obtained from transmetalation of the intermediary silver complex.328 Similarly, the group
of Albrecht reported a triazolium salt with a chiral center on the ligand backbone which was subsequently coordinated to gold,
also via a silver transmetalation route 337.186 PEPPSI type complexes 338 and 339, where the chiral center is situated on the ligand
backbone, were reported by the groups of Sankararaman329 and Sarkar,330 respectively. Gangwar et al. disclosed the synthesis and
isolation of chiral trz-coordinated palladium complex 340, in addition to the PEPPSI-analog.331 The same group very recently also
reported the axially chiral bis(trz)Au(I) complex 341, obtained by means of transmetalation from the corresponding silver complex
that was isolated and characterized.332

Trz complexes featuring two chiral centers could be accessed via a chirality cascade transfer approach. Hence, Sierra, Torre and co-
workers utilized the triazolium ligand salt 342 containing the chiral sulfoxide moiety248 to prepare the corresponding half-sandwich
rhodium and iridium metal complexes with the chirality at the metal influenced by the chirality at the trz ligand (Scheme 42, i).333

As evidenced in Scheme 42, trz coordination to the metal is followed by CeH-activation in the presence of NaOAc, which affects the
chirality transfer leading to the chirality at the metal center being opposite to that of the sulfoxide functional group (Scheme 42, i).
Of particular note is the retention of configuration observed upon preparation of either the cationic complex 345 via chloride
abstraction with NaPF6, or insertion of dimethyl acetylenedicarboxylate across the MeCphenyl bond of 344, yielding 346. The
authors suggested that retention of configuration at the metal center is a result of the vacant coordination site at the metal center
being occupied by the sulfoxide moiety during the dissociation process,245 akin to the gold carbenic intermediate stabilized by the
sulfoxide substituent during the enyne cycloisomerization (vide supra, Scheme 35).32,248 This implicates the sulfoxide substituted
trz ligand as fulfilling both a chiral and a multifunctional ligand noninnocent role (see Scheme 35). Facile insertion of the terminal
alkynemethyl propiolate was also reported, with both regioisomers 347 and 348 isolated as enantiomerically pure diastereoisomers
(Scheme 42, i).333 The chiral cascade transfer methodology was exploited towards the preparation of BODIPY-tagged (BOD-
IPY ¼ 4,4-difluoro-4-bora-3a,4a-diaza-s-indacene) luminescent complexes featuring two chiral centers, both at the sulfoxide moiety

Fig. 10 Selected chiral trz complexes.

Fig. 9 Various representative classes of chiral functionalized NHCs.
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and at the metal center (Scheme 42, ii).334 Lack of conjugation renders the absorption and emission of the complexes similar to the
BODIPY reference. Unfortunately, the circularized polarized emissions, an application of these types of complexes, was met with no
avail.334 However, this illustrates the significance of this synthetic process to allow for preparation of complexes with multiple chiral
centers, ultimately for highly specialized applications.

Appending ferrocene to classical NHCs is well documented and predictable (335, Fig. 9), as the combination of the strong donor
carbene ligand with the planar chiral ferrocene moiety can lead to chiral catalyst mimicking the expanded field of the C1-symmetric
Fc phosphine coordinated complex catalyst335 in addition to its possible redox noninnocence (see Section 1.05.3). Accordingly,
�St�epni�cka et al. prepared a series of trz coordinated PdII and AuI complexes featuring phosphinoferrocene ligands.336 Sierra, Torre
and co-workers also used the planar chiral element, but in combination with the chirality cascade transfer methodology from their
sulfoxide containing trz ligand (355, Scheme 43).337 They were thus able to prepare enantiopure bimetallic complexes containing
three different chiral centers (Scheme 43). The chiral centers are located at the trz sulfoxide moiety and at the metal center, with the
third chiral moiety being the planar Fc or ruthenocene substituent. Catalytic applications of these chiral complexes were not dis-
closed but should prove exploitable in the chiral cascade transfer approach during the preparation of chiral catalyst, especially
for a complex catalyst featuring multiple chiral centers for the production of highly selective catalysts.

Scheme 42 Chirality cascade leading to enantiomerically pure complexes.
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Direct applicability of Fc-containing nonclassical carbene ligands in chiral catalysis has been demonstrated. Planar chiral
ferrocene-based triazolium ligand salts, their coordination to palladium338 and copper,339 and consequent asymmetric catalytic
activity was reported by Fukuzawa, Haraguchi and co-workers. The chirality imparted by the planar ferrocene allows for the palla-
dium and copper catalysts to mediate the transformation reactions selectively. Thus, the Fc-containing complex 361 was prepared
starting from (S)-Ugi’s amine 360 (Scheme 44, i).338 It was found that catalyst 361 could furnish the asymmetric Suzuki-Miyaura
cross-coupling reaction with good enantioselectivity and appreciable TONs (Scheme 44, ii). Similarly, copper complexes coordi-
nated by a Fc-substituted trz ligand was prepared (Scheme 44, iii) towards the asymmetric borylation of an a,b-unsaturated ester
(Scheme 44, iv).339 Complexes 362, 363 and 364 catalyzed the borylation of methyl cinnamate with bis(pinacolato)diboron
yielding the borylated complex, which further underwent oxidation in the presence of NaBO3$4H2O to afford 3-hydroxy-3-
phenylpropanoate (Scheme 44, iv).

Metallocene incorporation is not the onlymethod towards introducing planar chirality to a targeted complex featuring a nonclas-
sical carbene, as demonstrated by Sankararaman and co-workers. Catalytic chemoselective olefin hydrogenation as well as enantio-
selective hydrogenation of prochiral alkenes under ambient conditions and 1 atm of H2, was mediated by the chiral trz palladium
complex 367 (Scheme 45, i).340 The triazolium ligand 365 is substituted with a [2.2]paracyclophane wingtip moiety, which imparts
planar chirality to the palladium complex 367, obtained after transmetalation from the silver complex 366. Ligand substitution
yields the phosphine analog 368 from the acetonitrile complex 367, accompanied by a trans to cis isomerization of the chlorido
ligands (Scheme 45, i). Olefin hydrogenation catalyzed with 2 mol% 367 yielded the corresponding alkanes with moderate to
high enantioselectivities and appreciable yields of the targeted product (Scheme 45, ii and iii). Contrary to this, 368was determined
to be catalytically inactive, attributed to the substitution of the labile acetonitrile ligand for the PPh3 donor (Scheme 45, i). Further-
more, it was found that 367 could catalyze the hydrogenation of stilbene, retaining its catalytic activity for 13 consecutive cycles, to
reach a TON of 640. The combination of a catalytically activemetal and a chiral ligand therefore allows for the realization of a hydro-
genation catalyst that selectively hydrogenates olefins at mild conditions.

The 2,20-diamino-1,10-binaphthalene (BINAM) motif has been used as the backbone from which bis-triazoles could be
prepared, followed by alkylation of the N3 nitrogen.341,342 This resulted in the preparation of the corresponding bis(triazolium)
ligand salts, with axial chirality induced by the ligand backbone. Subsequent metalation of the chiral ligand allowed for the prep-
aration of the corresponding Pd (370), Ir (371) and Rh (372, 373 and 374) complexes (Scheme 46, i), with the Rh complex 372
found to be catalytically active in the hydrosilylation of aryl ketones, yielding the alcohols with good yield and moderate enantio-
selectivity (Scheme 46, ii).341 Similarly, the group of Chen prepared the corresponding gold complexes through coordination of the

Scheme 43 Bimetallic complexes with three different elements of chirality.

Scheme 44 Fc-trz complexes for asymmetric catalytic applications.
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bis(triazolium)-BINAM ligand salt 369 to silver yielding 375, followed by transmetalation with Me2SAuCl leading to the coinage
metal complex 376 (Scheme 46, i).342 The chiral gold(I) complex was prepared towards the enantioselective [2þ2] cycloaddition of
alleneamides with olefins, yielding chiral cyclobutanes (Scheme 46, iii). Moderate to high enantioselectivities could be obtained
with 376 as catalyst in the presence of AgSbF6, at a reaction temperature of �50 �C in CH2Cl2. Furthermore, it was shown that
the indole functionalized cycloadduct could be obtained with good enantioselectivity when starting from the corresponding indole
and the alleneamide (Scheme 46, iv),342 in an expansion of the structural analogs available of this biologically relevant class of
heterocyclic compounds.343–346

Suginome et al. described the cyclopropanation of styrene with propargylic ester, yielding the cyclopropane with a 6:1 cis:trans
ratio (Scheme 47).347 The reaction was catalyzed by gold(I) complexes 378 or 380 (Scheme 47), prepared via two different strat-
egies. The ligand used towards preparation of gold(I) complex 378 could be obtained either by the copolymerization of a triazole-
containing monomer or the post-polymerization CuAAC across an alkyne-functionalized PQX [PQX ¼ poly(quinoxaline-2,3-diyl)
s] to yield the precursor 377. Positive signals obtained in the circular dichroism (CD) spectra indicated the induction of P-helical
structures via chirality transfer from the triazole group to the polymer main chain. Conversion of the pendant 1,2,3-triazole precur-
sors to trz–Au–Cl complexes 378 as catalyst precursors were achieved by alkylation to yield the triazolium pendants, followed by
treatment with silver(I) oxide and transmetalation to AuCl at room temperature (Scheme 47, i). Alternatively, the gold(I) complex
380was also prepared starting from the monomer triazolium salt 379, with the bis(trz)-AuI complex obtained due to the absence of
a rigid polymer chain (Scheme 47, ii). As a proof of concept, 378 and 380were employed as catalysts after activation with AgSbF6 to
prepare cyclopropane from the reaction of propargylic pivalate with styrene (Scheme 47, iii). Higher yields were obtained for the
polymer-supported 378 compared to 380, but the most notable benefit of the use of 378 vs 380 is the ability to recover 378 from the
reaction by precipitating it out with solvent pentane, whereafter it could be reused at least eight times without any loss of catalytic
activity.347

Within the realm of luminescence, circularly polarized light is advantageous towards various optical applications.348 As
mentioned earlier, the BODIPY-tagged trz iridium complexes (Scheme 42, ii) were subjected to circularly polarized light emission
studies, albeit without success.334 However, symmetrical CAAC-CuCl complexes 381 and 382 accessed starting from either (�)-L-
Menthol or (þ)-D-Menthol, respectively, were described to exhibit circularly polarized luminescence (Scheme 48, i).348 Photophys-
ical characterization, and more specifically, electronic circular dichroism (ECD) and circularly polarized light experiments,
confirmed that 381 and 382 have preferential emission of light in one direction over the other. This could be achieved due to
the presence of the simple chiral CAAC ligand inducing the light emission in the left or right direction. Also, of particular impor-
tance, is the short timescale coupled with excitation and subsequent emission. Upon application as catalyst, no chiral induction in
the catalyzed reaction could be observed. The lack of chirality transfer during the catalytic reactionmediated by 381, was reported by
Bertrand, Jazzar, Mauduit and co-workers to be a result of conformational inversion (Scheme 48, ii).349 The chiral CAAC-CuCl
complex 381 was used to mediate the asymmetric conjugate borylation reaction to prepare the corresponding chiral organoboron
products (Scheme 48, iv). However, it was reported that 381 catalyzed the reaction with diminished selectivity, albeit with high
catalytic activity. The lack of control over the selectivity outcome was traced back to the energetically accessible conformer of
381, being 383 (Scheme 48, ii). Conformational inversion leads to the existence of two conformers in solution, hence the lack
of selectivity. The authors addressed this problem by introducing increased steric bulk at the quaternary carbon in question, in
the form of a 5a-cholestan-3-one group. The more rigid CAAC would resist conformational changes, ensuring the presence of
one conformer in solution. Accordingly, the copper complex 385 could be isolated after deprotonation of the ligand salt 384
with KHMDS followed by metalation with CuCl, with X-ray analysis confirming the absolute stereochemistry of the complex
(Scheme 48, iii). Catalyzing the asymmetric conjugate borylation reaction using 385 delivered the chiral organoboron product

Scheme 45 [2.2]paracyclophane PdII complex towards selective hydrogenation of various olefins.
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with a marked improvement in the enantioselectivities of the targeted product, while retaining the high catalytic activity (Scheme
48, iv).

A serendipitous cascade cyclization-rearrangement resulted in a chiral CAAC-gold(I) complex (387, Scheme 49, i), further estab-
lished to selectively catalyze the cycloisomerization of allenol, yielding the substituted dihydrofuran as a single diastereomer
(Scheme 49, iii).350 The chance synthetic protocol was subsequently utilized to prepare a range of different chiral containing
CAAC-gold(I) complexes. From this, a proposed mechanism towards the formation of the gold complexes was elucidated, with
the formation of the zwitterionic vinyl-gold complex 390 from the p-coordinated gold intermediate 389 postulated (Scheme
49, ii). A [3,3]-sigmatropic rearrangement ensues, leading to iminium 391 which ultimately undergoes a 1,2-silicon migration,
resulting in the observed gold complex 393. An alternative mechanism was also considered, involving the high energy carbene inter-
mediate 394, from the alkylation on the b-carbon of the vinyl system. The high energy carbene 394 isomerizes via carbon and silicon
migrations, yielding the thermodynamically favored product 393 (Scheme 49, ii). An independent theoretical investigation
confirmed that the pathway following the [3,3]-sigmatropic rearrangement towards 393 is feasible, and also lower in energy
compared against the pathway via the high energy carbene intermediate 394 (Scheme 49, ii).351 The gold complex 387 was also

Scheme 46 BINAM-based axially chiral bis(trz) complexes towards enantioselective catalyzed reactions.
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found to efficiently catalyze the intramolecular hydroamination of N-methyl-2-(2-phenylethynyl)aniline yielding the correspond-
ing indole (Scheme 49, iv), in addition to the cycloisomerization (Scheme 49, iii).350 It was further evidenced that the chiral gold
complexes exhibited biological properties, with the complexes successfully screened against various cancer cell lines. Hence, the
unique cascade cyclization-rearrangement reaction allows for the preparation of chiral containing CAAC-gold(I) complexes, finding
application in multiple disciplines.

The advancements made in olefin metathesis catalyzed by CAAC coordinate ruthenium complexes was very recently extensively
covered in the perspective by Bertrand and co-workers.352 Only selected milestones are mentioned, of which the recent report by
Bertrand et al.353 regarding a chiral catalyst mediating the metathesis reaction with induced chiral control, is of particular relevance
to the current topic. The proliferation of CAAC-Ru complexes for olefin metathesis can be attributed to their exceptional catalytic
activity, as opposed to their NHC counterparts.352 This difference was already noted in 2007 with the first example of a CAAC coor-
dinated ruthenium complex 396 catalyzing the ring-closing metathesis reaction (Scheme 50, i).354 Bertrand, Grubbs and co-workers
continued their research, expanding the family of CAAC coordinated ruthenium metathesis complexes to include catalysts with
exceptional metathesis catalytic activity.355 This included the CAAC ruthenium complex 397, catalyzing the ethenolysis of methyl
oleate with a TON of 340,000 when using ethylene with a purity of 99.995% at a catalyst loading of 1 ppm, while ethylene with
a slightly lower purity gave TONs of 180,000 (Scheme 50, ii). Similar olefin metathesis activity could also be achieved with bis(-
CAAC)Ru indenylidene complexes of the type 398 (Scheme 50, ii), which could catalyze the formation of both terminal and
internal olefins.356 The properties of the CAAC ruthenium complexes allowing for the high metathesis catalytic reactivity was inves-
tigated.357 It was determined that the CAAC-Ru complexes are susceptible to bimolecular coupling but resist b-elimination due to
stabilization imparted by the stronger s-donor carbenes (Scheme 50, iii). Decreased complex decomposition through b-elimination
allows for lower catalyst loading, which also decreases the propensity towards decomposition via bimolecular coupling. The high

Scheme 47 Preparation of (i) polymer PQX-supported and (ii) monomer triazolylidene AuI complexes as (iii) cyclopropanation catalyst precursors.
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catalytic activity and low catalyst loading render these metathesis catalysts industrially applicable,355 and even more so, with the
realization of these catalyzed reactions in continuous flow processes358,359 or the preparation of the complex catalyst via mechano-
chemical techniques circumventing the use of solvents (Scheme 50, iv).360

Optically pure CAAC ruthenium complexes for asymmetric olefin metathesis was reported by the group of Bertrand, Jazzar and
Maduit.353 The (þ)-(R)-Ru 406 and (�)-(S)-Ru 407 could be isolated, obtained through the separation of (rac)-Ru 405with prepar-
ative high-performance liquid chromatographic techniques (PrepHPLC) (Scheme 51, i). The method allowed for the isolation of the
two enantiomers with excellent yields and optical purities, with ECD and XRD characterization confirming the absolute configura-
tion of the complexes. The asymmetric ring-opening cross-metathesis of styrene with norbornenes catalyzed by the chiral ruthenium
complexes was investigated. The reaction yielded the products of metathesis with excellent enantiomeric purity. It was further
demonstrated that the catalyst (�)-(S)-Ru 407 and the (þ)-(R)-Ru 406 yielded the metathesis product with an S,R- or R,S-config-
uration, respectively. Both enantiopure catalyst also showed excellent E/Z ratios, with the ratio increasing from an E/Z ratio of 80:20
to an E/Z ratio of 95:5. The authors proposed a preliminary reaction mechanism by which the ruthenium catalyst selectively medi-
ates the metathesis reaction (Scheme 51, ii).353 A 14 electron-propagating Ru-benzylidene species 409 was suggested, accessed after
the addition of excess styrene resulting to the dissociation of the p-nitro styrenylether ligand. The anti-conformer 409 (calculated
9.9 kcal/mol in energy compared to 407 at 0.0 kcal/mol) is formed that is less stable due to the quaternary chiral center being above
the benzylidene fragment (i.e. the benzylidene is apical or trans to the N-Dipp moiety), resulting to increased steric congestion.
Accordingly, calculations support direct rotation of the CAAC ligand around the metal-carbon bond, leading to the more stable
syn-conformer 410 (calculated 7.2 kcal/mol in energy compared to 407 at 0.0 kcal/mol), with the N-Dipp moiety being above
the benzylidene fragment (i.e. the benzylidene is apical or syn to the quaternary chiral substituent). This results in decreased steric
congestion, favoring 410 as the 14e-propagating species (Scheme 51, ii). Subsequent coordination of norbornene was considered to
occur trans to the carbene carbon and on its exo face, leading to 411 and 412 as possible conformers. Coordination of norbornene at
412 positions the phenyl substituent of the chiral carbon at a calculated distance of 3.64 Å and 3.38 Å from the norbornene substit-
uents, which results in an increase in the energy of 412 due to the steric clash between the mentioned substituents. Alternatively,
coordination of norbornene at 411 positions the norbornene substituents away from the phenyl substituent, which results in the
energy of 411 increasing to 23.6 kcal/mol from 410, calculated to be 7.2 kcal/mol. This results towards formation of the metalla-
cyclobutane 413, while the unfavored pathway leads to formation of metallacyclobutane 414, which ultimately yields 418, the

Scheme 48 Chiral containing CAAC-CuCl complexes towards (i) circularly polarized light emission and (iv) asymmetric conjugate borylation
reaction.
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minor product of the reaction. Calculations confirmed that 411 formation is favored, being 4.1 kcal/mol lower in energy compared
to 412. This was attributed to a lack of steric clash noted in 411, while 412 experienced steric repulsion. Hence, the chiral center at
the CAAC ligand ensures the selectivity transfer from the top down, first dictating the formation of either the syn or anti-isomer of the
propagating species, which subsequently controls the product of insertion, preferentially leading to a single isomer via a lower reac-
tion energy barrier controlled by steric congestion or lack thereof. Subsequent norbornene ring-opening at 415 followed by styrene
insertion leads to the targeted product 417 and the catalytically active species 410, via intermediate 416.

1.05.5 Multinuclear cooperativity

The multinuclearity effect, or cooperative effect, is a term used to describe the synergistic properties, function amplification or inte-
grated multifunctionality attained for metal complexes containing two or more metal atoms/ions within a designated framework to
provision for direct metal-metal bonds, or electronically discrete metal centers.361–363 The approach to design such multinuclear
systems are often inspired by metalloenzymes with proximal active sites,364,365 where the posing of the active metal centers within
an effective relevant distance to achieve their desired functions are accomplished by using appropriate ligand scaffolds, i.e. rigid or
flexible, allowing for p-communication along the aromatic framework,366 or enhanced probability of interaction with catalytic
substrates due to the three dimensional structural arrangement of metals with appropriate intermetallic distances.367

The metal centers employed may be the same, rendering enhanced catalytic performance (more than summative improvement
in activity and selectivity) for the homobi- or -multimetallic catalysts compared to the monometallic species or as building blocks
for supramolecular assemblies. Incorporation of different transition metals opens up pathways toward multifunctional, tandem or
cascade catalysis.368

1.05.5.1 Homonuclear cooperativity

Considering the modularity of the 1,2,3-triazol-5-ylidene (trz) backbone via ‘click’-chemistry approaches, it is perhaps not
surprising that the examples of bi- to tetranuclear homometallic complexes of this class of non-classical carbenes (vi)–(xii)

Scheme 49 Cascade cyclization-rearrangement leads to chiral CAAC-gold(I) complexes via a [3,3]-sigmatropic shift.
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outnumber those of Im4 (i) and (xiii) and CAACs (ii)–(v), Fig. 11. The bonding modes of homobimetallic complexes of the trz
include incorporation of a spacer- or linker group bound to the N1-positions of the two bridged trz rings (vi),369–372 or the C4-
position (viii–xii)204,300,373,374 to link two trz metal moieties that can accommodate interaction between the homonuclear metal
centers. This approach is also the first step for the preparation of cyclometalated complexes where C4-trz substitution with a phenyl-
ene linker leads to ortho CeH activation (Fig. 11, x).375 Direct coupling of the C4-positions of two trz in the so-called i-bitz
(bis(1,2,3-triazol-5-ylidene)) ligands376 (vii),377 or introduction of a P-donor site on C4 (Fig. 11, ix) 378 yields dinuclear complexes
with enforced proximity of the metals leading to direct metal-metal bonds.

In the case of Im4, bimetallic complexes are formed almost exclusively from the bridging of two metal centers by a single ditopic
anionic NHC or NHDC (N-heterocyclic dicarbene),379,380 and very few homonuclear examples are known (Fig. 11, i).118,381–383 For
example, the dimetallic palladium(II) complex 421 was prepared by sequential metalation.381 The C2-imidazolium position of
precursor 419 is metalated first via transmetalation from silver(I) to yield monometallic 420, followed by oxidative addition of
the iodide-functionalized C4-imidazolylidene to a different Pd0 precursor (Scheme 52). Although both C2- and C4-ring positions
are occupied by PdII in 421, the asymmetry of the ditopic NHDC leads to electronic inequivalence for potential exploitation of site-
specific reactivity and redox activity.381

Both directed synthetic routes and serendipitous findings have yielded homobimetallic complexes with a NHDC ligand coor-
dinated to the two metal centers. Transmetalation of an NHDC complex 422 with coordinated Na on the C2- and Zn coordinated
on the C4-imidazole to gold(I) with 2 equiv. of (PPh3)AuCl yields the neutral digold(I) NHDC complex 423 (Scheme 53, i) as an
example of targeted homonuclear complex preparation.382 A PNC-pincer NHC complex of CoI (424) with a dearomatized
phosphine-picoline tethered to the NHC, is unexpectedly converted to a dinuclear dicobalt(I) complex 425 with coordinated N2

and a second PNC-Co moiety bound to the C4-imidazolylidene group upon reduction with KC8 in a non-saturated N2 atmosphere
(Scheme 53, ii).383

If the main group cluster adducts (Si, P, Al, Ga, Ge, Se, etc.) of CAACs are excluded, the number of reported multimetal CAAC
complexes are unexpectedly small. Homonuclear bimetallic complexes that feature direct metal-metal bonds (Fig. 11, ii),384

(iii)385,386 and (iv)387 or doubly-bridged metal centers (Fig. 11, v)135,388–393 are representative examples. In all cases, the inherent
noninnocent behavior of the CAAC ligands (vide supra) stabilize the metals in varying oxidation states, including radical centers,135

Scheme 50 CAAC-coordinated ruthenium olefin metathesis catalyst.
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Scheme 51 C1-Symmetric CAAC ruthenium complexes towards asymmetric olefin metathesis.
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Scheme 52 Stepwise preparation of homobimetallic NHDC complex of PdII.

Scheme 53 Targeted and unanticipated homobimetallic NHDC complex formation.

Fig. 11 Common bonding modes for homonuclear multimetallic complexes of the non-classical heteroatom stabilized carbenes.
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or maintain proximity of the metals by facilitating metal–p-aryl interactions of CAAC-substituent to the transition metal,384,385 or
dimerization with labile bridging halides or hydride X-type ligands.

Catalytic applications of the homobimetallic CAAC complexes are limited. One example is the RuII indenylidene CAAC dimer
426 (Scheme 54, i),389 employed as a Grubbs type olefin metathesis catalyst (see Section 1.05.4 above).352 The dimer 426 could
outperform the monomeric analogs at a very low catalyst loading (0.005%) in the RCM of diallyl malonate (Scheme 54, ii), while
excellent selectivity was seen in macro-RCM to yield the exaltolide precursor with no trace of oligomerization (Scheme 54, iii). The
increased initiation rate and productivity of these reactions were ascribed to the lability of the bridging chloride, while the stability
of the catalyst towards oxygen in these processes was simultaneously attributed to the lack of vacant coordination sites in the
dimer.388 Similarly, the dimer compared favorably with monometallic catalysts for the ethenolysis reaction (Scheme 54, iv),
although catalytic activity was demonstrated as being predominantly reliant on ethylene pressure.389

Considering the widespread utility of the copper-catalyzed azide-alkyne cycloaddition (CuAAC)394,395 as the premier example of
a ‘click’ chemistry reaction,396,397 it is not surprising that copper(I) NHC complexes were explored early on as click catalysts.398–401

Mechanistic studies by Fokin et al. identified cationic p,s-bis(copper) acetylide complexes as the catalytically active species,402 but it
was not until the group of Bertrand employed a stabilizing CAAC ligand that the isolation of this reactive dinuclear species 430
could be realized from the reaction of the monomeric CAAC-copper(I) acetylide 428 with the related CAAC-copper(I) triflate
429 (Scheme 55, i).385 They went on to demonstrate that although both monomeric 428 and dinuclear 430 are active in the dipolar
cycloaddition catalytic cycle, the 430 cycle is the kinetically favored pathway (Scheme 55, ii). Importantly, though, it was found that
the use of the weakly coordinating triflate ligand is key to the observation of the bis(copper) 430 as well as the newly elucidated
bis(copper) triazole complex 431 as catalyst resting state (Scheme 55, ii). Incoming substrate alkyne protodemetalates 431 to regen-
erate 430, as the step in the catalytic cycle that excludes 428 from the preferred pathway.

Scheme 54 (i) Synthesis and application of the Ru(CAAC)(indenylidene) dimer as RCM (ii and iii) and (iv) ethenolysis catalyst precursor.
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Copper(I) complexes of other nonclassical carbenes, especially CuI bis(trz) complexes have been increasingly reported for appli-
cation in molecular catalysis, with the prevalence of metal cooperativity for this coinage metal on the rise. The catalytic applications
range widely, extending from catalytic hydroboration of styrene with commercial boranes373 to the development of new click cata-
lysts.370,372,377 Synthetic approaches include bonding motifs (vi)–(viii) as shown in Fig. 11. The bistriazolium salt 432 with
a bridging 2,6-pyridylene linker attached to the respective C4-positions of the triazoles could be metalated with Ag2O to yield
the homoleptic dinuclear silver(I) dimer 433 (Scheme 56, i).373 Following transmetalation from the silver(I) complex as carbene
transfer agent, the dinuclear dicopper(I) complex 434 could be isolated. Stepwise copper-based oxidation events were observed
during cyclic voltammetry experiments as an indication of an expanded p-conjugated triazolylidene ring system of the pyridine-
bridged ligand. Utilizing this complex 434 as catalyst in the hydroboration of trans-b-methylstyrene with bis(pinacolato)diborane
allowed for the b-selective formation of 1-methyl-2-phenylethylboronate (Scheme 56, ii), while the reaction with the correspond-
ing cis-styrene substrate did not occur. However, despite the electrochemical suggestion of metal-interaction, no evidence for multi-
nuclear cooperativity was evidenced in the catalytic reaction.

Scheme 55 (i) Preparation of active click catalysts 428 and 430, and (ii) mechanistic pathway elucidated with the isolation of intermediate 431.

Scheme 56 (i) Preparation of pyridyl-bridged bistriazolylidene dicopper 434, and (ii) its application as catalyst for styrene hydroboration.
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Exploitation of CuI trz complexes as click catalysts progressed a couple of years after the development of the NHC catalysts with
comparative activity for the mesoionic carbene catalyst precursors.253,403–405 However the initial reports focused mostly on mono-
nuclear catalysts and examples of well-defined dicopper catalysts are scarce in the literature, despite the highlighted role played by
dinuclear catalytic intermediates.406 This lack was addressed by Sarkar et al. in preparing a dicopper bis(i-bitz) complex 437 for
direct comparison with the catalytic activity of the monomeric catalyst precursors, the neutral halido-substituted complex trz-
CuI-I 435 or the cationic bis(trz)-CuI 436 (Scheme 57, i).377 The use of the i-bitz ligand, directly linking the C4-positions of
two trz, positions the two copper metal centers in close proximity (2.8–2.9 Å) in the 10-membered metallacycle formed by the
bridging of two i-bitz ligands. Substrates phenyl azide and phenyl acetylene were employed in the benchmark click reaction to
prepare 1,4-diphenyl-1H-1,2,3-triazole and the less sterically hindered N-benzyl substituted 437 proved to be the most active of
the series of dicopper complexes (Scheme 57, ii). Comparison of this catalyst precursor with the monomeric catalysts 435 and
436 under the same conditions (room temperature, neat, with a total metal mol% catalyst loading of 0.50%) demonstrated signif-
icantly improved activity, with a TOF of 89 h�1 for the dicopper 437 after 135 min reaction time, compared to TOF ¼ 25 h�1 for
435 and 64 h�1 for 436. Kinetic NMR experiments were conducted to investigate the indicated metal cooperativity. A reaction order
of 1 with respect to the catalyst points to the involvement of a dinuclear species in the catalytic cycle, while the disappearance of the
acetylene CeH, and the appearance of the bis(triazolium) acidic CeH proton chemical resonances lead to the hypotheses of CueC-

carbene bond breaking for two of the Cuetrz bonds (of the same i-bitz ligand), to generate the ligand precursor. The postulated cata-
lytically active species therefore still contains one bridging i-bitz ligand linking the two copper(I) metal centers, while the
demetalated i-bitz acted as an internal base to deprotonate the alkyne to yield the expected Cu-acetylide, in accordance with the
known mechanism. The catalytic reaction is efficient for the cycloaddition of a wide range of alkene and azide substrates, with
even the most sterically hindered substrates showing improved conversions compared to the known monomeric copper-
catalyzed reactions.404,405

With the knowledge in hand that Cuetrz bond breaking (� 2) is likely for the cationic dicopper complexes containing two brid-
ing bis(trz) ligands (437), as well as the importance of a weakly coordinating acetate ligand for the formation of the proved dicop-
per catalytic intermediates,386,406 the group of Sarkar continued their investigations by preparing another trz-supported dicopper
click catalyst (Scheme 58, i).372 A bis(trz) ligand containing an N1-methylene linker (438) binds to two copper(I) metal centers,
supporting the bridging of the labile acetate ligand that can act as an internal base in complex 439 (Scheme 58, i). The m-OAc forces
the copper metal centers into a spatial arrangement such that the CueCu distance of 2.76 Å is smaller than the sum of the Van der
Waals radii of two copper centers, thus the short distance is not necessarily an indication of cuprophilic interactions. The benchmark
reaction in this case employs substrate phenyl acetylene again, alongside the less bulky benzyl azide. The complex is a very active
catalyst with complete conversion (and 95% isolated yield for the triazole product) in 30 min with 1 mol% catalyst loading. Kinetic
experiments for full mechanistic elucidation also indicated the catalyst efficiency, with complete conversion observed with a catalyst
loading of 0.15 mol%, and 80% completion within 110 min as tribute to unprecedented efficiency for dilute click reactions. The
kinetic NMR measurements demonstrated an overall first order reaction, but yielded an estimated catalyst order of 0.87. Sub-
unity reaction orders are usually attributed to fast and reversible formation of an inactive catalytic intermediate.407–409 In addition,
it was determined that the azide substrate participates in the slowest step of the catalytic cycle, but not the alkyne – contrary to some
literature reports.385,410,411 A modified catalytic cycle was therefore postulated, with equilibration of the s,p-dicopper acetylide key

Scheme 57 (i) Synthesis and (ii) benchmark activity of neutral mononuclear, and cationic mono- and dinuclear copper(I) trz complexes as click
catalysts for triazole preparation.
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intermediate to an inactive s,p-bis(dicopper acetylide) dimer 440 (Scheme 58, iii). The rate-determining step in this cycle is the
formation of the copper-triazolide before the final step of protodemetalation by the acetic acid. Further developments in the click
methodology by the same group, namely (di)copper trz complex catalysts for halo-click reactions that utilize halo-alkynes, have on
the other hand, been shown not to demonstrate any observable benefit for the incorporation of two metal centers compared to the
mononuclear catalyst precursors for this modified click reaction.370

The success of cyclometalated trz-Ir complexes as WOCs (see Section 1.05.2) prompted investigation of other catalytic reactions.
A C,C-dicyclometalated IrIII complex (442) of a bis(trz) ligand featuring a C4,C4-phenylene group was published, together with its
mononuclear analog 441 (Scheme 59, i).375 The central phenylene in 442 both connects the two IrIII moieties as a spacer group and
facilitates ortho-cyclometalation on each iridium center with the addition of sodium acetate during the transmetalation reaction
from the AgI precursor to IrIII (unlike the bis-C4-phenyl-trz IrIII WOC catalysts prepared in the absence of base).371 The related bis-
triazole complex 443with C,N-dicyclometalated IrIII metal centra was prepared for comparative reasons. Potential cooperativity was
investigated in the catalytic transfer hydrogenation of benzaldehyde and acetophenone with sacrificial hydrogen donor isopropa-
nol. For both reactions, the dinuclear C,N-dicyclometalated complex 443 displayed higher activity than the mononuclear complex
441, and even higher conversions for the reactions were obtained for the C,C-dimetalated phenylenebis(trz) complex 442 (Scheme
59, ii).

A series of mono- and dinuclear RhI complexes were prepared from a COC- and a CNC-pincer proligand, containing either an
ether or amine-linker, respectively. The latter serves as both spacer group and heteroatom-donor in the case of the CNC-bis(trz)
ligand (Scheme 60, ii).204 The complexes displayed diverse coordination modes, ranging from bridged dinuclear (444) to chelated
dinuclear (445) complex geometry for the bidentate COC-ligand, while versatility of the CNC-ligand yielded a mononuclear pincer
complex of RhI with a tridentate ligand (446), a bischelated dinuclear complex with a tetradentate ligand (447), or a pincer RhI

Scheme 58 (i) Synthesis, (ii) catalytic performance and (iii) postulated mechanism for bis(triazolylidene) dicopper acetate click catalyst
precursor.372 Modified from Beerhues, J.; Fauché, K.; Cisnetti, F.; Sarkar, B.; Gautier, A. Dalton Trans. 2019, 48, 8931–8936.

Scheme 59 (i) Mono- and dinuclear C,C-dicyclometalated IrIII complexes for (ii) transfer hydrogenation of acetophenone.
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complex bridging a secondmetal center (448). The role of themono- vs dinuclear complexes, N- vs O-functionalized triazolylidenes
and chelating vs bridging ligands were investigated for selective alkyne hydrothiolation.374 In all cases, excellent selectivity (> 95%)
for the a-vinyl sulfide product was obtained in the benchmark reaction of thiophenol with 1-hexyne (Scheme 60, iii). For the same
catalyst (metal) loading, increased conversion was observed for the homobimetallic 444 with an ether-bridge, compared to its
chelated mononuclear analog 445. 444 also outperformed all the CNC-complexes 446–448, even in the absence of a hemilabile,
basic N-donor group that can assist with substrate thiol deprotonation/activation. This result, coupled with the observation that
a decrease in selectivity for the a-isomer was observed when the ancillary cod-ligands were substituted with p-acid carbonyls, points
to an alternative catalytic mechanism for these complexes as compared to the non-oxidative route (Scheme 26, vide supra).187

The inclusion of another donor group, namely a phosphino group on the C4-trz position, has also recently been utilized for the
preparation of not only homobi- but also heterobi- and trimetallic metal complexes (Fig. 11, xi).378 The 4-phosphino-1,2,3-
triazolylidene ligand was found to be thermally stable and could be isolated as the free carbene 449 (Scheme 61), in contrast to
its normal N-phosphinoimidazol-2-ylidene412–414 and abnormal imidazol-5-ylidene counterparts.415 Coordination to the coinage
metals (Cu, Ag, Au) afforded not only the formation of the expected head-to-head homobimetallic complexes 450, but transme-
talation to gold(I) from the AgI 450 yielded a heterodinuclear AgI–AuI complex 451 or a head-to-tail homobimetallic AuI complex
452, while the corresponding transmetalation from CuI 450 gave rise to trinuclear AuI complexes 453 and 454.378 In addition,
computational studies indicated increased nucleophilicity for both the carbon and the phosphorous atoms of the free carbene
ligand 449 by way of increased energy of the occupied frontier orbitals, although this feature is yet to be exploited in catalytic
reactions.

The N3-alkylated analog 456 of 449was prepared by using a bottom-up approach in building a triazole 455 functionalized with
the same phosphino group (Scheme 62).416 Metalation with gold(I) led to formation of homobimetallic 457 as analog of 452,
displaying the same supported aurophilic interactions as enforced by the rigid scaffold and spatial proximity of the donor sites,417

accompanied by yellow phosphorescence that was tentatively assigned to free (or delocalized) excitons related to molecular chain
formation in the solid state.

Utilization of a central phenylene-linker as strategy to develop trimetallic complexes is a common alternative to the use of
heteroatom-donor to increase complex nuclearity (Fig. 11, xii). This route has been followed with success to prepare tris(triazo-
lium)phenyl ligand salts where the triazole is bound to the phenyl spacer on the C4-ring position either directly418,419 (Scheme
63, i and ii), or connected by a methyleneoxy-bridge (Scheme 64, i).300,420,421 The first methodology has been followed to prepare
IrIII complex 459 for catalytic transfer hydrogenation (Scheme 63, i), where di- or trimetallic complexation is dependent on the base
employed during synthesis and metalation.418 However the steric bulk surrounding the central benzene ring precludes the possi-
bility of ortho-cyclometalation as seen for the dinuclear derivative 442 (Scheme 59, i),375 and the lack of cooperativity observed in
the catalytic reactions was ascribed to the corresponding reduction of electronic interaction of the non-cyclometalated IrIII centra of

Scheme 60 Preparation of mono- and homobimetallic RhI complexes with (i) COC- and (ii) CNC-bistriazolylidene ligands, as (iii) selective alkyne
hydrothiolation catalysts.
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Scheme 61 Synthesis and versatile coordination of a phosphino-trz for the preparation of di- and trinuclear group 11 metal complexes.

Scheme 62 Preparation of phosphino-trz gold(I) derivative from a phosphino-alkyne click-precursor.

Scheme 63 Preparation of trinuclear metal complexes from a tris(triazolium)benzene ligand precursor.
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459. Tris(triazolium) salts of this type has also been investigated as potential anion receptors, while reaction with a silver(I)
precursor (and subsequent transmetalation with AuI) forms a prismatic trinuclear cage with the metal cations sandwiched between
two tridentate tris(trz) ligand scaffolds (460, Scheme 63, ii).419 The coordination occurs via a metal-controlled self-assembly to
yield exclusively the cylindrical coordination cages 460 as reaction products. The phenoxy-linked trz ligands (Scheme 64, i) could
be modified by including either one, two or three O-methylene triazolium groups on the phenyl-spacer to prepare the correspond-
ing mono- (461), di- (462) or trinuclear complexes (463) of group 9–11 transition metals.300 NMR studies indicated complete
symmetry for the trinuclear complexes. Synergistic multinuclear effects in catalytic reactions were probed for both palladium-
catalyzed carbon-carbon bond formation (a-arylation of propiophenone with aryl bromides, Scheme 64 (ii) and Suzuki-
Miyaura coupling of aryl bromides and boronic acids, Scheme 64, iii), as well as intramolecular alkyne cyclization catalyzed by
gold(I) (enyne methoxycyclization, Scheme 64, iv). In all cases, enhanced catalytic performance was seen, increasing successively
from the mono- to di- to trinuclear catalysts. Replacement of the central rigid aromatic linker with a flexible aliphatic group (central
quaternary carbon with four methyleneoxy-connected triazolium rings derived from a pentaerythritol scaffold) provides for exten-
sion to tetranuclear complexes 464 (Scheme 64, i) to be exploited in RhI422 or AuI-mediated catalysis.423 As for the trinuclear
complexes, improved catalyst performance suggestive of cooperative effects was evident for both the rhodium(I) and gold(I) tetra-
metallic complexes, in benchmark catalytic reactions, e.g. RhI-catalyzed alkyne hydrosilylation or AuI-catalyzed alkyne hydrohydra-
zination (Scheme 64, v).

A combination of the preceding construction motifs can be employed to prepare bi- and trimetallic gold(I) or silver(I) steroid-
derived trz, or even a tetrametallic trz steroid macrocycle.424 Click-reaction of 3-O-propargylestrone 465 with a di- or tri-
azidomethylene-functionalized benzene followed by triazole alkylation (466) and metalation yield the corresponding symmetrical
gold complexes with the central phenylene linker 467 and 468, while biscarbene formation with silver delivers the metallacylic
compounds 469 and 470 (Scheme 65). If a functionalized phenylene is not employed as the core but rather a macrocyclic tetrakis-
triazolium salt containing four steroidal spacers linked by a dialkyne, then incorporation of four gold carbene functionalities in the
framework producing the stereoidal cavity is possible (471, Fig. 12) for potential biological and chiral catalytic activity.

Tridentate CNO-pincer ligands were prepared from imidazolium salts as precursors to Im4 C-donors, with an NeCH2C(O)
NHPheOH substituent to provide the pendant N- and O-donor moieties.227 For the imidazolium salts containing a C2-phenyl
substituent, deprotonation and coordination to PdCl2 proceeded smoothly to yield the unprecedented tetranuclear complexes

Scheme 64 (i) Mono- to tetrametallic trz complexes and their comparative catalytic performance in palladium-catalyzed coupling reactions (ii and
iii), gold-mediated intramolecular enyne cyclization (iv and v) alkyne hydrohydrazination.
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Scheme 65 Polymetallic complexes of steroid-appended trz.424 Modified from Frutos, M.; de la Torre, María C; Sierra, M. A. Inorg. Chem. 2015, 54,
11174–11185.

Fig. 12 Gold trz embedded in a tetrametallic macrocyclic stereoidal cavity containing four estrone nuclei.
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472 (Scheme 66, route i), as a first for Im4 palladium complexes (Fig. 11, xiii). In contrast, for the imidazolium salt containing
a C2-Me group, only the mononuclear derivatives 473 were isolated (Scheme 66, route ii). The strongly electron-donating ability
of the CNO-ligand is exemplified by the short PdeCcarbene bond distance observed (1.9308(8) Å), one of the shortest of those re-
ported for palladium Im4 complexes (ranging from 1.951–2.022 Å).425,426 Moreover, the m-phenoxide bridge was found to be
stable even in the presence of PPh3, pyridine or at elevated temperatures.227 The catalytic activity of the tetra- vs mononuclear
complexes was evaluated in the Mizoroki-Heck reaction in ionic liquid medium. Only at very low catalyst loadings (0.1 mol%
Pd and lower), did the multinuclear complexes demonstrate superior catalytic activity compared to the mononuclear analogs
(Scheme 66, iii).

1.05.5.2 Heterobimetallic cooperativity

NHC ligands are an attractive choice as scaffold for the design of multinuclear architectures due to the ability to link not only two or
more carbenes as C-donors to different metals separated by a spacer group, but also the ease of introduction of other donor func-
tionalities tethered to either the ring-N or backbone-C to yield so-called hybrid ligands.427 For imidazol-based heterocycles, these
methodologies are very widely explored pertaining to traditional N-heterocyclic carbenes. For nonclassical Im4, incorporation of
two different transition metals in a heteronuclear complex most often is based on the backbone metalation of an NHC to yield
the formally anionic, ditopic NHDCs.380,428 Reports detailing coordination of the C4- or C2-imidazolylidene position with
non-transition metals (i.e. s- or p-block elements) are relatively common,429–439 often displaying unpredictable reactivity.440,441

However, NHDC complexes metalated with only d-block metals are less common, and only the reports by Kühn and Baratta
et al. disclose coordination of two different metals.137,442,443 Such an assembly of two distinct metal centers with varying function-
ality in electronic contact is of particular interest in cooperative catalysis, but this application is currently limited by the synthetic
scope. The complexes are obtained by consecutive reaction of a RuII precursor with two P-functionalized imidazolium salts (474), to
coordinate first as an P,C-chelated NHC 475, and then as a P,C-chelated Im4 476 (Scheme 67). Subsequent metalation and trans-
metalation of the Im4 with silver(I) and then gold(I) precursors, yield the first example of complexes 477 and 478 bearing anionic
dicarbene ligands connecting different transition metals (Scheme 67, route i).442 The Ag/Ru bimetallic derivative 477 could be
employed as precursor for transmetalation to iridium(I)137 or palladium(II)443 to yield complexes of the type 479 (Scheme 67,
route ii) and 480 (Scheme 67, route iii), respectively. Electrochemical studies indicated pronounced metal interactions affecting

Scheme 66 (i) Synthesis of tetra- and (ii) monopalladium(II) aNHC complexes and (iii) comparative catalytic performance in the Mizoroki-Heck
coupling reaction.
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the redox behavior of the RuII/RuIII for Ru/Ir 479, however this did not translate to cooperative effects in the catalytic transfer hydro-
genation reaction investigated for this heteronuclear complex. Dimeric complex Pd/Ru 480, on the other hand, could be employed
as a tandem Suzuki-Miyaura/transfer hydrogenation catalyst for bromoacetophenones and boronic acids to yield biphenyl alcohols
(Scheme 67, iv). Moreover, 480 demonstrated enhanced catalytic performance compared to a combination of the related mono-
nuclear ruthenium complex 476 and benchmark [Pd(IMes)2Cl2] in the tandem catalytic reactions.443

Hybrid (multifunctional) ligands incorporating trz are accessible from click-chemistry approaches in a metal coordination
sphere, whereby the cycloaddition of coordinated alkynes and azides give coordinated triazoles as precursor to the corresponding
triazolylidene metal complex,444,445 and can be extended to bimetallic complexes containing different metals connected to the
C4- or N1-positions of the trz.446 Alternatively, click reactions on functionalized scaffolds of ligand motifs such as salens, well
known in homogeneous catalysis, can similarly produce hybrid ligands via consecutive metalations.447–450 The group of Peters
prepared hybrid salen-bis(triazolium) ligand precursors from a benzylic azide 481 and alkyne CuAAC reaction, followed by Schiff
base condensation of reaction product 482 to yield proligand 483 (Scheme 68, i).451 Selective metalation of the N2O2 salen core
(484) followed by sequential carbene metalation can be employed to yield either homo- or heterobi- or trinuclear complexes 485–
487 (Scheme 68, i). The catalytic 1,4-addition of an oxindole to a nitroolefin was studied in a preliminary investigation of the cata-
lytic application of the hybrid complexes (Scheme 68, ii). The palladium complexes fared better, especially the heterodinuclear Pd/
Ag complex 485, but decomposition of the trinuclear complexes 486 and 487 was observed under the given reaction conditions.

Hybrid NHC-trz ligands with a methylene linker for heterobimetallic complexes with unsymmetrical dicarbene ligands were
developed not long after the first reports of trz as MICs, yet surprisingly few examples of these ligands bridging two different metals
are known.452–454 The first of these were reported in 2012 by Cowie et al. utilizing sequential metalations to form first the NHC-
anchored/pendant-triazolium complex, after which a second metal center could be coordinated to the trz C4-position to give the
Pd/Rh heterobimetallic complexes 488455 or a more recent example, 489,456 in addition to the known symmetrical dicarbene
bis(trz) ligands that function as heterodinuclear bridge 490 (Fig. 13).457

1.05.5.3 Metal carbene complex heterogenization

Immobilization and other heterogenization strategies related to multinuclear cooperativity have been increasingly utilized over the
past two decades in pushing the boundary of NHC transition metal complex application to heterogeneous catalysis and other mate-
rial science applications.458–464 For CAACs, Im4 and trz, these developments have been in the making only during the past 10 years,
but interest is surging. The non-classical NHCs here play a role in furnishing a functional metal complex while also providing
unique access to immobilization strategies. An example of remarkably improved catalytic performance by abnormal carbene ligand
modification is observed when changing a peripheral N1-bound methyl in 170 to an N1-octyl group in 175, for the Cp*Ir

 
Scheme 67 Preparation (routes i–iii) and application (iv) of heteronuclear NHDC complexes in tandem Suzuki-Miyaura/transfer hydrogenation
catalysis.
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Scheme 68 (i) Preparation of hybrid bis(trz)-salen mono- to trinuclear complexes and (ii) catalytic application in the 1,4-addition of oxindoles to
nitroolefins.

Fig. 13 Bridging dicarbene ligands for heterobimetallic complexes.
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complexes with C,N-cyclometalated trz-pyridyl WOCs (vide infra, Fig. 3).465 The methyl-substituted complex 170 displays compar-
ative activity in water oxidation to the most active known iridium-based WOCs with a TOFmax ¼ 16–19 min�1 and rate indepen-
dence of the catalyst concentration and the nature and concentration of the sacrificial oxidant.466,467 However, if CAN is employed
as sacrificial oxidant with 175, the catalytic activity rate increases up to 10 times that of 170, and is reliant on both concentration of
catalyst and oxidant. Kinetic studies revealed a bifurcation time where the activity of 175 increases substantially compared to 170,
producing oxygen at a constant rate. Initially, this was presumed to indicate associated processes such as micelle formation facili-
tated by the ambiphilic nature of the octyl-substituted 175 inducing metal proximity for the rate-limiting OeO bond formation
step. Diffusion NMR experiments showed that 175 exhibits only marginally higher self-aggregation tendency than 170, with an
equilibrium between monomeric and dimeric species implicated from the measured aggregation numbers N ¼ 1.4–2, with 175
having the higher N-value. If the self-aggregation studies were performed in the presence of the sacrificial oxidant CAN, oxidation
of the Cp* ligand is observed but the C,N-cyclometalated pyridyl-trz ligand remains bound to the iridium, presumably with
bridging oxo or hydroxo-moieties as proposed by Crabtree.468 In this case, larger aggregation numbers are obtained, but the absence
of any particles in the 3–500 nm hydrodynamic radius supports the formation of oligomeric aggregates rather than any micellar
assemblies. Thus, oxidative transformation of 175with its longer alkyl chain leads to self-aggregation to yield a catalyst with uncom-
monly high activity.

In the case of heterogeneous catalysis effected by immobilization methodologies, water-solubilization strategies for biphasic
catalysis or solvent precipitation/recyclability has often been implicated,469–472 or immobilization of the complex metal atom/
ion via coordination to a tethered, anchored carbene ligand,462,464,473,474 or stabilization of elemental allotropes or small metal
clusters to metal surfaces with carbene ligands.459,460,475 The developments are discussed in this section based on the nature of
the metal carbene ligand interaction – from molecular complexes with tethered ligands to surface stabilization of infinite metal
atom arrays (Fig. 14). However, the carbene ligand commonly serves a stabilizing rather than a noninnocent role, and thus only
some striking developments are highlighted here.

1.05.5.3.1 Tethered nonclassical metal carbene complexes
Surprisingly few reports of the nonclassical carbenes under review describe the inclusion of charged polar groups like sulfonates or
carbonates as pendant water-solubilizing moieties for catalytic activity in aqueous media.476 One such report details the preparation
of a CAAC ruthenium complex as biphasic olefin metathesis catalyst.477 Unlike other CAAC ruthenium olefin metathesis catalysts
like 396 and 398 (Scheme 50, i), CAAC salt 491 (Scheme 69, i) was tagged with an electrophilic responsive amino substituent on
the backbone. Thus, addition of MeOTf to the CAAC coordinated ruthenium complexes resulted in alkylation of the amino groups
and formation of 493 and 495, from 492 and 494, respectively (Scheme 69, i). The highly polar functional groups render the ruthe-
nium catalyst soluble in environmentally benign polar protic solvents, such as methanol, isopropanol, water and amixture of meth-
anol and water. It was further demonstrated that the ruthenium complexes were stable under atmospheric conditions and could
catalyze various metathesis reactions. In the mentioned protic solvents, catalyst 493 and 495 could also furnish the metathesis reac-
tions. Therefore, the synthetic methodology imparts high solubility to catalyst of industrial relevance,477 and 493 and 495were even
determined to be active in the environmentally significant ammonia borane hydrolytic dehydrogenation yielding hydrogen in neat
water.478 The ammonia borane dehydrogenation reaction was catalyzed with a TON of 86,100, which equates to 1.70 kg H2

released per 1 g ruthenium metal used (Scheme 69, ii).

Fig. 14 Immobilization strategies for nonclassical carbenes: (i) Tethering to macromolecules e.g. polymers or solid support, stabilization of (ii)
clusters, (iii) nanoparticles and (iv) surfaces.
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Functionalization of the nonclassical carbene ligand framework with (larger) molecular moieties also comprising ancillary
applications is a well-known catalyst design strategy, and have included such diverse substituents as chrysin and coumarin479

and carboranes.480–482 Trz ligands that render catalytically active metal complexes are especially popular in this heterogenization
methodology, as covalent linking facilitated by click-reactions to different support is facile. Tethering of carbene complexes to poly-
mer supports is attractive as an immobilization strategy for scaffolds that are homogeneous in reactions but heterogeneous for
recovery.483–485 Such phase reversibility is mediated by polymers with switchable solubility, as observed for poly(quinoxaline-
2,3-diyl)s (PQXs).486 Moreover, the rigid helical rod-structure of the PQX polymer provides for a highly enantioselective chiral
catalyst.487 These advantages were combined with the ease of preparation and post-polymerization functionalization of macromol-
ecules by CuAACmethodologies to yield macromolecular 1,2,3-triazole precursors to supported triazolylidene metal complexes for
chiral gold catalysis (see 378 and 380, Scheme 47).347

Exploitation of the facile CuAAC click reaction was similarly employed in the synthesis of N-doped carbon boxes from micro-
porous organic polymers (MOPs).488 Microporous organic network (MON) layers are formed on the surface of Cu2O nanocubes489

by click reaction of tetra(4-ethynyl)methane (1 equiv.) with 1,4-diazidobenzene (2 equiv.), utilizing the copper surface of the nano-
cube as catalyst. The copper is etched out by treatment with hydrochloric acid to form hollowMON boxes 496 bearing triazole rings,
which can then be alkylated to yield the corresponding triazolium species H-CMOPs (hollow click-based MOP) 497 (Scheme 70).
Successive incorporation of rhodium is achieved by metalation of 497 with [Rh(cod)Cl]2 in the presence of base NaH and KI, to
generate H-CMOP-Rh 498 featuring trz coordinated rhodium(I) (2.2 mmol/g trz), as confirmed by NMR and X-ray photoelectron
spectroscopy (XPS).490 N2 sorption studies showed that the surface area of 498 increases to 310 m2/g from 167 m2/g for 497, with
a pore size volume of 0.55 cm3/g. Complex 498 can then be used as heterogeneous catalyst for the stereoselective synthesis of poly(-
arylacetylene)s, in a rare example of a Rh-based heterogeneous catalytic system.491–495 Utilizing an optimized catalyst load of
0.60 mol% 498, yields of 96% (cis-trans content 98%) was achieved.490 If the conventional nonhollow spherical CMOP-Rh was
employed, significantly impaired catalytic efficiency is observed due to reduced diffusion pathways of the reagents. The recyclability
of 498 was illustrated in catalytic activity maintained for five cycles and is a good indicator for the usefulness of Rh-containing H-
CMOPs in other catalytic reactions.

Covalent tethering of a catalytically active metal complex to a graphene material is a heterogenization strategy for designing
hybrid catalysts, but is contingent on a simple method of covalent attachment. For nonclassical carbenes based on triazoles, CuAAC
click-chemistry presents yet again a facile route towards anchoring triazolium groups on the carbonaceous surface of thermally
reduced graphene oxide (TRGO) materials 499 via the abundant epoxy groups situated at the basal planes, as an alternative to func-
tionalization of surface hydroxyl groups.496 The 1,2-epoxide ring opening is mediated with sodium azide to give the azide-
functionalized graphene material 500 which can then be treated with phenylacetylene in the presence of sodium ascorbate and
copper(II) sulfate catalyst for the click-reaction (Scheme 71, i). The resultant 1,2,3-triazole surface can be reacted with methyl iodide
to quaternize the triazol-N1 atoms to yield surface 501 decorated with triazolium groups, in addition to free hydroxyl groups. The
amount of ligand introduced in the graphene sheet was quantified as 5.8 wt% by means of TGA. If 501 was directly reacted with

Scheme 69 Polar functionalized tagged CAAC ruthenium complexes.
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[Rh(m-OMe)(cod)2], the coordinated methoxy group does not deprotonate the triazolium moieties but rather the rhodium coor-
dinates to the remaining surface hydroxyl groups in metal-functionalized TRGO 502. To circumvent RheO bond formation, the
hydroxyl groups can be first protected to yield the TRGO material with triazolium and -OTMS surface pendant groups 503. If
503 is treated with [Rh(m-OMe)(cod)2], then trz coordination is achieved to give anchored 504 Rh(cod)(trz)-complexes on
TRGO with 2.6 wt% Rh as determined by means of ICP-MS measurements, with a homogenous distribution of the metal. A refer-
ence molecular complex 506 (Scheme 71, ii) as analog to the anchored complexes was also prepared.

Catalytic alkyne hydrosilylation reactions employing 1-octyne and HSiMe2Ph or HSiEt3 as substrates were evaluated with 502,
504, and 506 (Scheme 71, iii). The homogeneous catalysts 506 displayed excellent catalytic performance both in terms of selectivity
(for the thermodynamically less stable b-Z vinylsilane isomer),497 while the hybrid 502 and 504 are active at 60 �C in solvent
CDCl3, although decreased selectivity is seen for 504 when the more active silane HSiEt3 is employed as substrate.496 However
the labile RheO linkages for hybrid 502 lead to the loss of activity over successive catalytic cycles whereas the heterogeneous
504 with robust RheC(trz) covalent bonds can be reused at least six times, even under atmospheric conditions, without loss of
activity. Heterogenization of a molecular catalyst utilizing instead of RhI a C,C-cyclometalated RhIII anchored to the TRGOmaterial,
was probed next as a more b-Z vinylsilane selective hydrosilylation complex catalyst.498 The RhIII complex 507 was prepared con-
taining a C4-phenyl trz ligand (Scheme 71, ii), and proved highly active even at room temperature (Scheme 71, iii). DFT calculated
mechanistic routes pointed to a metal-ligand bifunctional mechanism for 507 involving a reversible cyclometalation of the C4-
phenyl-trz ligand that is competitive with a noncooperative pathway. The triazolium moiety with a C4-phenyl group was bound
to the TRGO surface through a similar strategy as used for 504, whereafter metalation with [RhCp*Cl2]2 (Cp* ¼ pentamethylcyclo-
pentadienyl) in the presence of sodium tert-butoxide as base yielded the hybrid 505 as immobilized version of the molecular rho-
dium(III) catalyst 507 (Scheme 71, ii), with the iodo-ligands replaced by RheO bonds from the O-functionalities on the carbon
wall. 505 only proved active at 60 �C but the hybrid again showed excellent recyclability with exclusive selectivity for the b-Z vinyl-
silane formation (Scheme 71, iii).

Scheme 70 Preparation of heterogeneous RhI polymerization catalysts from templated Cu2O nanocubes to give hollow click-based microporous
organic polymers (H-CMOP-Rh).490 Modified from Cho, K.; Yang, H.; Lee, I.; Lee, S. M.; Kim, H. J.; Son, S. U. J. Am. Chem. Soc. 2021, 143, 4100–
4105.
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Click-based covalent connection of trz to nanoparticles is equally attainable, to prepare for example, nanomagnetic catalysts that
can be readily recycled with magnetic work-up.499 Hydroxyl-surface functionalized magnetic nanoparticles (MNPs) prepared via co-
precipitation of FeIII and FeII at high pH was reacted with 3-azidopropyltriethoxysilane that could be subjected to CuAAC-reaction
with phenylacetylene to yield the triazole-functionalized MNPs 508 (Scheme 72). Alkylation followed by metalation with
Pd(OAc)2 result in PdII trz-functionalized MNPs 509 that proved efficient in Suzuki-Miyaura and Mizoroki-Heck cross-coupling
reactions under mild conditions. The benefit of the heterogenization was illustrated in catalyst recycling and reuse of up to 10 times
without appreciable loss of catalytic activity.

Scheme 71 (i) Click-preparation of hybrid hydrosilylation catalysts on thermally reduced graphene oxide surfaces496 and (ii) molecular catalysts for
(iii) b-Z selective alkyne hydrosilylation. Modified from Sánchez-Page, B.; Jiménez, M. V.; Pérez-Torrente, J. J.; Passarelli, V.; Blasco, J.; Subias, G.;
Granda, M.; Álvarez, P. ACS Appl. Nano Mater. 2020, 3, 1640�1655.
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1.05.5.3.2 Nonclassical carbene stabilized metal clusters
The uncommon stabilizing effect attained from the unique bonding between polymetallic and organic species in organometallic
clusters are well-documented, although the cooperative effects of carbon-multimetal bonds in catalytic reactions remain obscure.500

Especially for carbenes, this can be ascribed to the fact that the exact nature of the carbon-metal bond in clusters is ambiguous, and
the redox behavior of the multimetal centers may differ from single metal compounds. The inherent noninnocence of CAACs exem-
plified by their radical-stabilization capabilities (Section 1.05.1, vide supra) make these nonclassical carbenes the most-explored of
the series under review in this work, extended to the stabilization of the p-block elements, allotropes and radicals,501–505 mono-
mers;506,507 dimers508–510 to small molecules511 and clusters.512–516 Examples of small metal clusters stabilized by the other
monoheteroatom-stabilized carbenes (Im4 and trz) are exceedingly rare and adventitious.517

For atomically precise transition metal clusters that are ligand-protected (Fig. 14, ii), precedents utilizing nonclassical NHCs are
scarce and exclusively implicated for the coinage metals and CAACs, as metal and carbene partners, respectively.71,518 The interest in
these types of cluster compounds lies in their potential to act as mimics for heterogeneous catalysts while maintaining the advantage
of possible catalytic reaction intermediate characterization. The initial study of Bertrand et al. detailing the stabilization of electron-
rich mono- and dinuclear gold(0) complexes with CAACs387 was followed by a straightforward synthesis of small gold(I)/gold(0)
triangular clusters ligated by three CAACs.518 The corresponding cyclohexyl-substituted CAAC-gold(I) chloride 510 can be treated
with Ag2O in the presence of NaBF4 to yield the m3-oxo 511, which can be reduced with carbonmonoxide to the mixed valent cluster
512 (Scheme 73). Alternatively the readily available phosphine m3-oxo complex 513 can be used as a precursor for reaction of the

Scheme 72 Magnetic nanoparticle tethered trz palladium(II).499 Modified from Kempasiddhaiah, M.; Kandathil, V.; Dateer, R. B.; Sasidhar, B. S.;
Patil, S. A.; Patil, S. A. Appl. Organometal. Chem. 2019, 33, e4846.

Scheme 73 (i) CAAC-stabilized Au20AuI clusters utilized in (ii) catalytic amine carbonylation.
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diethyl-substituted CAAC 514 in a ligand substitution reaction to give trinuclear oxo complex 515 before reduction to the charac-
terized Au2

0AuI cluster 516. 516was shown to be an active catalyst for the catalytic carbonylation of cyclohexylamine to a urea deriv-
ative, but not under anaerobic conditions (Scheme 73, ii). Only if the reaction was performed in the air was product formation
observed, with a significant improvement under a 10 psi O2 atmosphere at 90 �C, while a CAAC-AuI-Cl remained inactive and
the m3-oxo bridged 515much less efficient. Identification of the different reaction steps were possible by the isolation of the reaction
intermediates. First, cyclohexylamine reaction with 516 leads to an oxidized dinuclear gold(I)-gold(I) complex 517 with bond
distances typical for AuI–AuI aurophilic interactions (Scheme 73, i). The requirement for an oxygen atmosphere was presumed
to be necessary for the scavenging of the hydrogen atoms. Treatment of 517 with CO (g) reduces the two gold(I) atoms to the recov-
ered 516 and the carbon monoxide is oxidized by two electrons. Trace amounts of cyclohexyl isocyanate and urea formation was
also noted in this step.

Preparation of the copper-derivative of the M2
0MI cluster via reduction of the m3-oxo complex 519 with carbon monoxide did

not proceed as for the gold congener 516.71 However, if bis(neopentyl glycolato)diboron was employed as the reducing agent, the
corresponding trinuclear Cu2

0CuI cluster 520 was accessible in high yield (Scheme 74). The availability of the copper variant of
these trinuclear coinage metal clusters stabilized by the ambiphilic CAACs meant that the concept of galvanic exchange, the redox
process between a sacrificial metal template and metal ions in solution to deposit the replacement metal ions on the surface of the
template,519 could be utilized for absolute templating.71 For copper as the least electronegative of the three coinage metals,
the exchange of all the copper in a sacrificial template with silver or gold should be possible. DFT calculations confirmed that
the exchange of copper by gold should be exergonic (þ27.6 kcal mol�1). Thus 520 could be employed as a template for the clean
preparation of 516 from the complex 514-Au-Cl. Using 514-Ag-OPh as silver precursor analog, the increased oxophilicity of copper
compared to silver could be exploited as driving force of the reaction to prepare also the mixed valent Ag2

0AgI cluster 521, which in
turn could be used as template for 516 preparation from 514-Au-Cl in a synthetic route that describes the first examples of mixed-
valent trinuclear clusters also for silver and copper (Scheme 74).

Computational analyses suggested that the galvanic replacement does not occur through an outer sphere reduction pathway, but
rather via an associative addition-elimination. This observation is rationalized by the isolobal analogy of 516 with the triatomic
hydrogen cation [H3]

þ as s-aromatic compound.520 Lewis base reactivity where the delocalized metal–metal bonds mimic the
p-aromatic interactions is therefore implicated to form tetranuclear 4-center-2-electron clusters with Lewis acid metals.521 From
these presumptions, it was proposed that galvanic templating occurs incrementally via a transient tetranuclear dicationic alloy
cluster to form intermediated trinuclear alloys.71 The similarity of the spatial arrangements of 516, 520 and 521 to a M(111) metal
surface (see Scheme 75, i), and the MeM bond distances of the clusters that closely resemble the distances observed in the free-
standing 2D monolayers, lead to the hypothesis that these clusters could be used as a molecular model for understanding the inter-
action of small molecule substrates with M(111) metal surfaces. Specifically, for carbon dioxide reduction, surface interaction takes
place via charge transfer from the surface to the antibonding orbital of CO2. Formation of a bent radical is then disputed to either
dissociate into CO and O, or to facilitate transient carboxyl (COOH) or formate (HCOO) formation.522 516 and 521 do not react
with CO2, in accordance with computational studies,523 but 520 reacts cleanly to form 519 with CO formation (Scheme 75, ii).71

Scheme 74 Mixed-valent trinuclear coinage metal cluster formation via absolute templating by galvanic exchange.
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With the introduction of a reducing agent to regenerate 520, a TON of 1000 could be obtained without optimization. The use of 520
as a surrogate for Cu(111) means that the hypothesis of reductive CO2 dissociation to CO þ O by copper surfaces could be sup-
ported at the molecular level. The electronic properties of CAACs are also excellently suited to the control of cluster size and compo-
sition of coinage metal/chalcogen clusters.524 This translates to a tunability of the functionality of the clusters in terms of their
photophysical properties as the increased s-donicity and p-acceptor ability lower the metal/chalcogenide-to-ligand charge transfer
excited states to impact on the observed photoluminescence.

1.05.5.3.3 Metal nanoparticles and surfaces stabilized by nonclassical carbenes
Although the value of metal carbenes in heterogeneous catalysis is well-recognized, the influence of carbene surface attachment has
been barely explored.525–527 Carbene stabilized nanoparticles (NPs) are commonly prepared by ligand exchange of L-NP with NHC,
or by controlled selective degradation of the corresponding metal complexes using reducing agents.528 For classic NHCs, robust self-
assembled monolayers on Au(111) surface and nanoparticles (NPs) have been reported as a consequence of the strong, substitu-
tionally inert metal-carbon bond formed.529 The bonding mode for CAACs on heterogeneous surfaces has been implicated to differ
from the single carbene-metal bond found in CAAC complexes.530 In other, independent studies, it could be shown that Rh-NP
formation occurred as a result of Rh-CAAC complex decomposition, as shown independently by the groups of Bullock531 and Glo-
rius532 for Rh-catalyzed arene hydrogenations. In both cases, the formed Rh-NPs are stabilized by protonated CAAC species, albeit
that these non-carbene CAAC derivatives did play a key role in determining the chemoselectivity of fluorinated arene hydrogena-
tion.532 Even more recently, a systematic investigation of CAACs on coinage M(111) (M ¼ Cu, Ag, Au) surfaces has been conduct-
ed.533 The dimethyl-CAAC-CO2 adduct 522 was used as precursor for free carbene 68 formation which could be vacuum-deposited
on M(111) surfaces to form 523 (Scheme 76). Confirmation and characterization of the intact-deposited carbene and surface-
interaction was achieved with scanning tunneling microscopy (STM), X-ray photoelectron spectroscopy (XPS) and DFT calculations.
The 2,6-diisopropylphenyl group is orientated perpendicular to the CAAC ring and parallel to the surface, while the two methyl
groups adjacent to the ring-N points upward to minimize steric hindrance. At high coverage, molecular islands with short-range
order were observed. The asymmetry and bulk of the substituents flanking the carbene carbon atom prevents self-assembly to
a well-ordered, close-packed structure. STM images showed that the CAACs are mobile on the metal surfaces at lower coverage.

Scheme 75 Using M2
0MI clusters as (i) M(111) molecular model for understanding of (ii) CO2 reduction on M(111) surfaces.71 Modified from

Peltier, J. L.; Soleilhavoup, M.; Martin, D.; Jazzar, R.; Bertrand, G. J. Am. Chem. Soc. 2020, 142, 16479–16485.

Scheme 76 Deposition of CAACs generated from CO2-adducts on M(111) surface.533 Modifed from Bakker, A.; Freitag, M.; Kolodzeiski, E.; Bellotti,
P.; Timmer, A.; Ren, J.; Lammers, B. S.; Moock, D.; Roesky, H. W.; Mönig, H.; Amirjalayer, S.; Fuchs, H.; Glorius, F. Angew. Chem. Int. Ed. 2020, 59,
13643–13646.

296 Nonclassical carbenes as noninnocent ligands



This pioneering study on the coinage metal surfaces paves the way for studies of other nonclassical carbenes on (different) metal
surfaces.525–527

1.05.6 Emerging applications of nonclassical carbenes

In the different categories of ligand noninnocence highlighted in this work, the applications of the metal complexes developed have
been predominantly in the arena of molecular catalysis. The nonclassical carbenes are increasingly used also in non-catalytic appli-
cations including supramolecular and material chemistry458–461 (see Section 1.05.5), and in light emitting or harvesting;458,534–538

and biological or medicinal applications458,534,539–542 of these carbon-donor ligands. Of relevance to the current work is especially
the demonstration of a participatory role of the ligand in the targeted application extending beyond the inherent electronic prop-
erties of the ligand, to facilitate the photophysical or biological applications.

1.05.6.1 Light-harvesting and -emitting applications

Transition metal complexes of PtII, IrIII and RuII are well-known as triplet emitters for OLED (Organic Light Emitting Diode) appli-
cations, as a result of the spin-orbit coupling (SOC) induced by the heavy metal central atom,543 or as photosensitizer dyes for solar
energy conversion based on electrochemiluminescence.544,545 Cost and availability factors mean that less expensive complexes
based on iron, copper, osmium, etc. are attractive alternatives, but the role of the ligand on the photophysical and -chemical prop-
erties is an important consideration here. The interest in the photoactivity of the nonclassical carbene complexes is on the rise as
a consequence of the stereoelectronic properties of these ligands. Robust metal-carbon bonds that can facilitate stressed geometries
are preventative to distortions in the excited state to disfavor nonradiative decay for improved emission.546 Secondly, strong s-
donor ligands increase the energy levels of the empty d-orbitals as an additional strategy for emissive complex design that avoid
the nonradiative metal-centered d-d transitions. The bonding motif of cyclometalated bi- or tridentate C- and/or N-donor lumino-
phores is the most explored one to achieve the objectives above. Based on the success of polypyridine complexes of ruthenium(II) as
photosensitizer dyes for dye sensitized solar cells (DSSCs),545,547,548 this has also been the starting point for research using the
nonclassical carbenes as C,N- (or C,C)-cyclometalated s-donors substituting one or more pyridine sites.

1.05.6.1.1 Photoactive nonclassical carbene complexes of group 8 transition metals
Accordingly, several examples of triazolylidene RuII complexes have been investigated (Fig. 15). The first of these were reported by
Albrecht in a series of NHC-py and one trz-py (524) complex,549 in an improvement to emissionless picolyl-tethered NHC
complexes without the CH2-spacer.

550 The bidentate i-bitz ligand as C,C- analogs in 528 was compared also to the trz-py C,N-
bidentate ligands where the pyridine was linked to either N1 (525) or C4-ring triazol-ring position (527). The significant effect
of trz incorporation on ground and excited state redox potentials was demonstrated when comparing emission band positions
and excited state lifetimes of the benchmark [Ru(bpy)3]

2þ complex emitting from the long-lived triplet metal-to-ligand charge
transfer (3MLCT) state.551 Moreover, this was also the first report of OsII trz complexes (526, 529, Fig. 15) for photosensitizer appli-
cations. Alternatively, C,C-cyclometalating ligands were used to prepare monocationic derivatives 530.552 Proceeding from the

Fig. 15 Photoluminescent tris(bidentate) and bis(tridentate) ruthenium(II) complexes with triazolylidene donor ligands.
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tris-bidentate ligand arrangement to a bis-tridentate octahedral RuII was accomplished with CNN-pincer trz-py-py (531, Fig. 15) or
CNC-pincer trz-py-trz (532 and 533, Fig. 15) ligands as analogs to the well-known bis(terpyridine) (terpy ¼ 2,20:60,200-terpyridine)
ruthenium(II) complexes.206–208 The advantages of high stability and isomer-free functionalization of terpy complexes are often
offset by short-lived excited states, due to rapid deactivation via energetically low-lying triplet metal-centered (3MC) excited state.
This is a result of weaker s-donation of the pyridyl-based ligands with strained bond-angles deviating from ideal octahedral geom-
etry in [Ru(terpy)2]

2þ. For the RuII trz complexes listed in Fig. 15, destabilization of the 3MC state relative to the 3MLCT state occurs
with the introduction of the trz donors, in addition to the expected more positive redox potentials which should facilitate charge
separation in the excited state.550 Radiationless deactivation via 3MC is thereby suppressed. Also the weaker p-donation from trz
ligands facilitates a 3MLCT–3MC separation as well as an increase in the ground state (GS)–3MLCT gap to yield complexes display-
ing photoluminescence emission with longer lived excited states and higher emission quantum yields. The practical functionality of
the RuII dyes in DSSCs is proven with the cooperative binding of the complexes to TiO2 surfaces through the carboxylate- or
phosphonate-functionalized terpy-ligands (533). This anchoring method robustly anchors the complex while maintaining charge
transfer from the dye into the semiconductor.208,553

For the first-row transition metal analog of [Ru(bpy)3]
2þ and its polyimine derivatives, the smaller ligand-field splitting of FeII

results in high-spin electronic configurations that are characterized by low-lying MC states (quintet 5MC and triplet 3MC).554 The
5MC state is commonly regarded as the main deactivating state for the photochemically pertinent 3MLCT state, leading to extremely
short excited state lifetimes in the femtosecond range.555 The use of ligands with higher field strength and s-donation can effectively
destabilize the 5MC state so that the 3MLCT state is first intercepted by the 3MC before the 5MC surface crosses the 3MLCT potential
energy surface.556 Employment of the strongly donating bidentate bis(triazolylidene) i-bitz ligand in the heteroleptic complex FeII

534 (Fig. 16), destabilizes both the 5MC and the 3MC states so that a long-lived 3MLCT state (13 ps compared to the 130 fs of
[Fe(bpy)3]

2þ) is accessible with photophysical behavior resembling that of RuII.557 The strategy of using the i-bitz ligands to realize
longer-lived excited state lifetimes for iron complexes were extended by the same group, to a homoleptic tris(bidentate) complex
535 (Fig. 16) featuring a low-spin FeIII.558 The unique combination of the ground state doublet iron(III) metal center and the three
i-bitz ligands promotes the reversal of the charge-transfer excitation direction.559 A ligand-to-metal charge-transfer (2LMCT) excited
state is generated, with a groundbreaking lifetime of 100 ps emitting at room temperature. The complex in the double 2LMCT state
retains its ground state geometry so that little energy is lost to molecular rearrangements during the light-induced charge transfer
process. Thus the 2LMCT state provides for spin-allowed fluorescence as it relaxes to the ground state with conservation of electron
spin.

Chemical reduction of FeIII in 535 by dithionite to FeII yields dicationic 536 (Fig. 16), that displays the expected MLCT as the
lowest-energy charge transfer process as observed for 534.560 However, the homoleptic ligand environment furnishes an unusually
strong ligand field for the FeII complex that provides for an unprecedented lifetime of 528 ps for the 3MLCT state, with a deactivation
pathway that excludes energetic access to the 5MC state.561 Resonant photoelectron spectroscopy (RPES) provides direct spectro-
scopic evidence to corroborate the density theory calculations revealing pronounced mixing of the frontier orbitals as MO interac-
tions between the iron(III) 3d-levels and the i-bitz frontier s- and p-orbitals of 535.562

1.05.6.1.2 Photoactive nonclassical carbene complexes of group 9 transition metals
The high SOC of the heavy platinum-groupmetal ions means that rapid intersystem crossing (ISC) takes place in the excited state, so
that high quantum efficiencies are reached for the photoluminescent emissions of these triplet emitters in OLED applications.563

Also in the case of photoluminescent iridium(III) and platinum(II) complexes, the structural motif of bidentate N,N-, N,C- or C,C-
ligands employing neutral pyridyl or anionic pyrazolyl derivatives as N-donors and anionic phenyls or neutral NHCs as C-donors
for cyclometalation, has been the most common approach. In the case of IrIII complexes, these metal-ligand combinations deliver
mostly blue and near-UV phosphorescence.535,564 As for the group 8 metal complexes discussed above, only the trz class of the
nonclassical carbenes under review has been explored as even stronger donating C-donors for IrIII complexes for OLED applications.

Fig. 16 Photoluminescent iron bis(triazolylidene) complexes.
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The use of two trz-pyridyl (C,N) (537),565 trz-triazolide (C,C) (538),566 trz-phenyl (C,C) (539),121 and trz-imidazolylidene (C,C)
(540 and 541)567 bidentate ligands yield phosphorescent IrIII complexes emitting in the blue region with microsecond lifetimes
ranging from 0.4–3.8 ms at room temperature (Fig. 17). Variable quantum efficiencies of 3.1–28.0% for 539,121 9–12% for
537,565 538566 and 541,567 and 50.0–57.4% for 540567 are achieved, and depend on the ancillary ligands present in the coordina-
tion sphere.568 The expected 3MLCT state is the major emitting state, although for 537 it was found that ligand-centered (LC) tran-
sitions between the two trz present occur. Nevertheless, the moderate p-acceptor and strong s-donor abilities of the trz are again
responsible for stabilizing the emissive complexes due to more stable IreC bonds566 to lower access to the nonradiative deactiva-
tion pathway involving low-lying 3MC states.568

1.05.6.1.3 Photoactive nonclassical carbene complexes of group 10 transition metals
A series of C,C-cyclometalated platinum(II) complexes featuring phenyl-Im4 (543, Fig. 18)569 or -trz (544570 and 545,571 Fig. 18)
with b-diketonate acac (acetylacetonato) auxiliary ligands were reported by Strassner et al. They propose a strongly metal-perturbed
intraligand/metal-to-ligand charge transfer (ILCT/MLCT) for the long-lived (27–57 ms) room temperature phosphorescence
(4 ¼ 40–69%) observed for the cyclometalated Im4 complexes 543.569 Improved quantum yields (4 ¼ 67–78% and 70–84%,
respectively for 545 and 544) in poly(methyl methacrylate) (PMMA) matrices are paired with shorter excited state lifetimes
(18–21 ms and 11–15 ms, respectively) upon introduction of the trz ring instead of Im4. Modification of the cyclometalating phenyl
in 544 to the annulated dibenzofuranyl shifts emission to significantly lower energy,571 while variation of the N3-aryl from phenyl
to mesityl or duryl in 544 (Fig. 18) also affects emission color. The sterically unencumbered N3-phenyl rotates into the molecular
plane to enlarge the conjugated system as predicted by theoretical calculations to stabilize the excited state. In contrast, planariza-
tion of the mesityl ligand is hindered due to steric demand such that its contribution to the conjugated system is reduced which
leads to a blue shift of the emission.570

A tridentate CNC-ligand comprising a central pyridine flanked by two trz was used to chelate a platinum(II) metal to give the
square planar complexes 542with variable ancillary ligands (chloride, acetonitrile or cyanido) that only slightly influences emission
wavelengths and lifetimes (Fig. 18).211,572 Only weak green emission was observed (4 ¼ 3%) arising from mixed LC and MLCT
transitions.572 If a CNC-pincer like 2,6-di(p-tolyl)pyridine is rather used as ancillary chromophoric ligand, cyclometalation of
a trz with a phenyl substituent on the N1-position yields complexes 546 and 547, consecutively, with the CNC ligand either acting
as a bidentate or tridentate ligand in the octahedral coordination sphere (Fig. 18).573 Complexes 546 and 547 represent the first
examples of PtIV with mesoionic carbenes. At room temperature, weak emission from 3LC states is observed, but in PMMAmatrices
quantum efficiencies increase to 71% and 61%, respectively, for 546 and 547. An increase in the energy of deactivating LMCT excited
states is ascribed to the aryl-carbene ligand. Fine-tuning of emission color from blue to yellow is accessible by introduction of vari-
able C,N-chelating chromophores into the PtIV coordination sphere (548–549, Fig. 18), with exceptional efficiency reported for the
first time for platinum(IV) complexes (4 ¼ 97% for 549 and 4 ¼ 93% for 550).574 The role of the trz is that of supporting ligand
that leads to significantly lower nonradiative decay rates and higher quantum efficiencies, compared to the homologous C2-
symmetrical [PtCl2(C,N)trz-Ph]. Computational calculations substantiate the effect of the carbene ligands in raising the energies

Fig. 17 Phosphorescent iridium(III) trz complexes.
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of the nonemissive deactivating 3LMCT states for the OC-6-54 isomers 548–552 shown in Fig. 18. In contrast, the OC-6-42 isomers
are not luminescent as they present a 3LMCT state with long excited state lifetimes.

1.05.6.1.4 Photoactive nonclassical carbene complexes of group 11 transition metals
The linear geometry of the coinage metals in oxidation state þ1 coordinated by NHC ligands are well-known to produce photo-
luminescent complexes.458,535,575,576 The large SOC of the 4d10 and 5d10 metals, enhanced by relativistic effects in the case of
gold and underscored by aurophilic interactions, facilitates the access to emissive triplet excited states via intersystem crossing.576

Using simple monodentate trz, either neutral monocarbene AuI complex 553 or cationic biscarbene AuI complex 554 were
prepared, or the dinuclear 555 with a bidentate i-bitz ligand enforcing short AueAu bond distances (Fig. 19).577 MLCT and intra-
ligand p–p* transitions led to the identification of two excited states – a singlet state with weak fluorescence as well as an intense
and long-lived phosphorescent triplet state.

For 3d10 Cu, metal-centered d–d* transitions are absent to preclude excited state deactivation but SOC is small in comparison to
its heavier congeners. High radiative rate constants can nevertheless be achieved by using p-accepting carbenes as monodentate
chromophoric ligands that lead to the formation of excited states with large MLCT or LLCT.578–581 Especially the molecular design
strategy of the combination of a donor amide and an acceptor carbene ligand bridged by a d10 metal (CMA ¼ carbene metal amide)
mediates interligand charge transfer (LLCT). In this way, thermally activated reverse intersystem crossing (rISC) from nonemissive
triplet states to fluorescent singlet states can be achieved for thermally activated delayed fluorescence (TADF) emitters (vide infra Cu
CAAC complexes).582–584 Fu and Yan et al. utilized the CMA motif in the preparation of linear gold(I) (556) and copper(I)
complexes (557, Fig. 19) containing pyridine-fused trz ligands trans to either an unfunctionalized carbazolide or a di(tert-butyl)-
substituted carbazolide to hinder p-p interactions.585 In both cases, head-to-tail intermolecular self-assembly between the carbazo-
lide and pyridine-fused trz of adjacent molecules also facilitate intermolecular CT. In the absence of triplet-quenching oxygen,
a delayed photoluminescent component in both solution and in the solid state is indicative of TADF emitters. Evidence for the exis-
tence of a monomer-dimer equilibrium in solution presents dual-emission bands which displays single component multicolor
emission. Moreover, emission color could be tuned by variation of excitation wavelength, temperature, degree of concentration
and complex concentration.

Photoluminescence is also dependent on the coordination geometry of the d10 coinage metals, with three coordinate trigonal
planar copper(I) complexes demonstrating tunable behavior from pure phosphorescence to TADF depending on the CMA dihedral
angles.582 Limited ligand scaffold possibilities are available for photophysical tuning of the triplet-singlet gap by modification of
three coordinate geometries to ground state Jahn Teller-distorted T-shapes.586 The combination of a carbazolide with two flanking

Fig. 18 Photoluminescent platinum bis(trz) complexes.
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trz yields such T-shape geometries for all three the coinage metals CuI (558),210 AgI (559, Fig. 20)217 and AuI (206, Scheme 28).216

The unique reactivity of 206 with electrophiles provides the opportunity to modify the gold(I) complex post-complexation by elec-
trophilic attack either at the amide to yield the cationic linear AuI complex 209, or at the nucleophilic metal to furnish the AuIII-F
square planar complex 213 (Scheme 28, Section 1.05.2.2.1).217 Emissions extending from the blue (copper) to green (gold) to
orange (silver) spectrum originate from metal-perturbed p(carbazolide)–p*(carbene) 3ILCT excited states. The highest quantum
yield (4 ¼ 14%) is observed for the linear AuI complex 209. rISC is prohibited by a larger triplet-singlet gap to suppress TADF,
with greater phosphorescence contributions to the photoluminescence leading to longer decay times in THF at room temperature.
On the other hand, the lifetime of CuI complex 558 is too short (sub-nanosecond) to be determined with certainty, and emission
may be fluorescent in nature. For the AgI 559 and AuI 206 analogs, decay lifetimes in the microsecond range, increases to milli-
second lifetimes upon cooling to 77 K. This increase is in line with the assignment of a change in emission origin from 3ILCT to
3IL excited state and may suggest TADF.

Modification of the bis(trz)carbazolide scaffold can be effected by means of the carbazolide-trz connection via the N1-trz atoms
instead of the C4-trz atoms, as well as utilization of an intramolecular cyclization as N-alkylation strategy.587 Employing (earth)
alkali metals prevents ligand distortion following excitation to avoid nonradiative deactivation. A lithium dimeric structure bridged
by iodo- and lithium iodide adducts (560, Fig. 20) is used also as a precursor for the preparation of the mononuclear magnesium
bromide complex 561. Blue-green and intense lime-green luminescence in solution were observed for 560 and 561 (4 ¼ 16% and
14%, respectively) at room temperature.

The recent seminal developments of highly emissive coinage metal complexes of CAACs were initiated by the photophysical
investigation of linear copper(I) halido complexes 562, 563 and 564 in Fig. 21, by the groups of Credgington and Bochmann,588

Steffen,589 and Bertrand and Thompson,590 respectively, utilizing adamantyl (AdCAAC) 600, dimethyl (Me2CAAC) 68 or diethyl
(Et2CAAC) 514 substituted CAAC ligands. In contrast to analogous NHC complexes that are almost non-emissive,589 these
complexes displayed excellent quantum efficiencies with values for 4 of up to 96% achieved for 562 with AdCAAC ligand
600.588,590 Disproportionation of the neutral linear complexes yield cationic bisCAAC complexes 566. Both these, and the 3-
and 4-coordinate CuI-AdCAAC complexes (567, 568, Fig. 21) accommodating bi- or tridentate trispyrazolylborate (Tp) ligands

Fig. 19 Photoactive trz complexes of AuI and CuI with linear geometries.

Fig. 20 Bis(trz)carbazolide complexes of the coinage and the s-block metals.
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were found to display much lower quantum yields, associated with radiationless energy loss involving excited structural rearrange-
ments for coordination numbers exceeding two.590 The complexes are phosphorescent with decay lifetimes ranging from 1 to 32 ms
and radiative rate constants (kr ¼ 2.6–3.9 � 104 s�1), indicating emission from the triplet 3MLCT state, with evidence for aggrega-
tion that leads to a red-shift in the emission wavelengths as compared to NHC CuI complexes.589,590 The improved s-donor/p-
acceptor properties of the CAACs, compared to the NHCs, allow for participation of the copper d-orbitals in several HOMOs.
This yields exceptionally strong SOCmixing of the 1MLCT and 3MLCT states to ensure efficient ISC, CT and radiative recombination
in commercially available OLED host-guest systems.589

Copper(I) CAAC complexes with nanosecond photoemissions could be achieved with the incorporation of aryloxy- (569), thi-
ophenol (571) or arylamido- (573) ligands as the second coordinating moiety (Fig. 21).591 The heavier gold(I) analogs 570, 572
and 574, respectively, were similarly shown to present decay lifetimes varying from 2 to 275 ns. Emission color ranged from blue to
yellow, depending on the ancillary ligand, while luminescence intensity was shown to increase with increasing steric bulk of the
CAAC employed, as well as the MeOeCeC torsion angles for 569 and 570. Notably, more than one emission mechanism were
found to operate for both the first and third rowmetals: both a prompt fluorescence emission in the nanosecond range, and a minor
component with (sub)microsecond lifetime, depending on the ligand trans to the carbene in LMLCT-type delayed emissions. Sil-
ver(I) CAAC complexes 575 and 576 similarly displayed such dual emission mechanisms.592

Employment of potentially bidentate S,S or N,S-ligands to prepare 3-coordinate copper(I) complexes 577 and 578, as well as
linear 579 (Fig. 21) was reported next by Bochmann et al.593 The two-coordinate 579 proved to be a particularly efficient white
phosphorescent emitter, with solid state quantum yield exceeding 96%. On the other hand, the tridentate 577 proved nonemissive,
but the complex was found to decompose at 180 �C with the loss of the coordinating CS2 molecule, yielding the first example of
a CAAC-CuI-carbazolide with the CMA-motif (vide supra). The same group also demonstrated the use of maloNHCs as anionic 6-
membered NHC ligands based on a malonate unit to prepare zwitterionic CuI (580), AgI (581) and AuI (582) mixed-carbene
complexes (Fig. 21).579 The two carbene ligands are co-planar which allows LUMO delocalization across the carbene carbon
atom of both carbenes. This results in overlap between the HOMO and LUMO, and the large HOMO-LUMO energy gap (as

Fig. 21 Photoactive CAAC complexes of the coinage metals.
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established electrochemically), gives rise to blue-white phosphorescence with excited state lifetimes (of 50–400 ms) increasing from
the first row to the third row metal, in line with the SOC constants. For these compounds, and the preceding complexes, no strong
intermolecular interactions were observed. Ultimately, however, the CMA bondingmotif yielded the most successful photoemitters.
Both copper (583) and gold (584) AdCAAC carbazolide (Cbz) complexes were prepared, as well as substituted Cbz-gold(I) 585 and
diphenylamide 586 (Fig. 21) for incorporation into OLED devices.594 Rapid ISC from the triplet state is required to enable higher
efficiencies for phosphorescent OLEDs not based on heavy atoms like platinum or iridium, or TADF OLEDs with low exchange
energies. In the case of these CMAs 583–585, molecular configurations (depending on the relative dihedral angle of the CAAC
(acceptor) and Cbz (donor) planes) that achieve low exchange energies exist. This means that internal quantum efficiencies of
near-100% are obtained for the solution-processed OLEDs. Optimization of the CuI CAAC OLED by fine-tuning of the CAAC steric
encumbrance (CAAC variation between AdCAAC 600 in complex 583, MenthCAAC 41 in complex 587, Et2CAAC 514 in complex
588 and Me2CAAC 68 in complex 589, Fig. 21) and electronic properties of substituted Cbz (cyano-substituted 591, methoxy-
substituted 592 or methyl-substituted 590) in addition to diphenylamide 593, Fig. 21 demonstrate the requirement of coplanar
conformation of the ligands to suppress nonradiative decay associated with structural reorganization to achieve photoluminescence
efficiencies >99% from microsecond lifetime interligand charge transfer (ICT) transition between carbene and amide, and SOC
through the metal d orbitals.595

In a further investigation of the photophysical properties of linear CAAC coinage metal CMAs (comparing CuI 587, AgI 594 and
AuI 595, Fig. 21), it was found that the metals are redox innocent in contrast to other d10 metal centers that emit fromMLCT excited
states.580 Instead, the metal modulates electron coupling as a monoatomic electrical conduit between donor Cbz and acceptor
CAAC. Delayed fluorescence resulting from thermally promoted rapid ISC arises from long-lived T1 transition to the S1 state.
The fastest radiative rate is achieved for the silver complex, inversely related to the metal-ligand bond distances of the complexes.
Exploitation of the success of the CAAC-based CMA photoemitters is evident from the rapid development of analogous coinage
metal photoemitters utilizing e.g. first (596, 597, Fig. 21) and second generation carbazolide dendrimers (598, 599,
Fig. 21),581,596 or modified CAACs such as the cyclic (aryl)(amino)carbenes (CAArCs)597 or bicyclic CAACs,581 with new or
improved photophysical properties.

1.05.6.2 Biological and medicinal applications of the nonclassical carbenes

The precedent of NHC metal complexes as chemotherapeutic agents458,539–542,598 for anticancer, antimicrobial and antibacterial
applications, or for biomedical applications458,540,599,600 like chemosensing, photodynamic therapeutics or cell imaging, is under-
pinned by the strong metal carbon bond formed, as well as the ease of substituent variation and high functional group tolerance for
biological property tuning. For the nonclassical carbene complexes under review, biological applications are being reported with
increasing frequency, but remains an area where development is still in its infancy.

Coinage metal carbene complexes are being developed in attempts to minimize the significant side effects of Auranofin, the
leading phosphine gold(I) thiolate complex with antitumor activity used clinically. Auranofin, and other gold(I)-based drugs,
are thought to operate via a mode of action that includes binding to selenocysteine groups of the Thioredoxin Reductase (TrxR)
enzyme active site, which is involved in cell death pathways mediated by Reactive Oxygen Species (ROS).601 The stronger metal-
ligand bond granted by coinage metal CAAC complexes of the type CAACeMeCl (562–565, 575; Fig. 21) was therefore thought
to be potential cytotoxic agents capable of inhibiting TrxR with improved selectivity, while the cationic biscarbene complexes of the
type CAACeMþeCAAC (566, 576; Fig. 21) (M ¼ Cu, Ag, Au) as delocalized lipophilic cations have the potential to target the mito-
chondria of cancer cells by compounds characterized by elevated partition coefficient values to readily pass lipid membranes.602 The
neutral and cationic CAAC coinage metal complexes were screened against a panel of human cancer cell lines of varying degrees of
cisplatin resistance by O’Connell and Bochmann et al., with high cytotoxicity exhibited (the half maximal inhibitory concentration
(mM) required to inhibit the growth of 50% of cells in the culture, or IC50 values, are in submicromolar �100 nanomolar range).
Especially the CAACeMþeCAAC complexes proved effective against the cisplatin-insensitive cell lines. The mode-of-action of these
complexes could not be unambiguously assigned, but TxrR inhibition and ROS formation were ruled out as primary pathways. A
closer inspection of the apparently metal-dependent mode-of-action602 was done by preparing the Et2CAACeAu

þeEt2CAAC 601
and the CAAC-bound Auranofin analog 602 containing the gluco-pyranosyl-1-thiolate ligand (Fig. 22), and evaluating TxrR and
bovine serum albumin (BSA) protein binding.603 601 proved even more cytotoxic than Auranofin and is also the least lipophilic
of the series but showed the highest cellular uptake. No mitochondrial delocalization occurred and thus the cytotoxicity of 601 is
likely cell-based but independent of the mitochondria or the inhibition of related proteins.

The anticancer activity of trz coordinated complexes has also been explored for similar reasons, namely the robust metal-carbon
bond that is stable under physiological conditions, while examples of Im4 complexes explored for their cytotoxic activity are exceed-
ingly rare.202 Ruthenium, osmium (193 and 194, Fig. 4 and 603, Fig. 23),600,604 and iridium trz complexes (604, Fig. 23)604 have
been reported. All the complexes showed in vitro cytotoxicity for human ovarian cancer cells (e.g. for 603, human ovarian cancer
cell lines A2780 and A2780R IC50 < 50 mM; or for 604, for ovarian cancer cell line MES_OV IC50 ¼ 4.08 � 0.5 mM), with a high
degree of selectivity towards normal cell lines. No metal dissociation under physiological conditions occurred. Linear coinage metal
metallocenyl-trz complexes 315 and 318 (see Scheme 39, i and iii, respectively) have also displayed varying degrees of cytotoxicity
but proved non-selective.314 If Fc-functionalized trz complexes containing C5-alkyl chains (605 and 606, Fig. 23) were prepared,
good antibacterial activity against the resistant Gram-negative bacterial Salmonella strain was obtained, although higher concentra-
tions were required for the inhibition of E. coli.605 The requirement of both the metal centers (Fe and Au) as well as the cationic
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charge for cytotoxicity towards lung cancer cell lines A549 and H1975 (with limited cytotoxicity for human embryonic kidney cells
HEK-293 as a normal cell model), could be unambiguously proved for a Fc-trz gold(I) phosphine 607 (Fig. 23), although prelim-
inary mode-of-action studies only confirmed apoptotic cell death pathways.606

Different cellular targets are available to the harder AuIII complexes for antitumor activities based on different mechanisms than
TrxR inhibition, as viable alternatives to isoelectronic platinum(II)-based drugs. However, the kinetic lability, light sensitivity and
the tendency for the AuIII to reduce to AuI or Au0 under physiological conditions limit the usefulness of AuIII metal complexes as
anticancer agents.607,608 Modification of the bis(trz)carbazolide ligand scaffold known to favor gold(I) oxidation,216 yielded a pro-
ligand containing an ‘unsubstituted’ aromatic planar carbazole moiety for potential DNA intercalation. Metalation and subsequent
chemical oxidation resulted in a redox stable AuIII complex 608 (Fig. 23) containing a labile chloride ligand available for covalent
DNA-bonding, as a multi-pronged approach to targeting cancer DNA.609 The complex was found to be notably cytotoxic toward the
breast cancer cell line MDA-MB-231 (IC50 ¼ 2.3 � 0.8 mM) and behaves as a partial DNA intercalator that can target DNA three-way
junctions with good specificity, several other B-DNA forms and Z-DNA in silico. Both the redox stability (and inertia towards reac-
tion with intracellular reductant glutathione GSH) and the DNA affinity of 608 might be key factors underlying its cytotoxicity
in vitro.

One further area of application is the combination of photoactivity in the biological field for cell imaging possibilities. The prin-
ciple was recently demonstrated by a fluorescent PdII trz complex 609 (Fig. 23) as a non-toxic probe for selectively labelling the

Fig. 22 Cytotoxic CAAC AuI complexes.

Fig. 23 Trz metal complexes with medicinal or bio-photophysical applications.
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endoplasmic reticulum in live cells,610 and IrIII trz complexes 541 (Fig. 17) as luminescent probes for cell imaging of lung cancer
cells.567 The developments in biological and photophysical applications have been in line with the tunable electronic, steric and
stabilizing properties associated with these carbene ligands. The applications are therefore mostly based on the inherent electronic
properties of these ligands, rather than specific noninnocent behavior (ligand-based cooperative or multifunctional), with the
notable exception of 608.609

1.05.7 Perspective

In little more than a decade, the deployment of nonclassical carbenes Im4, CAACs and trz as ligands has seen the boundaries of
metal-mediated (re)activity pushed to new limits. The distinct (stereo)electronic properties of the different nonclassical carbenes
have led to remarkable inherent noninnocent ligand behavior of the heterocycles when compared to classical NHCs and other
donor ligands. Exploitation of this feature during ligand design leads to tailored ligands for highly specialized applications, partic-
ularly when coupled with the incorporation of a functional group furnishing a multifunctional role for the nonclassical carbene
heterocycle in (chiral) catalysis. The potential of switchable carbene ligands that can adopt more than two electronic states, or
the combination of two different switchable states, e.g., redox and light switchable, especially warrants future interest. The ancillary
roles accessible from these ligands pave the way to multimodal functional compounds. As an illustrative example, the development
of theranostic compounds or multitarget therapeutic agents can be anticipated from the preparation of ligands that are cytotoxic,
redox- and photoactive. Applications extending beyond the molecular level are still rare, but scaling up to functional macromolec-
ular materials is the next step.
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Abstract

Since frustrated Lewis pairs were first defined in 2006, they have become one of the most exciting areas of main group
chemistry. In just 15 years, these systems have gone from chemical curiosities to commonplace catalysts, and many research
groups are now exploring their ability to supersede conventional transition metal catalysts. This article aims to discuss the
catalytic applicability of frustrated Lewis pairs, with a discussion on hydrogenation catalysis, 1,2-hydrofunctionalization
catalysis, cyclization catalysis, and CO2 reduction catalysis.

1.06.1 Introduction to frustrated Lewis pairs (FLPs)

When a Lewis acid and a Lewis base combine, the lone pair of electrons on the base are donated into the empty p-orbital of the acid
to form a Lewis adduct. In cases where there is segregation between the Lewis acidic and basic sites, an adduct is unable to form and
instead a frustrated Lewis pair (FLP) is formed (Fig. 1). FLPs retain the reactivity of the individual Lewis acid and base centers and are
thus able to partake in reactions which Lewis adducts are recalcitrant toward.1

Whilst the first frustrated Lewis pair was not identified until 2006, unexpected reactivity by Lewis acids and bases that could
retrospectively be described as FLP-like in nature can be found as early as 1942.2–4 In 1996, Piers observed that tris(pentafluoro-
phenyl)borane [B(C6F5)3] was an efficient catalyst toward the hydrosilylation of carbonyls with triphenylsilane, but it was not
for a further 12 years that the mechanism was fully elucidated.5,6 Stephan coined the term ‘frustrated Lewis pair’ following the
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seminal discovery of 2006, which reported the first metal-free reversible activation of dihydrogen (Scheme 1).7 The described phos-
phinoborane exhibited a large steric bulk around the Lewis acidic and basic sites and was able to reversibly activate dihydrogen
under mild conditions.7

The simplicity of hydrogen activation by frustrated Lewis pairs led to a plethora of interest in their application toward further
small molecule activation, and more recently catalysis. Since 2006, the scope of small molecules amenable to activation by FLPs has
expanded toward CO2, NO2, SO2, alkenes and N2.

8–11 This article aims to explore the catalytic aspect of frustrated Lewis pairs.

1.06.2 FLP-mediated catalytic hydrogenation

The catalytic reduction of unsaturated compounds with dihydrogen is one of the most widely applied processes in industrial and
academic settings. In fact, it is estimated that up to 20% of all synthesized chemicals have been subjected to one form of catalytic
hydrogenation at one point in development12; however, the majority of catalysts used in the hydrogenation transformation contain
a transition-metal center, which facilitates the reduction of dihydrogen with its d-orbitals. Herein, the filled s orbital of dihydrogen
is able to donate into an empty d-orbital of the metal, whilst simultaneously a filled d-orbital is able to donate electron density into
the dihydrogen’s empty s* orbital (Fig. 2, left).

A different process occurs in the activation of hydrogen by FLPs, wherein the basic component is able to donate electron density
into the empty s* orbital of dihydrogen, whilst the acidic component is able to accept electron density from the filled s orbital of
dihydrogen (Fig. 2, right). For many years transition metals dominated the field of hydrogen reduction, with reports of main-group
metals utilized in the field significantly rarer.13 Thus, upon the seminal discovery of frustrated Lewis pairs an exciting new article in
metal-free catalytic hydrogenations was launched.

1.06.2.1 FLP-mediated catalytic hydrogenation of polar substrates

The serendipitous discovery by Stephan that a phosphinoborane could reversibly activate H2 launched an exciting new article within
the field of metal-free catalysis.7 In quick succession, Stephan and other researchers observed that an FLP’s ability to mediate revers-
ible dihydrogen activation also granted it the ability to reduce catalytically a range of polar substrates. CeNmultiple bonds and silyl

Fig. 1 Formation of Lewis adducts and frustrated Lewis pairs.1

Scheme 1 First example of reversible activation of dihydrogen by a non-metal complex.7

 
Fig. 2 Activation of H2 by metals (left) and FLPs (right).
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enol ethers were the first to be reduced; however, it was not long before a more diverse scope of amides, phosphine oxides, and
carbonyls were observed to be amenable to FLP-catalyzed hydrogenation.

1.06.2.1.1 Reduction of CeN multiple bonds and silyl enols
Stephan’s seminal work on stoichiometric H2 activation was swiftly followed with the first example of FLP catalyzed hydrogenation
(Scheme 2).14 Two intramolecular FLPs, 1 and 2, were demonstrated to catalyze the reduction of a range of eleven sterically
demanding unsaturated substrates including imines, protected nitriles and unactivated aziridines into their respective amines 3,
in poor to excellent yield.14

Shortly afterwards, Erker reported that phosphonium borate 4 could be employed as an intramolecular FLP toward the reduction
of bulky imines. Unlike in previous examples,14 where elevated temperatures were required for efficient reduction, FLP 4 was
capable of reducing five imines under ambient conditions in good to excellent yield. Furthermore, this system also gave the first
report of enamine reduction at room temperature (Scheme 3).15

A linked amine-borane FLP 5 termed a ‘molecular tweezer’was later developed by Repo (Fig. 3).16 This new system was reported
to reduce imines that the previously known phosphine/borane FLPs had been recalcitrant toward.14,15 For example, when catalyst 1
was investigated in this reduction, the imine substrate formed a strong amine-borate adduct 6. The strength of this BeN interaction
resulted in inhibition of the boron center, thus only allowing for stoichiometric reductions to occur.16

FLP 5was found to catalyze the reduction of imines at low loadings under relatively ambient conditions, reflux in toluene under
2 bar of hydrogen (Scheme 4). Eight examples were reported, with almost quantitative NMR yields observed for most substrates;
however, less sterically demanding imines (7 and 8) remained a limitation for this catalytic system, generating their corresponding
amine products in a mere 4% yield.16

An intermolecular FLP composed of 1,8-bis(diphenylphosphino)naphthalene 9 and B(C6F5)3 was reported to catalyze the
reduction of five silyl enol ethers into silanes (Scheme 5).17 Whilst a relatively high catalyst loading was required, very mild condi-
tions and low H2 pressure was sufficient to catalyze the reduction, forming the desired silanes in high yields; however, for the less
sterically demanding enol silyl ether 10, a much harsher pressure of H2 was required for the reduction to proceed.17

Scheme 3 FLP catalyzed reduction of imines.15

Scheme 2 The first report of FLP catalyzed hydrogenation with intramolecular FLPs 1 and 2.14

Fig. 3 Intramolecular FLP 5 for imine reduction (left); amine-borate adduct 6 formed when catalyst 1 used in imine reduction (right).16
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In effort to improve the functional group tolerability for catalytic reduction, novel FLP systems were designed by Soós (Scheme
6). A simple modification to the archetypal B(C6F5)3 was employed, wherein a single perfluorinated aryl group on the borane was
replaced with amesitylene substituent. This had the effect of increasing congestion around the boron center, thus preventing the FLP
from unwanted reactivity with the olefin functionalities in most cases. With the Lewis acid B(C6F5)2Mes in hand, a screening with

Scheme 4 Imine reduction catalyzed by FLP 5.16

Scheme 5 Silyl enol ether reduction catalyzed with a 9/B(C6F5)3 FLP.17

Scheme 6 Catalytic reduction by B(C6F5)2Mes/11 and B(C6F5)2Mes/12 FLP systems.18
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various commercially available nitrogen-based Lewis bases was performed toward the reduction of an imine. Here DABCO (1,4-
diazabicyclo[2.2.2]octane) 11 and quinuclidine 12 were found to perform the best when combined with B(C6F5)2Mes, with the
DABCO 11 system operating efficiently under ambient conditions.

The novel FLPs comprised of B(C6F5)2Mes and 11 or 12 were applied toward the reduction of seven imines, with poor to excel-
lent yields observed. Notably, challenging substrates 13 and 14were also reduced by these FLP systems. In the case of allyloxy deriv-
ative 13, the FLP systems tolerated the allyl and unactivated olefin groups, with only reduction of the imine observed; however,
when subjecting the crotyl imine 14 toward the reduction, both the imine and olefin groups were hydrogenated. Finally, carvone
15 was investigated and the B(C6F5)2Mes/11 FLP was observed to reduce selectively the activated olefin within the six-membered
ring in the presence of a terminal alkene, whereas the B(C6F5)2Mes/12 FLP was unable to promote any reactivity.18

An alternative approach to conventional FLP chemistry was demonstrated by Ashley, who used the softer p-block element, tin,
rather than boron (Scheme 7).19 Stannylium salt iPr3SnOTf 16 was prepared, of which the ion, iPr3Sn

þ, can be considered as an
isolobal equivalent to a triarylborane. The bulky alkyl groups around the tin center prevent the triflate counterion from interacting
with its empty p-orbital, thus generating a shielded electrophilic moiety acidic enough to participate in FLP-type reactivity. Here, in
combination with various bases, 16 was employed in the reduction of carbonyls and imines under mild conditions in 1,2-
dichlorobenzene (DCB), and without the requirement for air sensitive techniques. Four carbonyls and six imines were readily
reduced, with product yields strongly dependent on the identity of the base; in most cases the reaction proceeded best with
2,4,6-trimethylpyridine (collidine).19

1.06.2.1.2 Reduction of amides and phosphine oxides
The one-pot reduction of tertiary amides was achieved with a catalytic amount of the weakly Lewis acidic B(2,6-F2C6H3)3 17 in
combination with an excess of oxalyl chloride (COCl)2.

20 Oxalyl chloride served as a deoxygenating agent for the amide, forming
chloroiminium chloride 18 in situ. Further reduction yielded the desired amine, which was formed as hydrochloride salt 19 and
could be obtained readily by filtration. Through H2/D2 isotope scrambling between 17 and tetraphenylphosphonium chloride,
it was revealed that the chloride 18 formed in situ served as the Lewis base in the FLP, in what was noted as the first example of
a halide acting as a Lewis base in FLP chemistry (Scheme 8).20

The reduction protocol with 17 was observed to be versatile across a range of functionalities, with benzoyl, formyl and cyclo-
hexyl derived amides amenable to reduction in good to excellent yield. Moreover, acid-sensitive amides derived from proline 20
or containing a tert-butyloxycarbonyl (Boc) group 21 were also reduced adequately; however, acetyl derived amides performed
poorly and highly reactive aromatic N-heterocycles such as diphenylamine and indole simply decomposed (Scheme 9).20

A combination of 17 and oxalyl chloride was also used in the reduction of triaryl phosphine oxides.21 Here, 2,6-lutidine 22 was
initially applied as the Lewis basic component of the FLP. While an optimization found the reduction would work efficiently, form-
ing the desired phosphine in 93% yield, the hydrogen chloride by-product was observed to protonate 22, thereby deactivating the
catalyst. The reduction was also noted to occur quantitatively in the absence of 22, wherein the phosphine oxide itself served as the
Lewis basic component of the FLP (Scheme 10).21 Further examples of substrates which act as a Lewis base in FLP chemistry can be
found in the next section.

Scheme 7 iPr3SnOTf 16 catalyzed reduction of carbonyls and imines.19

Scheme 8 H2/D2 isotope scrambling between B(2,6-F2C6H3)3 17 and tetraphenylphosphonium chloride.20
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Interestingly, by applying a higher pressure of hydrogen, the reduction of triaryl phosphine oxides could be observed to occur in
the absence of the borane altogether, forming the phosphine in 93% yield. Computational studies suggested that this reaction pro-
ceeded via H2 activation by the phosphine oxide and a chlorophosphonium ion 23 (generated in situ by reaction between the phos-
phine oxide and the (COCl)2 additive) which served as the Lewis basic and Lewis acidic components of a new FLP respectively
(Scheme 10).21

1.06.2.1.3 Substrates which also serve as the Lewis basic components of FLPs
Just 2 years after the discovery of frustrated Lewis pairs, it was recognized that basic substrates could also act as a component in
a FLP, negating the use of an external base in the reaction. This was demonstrated simultaneously by Klankermayer and Stephan
through the reduction of bulky imines by B(C6F5)3 (Scheme 11).22,23 Stephan investigated a short scope of six imines, exploring
the functional group tolerance with a set of optimized conditions.23 Meanwhile, Klankermayer optimized the reduction of three
imines, optimizing time, H2 pressure, catalyst loading and temperature.22

Stephan further expanded this methodology toward a protected aziridine, forming the corresponding amine in 95% yield
(Scheme 12). Nitrile reduction was also attempted; however, it was observed that protected nitriles were not basic enough to extract
the proton from the activated H2 without external assistance. Nonetheless, the addition of an external base, such as P(C6H2Me3)3,
proved to be sufficient to catalyze the reduction of protected nitriles.23

A subsequent report further increased the scope of this system, with the reduction of five N-heterocycles such as acridine and
substituted quinolines (Scheme 13). Whilst some quinolines required elevated temperatures to undergo reduction, good to excel-
lent yields were observed throughout.24

Stephan later detailed that B(C6F5)3 could also catalyze the reduction of indole derivatives into their corresponding dihydroin-
doles.25 Whilst the imines and N-heterocycles investigated previously were reducible under relatively ambient conditions,23,24 the
indole derivatives required harsher temperatures and pressures (80 �C; 103 bar H2) for sufficient reactivity. High temperatures were

Scheme 9 FLP mediated reduction of tertiary amides.20

Scheme 10 FLP mediated reduction of phosphine oxides.21
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also required for the reduction of pyridines and diimines, although only 4 bar of H2 was required. Notably, upon the reduction of
pyridine derivatives, the FLP system selectively reduced the imine functionality and not the aromatic pyridine ring (Scheme 14).25

In 2009, Berke introduced a modified Lewis acid with two acidic centers, 1,8-bis(dipentafluorophenylboryl)naphthalene 24,
which was able to form a FLP with the substrates it was designed to reduce. Seven bulky imines were subjected toward the reduction
with this FLP system with 10 mol% loading of 24 (Scheme 15). Most substrates were reduced into their respective amines in 99%

Scheme 11 Catalytic reduction of imines where the imine acts as both substrate and the basic component of the FLP.22,23

Scheme 12 Catalytic reduction of aziridine and nitriles with B(C6F5)3.23

Scheme 13 Catalytic reduction of N-heterocycles with B(C6F5)3.24
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yield in as little as 6 h; however, a limitation was noted upon the attempted reduction ofN-benzyl-1-phenylmethanimine 25, which
was resistant toward reaction.26

Moreover, the reduction of protected oximes into their corresponding protected hydroxylamines was observed by Oestreich,
whilst using a catalytic amount of B(C6F5)3 (Scheme 16). Good to excellent yields were reported over 14 examples, though the
reduction was found to be unsuccessful with unprotected oximes or when the oxime protecting group was not sufficiently bulky.
The stable boron-oxime adduct intermediate was observed when a tBu or SiiPr3 protecting group was installed on the oxime;
however, the SiiPr3 protecting group was preferred as the free hydroxylamine was obtainable through a simple treatment with

Scheme 14 Catalytic reduction of indoles, pyridine derivatives and diimines.25

Scheme 15 Catalytic reduction of imines with bisborane 24.26
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HF$pyridine.27 Moreover, the reduction was observed to be chemoselective, with exclusive reduction of the C]N bond and no
NeO bond scission.27

Du targeted the direct reduction of pyridines with the use of a borane catalyst formed in situ through the hydroboration of Piers
borane [HB(C6F5)2] with alkene 26 (Scheme 17). A broad range of 21 piperidines were formed through reduction of their corre-
sponding pyridines with excellent cis stereoselectivities (up to 99:1 d.r.) and isolated yields (up to 99%). This methodology was also
applied toward the synthesis of isosolenopsin A, an anti-HIV drug.28

1.06.2.1.4 Enantioselective reduction of CeN multiple bonds and silyl enols
Enantioselective reductions are of high importance to the synthetic chemist. With many biologically active molecules active only as
a single enantiomer, there is a great deal of interest in the enantioselective synthesis of compounds. Many enantioselective catalysts
are based upon transition metals due to the ease of installing chiral ligands onto the metal center; however, there have been an
increasing number of frustrated Lewis pair systems that are viable alternatives for enantioselective reductions.

The first report of a FLP-mediated enantioselective reduction came in 2008, where Klankermayer prepared a chiral borane cata-
lyst capable of reducing imines asymmetrically. This chiral borane was derived from the natural product (þ)-a-pinene, which upon
hydroboration with Piers borane formed borane 27. By applying 10 mol% of 27, heating to 65 �C and applying 20 bar of hydrogen
pressure, full conversion of an imine substrate could be observed with 13% e.e. (Scheme 18).22

Scheme 16 Chemoselective reduction of protected oximes with catalytic B(C6F5)3.27

Scheme 17 Catalytic reduction of pyridines with Piers borane and 26.28

Scheme 18 First report of FLP-mediated enantioselective reduction of imines.22
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This system was significantly improved just 2 years later with the introduction of a borane derived from a different natural
product, (1R)-(þ)-camphor. Again, Piers borane was employed to undergo a hydroboration reaction with the natural product to
form a chiral borane, which when in the presence of PtBu3 would form FLP system 28. This novel chiral intermolecular FLP system
was investigated in a series of pro-chiral ketimine reductions (Scheme 19). Indeed, higher enantioselective reductions of up to 83%
e.e. were achieved with just 5 mol% catalytic loading of 28.29

An intramolecular version of intermolecular FLP 28 was developed in 2012 (Scheme 20). Here, (1R)-(þ)-camphor was initially
installed with a phosphine moiety before hydroboration with Piers borane to form the desired chiral borane 29. 29 was then sub-
jected toward a scope of imines with variously substituted aryl groups, promoting highly enantioselective reductions (up to 76%
e.e.). Moreover, recyclability of the catalyst was also investigated. It was found that 29 could give reproducible results (>99%
conversion, 76% e.e.) over four consecutive experiments, confirming the catalyst’s effectiveness and stability.30

Diastereoselective reduction of chiral ketimines was attempted with B(C6F5)3 to mixed success (Scheme 21). Whilst yields were
observed to be satisfactory over nine examples, the success of diastereoselectivity was found to correlate with the distance between
the chiral center of the imine and the unsaturated carbon center. For example, the camphor 30 and menthone 31 derived imines
performed well under the conditions investigated, whilst phenethylamine 32 did not.31

In 2011, Repo prepared a chiral variant 33 of the ‘molecular tweezer’ FLP 5,16 and probed the capability of this novel catalyst in
the enantioselective reduction of imines (Fig. 4).32 However whilst ansa-ammonium borate 33 displayed high air and moisture
stability it did not show satisfactory results in enantioselective reductions, with a maximum reported e.e. of 37%.32

Du established an alternate strategy for asymmetric reduction with catalytically active bisboranes, generated through reaction of
chiral dienes or diynes with Piers borane. Here the chirality imparted upon the catalytic reduction originated from the ligand

Scheme 19 Enantioselective reduction of imines with an intermolecular FLP system containing a camphor-based borane.29

Scheme 20 Enantioselective reduction of imines with an intermolecular FLP system containing a camphor-based borane.30

324 Frustrated lewis pairs in catalysis



attached to the boron based catalyst.33–36 The first attempt toward asymmetric reduction was performed with diene 34 (Scheme
22), which when reacted with Piers borane formed a catalytically active chiral bisborane in situ. Various ketimines were subjected
toward reduction by this bisborane, with high yields and enantioselectivities observed at room temperature (63–99%, 74–89%
e.e.). Moreover, various functional groups on the phenyl substituent were tolerated, including an alkyne moiety.33

A related chiral diene with modified aryl rings 35 was later developed into a chiral bisborane through hydroboration with Piers
borane (Scheme 23). Here, equimolar PtBu3 was employed to assist in the asymmetric reduction of silyl enol ethers in excellent
yields (up to 99%) and high e.e. (up to 99%).34

Scheme 21 Diastereoselective reduction of chiral ketimines with B(C6F5)3.31

Fig. 4 Chiral variant of FLP ‘molecular tweezers’.32

Scheme 22 Chiral reduction of ketimines with bisborane based upon diene 34.33
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A further, more electron deficient chiral diene 36was employed in the preparation of a different in situ chiral diphenyl bisborane
through reaction with Piers borane for the asymmetric reduction of quinoxalines (Scheme 24). Here the quinoxaline was able to act
as the Lewis base of the frustrated Lewis pair, leading to 14 enantiopure reductions at room temperature. The formed tetrahydro-
quinoxalines were highly cis-selective (up to 99:1 d.r.) and highly enantioselective (67–96% e.e.).35

The most recent development by Du in chiral reduction was based upon a naphthyl-derived diyne ligand 37 (Scheme 25). Such
structural change made the chiral borane formed upon hydroboration with Piers borane more rigid, as well as susceptible to elec-
tronic tuning upon modification to the naphthyl ring. The chiral bisborane and PtBu3 were employed in the catalytic reduction of
a range of silyl enol ethers, employing the optimized conditions used with the bisborane based upon 35.34 The reactions proceeded
smoothly, yielding optically active alcohols in up to 99% isolated yields and up to 99% e.e.36

Further effort in imparting chirality by using a binaphthyl scaffold within an FLP was reported with binaphthyl-linked amino-
borane 38 (Scheme 26). This intramolecular FLP was utilized in the asymmetric reductions of six imines and notably, in the first
reported asymmetric reduction of enamines. Under mild conditions, the chiral catalyst was able to reduce various N-aryl and N-
alkyl imines, including imines with non-bulky N-substituents such as 39. Smaller imines tend to be problematic for FLP systems,
as they often form strong BeN adducts, thus promoting irreversible catalyst deactivation. The reductions of bulkier imines pro-
ceeded with good to excellent yields and e.e.s (up to 92% and 83% respectively); however, the e.e. was significantly reduced
when N-alkyl imines were investigated (34% e.e.). Symmetric and asymmetric enamines also showed excellent results, displaying
up to 99% isolated yields and up to 99% e.e.s following reduction.37

1.06.2.1.5 Reduction of carbonyls
As many FLP systems contain boron-based compounds as their acidic component, the FLP mediated hydrogenation of carbonyl
substrates posed a difficult problem for many researchers. Attempts to perform catalytic carbonyl reduction often resulted in the

Scheme 23 Chiral reduction of silyl enol ethers with bisborane based upon diene 35.34

Scheme 24 Chiral reduction of ketimines with bisborane based upon diene 36.35
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formation of boronic acids rather than the desired alcohols due to the high oxophilicity of the Lewis acids. Despite this complica-
tion, the FLP mediated reduction of carbonyls was achieved independently by Stephan and Ashley in 2014, who both utilized
B(C6F5)3 as a catalyst in a Lewis basic ethereal solvent (Scheme 27).38,39 Stephan reported the reduction of 18 carbonyls in
Et2O, using a high H2 pressure,

38 whereas Ashley reported the reduction of 14 carbonyls in 1,4-dioxane using a milder H2 pressure
but longer reaction times and higher temperatures.39

Mechanistic probes indicated that the reduction of carbonyls bore many similarities to the reduction of imines (Scheme 28).38

The catalytic cycle was initiated upon the co-ordination of the ethereal solvent (depicted below as Et2O) to B(C6F5)3, thereby form-
ing the active FLP catalyst in situ (Scheme 28, I). This catalyst was able to activate H2 (Scheme 28, II), facilitating its heterolytic
cleavage between the acidic and basic centers. The resulting protonated solvent was then able to form a hydrogen-bond with the
oxygen atom on the carbonyl substrate, thus making the carbonyl carbon more susceptible to attack by the hydride from the
[HB(C6F5)3]

� anion (Scheme 28, III). Upon protonation, the alcohol was released and the active FLP catalyst regenerated, closing
the catalytic cycle.38

The reduction of ketones and aldehydes was later demonstrated in the non-ethereal solvent toluene, but only in the presence of
4 Å molecular sieves (4 Å MS) or alpha-cyclodextrin (a-CD) (Scheme 29). Using these insoluble Lewis bases, a heterogenous FLP
system could be formed upon exposure to B(C6F5)3. The reduction of 25 carbonyl containing complexes was observed with excel-
lent yields, in up to 99% with both Lewis bases.40

Scheme 25 Chiral reduction of silyl enol ethers with bisborane based upon diyne 37.36

Scheme 26 Chiral reduction of imines and enamines.37
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Scheme 27 First reports of FLP mediated reduction of carbonyls.38,39

Scheme 28 Mechanism of carbonyl reduction by B(C6F5)3 in an ether solvent.38

Scheme 29 Reduction of carbonyl containing complexes with an FLP comprised of B(C6F5)3 and alpha-cyclodextrin (a-CD) or 4 Å molecular sieves
(4 Å MS).40
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When acetophenone was subjected to reduction, two products were observed. One was the expected phenylethanol, and the
other styrene, a product of reductive deoxygenation (Scheme 30). Whilst reductive deoxygenation of carbonyls had previously
been reported with stoichiometric B(C6F5)3,

41 this was the first FLP catalyzed reaction of its type. Further investigation uncovered
a range of aryl ketones, including bicyclic and diaryl ketones, that were amenable toward catalytic reductive deoxygenation, result-
ing in the formation of their corresponding alkanes or alkenes.40

The mechanism was proposed to be analogous to the reduction of carbonyls using ethereal solvents, with the key difference
being the identity of the Lewis basic oxygen: whereas previously the oxygen was situated on a basic solvent, forming a homogeneous
system, the present system incorporated Lewis basic oxygens on the surface of a-cyclodextrin or molecular sieves, thereby forming
a heterogeneous FLP catalyst (Scheme 31).40

The catalytic cycle initiated when dihydrogen was heterolytically split by the FLP. The protonated basic surface was then able to
form a hydrogen bond with the carbonyl’s oxygen atom. The activated carbonyl was then susceptible to nucleophilic attack from the
borohydride (Scheme 31, I). The generated basic alkoxide anion then accepted the proton from the Lewis basic surface, forming the
alcohol product and regenerating the borane catalyst (Scheme 31, II). For most carbonyl compounds, the catalytic cycle terminated
at this point; however, in the case of benzylic alcohols, an autocatalytic amount of ketone was able to promote FLP-mediated reduc-
tive deoxygenation. Here, an FLP was formed between the ketone and the borane, which heterolytically split H2. The protonated
ketone then proceeded to activate the CeO bond of the alcohol, leading it to be susceptible to hydride delivery from [HB(C6F5)3]

�

(Scheme 31, III). Subsequent CeO bond cleavage and water liberation formed the alkane or alkene with concomitant loss of H2.
40

Molecular sieves served a dual purpose in this mechanism. Not only were they used for the initial reduction, but they also absorbed
the water by-product from the reductive deoxygenation, thereby promoting the reaction further.

One inherent problem of using B(C6F5)3 is its moisture sensitivity. Upon exposure to water, the oxophilic boron atom will form
a strong adduct, which fills its empty p-orbital and ultimately prevents the borane’s ability to act as a catalyst irreversibly.42 One
method to overcome this is to replace the fluorinated aryl rings of the borane with heavier halogens, which impart more steric
shielding around the boron’s acidic center, thus shielding it from any water molecules; however, altering the halogen substitution
pattern around the triarylborane can cause remarkable effects upon its Lewis acidity and consequentially its catalytic activity.43

Soós aimed to develop a moisture tolerant, bench stable, and functional group tolerant FLP catalyst in order to make the reduc-
tion of carbonyls more accessible through the design of novel triarylboranes 40 and 41 which incorporated chlorine atoms at the
ortho position of a single aryl ring (Scheme 32). This had the effect of increasing the steric effect around the boron center but also did

Scheme 30 Reductive deoxygenation of carbonyl containing complexes with an FLP comprised of B(C6F5)3 and 4 Å molecular sieves (4 Å MS).40

Scheme 31 Mechanism of reductive deoxygenation of carbonyl containing complexes with an FLP comprised of B(C6F5)3 and alpha-cyclodextrin
(a-CD) or 4 Å molecular sieves (4 Å MS).40
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not decrease the Lewis acidity significantly enough to prevent it from activating dihydrogen. The choice of the water tolerant Lewis
base was also important, as strong Lewis bases were known to inhibit hydrogenation through forming hydrogen bonds with water.
Thus tetrahydrofuran (THF), a weakly coordinating ethereal solvent was chosen to complete the moisture tolerant FLP design. The
reductions were then performed without the use of air sensitive techniques. A scope of 10 carbonyls were readily reduced using this
moisture tolerant FLP system. Electron-deficient and electron-rich benzaldehydes were readily tolerated, and chemoselective reac-
tivity was noted upon reduction of cinnamaldehyde 42, wherein the alkene functional group remained intact.44

1.06.2.1.6 Reductive etherification of carbonyls
Further investigation by Soós found that water tolerant borane 40 could also be employed in the reductive etherification of acetals,
aldehydes and ketones without the use of air-sensitive techniques (Scheme 33).45 Initially, the reduction of acetals into ethers was
probed, with THF acting as both the reaction medium and the basic component of the FLP. The lower oxophilicity of borane 40
compared to B(C6F5)3 was observed to be important, as neither the alcohol by-product nor the ethereal product were observed
to hinder the catalytic activity through binding irreversibly to the boron center. Fifteen examples were given, with good to excellent
yields throughout. High functional group tolerance was noted, with satisfactory reactivity even when unactivated olefin 43 or ester
moieties were present in the substrate. The protocol was expanded through the reductive etherification of aldehydes and ketones.
Here, three equivalents of an alcohol or an ortho-ester were required to act as an alkylating agent for the transformation. A wide
variety of carbonyls were converted into their corresponding ethers with varying yields. When alcohols were used as the alkylating
agent, the resultant ether yields were significantly reduced, due to the competing reduction of the carbonyl reagents into alcohols.45

This reductive etherification of carbonyls was termed to operate under ‘auto-tandem’ catalysis, wherein FLP catalyzed hydroge-
nation and FLP-assisted Brønsted-Lowry acid catalysis worked synchronously (Scheme 34).45 The proposed mechanism began with
the formation of a FLP between the borane and the THF solvent, followed by FLP-mediated H2 activation to generate H[THF]þ and
borohydride H[BAr3]

� (Scheme 34, I). The carbonyl’s oxygen could then be protonated by the Brønsted-Lowry acidic H-THFþ

(Scheme 34, II), thereby activating the carbonyl and making it susceptible to attack by the alkylating agent (R3OH). Upon loss
of water and a proton, this generated the acetal intermediate (Scheme 34, III), which was accompanied by release of water. The
released proton was then able to acidify another THF molecule, which in turn protonated the acetal (Scheme 34, IV). Expulsion
of one R3OH group generated the oxocarbenium cation (Scheme 34, V), which was readily reduced into the ether product (Scheme
34, VI) by the previously generated borohydride H[BAr3]

�.45

1.06.2.1.7 Reductive alkylation of amines with carbonyls
The exceptional moisture tolerance of Soós’ boranes 40 and 41 in the reductive etherification of carbonyls inspired Ogoshi to apply
borane 41 toward the reductive alkylation of amines with carbonyls and dihydrogen (Scheme 35).46 The presented system operated
under a tandem catalytic procedure, wherein FLP-mediated reductive alkylation and Lewis acid catalyzed intramolecular amidation
occurred concurrently. Moisture tolerant borane 41 was crucial to the success of the reaction as water was the sole by-product of
secondary amine formation. Whilst other boranes such as B(C6F5)3 were investigated, only the imine intermediate could be isolated
as the FLP-mediated reductive alkylation was inhibited, presumably due to the generated water promoting catalyst deactivation.

The presented FLP system operated with 5 mol% of borane 41 and was able to exploit THF as both a solvent and the Lewis basic
component of the FLP. 4 Å molecular sieves were inserted into the reaction vessel to absorb the water by-product. Whilst borane 41
was moisture tolerant, the inclusion of molecular sieves reduced reaction time and increased product yields significantly.46 34
secondary amines were successfully prepared in good to excellent yields, with functional group tolerance of bulky, carboxyl, and

Scheme 32 Moisture tolerant FLPs 40 and 41 for carbonyl reduction.44
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Scheme 33 FLP catalyzed reductive etherification of acetals, aldehydes and ketones.45

Scheme 34 Mechanism of reductive etherification of acetals, aldehydes and ketones.45
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hydroxyl groups (Scheme 35); however, a limitation was noted upon the attempted reductive alkylation of aniline with 4-(dime-
thylamino)benzaldehyde, wherein the presence of a secondary amino group promoted FLP-mediated-hydrogenation followed by
reduction to instead form N,N-dimethyl-p-toluidine. Moreover, by careful choice of reagents and by applying slightly harsher reac-
tion conditions, the FLP system could catalyze intramolecular cyclizations to form isoindolinones and 3-aminophthalic anhydrides
in good to excellent yields (Scheme 35).46

A mechanism which was comprised of two tandem catalytic cycles was proposed (Scheme 36). It was suggested that the first
catalytic cycle comprised solely of Lewis acid catalysis, wherein the borane initially coordinated to and activated the carbonyl
substrate (Scheme 36, I). The activated carbonyl was then susceptible toward nucleophilic attack from the amine, resulting in
the formation of the imine intermediate and H2O as a by-product (Scheme 36, II). The second catalytic cycle involved FLP-
mediated reduction, wherein the THF solvent acted as the Lewis basic component of the FLP. First, the FLP performed heterolytic
cleavage of H2, which could then be used to reduce the imine (Scheme 36, III) to generate the desired amine (Scheme 36, IV).46

Motivated by previous investigation into the iPr3SnOTf 16 catalyzed reduction of carbonyls and imines (Scheme 7),19 Ashley
extended the use of iPr3SnOTf toward the reductive amination of carbonyls (Scheme 37). 17 secondary amines were formed in
good to excellent yields, with tolerance toward bulky, electron-donating and electron-withdrawing groups. In most cases, the
substrates were able to act as the Lewis basic FLP component, but collidine 44 was added to assist reactivity for more difficult
substrates. For substrates with lower amine yields, this was attributed to a competing reaction wherein the carbonyl was directly
reduced into its corresponding alcohol.47

1.06.2.2 FLP-mediated catalytic hydrogenation of non-polar substrates

The reduction of unsaturated non-polar substrates such as alkenes, allenes and alkynes presented a large challenge for FLP-based
catalysts for many years. The primary factor behind this difficulty was that the generated Brønsted acid from the H2 activated

Scheme 35 FLP catalyzed reductive alkylation of amines with carbonyls to form secondary amines, isoindolinones, and 3-aminophthalic
anhydrides.46
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FLP complex needed to be acidic enough to protonate the substrate to form a carbocation, whilst the base needed to be able to
release its hydride so that it could attack this carbocation. Traditional bases used in FLP systems were too strong for effective reduc-
tion of non-polar substrates. Hence, modified FLP systems were introduced by increasing the Brønsted acidity of the formed conju-
gate acid by using a weak Lewis base in the FLP.

1.06.2.2.1 Reduction of alkenes and allenes
The first recorded FLP-mediated reduction of alkenes was reported by Stephan in 2012, who used a system comprised of B(C6F5)3
and the weakly basic phosphine Ph2P(C6F5). Initial evidence that this FLP could activate dihydrogen came from low temperature
31P NMR studies, wherein a signal at d ¼ 12.5 ppm indicated that [HP(C6F5)Ph2]

þ was generated at �80 �C when mixed with
B(C6F5)3 under a dihydrogen atmosphere. A slight increase of temperature to �50 �C revealed that the phosphine could liberate
its proton to reform H2, indicating that this FLP system required a very low energy barrier for the reversible activation of H2 and
confirming that weak bases could participate in FLP reductions.48 Encouraged by this observation, ten olefins which were capable
of forming stable carbocations were subjected toward reduction using gaseous hydrogen and a catalytic amount of FLP, consisting of
B(C6F5)3 with various weak phosphine Lewis bases (Scheme 38). Generally, reductions proceeded smoothly; however, the poorest
conversions were observed when electron-deficient olefins were subjected to the reaction conditions. This suggested that the FLP’s
ability to reduce an olefin was strongly dependent on its ability to stabilize the formed carbocation upon the initial protonation by
the phosphonium cation. Additionally, methoxy substituted olefin 45 resulted predominantly in the formation of a dimerized

Scheme 36 Mechanism of FLP catalyzed reductive alkylation of amines with carbonyls to form secondary amines.46

Scheme 37 iPr3SnOTf catalyzed reductive alkylation of amines with carbonyls to form secondary amines.47
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product. This was attributed to the inefficiency of the hydride transfer step and competing Brønsted acid-catalyzed Friedel-Crafts
dimerization. This dimerization could be avoided by applying a diphosphine (GemPhos) as a Lewis base.48

Combined experimental and computational probes were undertaken in order to elucidate the reactionmechanism (Scheme 39).
It was suggested that the FLP initially activated dihydrogen (Scheme 39, I). The conjugate acid [HPR3]

þ then attacked the olefin to
form a transient carbocation (Scheme 39, II). Hydride attack from [HB(C6F5)3]

� toward this carbocation resulted in the saturated
product and regeneration of the FLP.48

Further investigation by Stephan found that Et2O could serve as the Lewis base in an FLP with B(C6F5)3 for the reduction of 1,1-
diphenylethene 46 (Scheme 40). Notably in this case, Et2O was added in a catalytic amount to a chlorinated solvent, instead of
being used as the reaction medium. Without Et2O present, the olefin would undergo Friedel-Crafts dimerization in the chlorinated
solvent.49

Moreover, the partial reduction of five polycyclic aromatic hydrocarbons was demonstrated with a FLP comprised of P(C6F5)Ph2
and B(C6F5)3. Harsh conditions were required, but reduction occurred in good to excellent yield (Scheme 41).50 DFT calculations
suggested that the mechanism for 1,4-hydrogenation of polycyclic aromatic hydrocarbons operated in a similar fashion to the 1,2-
hydrogenation of olefins, through H2 activation (Scheme 41, I), followed by substrate protonation and subsequent hydride attack
(Scheme 41, II).50

Scheme 38 First reported example of FLP-mediated olefin reduction.48

Scheme 39 Mechanism of FLP-mediated olefin reduction.48

Scheme 40 Reaction of 1,1-diphenylethene 46 with B(C6F5)3 in the presence and absence of Et2O.49
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By using a weakly Lewis acidic borane B(2,6-F2C6H3)3 17, the functional group tolerance of FLP-mediated hydrogenation was
observed to increase. This was attributed to a greater nucleophilicity of the generated borohydride upon hydrogen activation, thus
promoting the hydride attack in olefin reduction. Indeed, when the 17$THF adduct was combined with the weak Lewis base, 2,6-
lutidine 22, the catalytic reduction of nitro substituted olefins proceeded under mild conditions (Scheme 42). Further substitution
to the nitroolefins through the installation of various electron withdrawing and donating groups was not observed to hinder reac-
tivity, with excellent isolated yields of eleven alkanes. Moreover, the scope of reactivity was widened toward a,b-unsaturated esters
and acrylates, with collidine 44 used as a Lewis base instead of 2,6-lutidine 22.51

The FLP-mediated diastereoselective hydrogenation of Morita-Baylis-Hillman adducts was also observed with a weak borane, in
this instance B(2,4,6-F3C6H2)3 47 in combination with DABCO 11. Over 28 examples, excellent reactivity was noted with good to
excellent yields (80–97%) and diastereoselective ratios (up to 89:11 d.r.) (Scheme 43). Inspired by these results, the authors
explored sequential organo-FLP catalysis for the preparation of b-aminoacid derivates from readily available starting materials.
The first step of this reaction involved a DABCO-catalyzed aza-Morita-Baylis-Hillman reaction ofN-sulfonyl aldimines with a,b-un-
saturated ketones. Sequential addition of the borane and a continuation of reaction under a hydrogen atmosphere allowed for
various b-aminoacid derivatives to be obtained in good yields (52–66%) and good diastereoselective ratios (80:20–85:5 d.r.).52

The scope of FLP-mediated reductions was also expanded toward electron-deficient allenes using catalytic DABCO 11 and
B(C6F5)3 (Scheme 44). Five variously substituted diethyl 2-vinylidenemalonates were transformed into their respective olefinic
products in good to excellent yield (43–94%) using this system; however, deviation from the optimized conditions was observed
to lead to Friedel-Crafts alkylation, affording cyclized products. Interestingly, reductions occurred exclusively on the C]C double
bond directly attached to the ester functional group. To study whether the allene moiety was indeed crucial for reductions, alkyli-
dene malonates were also subjected toward the optimized conditions. These substrates were also well tolerated, with reductions
operating at a faster rate and lower catalytic loadings of FLP compared to the allenes.53

Deuterium labelling studies suggested that instead of a direct protonation of the olefinic moiety, the reaction proceeded through
hydrogen bonding between [HDABCO]þ and the carbonyl moiety of one of the esters (Scheme 45, I). The borohydride could then
perform nucleophilic attack on the activated substrate (Scheme 45, II). Protonation by [HDABCO]þ could then regenerate the unac-
tivated FLP and yield the desired product (Scheme 45).53

Scheme 41 FLP-mediated reduction of polycyclic aromatic hydrocarbons.50
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1.06.2.2.2 Reduction of alkynes
The first FLP-mediated reduction of unactivated internal alkynes was reported in 2013, with the use of intramolecular FLP ansa-ami-
nohydroborane 48 as a catalyst. This active hydroborane catalyst was formed in situ via H2 activation by aminoborane 49 and
a subsequent BeC6F5 hydrogenolysis. Various dialkyl-, diaryl-, and arylalkyl-acetylenes were successfully stereoselectively reduced
into their respective cis-alkenes under mild conditions with no overreduction toward the alkane products (Scheme 46). Moreover,

Scheme 42 B(2,6-F2C6H3)3 17$THF mediated reduction of nitroolefins, a,b-unsaturated esters and acrylates.51

Scheme 43 FLP-mediated diastereoselective hydrogenation of Morita-Baylis-Hillman adducts (left) and sequential organo-FLP catalysis for the
preparation of b-aminoacid derivatives (right).52
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silyl-protected ynols, esters, and enynes were also observed to undergo chemoselective reductions. Contrarily, terminal alkynes were
inert toward the transformation.54

Various experimental and computational mechanistic studies were conducted in order to propose a catalytic cycle (Scheme 47).
First, aminoborane pre-catalyst 49 was exposed to a hydrogen atmosphere to form a borohydride (Scheme 47, I), which subse-
quently performed BeC6F5 protonative cleavage at 80 �C to form the active hydroborane catalyst 48. The alkyne substrate was
then activated via hydroboration with the catalyst, forming a vinylborane (Scheme 47, II). The vinylborane then activated H2,
resulting in the formation of a zwitterionic intermediate (Scheme 47, III), which upon intramolecular protonation of the vinyl
carbon resulted in the elimination of the cis-alkene and a regeneration of the active catalyst.54

The stereoselective reduction of alkynes to Z-alkenes was later achieved by applying a heterogenous, silica-supported intermo-
lecular borane/phosphine FLP. Importantly, it was demonstrated that the supported catalyst could be recycled by adding one equiv-
alent of the Lewis acid up to a maximum of five times.55

Scheme 44 FLP mediated reduction of allenes and alkylidene malonates.53

Scheme 45 Deuterium label studies on the FLP mediated reduction of alkylidene malonates.53

Scheme 46 FLP-mediated reduction of unactivated internal alkynes.54
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Although the successful reduction of alkynes was a milestone in the continued expansion of FLP-mediated reactivity, terminal
alkynes were thought recalcitrant for many years. Rather than reduction, FLPs were observed to react with terminal alkynes via
deprotonative borylation through irreversible CspeH cleavage. Instead of liberation of an alkene, this yielded alkynylborate adduct
50 thus deactivating the catalyst (Scheme 48).56

In 2020, the FLP-mediated reduction of terminal alkynes was achieved with intramolecular FLP 51. This novel FLP system
exhibited unique behavior after H2 activation. Following initial formation of the expected H2-activated pyridone borane 52, the
complex dissociated, resulting in the formation of Piers borane and 6-tert-butylpyridone 53. The active catalyst 52 was thus gener-
ated in situ, through the coordination of HB(C6F5)2 and 53 under a hydrogen atmosphere. Combined experimental and compu-
tational studies revealed that unlike conventional FLP systems, 51 was able to undergo reversible CspeH cleavage, allowing for the
catalytic reduction of terminal alkynes. Indeed, six terminal alkynes were stereoselectively reduced to their corresponding cis-alkenes
under mild conditions, with isolated yields of 47–76%. Six internal alkynes were also reduced into their corresponding cis-alkenes,
displaying the versatility of the catalyst (Scheme 49).57

A proposed catalytic cycle suggested that the reduction process initiated with the hydroboration of the terminal alkyne by
HB(C6F5)2, resulting in the formation of alkenyl borane 54. 6-tert-butylpyridone 53 then coordinated toward the alkenyl borane
(Scheme 50, I), which initiated protodeborylation to form the desired cis-alkene and boroxypyridine 51. 51, an intramolecular
FLP, then activated H2, resulting in the formation of the pyridine complex 52, which finally underwent ligand dissociation (53)
to regenerate the Piers borane catalyst (Scheme 50).57

1.06.2.3 FLP-mediated transfer hydrogenation

An alternative to the reduction of unsaturated bonds using molecular hydrogen is the use of a surrogate H2 source, in what is termed
as ‘transfer hydrogenation’. The primary advantage of transfer hydrogenation is that it negates the inherent safety risks of working
with gaseous H2; however, large quantities of waste are produced from the surrogate, which can reduce the economic benefit and
increase the environmental impact of the reaction. The idea of FLP-mediated transfer hydrogenation was initiated from the obser-
vation that B(C6F5)3 was able to abstract a hydride from the a-carbon of secondary or tertiary amines.58,59 For example: reaction of
B(C6F5)3 with Et2NPh would form an equilibrium between salt 55 and zwitterion 56 (Scheme 51).58

Scheme 47 Mechanism of FLP-mediated reduction of unactivated internal alkynes.54

Scheme 48 Irreversible catalyst deactivation upon attempted terminal alkyne reduction.56
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A catalytic example of transfer hydrogenation with FLPs was the reduction of C]N bond, as part of the catalytic racemization of
chiral imines.60 By applying diisopropylamine 57 as a H2 surrogate, imines, enamines and N-heterocycles could be readily reduced
(Scheme 52). Most imines and enamines were reduced almost quantitatively, whilst N-heterocycles, such as aziridine and quino-
line, were reduced to form amines in lower yields.60

Mechanistic studies found that B(C6F5)3 would not interact with the substrate at first, but instead would abstract a proton from
the alpha carbon from the diisopropylamine 57. The formed salt (Scheme 53, I) was then able to undergo proton transfer with the

Scheme 49 Observation of catalyst 53 performing reversible Csp-H cleavage.57

Scheme 50 Mechanism of FLP-mediated terminal alkyne reduction.57
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chosen substrate to form a second salt consisting of the borohydride and the protonated imine product (Scheme 53, II). Upon relin-
quishing its hydride toward the imine, the desired amine (Scheme 53, III) could be formed and the B(C6F5)3 catalyst could be
regenerated.60

Cyclohexa-1,4-diene 58 was also exploited as a H2 source in the catalytic hydrogenation of imines and heteroarenes (Scheme
54).61 Whilst good to excellent yields were observed, bulky protecting groups such as Ph or SO2Tol were required on the imine
substrates in order to be successfully reduced. On the other hand, all heteroarenes probed in the study were reduced almost quan-
titatively (up to 94%).61

Similarly, Hantzsch ester 59 was explored as a H2 surrogate toward the B(C6F5)3 catalyzed hydrogenation of imines (Scheme
55). Under the conditions probed, a notably low catalytic loading of 0.1 mol% B(C6F5)3 proved sufficient to transform 16 imines
into their respective amines.62 Further investigation found that this system could be adapted toward asymmetric imine transfer
hydrogenation. The chirality was imparted via chiral diene ligand 35, which upon hydroboration with Piers borane would form
a chiral bisborane in situ. This bisborane was also used for the reduction of silyl enol ethers (Scheme 23).34 This asymmetric variant

Scheme 51 Ability of B(C6F5)3 to abstract a hydride from the a-carbon of Et2PhN.58

Scheme 52 An example of catalytic transfer hydrogenation.60

Scheme 53 Mechanism of catalytic transfer hydrogenation.60
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of transfer hydrogenation required higher catalytic loadings; however, excellent yields of amine were reported, along with moderate
e.e.s of 16–38%.62

One significant disadvantage to transfer hydrogenation is the amount of waste generated from the H2 surrogate. In 2016, Du
demonstrated the use of ammonia borane 60 as a hydrogen source in the B(C6F5)3 catalyzed reduction of pyridines (Scheme
56), wasting significantly fewer atoms than the amines, dienes and Hantzsch ester employed previously. Here, 17 N-heterocycles
were generated in moderate to excellent yields (44–88%) with great cis-selectivities (up to 99:1). Reductions were tolerated with
a wide variety of diaryl pyridines, although electron donating groups gave slightly reduced yields. 2-Aryl-6-methyl pyridines
were also well tolerated; however, limited conversion and lower cis-selectivity was observed with 2,3-disubstituted pyridines.63

The use of ammonia borane as a hydrogen surrogate was further incorporated into the enantioselective transfer hydrogenation of
imines (Scheme 57). Here, Piers borane and (R)-tert-butylsulfinamide 61 were employed, wherein the sulfinamide served as both
the Lewis basic component of the FLP catalyst and as the source of chirality. A pyridine additive was also included to trap any
unreacted Piers borane, which would otherwise promote a racemic imine reduction. This system was found to reduce 17 imines
in good to excellent yields, and excellent enantioselectivities of up to 95% e.e.64

Scheme 54 Transfer hydrogenation with cyclohexa-1,4-diene 58 as a H2 surrogate.61

Scheme 55 Symmetric and asymmetric imine transfer hydrogenation using Hantzsch ester 59 as a H2 surrogate.62
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The intermolecular FLP system composed of 61 and Piers borane, coupled with an ammonia borane as a hydrogen surrogate was
subsequently employed in the reduction of 2-alkyl-3-arylquinoxalines and 2,3-dialkylquinoxalines (Scheme 58).65 These substrates
were initially subjected to the conditions presented in Scheme 24, wherein molecular hydrogen was used in an attempt to promote
reduction, however no reactivity was observed.35 Conversely, using a combination of 61 and Piers borane was observed to reduce 25
quinoxalines successfully in up to 99% e.e. Cis-tetrahydroquinoxalines were generally the predominant isomers formed upon 2-
alkyl-3-arylquinoxaline reduction, whilst trans-tetrahydroquinoxalines were formed when 2,3-dialkylquinoxalines were used.65

The first reported transfer hydrogenation of silyl enol ethers was observed with the use of a FLP system composed of 2,2,6,6-
tetramethylpiperidine (TMP) 62 and B(C6F5)3, and with the widely available g-terpinene 63 as a source of H2 (Scheme 59).
10 mol% of FLP catalyst was employed with a slight excess of g-terpinene to mediate the reduction of 29 silyl enol ethers with
a wide variety of substituents in excellent yield.66

1.06.2.4 FLP-mediated dehydrogenation

As highlighted in the previous section on FLP-mediated transfer hydrogenation, Lewis acidic triarylboranes are capable of Csp
3eH

bond activation via hydride abstraction. This allows for the use of a hydrogen surrogate in catalytic reduction, rather than molecular
H2. Until 2016, hydride abstraction by boranes was exploited only for transfer hydrogenation; however, simultaneous reports by
Paradies and Kanai proved it was possible to reverse the protocol, through the FLP catalyzed dehydrogenation of heterocycles.67,68

Paradies developed a protocol toward the B(C6F5)3-catalyzed acceptor-less dehydrogenation of 21 N-protected indolines
(Scheme 60). The resultant indoles were obtained in good to excellent yields; however, when the sterically demanding indoline
with a neopentyl N-protecting group was subjected toward the reaction conditions, it was not oxidized, indicating that hydride
abstraction or transfer can be sterically blocked by the N-substituent. Moreover, the protocol was expanded toward other

Scheme 56 Transfer hydrogenation employing ammonia borane as the H2 surrogate.63

Scheme 57 Enantioselective transfer hydrogenation of imines.64
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Scheme 58 Chiral transfer hydrogenation of 2-alkyl-3-arylquinoxalines and 2,3-dialkylquinoxalines.65

Scheme 59 Transfer hydrogenation of silyl enol ethers.66
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heterocycles including 1,4-dihydropyridines and thiazoline. Some heterocycles required more forcing conditions to undergo dehy-
drogenation, but the oxidized product could be isolated in good to excellent yield.67

Meanwhile, Kanai reported the B(C6F5)3-catalyzed dehydrogenation of 23 N-heterocycles, with a range of steric and electronic
variations (Scheme 61). 5 mol% of B(C6F5)3 catalyst was applied for most substrates; however, a slightly higher temperature of
150 �Cwas required for efficient dehydrogenation. Notably, the protocol was extended toward the preparation of biologically active
pyrazoles, displaying a metal-free alternative toward a precursor to celecoxib, a nonsteroidal painkiller. Good to excellent yield of
the oxidized product was noted in all cases.68

Paradies further explored the mechanism of this dehydrogenation through a combination of kinetic and DFT probes. The reac-
tion was observed to proceed via an initial borane-induced hydride abstraction at the C2 position of the indole 64, resulting in the
formation of a 3H-indolium ion intermediate (Scheme 62, I). A rapid intermolecular proton transfer at the C3 position of the 3H-
indolium ion to a second indoline nitrogen atom generated the first equivalent of indole product 65 and an ammonium hydrido-
borate intermediate (Scheme 62, II). In the rate-determining step, proton-hydride recombination occurred, releasing H2, a second
equivalent of indole product 65 and regenerating the borane catalyst. Interestingly, the reaction could be accelerated by incorpo-
rating an additional 5 mol% of the less Lewis acidic borane B(2,4,6-F3C6H2)3 47, which served as a hydride shuttle. Thus, in the
proton-hydride recombination step, B(2,4,6-F3C6H2)3 47 generated a stronger hydride donor than B(C6F5)3, accelerating the final
H2 liberation.

67

1.06.2.5 Unusual FLP systems for catalytic hydrogenation

Since the ground-breaking discovery of a phosphinoborane capable of activating dihydrogen, many types of FLPs that are alternate
to the conventional phosphinoborane or triarylborane/bulky Lewis base FLPs have been described. Selected examples include: FLPs
containing transition metals as the Lewis acidic or Lewis basic component; FLPs based upon polymers and nanoparticles, and FLPs
with cationic Lewis acidic centers.69 This section aims to discuss the less common FLP systems which have been reported to partake
in catalytic reductions.

1.06.2.5.1 Borenium cations
Borenium cations are a class of cationic boron compound [L / BR2]

þ which contain only two s-bound substituents (R) and are
partially stabilized by one dative interaction with a ligand (L). This results in a highly electropositive species which acts as a potent

Scheme 60 B(C6F5)3-catalyzed dehydrogenations of N-protected indolines.67

Scheme 61 B(C6F5)3-catalyzed dehydrogenations of N-protected heterocycles.68
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Lewis acid. In 2012, Stephan reported the first use of these highly acidic species in FLP-mediated reductions, citing them as an attrac-
tive smaller alternative to bulky triarylboranes such as B(C6F5)3. Such borocations are readily available through hydride abstraction
with trityl tetrakis(pentafluorophenyl)borate [Ph3C][B(C6F5)4] from the appropriate air-stable adduct. Here, Stephan prepared an
FLP comprised of the N-heterocyclic carbene (NHC) adduct of 9-borabicyclo[3.3.1]nonane (9-BBN) (Scheme 63). Initial probes
found that this could activate H2 in the presence of PtBu3.

70

Further investigation showed the Lewis acid 66 to be highly active toward the catalytic reduction of imines through an FLPmech-
anism (Scheme 64). Catalytic loadings as low as 1 mol% were found to be sufficient to mediate the reduction of seven imines at
room temperature, yielding the corresponding amines in good to excellent isolated yields. Whilst the reactions were performed at
room temperature, a high dihydrogen pressure of 102 bar was required.70

Scheme 62 Mechanism of FLP-mediated dehydrogenation of indoles.67

Scheme 63 Preparation of FLP containing a borenium cation.70

Scheme 64 Catalytic reduction of imines with a borenium cation 66.70
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Crudden later expanded the scope of cationic Lewis acids for hydrogenation catalysis toward mesoionic carbene-stabilized bore-
nium ions. A series of 1,2,3-triazolylidene-based mesoionic carbene boranes were prepared from their respective 1,2,3-triazolium
salts, a base, and a borane. They were then subjected toward the reduction of N,1-diphenylethanimine, wherein catalyst 67 was
observed to be most active. Catalyst 67 was then applied toward the reduction of 11 sterically hindered N-heterocycles, with
only mild conditions required for efficient transformation (Scheme 65).71

1.06.2.5.2 Electrophilic phosphonium cations
A further type of FLP system consisting of electrophilic phosphonium cation (EPC) [FP(C6F5)3][B(C6F5)4] 68 in combination with
bulky silylamine p-Tol2NSiEt3 69 was reported by Stephan for the reduction of alkenes (Scheme 66). EPCs are highly Lewis acidic
species, in which reactivity arises from a low lying s* orbital. This can be contrasted to traditional Lewis acids, wherein the reactivity
originates from an empty p-orbital. The formation of an FLP between 68 and 69 which was capable of reversible H2 activation was
proven through H/D isotope scrambling.72

Before a scope of catalytic reductions was performed, a screening of suitable Lewis bases was investigated, which revealed that
increased steric hindrance around the Lewis base had an adverse effect upon catalytic efficiency. p-Tol2NSiEt3 69 and p-Tol2NSi(iPr)3
were eventually chosen as the most suitable Lewis bases for the catalytic reduction. Previous research by the group on EPCs had
found that 68 was capable of catalyzing the dehydrocoupling of p-Tol2NH with HSiEt3 to form 69,73 and thus the combination
of the amine and silane or the silylamine was used interchangeably. With EPC 68 and a choice of silylamine in hand, twelve olefins
were reduced to their corresponding alkanes in good to excellent conversion (Scheme 67). A limitation was noted upon the reduc-
tion of bulky olefins, which resulted in lower conversions to their respective alkanes.72

Scheme 65 Catalytic reduction of sterically hindered N-heterocycles using a 1,2,3-triazolylidene-based mesoionic carbene borane catalyst 67.71

Scheme 66 Activation of H2 by an FLP composed of an electrophilic phosphonium cation 68 (EPC) and a bulky silylamine 69.72
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A proposed mechanism was based upon DFT calculations and experimental isotope labelling studies (Scheme 68). Initially, the
EPC and silylamine activated H2 to form hydridophosphorane [FP(C6F5)3H] and ammonium cation [p-Tol2N(H)SiEt3]

þ (Scheme
68, I). The ammonium cation was then able to protonate the olefin to form a carbocation (Scheme 68, II). Subsequent hydride
delivery from the hydridophosphorane liberated the alkane product and regenerated the unactivated FLP.72

1.06.2.5.3 Inverse FLPs
A conventional frustrated Lewis pair is composed of a strong Lewis acid that is unable to form an adduct with a weak-to-medium
strength Lewis base, often due to unfavorable steric interactions between the acidic and basic centers. Conversely, an inverse FLP is
composed of a bulky Lewis superbase that is unable to form an adduct with weak-to-medium strength Lewis acids.

Krempner has extensively focused upon the use of inverse FLPs toward dihydrogen cleavage and substrate reduction. The first
report of an inverse FLP occurred in 2013, inspired by a search to use more readily available and stable Lewis acids for FLP chemistry
rather than the expensive triarylborane B(C6F5)3.

74 Initial computational studies suggested that H2 could be cleaved by a weak Lewis
acid in situations where a strong and bulky base was present. Indeed, experimental evidence demonstrated that strongly basic zwit-
terionic organosodium compound 70 was able to activate H2 in the presence of weaker Lewis acids, such as BPh3 or HBMes2
(Fig. 5).74

The catalytic potential of inverse FLPs was first demonstrated in the reduction of N-benzylidenaniline. Various inverse FLP
systems were studied, comprised of phosphazene 71 or Verkade’s superbase 72 in combination with a weak Lewis acid. From these
observations, it was demonstrated that inverse FLPs 71/BPh3 and 72/9-Hex-BBN were able to catalytically reduce the imine in

Scheme 67 Catalytic reduction of olefins by an FLP composed of an electrophilic phosphonium cation (EPC) and a bulky silylamine.72

Scheme 68 Mechanism of olefin reduction by an FLP composed of an electrophilic phosphonium cation (EPC) and a bulky silylamine.72
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quantitative yields at only 5 mol% loading (Scheme 69). However, harsh conditions were required to maximize conversion (60–
80 �C, 50–100 bar H2).

75

Inverse FLPs were later demonstrated to be active toward the catalytic reduction of ketones. The bulky base phosphazene 71 was
used in combination with aryl substituted derivatives of 9-BBN (9-(4-X-C6H4)-BBN) where X could be designated an electron
donating or withdrawing group. Both donating and withdrawing groups on the substituted boranes could be used in combination
with 71 to perform the selective catalytic reduction of acetophenone with no formation of side products.

Optimal yields were obtained when 9-(4-(F3C)-C6H4)-BBN 73 was used as a Lewis acid, wherein diphenylethanol could be
quantitatively prepared from its corresponding ketone after just 5 h. As with the reduction of imines, harsh reaction conditions
were required for the reaction to proceed efficiently. Moreover, the speed of reduction was significantly improved when two equiv-
alents of Lewis acid was used per equivalent of base. The presented inverse FLP was observed to be more tolerant toward functional
groups than classical FLPs. 26 aliphatic and aromatic ketones, some bearing sensitive amide, amine, thioether, or ester groups were
all successfully reduced in excellent yield (Scheme 70). Limitation was noted upon the reduction of isopropyl ketone, which

Fig. 5 First example of a superbase capable of activating H2 as part of an inverse FLP.74

Scheme 69 First examples of catalytic reduction by inverse FLPs.75

Scheme 70 Catalytic reduction of ketones by an inverse FLP.76
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proceeded poorly and formed the alcohol in just 15% yield after 40 h, whilst 4-nitroacetophenone and 4-cyanoacetophenone could
not be reduced.76

Combined DFT and experimental deuteration studies justified the requirement of two acid equivalents per base. A proposed
mechanism showed that a highly reactive borohydride species was initially formed via H2 activation by the inverse FLP (Scheme
71, I). This borohydride was then able to react with an additional equivalent of Lewis acid 73 to form a stable, bridged borohydride
(Scheme 71, II). A subsequent hydride transfer with the carbonyl substrate then yielded alkoxide anion (Scheme 71, III), which was
then readily protonated by the conjugate acid, releasing the alcohol product and regenerating the inverse FLP. A secondary minor
pathway was also suggested, in which the alkoxy anion intermediate (Scheme 71, III) acted as the Lewis base in an FLP in combi-
nation with Lewis acid 73. Upon activating H2, this FLP formed the bridged borohydride salt (Scheme 71, II) upon the release of the
alcohol product.76

1.06.3 Hydrosilylation

Hydrosilylation is a well-known method of installing synthetically useful silanes onto unsaturated bonds (Scheme 72).77 Classi-
cally, this process was performed with platinum based catalysts, such as Speier’s catalyst or Karstedt’s catalyst; however, with a focus
toward sustainable chemistry many research groups have elected to pursue viable alternatives based upon earth abundant metals
and main group elements.77 Recent advances have found that FLP systems can also be used for the process.

1.06.3.1 FLP-mediated hydrosilylation

Whilst the term frustrated Lewis pair was not coined until 2006, a decade earlier Piers observed unusual activity during the B(C6F5)3
catalyzed hydrosilylation of aromatic aldehydes, ketones and esters with triphenylsilane.5 Extensive mechanistic probes revealed
that the borane did not activate the carbonyl moiety as was the expected reactivity at the time, and instead coordinated to the silane’s
hydride. A further result that preceded the discovery of frustrated Lewis pairs was that the substrate was required to be sufficiently
basic to undergo hydrosilylation.5

Twelve years later, Oestreich performed a concerted mechanistic study to reveal conclusively that FLP-type reactivity was present
in B(C6F5)3-catalyzed hydrosilylation (Scheme 73). It was proved that the hydride abstraction from the silane occurred simulta-
neously with the coordination of the carbonyl moiety toward the silicon atom to enable hydride abstraction by the borane.6

The metal-free hydrosilylation protocol with a B(C6F5)3 catalyst was further extended toward imines (Scheme 74).78 Twelve
amines were obtained after a base promoted desulfonylation, resulting in moderate to excellent yields (57–97%). In the reaction,

Scheme 71 Mechanism of reduction of ketones by an inverse FLP.76

Scheme 72 Hydrosilylation of a carbonyl.77
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a silyliminium ion pair intermediate 74 was identified spectroscopically, which suggested that the imine hydrosilylation mecha-
nism was indeed FLP-like in nature.78

Enones and silyl enol ethers have also been observed to undergo B(C6F5)3-catalyzed hydrosilylation.79 Whilst not described as
a frustrated Lewis pair as the term had not yet been coined, FLP-like activation was noted in a similar vein to the B(C6F5)3-catalyzed
hydrosilylation of carbonyls.5 Both cyclic and acyclic enones were observed to participate in 1,4-hydrosilylation in good to high
yields (Scheme 75); however, certain substrates such as 3-methyl-2-cyclopentenone 75 and methyl vinyl ketone 76 gave compli-
cated mixtures, presumably by participating in competing 1,2-hydrosilylation and oligomerization reactions. Further investigation
found that a wide range of silanes could be employed in the hydrosilylation, with only triisopropylsilane recalcitrant toward the
reaction with enones.79

When the silane was used in excess, the silyl enol ether product from initial hydrosilylation was observed to undergo a secondary
hydrosilylation reaction (Scheme 76). Such b-silylalkoxy functionalities are known to be susceptible to elimination under acidic or
basic conditions, revealing how the hydrosilylation catalysis protocol could transform an enone into an alkene with a vinylic
group.79

In 2005, the B(C6F5)3-catalyzed hydrosilylation of thiobenzophenones was reported as a novel synthetic route toward a silicon-
sulfur bond (Scheme 77). A combination of sterically accessible tertiary hydrosilanes and dihydrosilanes was crucial for such trans-
formation, as when two equivalents of thiobenzophenone were reacted with the more sterically hindered (HiPr2Si)2, no reactivity
was observed after 48 h. Over six examples, the reactions gave quantitative conversions toward the corresponding silyl thioethers
with catalytic loadings of B(C6F5)3 as low as 0.004 mol%.80

A further observation of a borane-silane adduct which was able to engage in FLP-mediated hydrosilylation was demonstrated
with a combination of a boraindene 77 and triethylsilane. Initially the formation of the adduct could not be spectroscopically
observed at room temperature; however, variable-temperature 19F and 1H NMR experiments (following the boraindene and the

Scheme 73 Mechanism of B(C6F5)3 catalyzed hydrosilylation.5,6

Scheme 74 B(C6F5)3 mediated hydrosilylation of imines.78
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silane respectively) clearly revealed the formation of adduct 78. Subsequently, adduct 78 was further reacted with the nucleophile
(Ph3PNPPh3)Cl to the form hydridoborate salt 79 and Et3SiCl. This analogy toward carbonyl nucleophiles once again confirmed
the generally accepted FLP mechanism in the process of borane-catalyzed hydrosilylation (Scheme 78).81

The FLP-mediated hydrosilylation of pentafulvenes into allyl silanes was observed in excellent yield and regioselectivity.82

Whilst standard Lewis acid catalysis by B(C6F5)3 was observed to promote both hydrosilylation and fulvene oligomerization,
the introduction of a sterically hindered base suppressed any oligomerization from occurring. When tris(1-naphtyl)phosphine
80 was employed as the base, the reactions proceeded at room temperature and regioselectively catalyzed 1,2-hydrosilylation at
the C2 carbon in excellent yields (Scheme 79).

The hydrosilylation of unsymmetrical fulvenes, such as 6-phenyl-6-methylfulvene 81, yielded two isomers at the C2 carbon (E)
and (Z) in a 1.6:1 ratio. Moreover, regioselectivity was drastically decreased when 6,6-dimethylbenzofulvene was subjected toward
hydrosilylation, where the formation of two regioisomers 82 and 83was observed in a 1.2:1 ratio, a result of both Markovnikov and
anti-Markovnikov addition (Scheme 79).82

Electrophilic phosphonium cations have also been observed to partake in FLP-style reactivity during hydrosilylation catalysis.
The first example was shown through the hydrosilylation of olefins and alkynes with two EPCs, 68 and 84 (Scheme 80).83 EPC
68 differed from 84 by the replacement of one pentafluorophenyl ring with one phenyl ring, a modification that reduced its elec-
trophilicity substantially. This was reflected in its slower performance when catalyzing the hydrosilylation of hexene with triethyl-
silane. Nevertheless, good to excellent isolated yields were obtained by employing both 68 and 84 as catalysts for the
hydrosilylation of 14 unsaturated CeC bond containing substrates.83

Combined mechanistic and DFT studies suggested that initially the EPC catalyst 68 activated the silane, in a fashion similar to
borane catalysts (Scheme 81, I). Introduction of the olefin resulted in a polarization of the olefin bond by the electropositive silicon
atom (Scheme 81, II). 1,2-addition then occurred, whereupon the hydride from the silicon attacked the olefin carbocation in an
anti-fashion, leading to addition to the free silane cation (Scheme 81, III). This liberated the silylated product and regenerated
the EPC catalyst 68 (Scheme 81).83

The substrate scope, amenable toward hydrosilylation by EPC catalyst 68was later extended toward ketones, imines, and nitriles
(Scheme 82).84 Whilst the ketones and imines formed their corresponding silyl enol ethers and N-silylamines respectively, the

Scheme 75 Hydrosilylation of enones.79

Scheme 76 Hydrosilylation of silyl enol ethers.79
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hydrosilylation of nitriles would either form N-silylimines or N,N-disilylamines depending on the identity of the substrate. All
substrates underwent hydrosilylation in excellent conversion, with the exception of N-benzyl-1-phenylmethanimine 25, presum-
ably as a result of steric hindrance around the basic nitrogen atom precluding reactivity. Competition reactions found that 68would
preferentially catalyze the groups in the order ketone> nitrile> imine> olefin in substrates where multiple functional groups were
present.84

The mechanism of reaction was proposed to be common for ketones, imines and nitriles. DFT and experimental probes sug-
gested that the EPC catalyst 68 initially activated the silane (Scheme 83, I). Introduction of the ketone led to an interaction between
the basic carbonyl oxygen and the electropositive silicon (Scheme 83, II). The carbonyl then attacked the silane, thereby forming
a carbocation and forcing the silane hydride to transfer onto the EPC (Scheme 83, III). Hydride attack from the EPC to the carbo-
cation liberated the silyl enol ether and thus regenerated the free EPC 68 (Scheme 83).84

1.06.3.2 Asymmetric FLP-mediated hydrosilylation

The first example of asymmetric hydrosilylation was demonstrated with chiral silane (SiR)-85 and B(C6F5)3, as part of the mecha-
nistic study which confirmed the FLP-type reactivity of the hydrosilylation reaction.6 It was observed that a mixture of (SiR)-85 and
5 mol% of B(C6F5)3 would hydrosilylate acetophenone to form hydrosilane (SiR, R) 86 as a scalemic mixture with a d.r. ratio of

Scheme 77 B(C6F5)3-catalyzed hydrosilylation of thiobenzophenones.80

Scheme 78 Further evidence of a borane-silane adduct participating in FLP-type reactivity.81
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74:26. Following a racemization-free reductive cleavage of (SiR, R) 86, the alcohol 87 was isolated in good yield (68%) and e.e.
(38%) (Scheme 84).6

A series of six acyclic methyl ketones were subsequently hydrosilylated in an asymmetric fashion with a racemic mixture of silane
85 (Scheme 85).85 The reactions proceeded at room temperature, with excellent conversions and good diastereoselective ratios (up
to 81:19). Unexpectedly, when cyclic ketones (88, 89) were subjected toward the asymmetric hydrosilylation, the reactions were
sluggish, and the obtained diastereoselective ratios were low. Additionally, when the same conditions were applied toward the
hydrosilylation of imines, good conversions of racemic mixtures were obtained.85

It was suggested that such discrepancy in stereochemical outcome was a result of different hydride transfer pathways (Fig. 6).
Whilst hydride transfer was able to impart chirality at the silylated carbonyl (Fig. 6, I) during the hydrosilylation of carbonyls,
when imines were hydrosilylated, hydride transfer would instead occur at the borane-activated imine (Fig. 6, II) during a different

Scheme 79 FLP-mediated hydrosilylation of pentafulvenes.82

Scheme 80 Hydrosilylation of olefins and alkynes with an EPC catalyst.83
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Scheme 81 Mechanism of hydrosilylation of olefins with an EPC catalyst.83

Scheme 82 Hydrosilylation of ketones, imines and nitriles by an EPC catalyst 68.84
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stage of the reaction due to the steric encumbrance around the silylated iminium ion intermediate (Fig. 6, III) where it had no effect
upon stereoselectivity.85

The first highly enantioselective hydrosilylation of imines was achieved by Klankermayer with the use of chiral camphor-derived
boranes 28 and 90 (Scheme 86). With low catalytic FLP loadings, a range of six acyclic N-aryl imines were hydrosilylated and
reduced in good to excellent yields and high enantioselective ratios. Limitations were noted upon the attempted reduction of
more sterically hindered imines such as 2-methyl-N-(1-phenylethylidene)aniline, which gave negligible conversions and imines
which contained electron withdrawing groups on the para position of their aryl rings, which were formed in low yield but high e.e.86

The THF adduct of a chiral analogue of B(C6F5)3, (S)-91$THF, was developed to probe further asymmetric hydrosilylation reac-
tions. This borane had a lower Lewis acidity when compared to B(C6F5)3, a result of fewer pentafluorophenyl groups, but the incor-
poration of a BINOL-like ligand imparted axial chirality upon the molecule (Scheme 87). Initially, a series of four imines were
asymmetrically hydrosilylated and reduced using Me2PhSiH as a hydride source. The (S)-borane preferentially catalyzed the forma-
tion of (S)-amines, resulting in overall moderate e.e.s (30–41%). Interestingly, further investigations revealed that when axially
chiral silanes (S-92 or R-92) were used as the hydride source, the amine product would preferentially be the same enantiomer
of the chiral silane used rather than the (S)-amine that was formed when (S)-91$THF was employed as a catalyst with a racemic
silane.87

Scheme 83 Mechanism of hydrosilylation of ketones by an EPC catalyst.84

Scheme 84 First example of FLP-mediated asymmetric hydrosilylation.6
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Scheme 85 Asymmetric hydrosilylation of prochiral ketones.85

Fig. 6 Origin of stereochemical outcomes in the hydrosilylation of ketones and imines.85

Scheme 86 First FLP-mediated enantioselective reduction of imines.86
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The hydride transfer pathway for (S)-91$THF catalyzed imine hydrosilylation was later identified using in situ 1H-NMR studies.
An equimolar ratio of the free amine 93 and silylated enamine 94 intermediates were observed during the hydrosilylation process
(Fig. 7), along with the expected silylated iminium ion intermediate 95. The presence of these unexpected intermediates suggested
that there were competing reaction pathways that introduced further enantioselectivity-determining steps, thus increasing the likeli-
hood that a racemic silyl imine would be formed despite the use of a chiral borane.88

The proposed mechanism suggested that the hydrosilane was initially activated by the borane catalyst (Scheme 88, I). A subse-
quent reaction of an imine with this activated complex formed a silyliminium ion and its ion pair borohydride (Scheme 88, (E)-II
or (Z)-II), with the inverted stereochemistry of the silyliminium ion when compared to the imine reagent used. Both silyliminium
ions (Scheme 88, (E)-II and (Z)-II) were then susceptible toward the hydride attack from the borohydride, forming their respective

Scheme 87 Tuneable FLP-mediated asymmetric hydrosilylation.87

Fig. 7 Intermediates observed during the (S)-91$THF catalyzed imine hydrosilylation reaction.88
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silylamine product (Scheme 88, III) through loss of the borane. Furthermore, two other mechanisms were also observed to occur.
The silyliminium ion (Scheme 88, (E)-II and (Z)-II) could also be deprotonated by unreacted imines to form a silylated enamine
94, which was one of the intermediates detected by the initial 1H NMR study. The silylated enamines were then able to interconvert
through CeN bond rotation (Scheme 88, IV), which resulted in the racemized silylamine product (Scheme 88, III). The second
possible mechanism involved silyliminium ion (Scheme 88, (Z)-II; note, this mechanism could also involve (E)-II; however,
only (Z)-II is explicitly drawn for clarity), being attacked at the a-position by a second equivalent of (E)-imine to form an ion
pair (Scheme 88, (E)-V) through a loss of hydrosilane. Reduction of the iminium cation (Scheme 88, (E)-V) formed the free amine
93, the other intermediate detected by the initial 1H NMR study. Upon re-exposure to an equivalent of hydrosilane, an ion pair
composed of an ammonium ion and a borohydride was formed (Scheme 88, VI). Deprotonation of the ammonium cation
(Scheme 88, VI) by the silylated enamine 94 resulted in the formation of silyliminium ion (Scheme 88, (E)-II), which upon hydride
attack from the borohydride subsequently resulted in the formation of silylamine (Scheme 88, III).88

A further analogue of (S)-91$THF was later developed by Oestreich for the enantioselective hydrosilylation of carbonyls. (S)-
96$DMS also contained axial chirality, but it contained extra steric congestion around the boron center from the installation of
phenyl groups at the 3 and 30 positions on its binaphthyl rings. Such modification found that THF was too large to co-ordinate
to the boron, thus dimethyl sulfide (DMS) was instead employed.89 With catalyst (S)-96$DMS in hand, the hydrosilylation of ace-
tophenone was optimized against a range of hydrosilanes. In general, larger monohydrosilanes were more unreactive, which was
attributed to their steric hindrance; however, more compact trihydrosilanes such as PhSiH3 and MeSiH3, showed quantitative
conversions in up to 87% e.e.89 16 acetophenone derivatives were then subjected toward hydrosilylation with PhSiH3 using a cata-
lytic amount of (S)-96$DMS (Scheme 89). Acetophenones containing strongly electron withdrawing groups on the aryl rings caused
the reactions to proceed significantly slower, yielding the corresponding alcohols in moderate yields, albeit good e.e. Conversely,
acetophenones with electron donating groups on the aryl ring underwent full conversion more rapidly, although the resultant
e.e.s were significantly lower. Additionally, sterically hindered acetophenone derivatives displayed both low reactivity and
enantioselectivity.89

Chiral bisboranes formed through the hydroboration of binaphthyl-based dienes by Piers borane have already been discussed
for their activity in catalytic asymmetric hydrogenations.33–36 Further studies found that such catalysts could also be extended
toward asymmetric hydrosilylations (Scheme 90).90 A range of chiral bisboranes were evaluated for their capability toward imine
hydrosilylation, with the bisborane formed from diene 35 being chosen as optimal. The chiral borane was employed in the success-
ful enantioselective hydrosilylation of 18 imines, with excellent yields and e.e.s of the corresponding amine observed following
reduction. Interestingly, this system did not require an external Lewis base, in contrast to Klankermayer’s chiral boranes (28,
90), which racemically reduced the imines in the absence of a Lewis base.86,90

Scheme 88 Mechanism of imine hydrosilylation catalyzed by (S)-91$THF.88
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The bisborane formed from hydroboration of 35 with Piers borane was later employed in the asymmetric hydrosilylation of
acetophenone derivatives when part of an FLP with PtBu3. Employing 5 mol% of the chiral FLP catalyst enabled the hydrosilylation
of simple ketones in excellent yields and e.e. (Scheme 91).91

The first example of FLP-mediated diastereoselective hydrosilylation was presented through the B(C6F5)3-catalyzed hydrosilyla-
tion and bishydrosilylation of a-diketones. Interestingly, the relative stereochemistry of the products was determined by the steric
bulk of the hydrosilane reagent. When smaller hydrosilanes such as Me3SiH were employed, meso products were preferentially
formed (up to 96 d.e.). Conversely, larger silanes such as Ph3SiH provided dl products preferentially (up to 92 d.e.) (Scheme 92).92

Further diastereoselective hydrosilylation of 1,2-dicarbonyls was demonstrated using a bisborane formed by the hydroboration
of diyne 97with Piers borane.93 The bisborane was subjected toward the hydrosilylation of a range of 1,2-dicarbonyl compounds to
form optically active a-hydroxy ketones and a-hydroxy esters in good to excellent isolated yields and e.e.s following reduction
(Scheme 93). A limitation upon the system was noted upon the reduction of smaller substrates; when acetophenone was hydro-
silylated and subsequently reduced, 1-phenylethanol was obtained in 95% yield with a mediocre e.e. of 42%.93

1.06.3.3 FLP-mediated reduction of amides to amines via hydrosilylation

Metal-free amide reduction was classically a challenging transformation; previously, metal-free approaches employed stoichio-
metric boron hydrides, but a common problem was over-reduction and the resultant formation of unwanted by-products. These
issues made the reactions less economically viable and made product purification a more challenging task.94

Scheme 89 (S)-96.DMS-mediated hydrosilylation of acetophenones.89

Scheme 90 Asymmetric hydrosilylation catalyzed by a chiral bisborane.90
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In 2016, it was found that EPC systems could be employed to reduce amides into amines via a hydrosilylated intermediate.95

Two EPCs 68 and 98 were observed to readily catalyze amide reduction with low catalytic loadings, although harsh reaction condi-
tions and long reaction times were required for quantitative conversions. Moreover, the silane reagent also played a crucial role in
the effectiveness of the reaction. Silanes with lower hydricity such as HSiMe3 or HSiPh3 promoted no reduction of N,N-dimethyl-
benzamide, whereas the more hydridic PhSiH3 gave almost quantitative conversion. A wide scope of aliphatic and aromatic amides
was subsequently reduced to their corresponding amines in up to 99% conversion with concomitant loss of siloxane (Scheme 94).
A series of 2,2,2-trifluoroacetamides were also chemoselectively reduced into their respective 2,2,2-trifluoroethyl amines in good to
excellent isolated yield; however, limitations on the efficiency of the protocol were observed with highly basic amides, which were
recalcitrant toward reduction. This was attributed to irreversible binding of the EPC to the substrate, thus poisoning the catalyst.95

The reaction mechanism of the EPC catalyzed amide reductions was based upon previous FLP-like EPC catalyzed hydrosilyla-
tions.83,84,95 It was proposed that upon addition of the silane to the EPC 68, the SieH bond was weakened through co-ordination of
the hydride with the Lewis acidic phosphorus atom (Scheme 95, I). Nucleophilic attack of the amide toward the activated silane

Scheme 91 FLP-mediated asymmetric hydrosilylation of acetophenones by a chiral bisborane.91

Scheme 92 FLP-mediated diastereoselective hydrosilylation of a-diketones.92

Scheme 93 FLP-mediated enantioselective hydrosilylation of 1,2-dicarbonyl compounds.93
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Scheme 94 FLP-mediated reduction of amides into amines via a hydrosilylated intermediate.95

Scheme 95 Proposed mechanism of FLP-mediated reduction of amides into amines.95
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then occurred (Scheme 95, II) which formed a silylated intermediate 99. This intermediate further reacted with another equivalent
of activated silane (Scheme 95, I) to liberate the amine, the silylether, and the EPC catalyst 68 (Scheme 95).95

1.06.4 FLP-mediated hydroamination

B(C6F5)3 was first adapted for use as a hydroamination catalyst by Stephan in 2013. 14 enamines were formed in good to excellent
yield as the Markovnikov addition product, following the B(C6F5)3-mediated 1,2-addition of a secondary amine to an alkyne. For
efficient reactivity, slow addition of the alkyne into the reaction mixture was necessary and low temperatures were required to
enhance product yield in certain circumstances (Scheme 96). Inspired by the FLP-like nature of the hydroamination catalysis
and the well-established reduction catalysis mediated by FLPs, two examples of one-pot tandem hydroamination/hydrogenation
reactions were also demonstrated to directly form tertiary amines in good yield (Scheme 96).96

The observed enamine products from Markovnikov addition suggested the reaction to be FLP-like in nature, with the amine
substrate also acting as the FLP’s Lewis basic component (Scheme 97, I). It was proposed that the alkyne initially coordinated
to B(C6F5)3 resulting in an adduct between the terminal alkyne carbon and the Lewis acidic boron atom. Nucleophilic attack by
the amine then resulted in the formation of a zwitterionic intermediate (Scheme 97, II) wherein the alkyne was activated between

Scheme 96 B(C6F5)3 mediated hydroamination of terminal alkynes and B(C6F5)3 mediated tandem hydroamination/hydrogenation of alkynes.96
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the Lewis acidic and basic centers. A subsequent 1,3-proton transfer furnished the enamine product 100, whilst regenerating the
Lewis acid catalyst (Scheme 97).96

The B(C6F5)3 catalyzed hydroamination protocol was later extended toward tandem intramolecular hydroamination/hydroge-
nation reactions for the preparation of cyclic amines.97 Seven substrates were reported to form their respective N-heterocycles in
good to high yields using similar conditions reported for the intermolecular reaction.96 Whilst the preparation of five, six and
seven-membered heterocycles was successful, the attempted cyclization ofN-propynyl-substituted anilines into their respective azir-
idines could not be achieved under the explored conditions (Scheme 98).97

Paradies later applied Lewis acidic boranes toward the synthesis of indoles via intramolecular hydroamination; however, only
B(C6F5)3 was able to promote the reaction while neither of weakly Lewis acidic boranes such B(2,6-F2C6H3)3 17 or B(2,4,6-
F3C6H2)3 47 could do so. Six indoles were successfully synthesized in good to excellent yield through 5-endo-dig cyclizations
(Scheme 99). Limitation to the protocol was noted when the nucleophilicity of the nitrogen atom was reduced whereupon no reac-
tivity was observed. Additionally, some substrates were able to form adducts with B(C6F5)3 but decomposed under elevated temper-
atures without forming the desired indole.98

1.06.5 FLP-mediated CeH borylation

In 2015, Fontaine demonstrated the CeH activation and subsequent borylation of heteroarenes with the use of intramolecular FLP
101 (Scheme 100). The intramolecular catalyst was designed specifically for this reaction: the position of the Lewis acidic boron

Scheme 97 Mechanism of B(C6F5)3 mediated hydroamination of terminal alkynes.96

Scheme 98 B(C6F5)3 mediated tandem hydroamination/hydrogenation of alkynes.97
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atom was constructed to be in close proximity to the heteroarene’s nucleophilic carbon, whilst the base was designed to be bulky in
order to prevent any possible dimerization which could occur following proton abstraction of the heteroarene. In solution, 101was
observed to be in equilibrium between a monomeric and dimeric form. Catalyst 101 was observed to catalyze the borylation of 13
oxygen, nitrogen and sulfur containing heterocycles in high conversions. The position of borylation was dependent upon the
substrate. Initially 1-methylpyyrole was investigated toward borylation, which formed two regioisomers: 2-borylated 102 and 3-
borylated 103 in a 93:7 ratio. Bulkier N-protecting groups on pyrrole such as triisopropyl silyl ether (TIPS) 104 and trimethylsilyl
(TMS) enabled the pyrroles to undergo the borylation specifically at the 3 position, whilst protection with a benzyl group reduced
selectivity significantly toward a 3:2 ratio. Electron-rich furan derivatives generally underwent borylation with exclusive selectivity at
the C2 position in high to excellent conversion. Notably, 3-bromofuran required harsher conditions (increased temperature, time
and catalytic loading) to undergo borylation. Although selectivity was heavily decreased, yielding 105 and 106 in a 10:9 ratio, 90%
overall conversion was observed. Only electrophilic thiophene derivatives were amenable to reaction. 3,4-Ethylenedioxythiophene
in particular was observed to form either monoborylated 107 or diborylated products in 87% and 99% yield respectively, depend-
ing upon the stoichiometry of HBPin applied.99

With the aid of DFT and kinetic studies, a mechanism was proposed for the borylation of 1-methylpyrrole. Initial dissociation of
the FLP dimer 101 resulted in the formation of the monomeric active catalyst 108. In the rate determining step of the cycle, 108
proceeded to activate the CeH bond of the 1-methylpyrrole via a four-membered transition state (Scheme 101, I), generating zwit-
terionic species (Scheme 101, II). A subsequent rapid H2 release from this zwitterionic species formed a borohydride intermediate

Scheme 99 B(C6F5)3 catalyzed indole synthesis through intramolecular hydroamination.98

Scheme 100 FLP-mediated borylation of heteroarenes.99
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(Scheme 101, III), from which product 102 was obtained via a four-center sigma bond metathesis with HBPin (Scheme 101, IV).
Activation at the C2 position was found to require only 0.4 kcal mol�1 less energy compared to the C3 position, thus accounting for
the formation of two regioisomers.99

One year later, Fontaine improved this protocol with the introduction of an oxygen and moisture stable precatalyst 109, thus
precluding the necessity for Schlenk techniques or glove boxes for the catalytic borylation transformation (Scheme 102). Precatalyst
109 differed only by the installation of a fluoroborate salt in favor of the dihydroborane group in 101. Deprotection of 109 to the
active dihydroborane catalyst 101was mediated by the borylating agent HBPin, thus no other additive was required for the reaction.
A brief substrate scope of six heteroarenes found that the catalytic activity of 109 was comparable to 101, despite the bench-stable
nature of the precatalyst.100

Repo later discovered that 2-aminophenylboranes were able to catalyze the CeH activation of heteroarenes, as the rigid phenyl
bridge between the acidic and basic sites provided an optimal geometry for efficient reactivity. It was demonstrated that the catalyst’s
reactivity was more affected by steric factors and the Lewis acidity and basicity of its boron and nitrogen atoms, rather than being
sensitive to the substituents situated upon the acidic and basic sites.101

With these observations in hand, Fontaine subsequently investigated modifications to the amine moiety of catalyst 101, citing
low yields and expensive synthesis as motivation to replace the TMP unit. Thus, smaller and more readily available amine

Scheme 101 Mechanism of FLP-mediated borylation of heteroarenes.99

Scheme 102 FLP-mediated borylation of heteroarenes with a bench stable pre-catalyst.100

Frustrated lewis pairs in catalysis 365



derivatives such as piperidine, diethylamine and dimethylamine were installed onto the intramolecular FLP catalyst. Moreover, it
was observed that these smaller FLPs were up to 15 times more reactive than 101. DFT and kinetic studies revealed this increase in
activity was due to the change in the rate determining step; in the presence of smaller amines the rate determining step became the
initial dimer dissociation, rather than the CeH activation step observed for 101.102

1.06.6 FLP-mediated cyclization reactions

Stoichiometric cyclization reactions involving FLPs are well documented. Examples include: intramolecular additions of amines to
unsaturated CeC bonds to form zwitterionic nitrogen containing heterocycles (Scheme 103, I)103; three-component cyclizations of
phosphines, boranes and olefins to form zwitterionic phosphorus containing heterocycles (Scheme 103, II)104; and B(C6F5)3 medi-
ated cyclization of propargyl amides to form methylene-oxazolines (Scheme 103, III).105

Notably, when B(C6F5)3 mediated cyclization was performed on NeH propargyl amides with an aryl substituent, the
methylene-oxazoline products were observed to isomerize into oxazoles, an important heterocyclic moiety found in anti-
bacterial and anti-fungal agents.105,106 Unfortunately, whilst 16 examples of B(C6F5)3 mediated propargyl amide cyclizations
into their respective methylene-oxazoline products were reported, only four isomerizations were observed (Scheme 104). This
isomerization required gentle heating over 4 days, and only one oxazole was isolated out of the four prepared. This reaction was

Scheme 103 Examples of stoichiometric FLP-mediated cyclizations.103–105

Scheme 104 B(C6F5)3 mediated cyclization and subsequent isomerization of propargyl amides.105
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initially perceived to be incapable of catalysis as the dative bond N / B in the isolated compound was too strong to permit the
release of B(C6F5)3

105; however, when the propargyl amide was installed with an adamantyl group, steric frustration was induced
in the dative N / B bond prompting the release of the Lewis acid. The formation of oxazole 110 in 83% yield was thus observed
from its corresponding propargyl amide when 10 mol% catalytic loading of B(C6F5)3 was applied. Harsh conditions were essential
(100 �C, 240 h), but this was the first example of catalytic transition metal-free cyclization of propargyl amides.105

FLPs were later observed to catalyze the cycloisomerization of 1,5-enynes.107 Initial stoichiometric reactions between 1,5-enyne
and B(C6F5)3 resulted in the formation of 5-endo-dig cyclized product 111 (Scheme 105). DFT probes suggested that the borane
initially activated the alkyne, to form a reactive carbocation. Addition of the olefinic bond to this carbocation resulted in a cycliza-
tion and the formation of zwitterionic intermediate 112. The formed reactive carbocation subsequently rearranged via a 1,1-
carboboration and a 1,2-hydride shift to form intermediate 113, which upon a final 1,3-borane shift, furnished the stable borane
product 111.107

When a phosphine Lewis base was included in the cycloisomerization reaction, the 1,1-carboboration was prevented. Instead,
the phosphine was observed to promote proton abstraction from carbocation intermediate 112, forming the stable onium borate
intermediate 114, which existed in equilibrium with its addition product 115. Heating to 90 �C promoted protodeborylation,
furnishing the cycloisomerized product 116 and liberating the FLP (Scheme 106).107

With proof of catalytic cycloisomerization, the protocol was developed further to variously substituted enynes using 20 mol%
catalytic loading of B(C6F5)3 and PPh3. Overall, 7 examples were presented with NMR yields ranging from 50% to 98%. Electron

Scheme 105 Synthesis of 5-endo-dig cyclized product 82 from 1,5-enyne and B(C6F5)3.107

Scheme 106 Mechanism of FLP-mediated cycloisomerization of 1,5-enynes.107
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donating substitutions on the alkyne moiety provided better results whereas electron withdrawing and thiophenyl substitutions
decreased the yields. Moreover, exchanging the core phenyl ring with heterocyclic furanyl or thiophenyl groups caused the catalytic
cyclization to completely cease, presumably due to the increased distance between alkene and alkyne functional groups (Scheme
107).107

B(C6F5)3 was also observed to act as a dual-role catalyst in the preparation of 3,4,5-triaryl-1,2,4-triazoles from N-tosylhydra-
zones and anilines (Scheme 108). 3,4,5-triaryl-1,2,4-triazole motifs are found in a range of pharmaceutical drugs, pesticides,
and organic photovoltaic cells; however, many of their preparations are restricted by large excesses of reagents or narrow functional
group tolerance, thus this one-pot metal-free system was shown to be particularly useful.108 Symmetrical 1,2,4-triazoles were ob-
tained in good to excellent yield after 48 h, using two equivalents of hydrazone and one equivalent of amine. Additionally, the
protocol was extended to asymmetrical 1,2,4-triazoles by using two different hydrazones, yielding the asymmetrical triazole in
excellent yield. Due to the potential low selectivity, the two different N-tosylhydrazone reagents were required to possess different
electronic properties on their aryl groups, otherwise a 1:1:1 ratio between the symmetrical and asymmetrical products was
observed.108

A combined experimental and computational approach allowed for the elucidation of the catalytic cycle, wherein B(C6F5)3 acted
as both a Lewis acid catalyst and as the Lewis acidic component of an FLP at different stages. The cycle commenced with the forma-
tion of an adduct between B(C6F5)3 and N-tosylhydrazone, in which the boron coordinated toward the sp2-hybridized nitrogen
atom (Scheme 109, I). The aniline 117 then coordinated to this adduct, forming a zwitterionic complex which performed
a rate-determining intramolecular hydride transfer from N3 to N1, thus furnishing an adduct intermediate (Scheme 109, II), which
upon reaction with a second equivalent of N-tosylhydrazone, resulted in the formation of an unstable intermediate (Scheme 109,
III) through loss of a NH2Ts fragment. Intermediate (Scheme 109, III) then rapidly cyclized to form a heterocycle (Scheme 109, IV)

Scheme 107 FLP-mediated cycloisomerization of 1,5-enynes.107

Scheme 108 B(C6F5)3-mediated synthesis of 3,4,5-triaryl-1,2,4-triazoles.108
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via initial dissociation of the borane from N1 and subsequent protonation of N4, resulting in an intramolecular nucleophilic attack
of N2 to N1 to form the newNeNbond with concomitant loss of another NH2Ts fragment. At this stage B(C6F5)3 switched role from
a Lewis acid catalyst to be part of an FLP catalyst, facilitating dehydrogenative aromatization to liberate the triazole product 118 and
the zwitterionic FLP (Scheme 109, V). Finally, release of H2 from this FLP liberated aniline and regenerated the borane catalyst for
further turnovers (Scheme 109).108

1.06.7 FLP-mediated reduction of CO2

It is well known that increasing levels of carbon dioxide in the Earth’s atmosphere is one of the main contributing factors toward
global warming. One method to reduce the levels of this greenhouse gas in our atmosphere is to use it as a chemical feedstock. For
example, CO2 can be reduced to formmethanol, which can be used for electricity generation in fuel cells and can serve as a precursor
for many organic molecules. Such utilization of CO2 is a challenging task due to its high thermodynamic and kinetic stability, thus
harsh conditions and transition-metal catalysts are generally required for the direct reduction of CO2 into methanol with molecular
H2.

109 As a result of this, the application of metal-free catalysts toward CO2 reduction has become an up-and-coming field of
research.110

Following Stephan and Erker’s discovery that an FLP comprised of B(C6F5)3 and PtBu3 could reversibly bind to CO2 under mild
conditions,111 the search for FLPs which are able to promote CO2 reduction has become a target for main-group chemists world-
wide. The first examples of FLP-mediated reduction of CO2 with gaseous H2 were stoichiometric. An FLP comprised of TMP 62 and
B(C6F5)3 was observed to quantitatively reduce CO2 into CH3OB(C6F5)2, from which methanol could be obtained by vacuum
distillation, albeit in low yields of 17–25%.112 A subsequent report found that stoichiometric FLP-mediated CO2 reduction into
methanol could occur at room temperature when BH3$NH3 was employed as a hydrogen source.113 A joint publication from
the groups of Stephan and Fontaine found an aminoborane FLP capable of activating both H2 and CO2; however, this system
was unable to release the reduced products.114 The first successful catalytic reduction of CO2 into methane was reported by Piers;
however, catalytic efficiency was low. The intermolecular FLP caused an unfavorably high entropy within the system and 18 equiv-
alents of triethylsilane reductant were required for efficient reaction.115 A proposed mechanism suggested that B(C6F5)3 would form
an FLP with both TMP 62 and an adduct with triethylsilane at different stages in the reaction. Initially, the B(C6F5)3$TMP adduct
activated hydrogen 119. This activated complex could then go on to activate CO2 to form formatoborate intermediate 120. Mean-
while, the B(C6F5)3$HSiEt3 121 adduct was formed, which was able to hydrosilate formatoborate 120 to form a formatosilane 122.

Scheme 109 Mechanism of FLP-mediated synthesis of 3,4,5-triaryl-1,2,4-triazoles.108
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Sequential hydrosilation of the formatosilane by the adduct 121 resulted in bis(triethylsilyl)acetal 123, followed by silylether 124
and finally methane through the loss of disiloxane 125 (Scheme 110).115

The first highly efficient FLP-catalyzed reduction of CO2 was reported by Fontaine in 2013, with the use of an air-stable aryl-
bridged phosphinoborane FLP 126. Reaction of catecholborane with CO2 in the presence of a catalytic amount of 126was observed
to form methoxyborane 127 with concomitant loss of a BeOeB dimer. Hydrolysis of 127 liberated methanol readily. This trans-
formation proceeded under mild conditions, with low CO2 pressures and catalytic loading, albeit with large amounts of waste per
methanol generated (Scheme 111).116 A recent computational study by Grimme observed that Fontaine’s catalytic system wasmore
active than the ensuant systems reported by Stephan,117 and Cantat.118,119

An extensive combined experimental and DFT study elucidated the mechanism of this reaction, revealing that the phosphino-
borane did not adhere to conventional FLP-style small molecule activation. Instead, it was observed that the Lewis basic center acti-
vated the HBCat reducing agent, whilst the Lewis acidic/basic centers promoted catalysis through assisting the release of the reaction
products. It was suggested that the Lewis basic center of the phosphinoborane initially activated the catecholborane, thereby form-
ing an adduct. This resulted in a hydride transfer from the borane to the carbon of CO2, thereby forming a formate anion which
could co-ordinate to the Lewis acidic center of the phosphinoborane to form intermediate 128. This intermediate existed in equi-
librium with 129, wherein the nucleophilic catecholborane co-ordinated to the CO2 rather than the Lewis basic component of the
phosphinoborane. Reaction with a second equivalent of catecholborane resulted in intermediate 130, which was subsequently
reduced to form the formaldehyde phosphinoborane adduct 131. Finally, this species was reduced by another equivalent of cate-
cholborane to form the methoxyborane product 132 (Scheme 112).120

Scheme 110 FLP-mediated reduction of CO2 into methane.115

Scheme 111 FLP-mediated reduction of CO2 into methanol via a methoxyborane intermediate.116
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Subsequent spectroscopic and computational mechanistic studies identified that phosphinoborane 126 was a precatalyst and
rather, the formaldehyde phosphinoborane adduct 133 (Fig. 8) acted as the active catalyst in the reaction. Experimental compar-
isons and deuteration studies confirmed that adduct 133 was more active toward CO2 reduction than the phosphinoborane 126
alone.121

In 2014, Stephan reported a different intramolecular FLP catalyst 134 for CO2 reduction (Scheme 113). This FLP was generated
from reaction of two equivalents of 9-BBNwith anN-phosphorylated NHC. Catalytic amounts of 134were observed to promote the
reduction of CO2 by catecholborane under relatively mild conditions to form the corresponding methoxyborane. Notably, the iden-
tity of the reductant had a significant effect upon the product or products observed. If HBpin was used, a mixture of HCO2Bpin,
CH2(OBpin)2 and MeOBpin was formed, whilst when BH3$SMe2 was used as the reductant, exclusively (MeOBO)3 was
generated.117

Scheme 112 Proposed mechanism of FLP-mediated reduction of CO2 into methanol via a methoxyborane intermediate.120

Fig. 8 Identity of active catalyst in Schemes 111 and 112.121

Scheme 113 Reduction of CO2 with an NHC-borane FLP 134.117
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It was proposed that 134 would initially activate CO2 between the boron and one of the phosphorus centers (Scheme 114, I).
Subsequent reaction with the borane reductant formed cyclic intermediate (Scheme 114, II), which liberated the boron formate 135
to regenerate the FLP catalyst. The liberated boron formate could then be further reduced by additional borane reductants to afford
the observed mixture of products depending upon which reductant was used.117

Shortly afterwards, Stephan also probed intermolecular FLP systems comprised of 9-BBN and bulky Lewis basic phosphines for
CO2 reduction. Here, 9-BBN was used as a reductant, to form its corresponding methoxide product 136 upon CO2 reduction. Of the
bases probed, PtBu3 was observed to be most selective, with other bases promoting the formation of other CO2-reduced products
such as boron-bound formate species 137 or diolate-linked compounds 138 (Scheme 115).122

Silylium cations are isoelectronic to boranes, thus can also be used as the Lewis acidic component of FLPs. Stephan first discussed
the application of silylium cation FLPs for CO2 activation in 2015; however, these were stoichiometric reactions and formed simple
adducts rather than promoting reduction.123

Cantat later introduced a base-stabilized silylium species 139, which was able to readily react with CO2 to yield the correspond-
ing FLP$CO2 adduct salt 140 quantitatively (Fig. 9).118 Salt 140 exhibited a greater stability compared to Stephan’s silylium-based

Scheme 114 Mechanism of CO2 reduction with an NHC-borane FLP 134.117

Scheme 115 Reduction of CO2 with 9-BBN.122
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FLP-CO2 adducts, which had been observed to decompose at room temperature.123 Moreover, it was demonstrated that steric
crowding around the Siþ center was essential in determining whether the CO2 adduct could be formed, as iPr 141 and Ph 142
substituted silylium cations were unable to bind to CO2. Thus, it was suggested that the FLP$CO2 adduct was not thermodynam-
ically favorable and therefore could be potentially suitable for catalytic CO2 reduction.

118 Indeed, a series of base stabilized silylium
cation FLPs and their CO2 adducts were observed to catalytically hydroborate CO2, yielding the corresponding methoxide
quantitatively.118

1.06.8 Summary and outlook

In this article, the catalytic applications of frustrated Lewis pairs have been considered. From simple catalytic reduction of substrates
with dihydrogen, to complex enantioselective reduction and 1,2-functionalizations, FLPs have been demonstrated to act as excellent
alternatives to precious metal catalysts. With such exponential interest in the field over the past decade and a half we predict many
more exciting catalytic reactions to be performed by FLPs.
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Abstract

Fluorinated alkoxyaluminates [Al(ORF)4]
�, [(FRO)3AleFeAl(ORF)3]

� and the related borates [B(ORF)4]
� (RF stands for

a poly- or perfluorinated organic alkyl residue) belong to the class of Weakly Coordinating Anions (WCAs) that made their
way over the past decades from a means to stabilize unusual cationic systems of fundamental interest to a well-developed
class of materials that help to prepare problem case model compounds similarly to being useful in applied research, e.g.,

*All authors contributed equally.
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for Ionic Liquids (ILs). In this reviewwe briefly sketch the range of knownWCAs, before turningmainly to the aluminate class
of materials, but, where relevant, also to the related borates. We highlight the synthesis of starting materials, ways to
introduce the WCAs to the system, the physical properties they induce and report on their performance in fundamental as
well as applied chemistry, i.e. in catalysis, polymerization, electrochemistry, as electrolyte salts for supercaps and secondary
batteries.

1.07.1 Introduction

Fluorinated alkoxyaluminates [Al(ORF)4]
� belong to the class of Weakly Coordinating Anions (WCAs) that made their way over the

past decades from a means to stabilize unusual cationic systems of fundamental interest to a well-developed class of materials that
help to prepare problem case model compounds similarly to being useful in applied research, e.g., for Ionic Liquids (ILs), catalysis,
polymerizations, electrochemistry and electrolytes (Fig. 1). In this article RF stands for any poly- or perfluorinated organic residue.
The specific abbreviations used for the most common WCAs are delineated in Fig. 2. In the following we briefly sketch the range of
knownWCAs, before turning mainly to the aluminate [Al(ORF)4]

� class of materials, but, where relevant, also to the related borates
[B(ORF)4]

�. We highlight the synthesis of starting materials, their physical properties, typical routes to introduce them into a system
and report on their performance in fundamental as well as applied chemistry.

This chapter is an update on our 2013 review in this book1 and covers the literature until end of 2021/beginning of 2022.

1.07.1.1 A brief introduction to weakly coordinating anions

The prime role of WCAs is to suppress strong cation-anion interactions and to replace the few strong electrostatic interactions in
classical salts by amultitude of weak interactions. To achieve this goal, the majority of more recent WCAs are rather large and exhibit
diameters in the nanometer range; moreover their “surfaces” are often covered by poorly polarizable fluorine atoms that produce
a “Teflon”-type coating additionally dampening the efficiency of ion pairing and increasing the (kinetic) inertness and (thermody-
namic) stability of these anions against ligand coordination or abstraction as well as oxidation. Overall this leads to improved solu-
bilities of WCA-salts in less or even non-polar solvents, reduces ion pairing in these solvents and ultimately also leads to electric
conductivity in these media. Clearly these are favorable properties for a range of applications and accordingly a large group of
different WCAs has been prepared over the years. Those were recently reviewed2,3 and shall not be detailed here, other than
mentioning that they are typically built from a very Lewis acidic central atom M that usually bears a range of mainly univalent,
chemically robust and often fluorinated ligands L giving the normally univalent ate-complexes [M(Ln þ 1)]

� (n ¼ valency of M)
as WCAs. Examples are the classical fluorometallates like [BF4]

� or [MF6]
� and their aggregates like [M2F11]

� (M ¼ As, Sb), poly-
fluorinated tetraaryl- or tetraalkylborates [B(RF)4]

� (RF ¼ CF3, C6F5, C6H3(CF3)2 and others), dimeric borates [X(B(C6F5)3)2]
�

(X ¼ CN, NH2 and others), tetra- or hexateflatometallates [M(OTeF5)n]
� (n ¼ 4, M ¼ B, Al, Ga; n ¼ 6, M ¼ As, Sb, Bi, Nb) but

also bis(trifluormethane-sulfonyl)imides [(RFSO2)2N]� or tris(trifluoromethane-sulfonyl)methanides [(RFSO2)3C]
� and many

others. Alternatively, also chemically robust closo-clusters may replace the central Lewis acidic atom M. When the periphery of these
clusters is halogenated or trifluoromethylated, this leads to the important and chemically very stable, but difficult to prepare class of

Fig. 1 Overview to common WCAs excluding the simple anions that are common knowledge like [ClO4]�, [CF3SO3]�, [BF4]�, [MF6]� and more.
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carborane based WCAs [CB11XnH12�n]
� (n ¼ 0–12, X ¼ F, Cl, Br, I, CH3, CF3), which was augmented by the synthetically in larger

scale accessible closo-dodecaborates [B12X12]
2� (X ¼ F, Cl, Br, I). Recent additions include the WCAs [M(OTeF5)4]

� (M ¼ Al, Ga),
introduced by the Riedel group,4,5 and [Ga(C2F5)4]

� prepared by the Hoge group.6 Fig. 1 shows a personally selected overview on
currently used WCAs.

1.07.1.2 Fluorinated alkoxyaluminates as WCAs: A comparison to competitors

Among the above mentionedWCAs, the fluorinated alkoxyaluminates [Al(ORF)4]
� are a newer addition that were first published by

S. Strauss7 in 1996 and were complemented by our group since 1999.8–12 Also several of the related borates [B(ORF)4]
� came into

the focus,13–15 mainly for use in ionic liquids or as electrolyte salts for various batteries. Currently we are aware of about 100 groups
worldwide that use the favorable properties of this chemically robust and easily in large scale or even commercially at www.iolitec.
de available WCA class. Importantly, a simple and straight-forward large scale access to the least coordinating fluoride-bridged
anion [(PFRO)3AleFeAl(ORPF)3]

� was published12; the synthesis routes delineated therein override the ones published in
2004.16 The simplified nomenclature used to address the most frequent aluminate and borate WCAs described with this work is
included with Fig. 2.

With Respect to Coordinating Ability: Since the major purpose of a WCA is to reduce the overall cation-anion interaction, the
performance of the coordination ability of the [pf]� and [alfal]� aluminate in comparison to other well-known WCAs may best be
visualized by from a projection of the BP86/def2-TZVP calculated electrostatic potential onto a 0.005 e� Bohr�3 isodensity surface
of the aluminate WCA in comparison to classical WCAs (Fig. 3; red coloration indicates high accumulation of negative charge).

Fig. 2 Definitions of the acronyms of the most commonly used fluorinated residues and WCAs used in this article.

[BF4]− [AsF6]− [Sb2F11]− [CF3SO3]− [N(SO2CF3)2]−

[C(SO2CF3)3]− [Al(OCH(CF3)2)4]− [F(Al(OC(CF3)3)3)2]−[Al(OC(CF3)3)4]−

Fig. 3 Projection of the BP86/def2-TZVP calculated electrostatic potential map onto a 0.005 e� Bohr�3 isodensity surface of [hf]�, [pf]� and
[alfal]� in comparison to classical WCAs.
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When comparing with the often employed fluorinated tetraarylborates (Fig. 4), one also realizes the favorable performance of
the aluminates. From this projection also follows that the weak coordination ability of the [pf]� and [alfal]� aluminates is a result of
two effects: electronic deactivation of the most basic oxygen alkoxide atoms by the fluorination (see low pKa value of HOeC(CF3)3
of 5.4 if compared to non-fluorinated HOeC(CH3)3 of 19.3)

8,17 and the steric hindrance introduced by the umbrella effect of the
bulky C(CF3)3 group preventing electrophiles/cations to attack these most basic/negatively charged sites.

The final Fig. 5 of this series, compares the [pf]� and [alfal]� aluminates with the difficult to synthesize, but chemically extraor-
dinary robust carborane based WCAs. One realizes from this Fig. 5, that only the most advanced mixed fluorinated�/trifluorome-
thylated carborane WCAs reach the potential of the [pf]� and [alfal]� aluminates in terms of for coordination available negatively
charged sites. The more common only partially chlorinated carborane based anions exhibit higher and accessible surface charges. In
agreement with this, these carborane ions tend to get easily coordinated, but can sustain extreme electrophilicity in such a coordi-
nated state (e.g., they tolerate a coordinated AlMe2

þ cation).18

In Terms of Thermodynamic WCA-Stability: Little quantitative data is available here, and apart from comparisons on a chemical
basis (“This WCA is compatible with this reactive cation, while another WCA does not tolerate this.!”), which may on a personal basis be
concluded from the next sections, only few comparative studies on the basis of quantum chemical calculations exist. Larger parts of
the following section were adapted from Refs.2,19 and later addenda.3,20,21 However, as recently the use of the very reliable DSD-
PBEP86(D3BJ)/def2-QZVPP//pbeh3-c/def2-mSVP level of theory as described by Greb et al.22 was recommended, we have recalcu-
lated all data collected in Table 1 at this reliable D3BJ-dispersion corrected double hybrid functional level. With the calculated data,
the thermodynamic stability of the WCA’s as collected in Table 1 was established based on the following considerations:

(i) The Fluoride Ion Affinity FIA: All anions that are based on Lewis acidic central atoms, are prone to ligand abstraction as
a decomposition reaction. A measure for the intrinsic stability of a given WCA is the Lewis acidity of the parent Lewis acid A,
i.e., the acid B(C6F5)3 for the anion [B(C6F5)4]

�. A firmly established measure for Lewis acidity is the fluoride ion affinity FIA.21

The higher the FIA-value of the parent Lewis acid A, themore stable is the WCA against ligand abstraction. For recent systematic
work by Greb et al. see.23–25

(ii) The Ligand Affinity LA of the WCAs. The LA is the enthalpy of reaction necessary to remove the anionic ligand [L]� from the
anion [M(L)n]

� (Eq. 1):

M(L)n
- M(L)n-1 + L-

DH = LA (1)

[F(Al(OC(CF3)3)3)2]−[Al(OC(CF3)3)4]−

[B(C6F5)4]− [B(3,5-(CF3)2C6H3)4]−

Fig. 4 Projection of the BP86/def2-TZVP calculated electrostatic potential onto a 0.005 e� Bohr�3 isodensity surface of [pf]� and [alfal]� in
comparison to fluorinated tetraarylborates.
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[F(Al(OC(CF3)3)3)2]−[Al(OC(CF3)3)4]−

[HCB11H6Cl6]−[CB11F6(CF3)6]− [HCB11Cl11]−

Fig. 5 The [pf]� aluminates in comparison with the difficult to synthesize, but chemically extraordinary robust carborane based WCAs. Projection of
the BP86/def2-TZVP calculated electrostatic potential onto a 0.005 e� Bohr�3 isodensity surface.

Table 1 Calculated properties of WCAs: The FIA of the parent Lewis acid, the LA, PD and CuD of the WCA, the position of the HOMO of the WCA in eV
and the HOMO-LUMO gap of the WCA in eV.

Anion Sym. FIA of the Lewis-Acid [kJ mol�1] LA [kJ mol�1] PD [kJ mol�1] CuD [kJ mol�1] HOMO [eV] Gap [eV] a

[BF4]� Td 345 b �1214 �483 �8.13 8.57
[PF6]� Oh 380 b �1180 �448 �9.05 8.99
[AsF6]� Oh 437 b �1122 �391 �9.50 7.05
[SbF6]� Oh 493 b �1066 �335 �9.92 5.85
[Sb2F11]� vs. Sb2F10 C1 536 b �1024 �292 �11.43 5.13
[Sb3F16]� vs. Sb3F15 Ci 555 b �1004 �273 �12.21 4.83
[Sb4F21]� vs. Sb4F20 C2v 562 b �998 �266 �12.67 4.72
[B(OTeF5)4]� C1 502 199 �1090 �422 �10.11 3.57
[Al(OTeF5)4]� S4 603 339 �950 �282 �10.63 4.19
[Ga(OTeF5)4]� S4 571 325 �964 �296 �10.68 3.98
[As(OTeF5)6]� C3 566 275 �1014 �346 �10.71 2.86
[Sb(OTeF5)6]� C3 616 334 �954 �287 �11.00 2.53
[B(OC(H)(CF3)2)4]� S4 391 284 �1164 �446 �8.03 7.04
[Al(OC(H)(CF3)2)4]� S4 540 413 �1035 �317 �8.36 6.63
[pf]� S4 547 366 �1020 �317 �8.72 7.06
[Al(OC10F15)4]� C1 600 388 �963 �271 �9.03 4.72d

[alfal]� S6 738c 439 �947 �244 �9.73 7.11d

[B(C6H5)4]� S4 314 347 �1333 �565 �4.35 4.52
[B(C6H3(CF3)2)4]� S4 452 419 �1170 �413 �6.23 4.33
[B(C6F5)4]� S4 441 341 �1164 �442 �5.94 4.40
[Al(C6F5)4]� S4 546 373 �1132 �410 �6.33 4.44
[Ga(C6F5)4]� S4 449 350 �1155 �433 �6.33 4.48
[Ga(C2F5)4]� S4 501 417 �1154 �389 �7.38 7.05
[B(CF3)4]� T 559 533 �1069 �293 �8.27 9.63

aThe HOMO-LUMO gaps were calculated with TD-DFT as the first singlet excitation energy at the DSD-PBEP86(D3BJ)/def2-QZVPP level.26
bLA and FIA are identical.
cFIA vs. 2 Al(ORF)3.
dFor size restrictions, we had to use the DSD-PBEP86(D3BJ)/def2-TZVP level of theory, which gave for [pf]� very similar values (i.e., 7.15 (def2-TZVP) vs. 7.06 eV (def2-QZVPP)).
Note, the WCAs were selected based on Ref.2,3,19–21 and the values recalculated at the DSD-PBEP86(D3BJ)/def2-QZVPP//pbeh3-c/def2-mSVP level of theory as described by Greb
et al.22
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The LA is always endothermic and the higher the positive LA-value in Table 1, the more stable is the WCA versus a ligand abstrac-
tion. However, a word of caution is needed here: The LA also reflects the intrinsic stability of the generated [L]� anion. Thus, if [L]� is
stable such as [L]� ¼ [OC(CF3)3]

� or [OTeF5]
� the LA is relatively low compared to less stable anionic ligands such as

[L]� ¼ [C6H5]
� or [C6H3(CF3)2]

�.

(iii) To assess the stability of a WCA towards attack of a hard or soft electrophile and to eliminate the contribution of the intrinsic
stability of [L]� in (ii), the decomposition reactions of [M(L)n]

� with the hard Hþ (Eq. 2) and soft Cuþ (Eq. 3) electrophiles
were calculated:

DH = PD
M(L)n

- + H+ M(L)n-1 + H-L (2)

M(L)n
- + Cu+ M(L)n-1 + Cu-L

DH = CuD (3)

PD stands for Proton-Decomposition (Eq. 2) and CuD for Copper-Decomposition (Eq. 3). Since a gaseous anion and a gaseous cation
react giving two neutral species, PD and CuD are both exothermic. The less negative PD- and CuD-values in Table 1 are, the
more stable is the WCA against electrophilic attack.

(iv) The energy of the HOMO of a WCA relates to its resistance towards oxidation. The lower the HOMO energy, the more difficult
it is to remove an electron and thus oxidize the WCA.

(v) The HOMO-LUMO gap in Table 1 can be associated with the resistance of an anion towards reduction and the larger the gap,
the more stable is the anion with respect to reduction. Small gaps in combination with very low HOMOs such as those for
[Sb4F21]

� or [As(OTeF5)6]
� are an indication of the potentially oxidizing character of these anions that may interfere with

counter cations sensitive towards oxidation.

Ligand abstraction and hydrolysis are frequently observed decomposition pathways for WCAs and, therefore, the computational
approach to calculate LA, PD and CuD mimics experimental observations (see2,3).

However, by calculations only the underlying thermodynamics can be assessed, kinetic barriers against decomposition may
additionally stabilize a given WCA. The data included in Table 1 may not be taken absolute. Yet, since the same methods were
used for all computations relative trends will definitely be correct.

1.07.2 Chemistry with fluorinated alkoxy-aluminates and -borates

One of the major advantages of these aluminates is their simple access on a preparative scale: they can be prepared with little
synthetic effort on a large scale with high yield within 2 days in common inorganic/organometallic laboratories; many [pf]� salts
are also commercially available at www.iolitec.de.

1.07.2.1 Starting materials to introduce [M(ORF)4]
L aluminates and borates

Over the past decade new and optimized syntheses of a wide range of startingmaterials to introduce the [pf]� aluminates into a given
system were developed.

Homoleptic Anions: The syntheses of all [Al(ORF)4]
� starting materials begin with the preparation of the Liþ-salts using carefully

purified LiAlH4 and the appropriate commercially available alcohols in heptane (Eq. 4).

LiAlH4 + 4 HORF Li+[Al(ORF)4]- + 4 H2 (4)

Explicit details for the preparation of these Li-salts were published; we recommend to check the fine details.11 The related borates
work either with LiBH4

27 or NaBH4
13,14 instead of LiAlH4. The alcohols (HOC(H)(CF3)2, HOC(CH3)(CF3)2 and HOC(CF3)3) were

purchased from Apollo Scientific, Fluorochem or ABCR (at 0.1–3V per gram) and were first degassed, then distilled prior to use. The
synthesis of the Li[pf] salts is done in our group in well over 99% yield within 2 days in scales of up to 250 g.

Most other salts can then be prepared in high yield via metathesis reactions with precipitation of LiX (X ¼ F, Cl, Br, BF4) or by
protonation with e.g., protonated ethers.28 In addition, the more recent access to (synergistic or innocent) oxidants like Agþ, Agþ/
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0.5 X2 (X ¼ Cl, Br, I), NOþ, NO2
þ or PhenazinFþ (cf. sections below) did allow for access to many new materials on deelectrona-

tiona routes.
The borates may be obtained from both, the Li as well as Na borohydride salts as in Eq. (5):

(5)

Routes to the [alfal]� Anion: The converged and best preps available in multigram scale start from Me3SieFeAl(ORF)3, including
the ion-like bound SiMe3

þ cation.12 Its optimized large-scale ‘best synthesis’ is described here, before we turn to the [alfal]� prep-
aration. AlEt3 (15.0 mL, 109 mmol, 93% purity) was dissolved in heptane (120 mL) and cooled to�40 �C. Under vigorous (!) stir-
ring, the first two equivalents of HORF (30.0 mL, 215 mmol, 2.0 eq.) were added dropwise to the reaction mixture, while keeping
the cooling bath between �40 �C and �20 �C. During the addition of HORF, gas evolution (C2H6) was observed, the viscosity of
the solution increased and small amounts of precipitate formed. After complete addition of the first HORF portion (typically within
1 h), Me3SiF (12.5 g, 136 mmol, 1.2 eq.) was condensed onto the reaction mixture at �40 �C. The solution was stirred for 10 min,
and then the third equivalent of HORF (20.0 mL, 143 mmol, 1.3 eq.) was added within 5 min. The cooling bath was removed and
the reaction mixture was allowed to reach r.t., which led to dissolution of the precipitate. After 30 min, more HORF (5.0 mL,
36 mmol, 0.3 eq.) was added and the solution was stirred overnight. From the clear solution, slowly a white powder crystallized.
For product isolation, simply the solvent and excess alcohol was removed in vacuo yielding a white crystalline powder (85.4 g,
103 mmol, 94%). Note: One needs the excess of the fluorinated alcohol, as it is very volatile (b.p. ¼ þ45 �C) and the continuous
stream of evolving ethane removes the part of the alcohol through the bubbler.

The synthesis of the [alfal]� WCA then uses the reaction with many [PF6]
� salts,12 as the PF5 is the much weaker Lewis acid if

compared to Me3SieFeAl(ORF)3. Hence, in general Catþ[alfal]� forms by reaction with Cat[PF6] and Catþ being Kþ, Agþ, NOþ,
NO2

þ, CPh3
þ etc. (Fig. 6).

Also the smaller [fal]� anion (¼ F-Al(OC(CF3)3)3
�) can be synthesized in this way. Yet, this includes one coordinating fluoride-

tooth. Table 2 gives an overview on useful materials, for which good synthesis routes have been developed.
It should be noted that in contrast to the normally easily hydrolyzed alkoxyaluminates, the [pf]� anion is stable in 6 N nitric

acid.8 This stability towards hydrolysis was attributed to steric shielding of the oxygen atoms, provided by the bulky C(CF3)3 groups,
as well as to electronic stabilization due to perfluorination. The electron withdrawing effect of the fluorinated ligand can be demon-
strated by the increased acidity of the fluorinated HOC(H)(CF3)2 (pKa ¼ 9.5) and HOC(CF3)3 (pKa ¼ 5.5) alcohols in comparison
to the non-fluorinated HOC(CH3)3 (pKa ¼ 19.3).8,17 Thus, perfluorotbutanol is 14 orders of magnitude more acidic than non-
fluorinated tbutanol. Therefore, the [pf]� anion may be viewed as the complex anion of the H[pf] super acid. This H[pf] acid can
be prepared and is capable of directly protonating mesitylene 1,3,5-Me3C6H3.

61 In addition, the redox stability of both, the [pf]�

and [alfal]� anions towards high deelectronation potentials is large and they sustain reversible redox processes in published
work63 that may reach þ1.42 V vs. Fcþ/Fc, but in unpublished work we see that one may even reach þ1.9 V vs. Fcþ/Fc in suitable
polar, but weakly basic solvents like 1,2,3,4-F4C6H2 (¼ 4FB). This complies with the reported64 stability of the [pf]� anion in Liþ ion
battery electrolytes of up to 5.5 V vs. Liþ/Li.

1.07.2.2 Reactive cations stabilized by [pf]L aluminates

The best choices to stabilize really electrophilic reactive cations with aluminate WCAs, are the [pf]� and [alfal]� WCAs with the per-
fluorinated residue OC(CF3)3; the latter often forms as a decomposition product of the first. Electrophilic limits for anion stability
are cations like [CCl3]

þ or [P2Cl5]
þ that are stable in solution at about �20 �C, but have a half-life at RT of about 1–2 h. Small truly

Fig. 6 Optimized preparation towards Catþ[alfal]� salts. Frequently used Catþ include Kþ, Agþ, NOþ, NO2
þ, CPh3þ etc. Scale is typically done in

the 5–10 g product range, the typical solvents include CH2Cl2, oDFB or SO2. Also the smaller [fal]� anion (¼ FeAl(OC(CF3)3)3�) including one clearly
coordinating (Ale)F tooth can be synthesized in this way.

aWe use the elementary steps electronation and deelectronation in their strict sense, i.e., addition or removal of e�. Thus, a classically termed ‘oxidant’ is addressed
as a ‘deelectronator’ and a ‘reductant’ as an ‘electronator’, if only a single electron transfer as the elementary step takes place. This particle-based terminology is
related to the acid-base picture, where the terms deprotonation and protonation describe the transfer of a proton between two partners, i.e., deelectronation is
the electron-based equivalent to a deprotonation. This terminology has been discussed in ref.29 and ref.30 from our work on the protoelectric potential map
and is transferred to describe these types of reactions more accurately.
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tricoordinate silylium ions like [Me3Si]
þ are not compatible at room temperature with these WCAs, but still have a reasonable life-

time at lower temperatures. In addition, the coordination of a silane to the silane stabilized [R3SieHeSiR3]
þ ions greatly increases

stability.65,66 Moreover, subvalent silicocenium ions like [Cp*Si]þ.67 as well as silylium ions with larger residues like pentamethyl-
phenyl, [Si(C6Me5)3]

þ, are stable with the [pf]� WCA.68 Favorably, it was shown that the [pf]� WCA also enables very rapid silylium

Table 2 Overview to available starting materials that allow introducing the fluorinated alkoxyaluminates into a system.

Cation [hf]�, RF: C(H)(CF3)2 [pf]�, RF: C(CF3)3 [Al(ORF)4]
� RF: misc. [alfal]�

‘Naked’ Mþ/2þ Li8,11

Cs9,31

Tl32

Li8,11; NaeCs9,31

Ga33; In34,35; Tl32

Sr36

Li8,11,30 –

[Cu(L)n]þ Cuþ37 [Cu(C6H4F2)2]þ37

[Cu(NCMe)4]þ.38
Cuþ37 –

[Ag(L)n]þ Agþ8,11

[Ag(L)n]þ8,11
Agþ11

[Ag(L)n]þ8,11

[Ag(NCMe)4]þ39

Agþ8,11

[Ag(L)n]þ8,11 [Ag(NCMe)4]þ.39
[Ag(CH2Cl2)3]þ12,16

Agþ/0.5 X2 – X ¼ Cl, Br, I40,41 – –

[Au(L)n]þ – [Au(NCMe)2]þ42 – –

[M(L)n]þ [Co(oDFB)2]þ43 [Co(oDFB)2]þ43

[M(L)n]2þ [Mg(DME)3]2þ,44 [Ca(DME)4]2þ([hfB]�)245 [Cu(NCMe)6]2þ46

[Zn(NCMe)6]2þ47

[Mg(NCMe)6]2þ48

[Sn(NCMe)6]2þ49

[Cu(NCMe)6]2þ46

[Ln-(NCMe)n]3þ – n ¼ 9: Nd, Eu, Gd, Dy50;
n ¼ 8: Tm50

– –

NOþ/NO2
þ – NOþ51,52

NO2
þ52

– NOþ12

NO2
þ12

NSþ/NS2þ – Pure NS2þ53

Impure NSþ53
– –

Carbocations CPh3þ9 CPh3þ9

[C6(CH3)6]þ54

[C14F8Cl2]þ

– CPh3þ12

[C6(CH3)6]þ48

Ammoniumyl cations – N(C6H4-4-Br)3þ55

PhenazinFþ55
– PhenazinFþ56

NR4
þ

(R ¼ Alkyl)
Me, Et, Bu57 Me, Et, Bu57 Me, Et, Bu57 Bu58

Ionic Liquid
Cations

Many, see Review59 Imidazolium60

Pyrrolidinium60
– –

[H(L)n]þ Unstable Hþ61

OEt2, THF28

1,3,5-Me3C6H3
61

PR3
62

– 1,3,5-Me3C6H3
61

Fig. 7 Different decomposition pathways of the [pf]� anion depending on the nature of the electrophilic cation Eþ.
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ion based catalysis with in part unprecedented turn over frequencies (hydrosilylation, hydrodefluorination) even if small silane
stabilized SiR3

þ residues such as R ¼Me, Et were used.65

Decomposition Pathways of the [pf]� Anion: To show the (moderate) limitations of these aluminates upfront, we initially sketch
repeatedly observed decomposition reactions of [pf]�. Larger parts of this section were taken from ref.10 Generally, two different
possibilities exist: the electrophilic cation attacks either the oxygen atom, the most basic site of the anion, or one of the 36 peripheral
fluorine atoms (Fig. 7).

Small oxophilic cations such as [P2Cl5]
þ, or eventually it’s dissociation product PCl2

þ, initially attack one of the 4 O atoms and
abstract an alkoxide group. The resulting PFRO-PCl2 has been detected in low temperature 31P NMR studies as a decet.16 The gener-
ated Al(ORF)3 Lewis acid, which can be prepared independently and later was shown to be Lewis superacidic,20,21,69 then abstracts
an F� ion from the FRO-PCl2 that is in close proximity. The formed [F-Al(ORF)3]

� and Al(ORF)3 then combine to the fluoride
bridged anion.

More fluorophilic cations such as [SiMe3]
þ, [BX2]

þ (X ¼ Cl, Br, I) abstract one of the peripheral fluorine atoms. This attack is
followed by a rearrangement of the alkoxy group and formation of a Lewis acid-base adduct of Al(ORF)3 and the epoxide
C4F8O. In the following step the epoxide is replaced by another abstracted fluoride ion from another [pf]� anion forming the
(known12) [fal]� anion (¼ [FAl(ORPF)3]

�). This anion may now react with the just formed Al(ORPF)3 by complexation to the stable
fluoride bridged [alfal]� anion. Alternatively, fluorophilic cations Eþ like SiMe3

þmay prefer direct coordination to the fluoride tooth
of [FAl(ORPF)3]

� and hence give Me3Si-F-Al(ORPF)3.
12 Thus, the decomposition may proceed by

(i) Ligand (RPFO�) abstraction or
(ii) Fluoride ion abstraction.

The thermodynamic stability of the [pf]� and [alfal]� anion with respect to (i) and (ii) are compared in Table 3.
Note that the decomposition reactions were assessed through isodesmic reactions and should therefore be reliable.10 Which of

the two mechanisms proceeds, depends on the steric bulk of the attacking electrophile Eþ, the bond enthalpies of the formed E-F or
E-OR compounds and the strengths of the AleO or CeF bonds in the [pf]� anion.

We note that the formation of the epoxide C4F8O or related ones is a general decomposition pathway of all [Al(ORF)4]
� anions

observed upon thermal treatments31,70 of the salts or upon collisions57 inside a mass spectrometer with sufficiently high energies.
Nevertheless, the following sections show that these aluminate WCAs tolerate considerably high electrophilicity and allow the preparation of

a wealth of unusual reactive cation salts. For the revision, we have chosen a structure following the position of the reactive cations first in the
respective main group, next according to the ligand class in the respective transition metal systems.

Table 3 Calculated reaction enthalpies and free energies for selected
decomposition reactions.

Decomposition reaction DrH�
(g) DrG�

(g) DrG�
(CH2Cl2)

[Al(ORPF)4]� / F� þ C4F8O/ Al(ORPF)3 603 561 316
[(RPFO)3AleFeAl(ORPF)3]�/
F� þ C4F8O/ Al(ORPF)2eFeAl(ORPF)3 674 645 379

[Al(ORPF)4]� þ AsF5/
[AsF6]� þ C4F8O/ Al(ORPF)3 179 180 91

[(RPFO)3AleFeAl(ORPF)3]� þ AsF5/
[AsF6]� þ C4F8O/ Al(ORPF)2eFeAl(ORPF)3 250 264 154

[Al(ORPF)4]� / Al(ORPF)3 þ [ORPF]� 342
[(RPFO)3AleFeAl(ORPF)3]� / Al2(ORPF)5F þ [ORPF]� 441/

363a

All values are given in kJ mol�1.
aKinetic/thermodynamic value.10,19

Fig. 8 Examples for known siloxane complexes of group 1 metal cations (¼ (Me2SiO)x with x ¼ 5–8) generated via reaction of the respective
Mþ[pf]� (M ¼ Li, K, Cs) with the siloxane.
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1.07.2.2.1 Unusual group 1 Mþ-complexes
As a consequence of the very weakly coordinating character, also rather nontypical ligands complex to the Mþ cation of the [pf]�

anion, in part only discovered by serendipity.
Almost Planar Li-Siloxane Complexes: In a reaction designed to give Se6Ph2([pf])2 from Se4[AsF6]2, 2 Li[pf], and Se2Ph2, unexpect-

edly the crystals of Li(D6)
þ[pf]� were obtained in the presence of silicone grease. Subsequently, Li(D5)

þ[pf]� and Li(D6)
þ[pf]� were

prepared in high yield by the reaction of Li[pf] with D5 or D6 in CH2Cl2 solution (Fig. 8).71

The syntheses of the Li(D5)
þ[pf]� and Li(D6)

þ[pf]� salts are the first examples of the preparation of host-guest complexes directly
from cyclic dimethylsiloxanes, alkali-metal ions, andWCAs. Their structures imply that the cyclic dimethylsiloxanes (D5 and D6) act
as pseudo crown ethers and provide rare examples of silicon ethers behaving as Lewis bases.71 The counterpoise-corrected binding
energies for the alkali-metal complexes [MD6]

þ exhibit a remarkable similarity to that for [18]crown-6 for both sets of complexes (in
the gas phase). The binding energies become less negative with increasing size of the alkali-metal cation. However, the binding
affinity of D6 calculated at the HF/3-21G* level is approximately 100 kJ mol�1 less than that of [18]crown-6, reflecting the lower
basicity of the siloxanes.

Recently, Hänisch and co-workers (re-)investigated alkali cation-siloxane complex salts. They discovered that while a [GaI4]
�

anion is sufficient to prepare respective Li-Rbþ siloxane complexes, the preparation of novel Rbþ and Csþ-siloxane complexes as
well as 2:1 complexes demanded a good WCA, in this case [pf]�.72 Here, the synthesis of the Cs(D8)

þ[pf]�, K(D7)
þ[pf]� and

Rb(D8)
þ[pf]� were reported. Moreover, the synthesis of the first sandwich-type complexes with cyclosiloxane ligands could be iso-

lated in the form of the 2:1 complexes Cs(D6)2
þ[pf]� and K(D5)2

þ[pf]�.
Lithium-Siloxane-Phosphane-Complex: The lithium-siloxane-phosphane-complex73,74 shown in Fig. 8 is related to the siloxane

complex in the preceding section: These results showed that cyclosiloxanes can be considered as inorganic analogs of the well-
established crown ether ligands. In this respect the cage [P2{(Si

iPr2)2O}2{Me2Si(OSiMe2)2}] (A) corresponds to a cryptand. This
analogy could be confirmed by the synthesis of the lithium complex [Li@A]þ[pf]� (RF ¼ C(CF3)3; Fig. 9).

Lithium Phosphane Complexes: According to HSAB, the small and hard group 1 cations prefer ionic interactions to hard, electro-
negative Lewis bases such as water, alkoxides etc. However, homoleptic neutral Liþ-phosphane complexes could be prepared by
simply mixing the phosphane ligands with Liþ[pf]� in toluene.75 Structural analysis as well as solid state and solution multinuclear
NMR studies, confirm a distorted octahedral coordination at the Lithium cation. The analogous sodium complexes could be synthe-
sized by using Naþ[B{3,5-(CF3)2-C6H3}4]

� as “naked” cation source.

1.07.2.2.2 Reactive group 2 and related group 12 cations
1.07.2.2.2.1 Alkaline earth metals
On the Way to [Cp*Be]þ: Due to the extreme Lewis acidity of the hard Be2þ cation, the Be2þ cation in known cationic complexes is
stabilized by strong N- or O-donors. Aiming for the isolation of a [Cp*Be]þ cation, Agþ[pf]� was reacted with Cp*Be-Br in PhF or
1,2-DFB (Fig. 10).76 Although AgBr precipitation showed the successful bromide-abstraction, the in situ generated highly Lewis-
acidic [Cp*Be]þ cation induced the decomposition of the [pf]� anion to form the [fal]� adduct Cp*Be-F-Al(ORPF)3. An ionic disso-
ciation into [Cp*Be]þ and [fal]� was postulated to be feasible in polar solvents.

Group 2 cations stabilized by b-diketiminato ligands: To study interactions of the highly Lewis acidic group 2 cations with various
mostly soft nucleophiles, a stabilization of the metal cation by b-diketiminato ligands has proven feasible (Fig. 11). Here, Hill
and co-workers reported the synthesis of complexes of [(MeBDI)Ae]þ and [(tBuBDI)Ae]þ (MeBDI ¼ HC{(Me)CN-2,6-iPr2C6H3}2;
tBuBDI ¼ HC{(tBu)CN-2,6-iPr2C6H3}2) with Ae ¼ Mg or Ca to benzene or toluene.77 The usage of the weakly-coording [pf]� anion
precluded ion-pair formation and an h6-coordination of Mg and Ca to the aromatic systems could be observed. In contrast, ion

Fig. 9 Reactions of Liþ[pf]� with the siloxane-phosphane A: Formation of the lithium complex [Li@A]þ[pf]� (RF ¼ C(CF3)3).

Fig. 10 Preparation of the [fal]� adduct of [Cp*Be]þ via decomposition of a [pf]� anion.
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pairs were reported for the analogous complexes with the [B(C6F5)4]
� anion, allowing only for an h3-coordination of benzene in

the respective Mg complex.78 Similar observations have been made for Cp and norbornadiene complexes of [(MeBDI)Mg]þ.79 More-
over, Hill and co-workers observed formation of the first MgePPh3 complexes by addition of PPh3 to [(MeBDI)Ae(C7H8)]

þ[pf]� or
[(tBuBDI)Ae(C7H8)]

þ[pf]�.77 In a recent publication, multimetallic hydride derivatives could be obtained via reaction of [(MeBDI)
Mg]þ[pf]� with [(MeBDI)MgH]2 or [(

MeBDI)CaH]2.
80

Dicationic Group 2 Arene Complexes: Inspired by the reported cationic group 2 arene complexes, we aimed for the isolation of
dicationic and highly Lewis acidic group 2 arene complexes. Here, the synthesis of the first unsupported dicationic arene complexes
of calcium and strontium could be achieved by reaction of the hexamethylbenzene radical cation [HMB]þ[alfal]� (vide infra) with
the elemental metals in 1,2-difluorobenzene.48 In these complexes, an h6-HMB coordination to Ca2þ and Sr2þ is observed as well as
a k2-F-coordination of four 1,2-DFB solvent molecules. Unfortunately, in all cases partial decomposition of the [alfal]� anion
yielded fal-adducts [M(HMB)(1,2-DFB)n{fal}]

þ[alfal]� (n ¼ 2 for M ¼ Ca, n ¼ 3 for M ¼ Sr, Ba). While the fal-adduct represented
only a minor impurity for the strontium complex, the respective complexes of calcium and barium were the major products in the
oxidation reactions.

The reactions of [HMB]þ[alfal]� with magnesium metal did only proceed after addition of acetonitrile to yield the complex salts
[Mg(MeCN)6]

2þ([WCA]�)2 (WCA ¼ [pf]� or [alfal]�).
The application of group 2 cations demanded for clean starting materials. Hence, we developed a simple route to a “naked” Sr2þ

synthon [Sr(pf)]þ[pf]� via salt metathesis between Ag[pf] and SrI2 in 1,2-DFB.36 Here, the strontium dication is coordinated closely
by the three oxygen atoms of one pf-unit, while the other [pf]� anion only coordinates loosely via the fluorine atoms. Addition of
dixylylethylene (DXE) to solutions of [Sr(pf)]þ[pf]� allowed for the isolation of the dicationic Sr2þ-ansa-arene complex
[Sr(DXE)(1,2-DFB)2]

2þ([pf]�)2 in Fig. 12. The high Lewis-acidity of this complex could be unambiguously shown by catalysis of
the hydrosilylation of CO2 to methane and successful initiation of a controlled isobutene polymerization at high temperatures
(�12 �C and 0 �C), yielding polyisobutylene with narrow dispersities and high molecular weights.

1.07.2.2.2.2 Group 12 metals
Divalent ZnII-Compounds. Attempts to prepare previously unknown simple and very Lewis acidic [RZn]þ[pf]� salts from ZnR2, AlR3,
and HO � RF delivered the ion-like R-Zn(pf) (R]Me, Et) with a coordinated counterion, but never the ionic compound.81,82 They
were synthesized in a one-pot reaction and fully characterized by single-crystal X-ray diffraction, NMR and vibrational spectroscopy,
and by quantum chemical calculations.81,82 Increasing the steric bulk in RZnþ to R ¼ CH2CMe3, CH2SiMe3, or Cp*, thus attempting
to induce ionization, failed and led only to reaction mixtures including anion decomposition.

The catalytic activity of ion-like EteZn[pf] in intermolecular hydroamination and in the unusual double hydroamination of
anilines and alkynes was investigated.81 Favorable performance was also found in comparison to the Et2Zn/
[PhNMe2H]þ[B(C6F5)4]

� system generated in situ at lower catalyst loadings of 2.5 mol%.81

From these ion-like ethylzinc aluminates, the arene complexes [EtZn(arene)2]
þ[pf]� were accessible as well soluble salts. Ioniza-

tion yielded the salts with arene ¼ toluene, mesitylene, or o-difluorobenzene (oDFB)/toluene. In contrast to the known83 ion-like
EtZn(h3-C6H6)(CHB11Cl11) with coordinated counterion, which co-crystallizes with one benzene molecule, the less coordinating
nature of the [pf]� anion allowed the ionization and preparation of the purely organometallic [EtZn(arene)2]

þ cation (Fig. 13).

Fig. 11 Examples for complexes containing [(MeBDI)Ae]þ (MeBDI ¼ HC{(Me)CN-2,6-iPr2C6H3}2) cations and [pf]� anions.

Fig. 12 Literature-known dicationic Group 2 arene complexes. DXE ¼ Dixylylethylene.
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These stable ion-like organozinc aluminate materials were shown to have further applications, for example, as initiators of iso-
butene polymerization.82 DFT calculations to compare the Lewis acidities of the zinc cations to those of a large number of organ-
ometallic cations were performed on the basis of the fluoride ion affinity. The complexation energetics of EtZnþ with arenes and
THF was assessed and related to the experiments.82

Univalent Base-stabilized Zn2
2þ Dication: A base-stabilized [Zn2]

2þ dication, namely [(dmap)3ZneZn(dmap)3]
2þ, was obtained

from the reaction of [Cp*2Zn2(dmap)2] (dmap ¼ 4-dimethylaminopyridine) with two equivalents of [H(OEt2)2][pf] and was struc-
turally characterized for the first time as its [pf]� salt. It exhibits a ZneZn bond lengths of 2.419(1) Å.84 The low stability of the
[Zn2]

2þ cation is in marked contrast to that of the intensively studied [Hg2]
2þ and [Cd2]

2þ cations, which are long-known also
with very simple ligands or even in the absence of ligands in Lewis acidic salt melts.

1.07.2.2.3 Reactive group 13 cations: Normal valency and subvalent
1.07.2.2.3.1 Reactions leading to trivalent group 13 cations
Cationic Phosphonioborane Lewis Acid: From a zwitterionic, chloro-substituted phosphonioborate, the Cl atom could be heterolyti-
cally cleaved by reaction with Ag[pf] giving the cationic Lewis acid shown in Fig. 14.85

Only when using the silver salt of the good WCA [pf]�, the free cationic Lewis acid could be generated and was studied also at RT
in CH2Cl2 solution. With [PF6]

� as counterion, decomposition through fluoride ion abstraction and formation of the fluoro-
substituted phosphonioborate was observed. The more coordinating [CF3SO3]

� and [CF3COO]� anions were bound by the boron
atom of the cationic Lewis acid.85

Cationic Borole: Halide abstraction from a NHC-chloroborole precursor with Li[pf] yielded the first cationic borole featuring
a high boron-centered Lewis-acidity.86 The cation is formally antiaromatic, since the boron atom is part of a cyclic 4p electron
system. With CO, it reversibly reacts under formation of an extremely rare example of a main group metal carbonyl complex.
The CeO stretching frequency at 2128 cm�1 suggests that backbonding plays a role in this cationic CO complex.86

Chloroborane Masked Chiral Borenium Ion: Chloroborane masked borenium ions, featuring a symmetrical [BeCleB]þ linkage
have been prepared and employed as catalysts in enantioselective Diels-Alder cycloaddition reactions.87 These cationic complexes

Fig. 13 Molecular structures of ion-like EteZn[pf] (top) and [EtZn(toluene)2]þ[pf]� (bottom) and synthesis of the second from the first.

Fig. 14 Structure of the Cationic Phosphonioborane Lewis Acid.
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are available after chloride abstraction with one equivalent Li[pf] from C2-symmetric cyclic chiral diboron complexes. The substit-
uents of the chiral oxazolidinone ligand (see Fig. 15) control the stereoselectivity, which can be improved by adding SnCl4.

87

Chloroborenium Ion: After chloride abstraction from Cp*BCl2(cAAC), a tricoordinated chloroborenium ion with one [Cp*]� and
one cAAC ligand could be synthesized.88 Ag[pf] had to be employed as the chloride abstracting reagent, since attempts to isolate the
product in the analogous reaction with TMSOTf, other silver salts or AlCl3 were futile.88

Ferrocene-Based Planar-Chiral Borenium Cation: The first planar chiral, enantiomerically pure ferrocenylborenium cation was ob-
tained as its [pf]� salt after halide abstraction from the respective chloroborane adduct using either [Ag(CH2Cl2)][pf] or Li[pf].

89

With acetophenone, the borenium ion forms a Lewis acid-base adduct, which can be isolated and readily reacts with HSiEt3, result-
ing in the hydrosilylation of acetophenone.89 This ferrocenylborenium ion catalyzes the stereoselective hydrosilylation of acetophe-
none, however, with modest enantiomeric excess.89

Borinium Cation: The synthesis of a highly Lewis acidic borinium cation was recently achieved by chloride-abstraction from
Cl(Mes)B-TMP (TMP ¼ tetramethylpiperidine) with Ag[pf]. The [Mes-B-TMP]þ cation was reported to initiate cyanosilylation
and catalyze hydrosilylation of ketones and aldehydes.90

Diazadiborinine Radical Cation: One-electron oxidation of a neutral 1,4,2,5-diazadiborinine with Ag[pf] afforded the respective
diazadiborinine radical cation as its [pf]� salt.91 The spin density mainly resides on the B centers, accounting for a boron-
centered radical reactivity. This was confirmed by the reactions of the radical cation with p-benzoquinone and Ph3SnH, which fur-
nished a non-radical dicationic complex after BeO bond formation, and a non-radical monocationic species featuring a BeH bond,
respectively.91 The molecular structures of the diazadiborinine radical cation and of the reaction products are shown in Fig. 16.

Borazine Radical Cation: The radical cation [1,2-B2{1,2-(MeN)2C6H4}2]�
þ has been synthesized by deelectronation of the neutral,

methylated 1,2-bis(diaminobenzene)diborane precursor with Ag[pf].92 However, unlike in the diazadiborinine radical cation,91

only a minor contribution of boron-based orbitals to the spin density is observed. Instead, the radical is centered primarily on
the two N-heterocycles joined by a B2 moiety.92

A boronIII/oxido-phenalenone Complex: The isolation of a monocationic complex featuring a central BIII, coordinated in a nearly
tetrahedral fashion by two chelating 9-oxido-1-phenalenone ligands, has recently been reported.93

Multinuclear, Mixed Boron/Transition Metal Clusters: The cationic [Rh2(k
2-P,P-DPEphos)2(s,m-(H2B)2NHMe)]þ complex, which

has been shown to act as a catalyst in the dehydropolymerization reaction of H3B$NMeH2, could not be crystallized with borate
anion [BArF4]

�, but with the [pf]� anion (structure A) in Fig. 17).94 Another unusual cation was obtained from the reaction of a plat-
inum(II)-bis(tricyclohexylphosphine)-bromo-oxoboryl complex with the bromide abstraction agent Ag[pf] giving the dinuclear and
dicationic platinum(II)-bis(tricyclohexylphosphine) with an unprecedented 1,3,2,4-dioxodiboretane ligand that bridges two
cationic bis(tricyclohexylphosphine)platinum(II)-fragments, which have a distorted T-shaped geometry (structure B) in
(Fig. 17).95 The observed cyclodimerization reaction indicates the influence the platinum fragment exerts on the oxoboryl moiety.95

Fig. 15 Molecular structure of a chiral chloroborane masked borenium ion. The [pf]� counter anions are not shown for clarity.

Fig. 16 Reactivity of a diazadiborinine radical cation towards p-benzoquinone and Ph3SnH. The [pf]� counter anions are not shown for clarity.
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Additionally, the fluoroarene complex [Rh(dcpm)(h6-1,2,3-F3C6H3)][pf] (dcpm ¼ bis(dicyclohexylphosphino)methane) does not
act as an efficient hydrodefluorination catalyst towards H3B$NMe2H, but instead forms the bimetallic aminoborylene complex
[{RhH(m-dcpm)}2(m-H)(m-BNMe2)]

þ (structure c) in Fig. 17.96 In this cation, a hydride and a borylene moiety act as bridging units
(structure C) in Fig. 17).

Aluminocenium Cation: The reaction of the protonated ether salt [H(OEt2)2]
þ[pf]� with AlCp3 in ether solution leads to the

[AlCp2]
þ-cation, which is stabilized by the weakly coordinating anion [pf]�.97 In an equilibrium reaction, the aluminocenium

cation is coordinated in solution by two diethylether molecules. Depending on the conditions, from this solution crystallize either
the free [AlCp2]

þ-cation (Fig. 18), characterized for the first time by single crystal XRD, or the coordinated [AlCp2�2Et2O]þ species.
Furthermore, the influence of the counterions [pf]� and [MeB(C6F5)3]

� on the activity of [AlCp2]
þ as initiators for the polymer-

ization of isobutene97,98 was investigated: It appears that the [pf]� salt is more active as initiator.
Chiral Tetra-coordinate Aluminum Cation: An AlIII cation can also be stabilized by chiral amino-alcoholate ligands.99 It was shown

experimentally that the Lewis acidity of this species exceeds that of B(C6F5)3. As suggested by preliminary catalytic activity studies,
the tetra-coordinate aluminum cation is an effective catalyst for hydroboration of ketones, Diels-Alder reactions, and Michael addi-
tions. However, the enantioselectivity of these reactions is limited due to the presence of the labile NeAl bond.99

Cationic Aluminum Carboxylate: The Lewis acidic trityl cation in [Ph3C][pf] can be used to abstract a formate ligand from a dimeric,
N-heterocyclic imino-supported aluminum carboxylate complex.100 Formate abstraction can also be performed with two equiva-
lents of B(C6F5)3 and yields a dinuclear cationic aluminum complex with one bridging carboxylate ligand.100

Two-coordinate Gallium Cations: [(2,6-Mes2C6H3)2Ga]
þ[Li[hf]2]

� containing a linear two-coordinate gallium cation, was obtained
by metathesis reaction of (2,6-Mes2C6H3)2GaeCl with dimeric Li[hf] in C6H5eCl solution at room temperature (Fig. 19).101,102

The compound consists of isolated [(2,6-Mes2C6H3)2Ga]
þ cations and Lithium-bridged [Li[hf]2]

� anions,101,102 that were
initially observed as the [EMIM]þ.17 and [CPh3]

þ.9 salts. The CeGaeC angle is 175.69(7)� and the GaeC distances are 191.3(1)
and 191.5(2) pm. The compound is remarkably stable and is only a weak Lewis acid that polymerizes cyclohexene oxide. This
behavior indicates that in non-basic solvents like CH2Cl2 or C6H5Cl, only one Liþ cation from the dimeric Li[hf] that exists in

(A) (B) (C)

Fig. 17 Molecular structures of three mixed boron/transition metal complexes. The [pf]� counter anions are not shown for clarity.

Fig. 18 The unsubstituted aluminocenium cation in [AlCp2]þ[pf]�.

Ar2GaCl  + [LiAl(OC(H)(CF3)2)4]2

C6H5-Cl

- LiCl

GaAr Ar
+

Ar =

[Li{Al(OC(H)(CF3)2)4}2]
-

Fig. 19 Synthesis of the almost linear [Ga(Ar)2]þ cation.
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the solid phase17 is available and that the Li-bridged [Li[hf]2]
� anion is remarkably more stable9 than the simple homoleptic [hf]�

anion that decomposes with similarly electrophilic cations.
Upon chloride abstraction from (tBu3Si)2GaCl with Ag[pf], the salt [tBu3Si-Ga-Si

tBu3][pf] was isolated quantitatively.103 The
highly reactive [tBu3Si-Ga-Si

tBu3]
þ cation features a perfectly linear SieGaeSi unit103 and is isostructural and isoelectronic with

neutral [tBu3Si-Zn-Si
tBu3]

104 and anionic [tBu3Si-Cu-Si
tBu3]

�$105

A Bridged, Dinuclear GaIII Complex: Reaction of IPr$GaCl3 with [Ag(CH2Cl2)3][pf] yielded, in the presence of adventitious water,
the salt [{IPrGaCl(m-(OH))2}2$H2O][pf]2 with a dinuclear cationic gallium dihydroxide.106

Disproportionation Reactions of Gaþ yielding Ga(III)-Complexes: Subvalent Gaþ is rather stable as [pf]� salt, as long as weakly basic
ligands and solvents are present. Yet, Gaþ cations disproportionate in the presence of non-innocent reducible ligands, e.g., 2,20-
bipyridine (bipy) and a substituted derivative, 4,40-(tBu)2-bipy (DtBbipy). Hence, mixing the GaI source [Ga(PhF)x][pf] with these
ligands yielded Ga0 as well as [GaIII(DtBbipy)3]

3þ107 and [GaIII{(bipy)3}
$]2þ.108 respectively. The latter includes one radical anionic

[bipy]� ligand.
A disproportionation reaction was also observed when mixing [Ga(HMB)][pf], SbCl3 and a non-innocent bisiminopyridine dim-

pyrdipp, since, among other products, [GaIIICl2(dimpyrdipp)][pf] was isolated.62

Functionalization of a pentaphosphaferrocene: The reaction of two equivalents of [Cp*Fe(h5-P5)] with Tl[pf] and GaI3 afforded the
bimetallic compound [{Cp*Fe}2{m,h

5:5-(P5)2GaI2}][pf] with the unprecedented {(cycloP5)2GaI2} ligand and thus resulted in func-
tionalization of pentaphosphaferrocene.109 Employing BBr3 instead of GaI3 furnished [{Cp*Fe}2{m,h

5:5-(P5)2BBr2}][pf], with
a structurally analogous cation.109 However, calculations suggest that the BBr2-linker is better described as a borate-bridge, since
the B atom shows negative charge accumulation.109 In contrast to this, the PeGa bonds in the GaI2-bridged cation have a more
polar character, accounting for the small positive charge on the Ga atom.109

A Dicationic [H-Ga(PPh3)3]
2þ Salt: The dissolved [Ga(HMB)]þ[pf]� salt reacts with [H-PPh3]

þ under formation of the unprece-
dented dicationic gallium hydride complex [H-Ga(PPh3)3][pf]2, which may either proceed via a direct oxidative addition of GaI into
the HeP bond or via initial protonation of GaI, followed by the subsequent addition of the deprotonated, Lewis basic PPh3
(Fig. 20).62

Gallylene Transition-Metal Cations: The Aldridge group described the syntheses of a series of cationic transition metal complexes
with gallylene ligands of the type (NacNac)dippGa, underlining the carbene-like character of subvalent gallium.110,111

Gallylene Main Group-Metal Cations: Halide abstraction of the carbene-coordinated pnictinidenes (MecAAC)EGa(Cl)L (E ¼ P,112

As, Sb, MecAAC ¼ [H2C(CMe2)2Ndipp]C; L ¼ HC[C(Me)Ndipp]2) yielded the cationic group 15 compounds [(MecAAC)EGaL][pf]
(E ¼ P,112 As, Sb). Quantum chemical calculations suggest that the central pnictogen atom determines the electronic nature of the
cations [(MecAAC)EGaL]þ. In these structures, the heavier pnictogen atoms serve as a trap for the positive charge, resulting in
carbene-stabilized heterovinyl-type structures.113 The cation containing the lighter congener P reacts with ethyl isocyanate under
CeC bond formation.112

An InIII-Crown Ether Complex: In addition to the [18]crown-6 ether complex of univalent indium114 (vide infra), the isolation of
[InCl2([18]crown-6 ether)][pf] with a linear [CleInIIIeCl]þ chain has been reported.115

1.07.2.2.3.2 Subvalent group 13 cations: From coordination compounds to clusters
The stability of group 13 elements in their þ1 oxidation state increases with increasing atom number, due to the stabilizing “inert
pair effect” of the ns2 electrons.116,117 Consequently, no successful isolation of cationic BI or AlI complexes has been reported so far,
while cationic GaI, InI and TlI compounds are well known.

Gallium. Even though subvalent gallium is more stable than subvalent boron or aluminum, classical GaI-sources like “GaI”118,119

or “GaX2”
120–122 still tend to undergo redox reactions like dis-or comproportionation with s-donating ligands, which hampered

systematic studies on the coordination chemistry.123,124 The susceptibility of GaI to redox chemistry upon the interaction with elec-
tron donating ligands or the counter anion is reduced by employing WCAs and p-donating ligands, e.g., arenes.124 When Ga[GaX4]
(X ¼ Cl, Br) is dissolved in the presence of chelating arene ligands like cyclophanes, a similar interaction of the weakly accepting
Gaþ ion with three arene ligands may be realized. However, if the chelating cyclophane is replaced by individual arenes, only coor-
dination of up to two arenes per Gaþ ion was hitherto possible,125 likely due to the weak complexation of the third arene that
competes with stronger interactions with the [GaCl4]

� counterion at 310–370 pm in the Ga(C6H6)2
þ[GaCl4]

� salt125 (sum of
Ga þ Cl van der Waals radii: 370 pm).126 If the more coordinating [GaCl4]

� counterion is replaced by the less coordinating
[pf]� anion, this competition is negligible and the entropically and enthalpically normally disfavored coordination of a third arene
becomes now possible, underlining the weakly coordinating nature of the [pf]� anion.33

Notably, salts of the type [Ga(arene)x][pf] (arene ¼ e.g., toluene,33 p-xylene,127 mesitylene,128 HMB127 or oDFB,33 in most cases
PhF33,128; x ¼ 2–3 and x ¼ 1 for ansa-arene ligands127) are well-defined and nowadays established starting materials for GaI chem-
istry, since they are room temperature stable and easily synthesized by oxidizing elemental gallium with the silver salt Ag[pf] in an

Fig. 20 Oxidative addition of a PeH bond at a subvalent gallium cation.62
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aromatic solvent by using ultrasound.33 With the particularly electron rich HMB, isolation of a mono-arene complex has been re-
ported from the HMB radical cation.54 Consequently, the introduction of [Ga(arene)x][pf] has allowed for the synthesis of several
unusual cationic, subvalent gallium compounds and has led to a better understanding of GaI chemistry, which was recently
reviewed124 and from which part of the descriptions here are taken. Isolated mononuclear GaI (and InI) complexes with the
[pf]� counter anion are shown in Fig. 21.

The central Gaþ ion may interact with a variety of ligands, ranging from soft (e.g., phosphines, carbenes) to hard (e.g., pyrazine,
crown ethers). The steric bulk and the denticity of the ligands determine the coordination numbers. Reaction of sterically less
demanding PPh3

33 and pyrazine ligands129 with [Ga(PhF)x][pf] yielded the respective trigonal-pyramidal gallium complexes
(Fig. 21). The coordination mode reflects the electron donation of the ligands in the three empty 4p orbitals at gallium and its
formally stereochemical active lone pair. It is interesting to note that each Gaþ cation is coordinated in a trigonal-pyramidal fashion
by three h1-donating pyrazine ligands, and that the ligands are not p-coordinated, which would likewise be conceivable.129 This
coordination mode is also observed in 1D coordination polymers of [Ga(m-pyrazine)2(h

1-pyrazine)]n[pf]n which clearly implies
that Gaþ cations favor s- over p-coordination.129 A GaI complex with the tridentate, chelating pentamethyldiethylenetriamine
(PMDTA) has also been described (Fig. 21).130 The p-Lewis-acidity of the Gaþ cation is significantly diminished upon saturation
of all three 4p-orbitals by the ligands.124 In contrast, the steric bulk of a P(tBu)3 ligand allowed only for coordination of two phos-
phines to the gallium atom (Fig. 21).34 With N-heterocyclic carbenes (NHC ¼ IMes, IPr), structurally similar dicoordinate complex
cations were isolated and characterized (Fig. 21).131 An analysis of the crystal structure and of the bonding situation reveals a s-
backdonation of the 4s2 lone pair into the LUMO of the NHCs.131 Thus, since the Lewis acidity of Gaþ is not quenched by the
coordination of only two ligands, such dicoordinate gallium complexes may potentially show a metal-centered, ambiphilic,
transition-metal like reactivity with a low-valent and low-coordinate main-group cation.124 With sterically highly demanding
2,6-di-tert-butyl-4-methylpyridine (DTBMP), a nonchelated mixed s- and p-bound complex was obtained, i.e.,
[Ga(C6H5F)2(DTBMP)]þ. As with pyrazine, the aromatic nitrogen base exclusively interacts through its nitrogen lone pair. However,
the steric bulk of the DTBMP ligand only allows for one ligand to coordinate to Gaþ, while the PhF ligands display their usual p-
coordination mode.129 Moreover, the pf salt of a [GaI([18]crown-6)]þ complex with one arene ligand above and below the Ga-[18]
crown-6 plane, respectively, was reported (Fig. 21).114 In this complex cation, one arene ring is bound in h6-fashion to Gaþ, while
the second arene ligand shows only a h1-coordination.114 The h6-coordination for the second arene ligand is probably prevented by
the 4s2 lone pair residing on GaI, which likely exerts a stereochemical effect.

The mono-arene complex [Ga(HMB)]þ can also serve as a starting point for GaI chemistry. The aromatic HMB ligand can be
replaced by the electron rich, chelating and non-innocent bisiminopyridine dimpyrdipp ligand, allowing for the isolation of
[Ga(dimpyrdipp)][pf].62

A Homoleptic Olefin Main Group Metal Complex: Employing the very weakly coordinating [pf]� anion also allowed the isolation of
the first homoleptic olefin complex of any main-group metal accessible as a bulk compound, i.e., [GaI(COD)2][pf] (COD ¼ 1,5-

Fig. 21 Synthesis of cationic MI complexes starting from [M(PhF)2–3][pf] (M Ga, In) and s-donating ligands (mesityl ¼ 2,4,6-(CH3)3C6H2;
dipp ¼ 2,6-iPr2C6H3).124

Chemistry with weakly coordinating aluminates 393



cyclooctadiene).132 It constitutes an olefin complex of a main-group metal that may adopt different oxidation states, again showing
parallels to transition metals and opening potential applications in catalysis. The highly unusual bonding between an olefin and
a main-group metal was analyzed in detail and was shown to be a weak bond with mostly electrostatic character.132 The crystal
structure of the cation as well as the Laplacian of the electron density of the bonding interactions between Ga and a carbon-
carbon double bond is shown in Fig. 22.

Indium. The chemistry of univalent indium is akin to the chemistry of univalent gallium and for this reason included with
Fig. 21.124 In analogy to the [pf]� salt of the lighter counterpart, [In(PhF)x][pf] (x ¼ 2–3) has proven to be a useful source of Inþ

as it is easily synthesized by oxidizing elemental indium with the silver salt Ag[pf] in PhF by using ultrasound.34,35 Additionally,
the oDFB complex [In(oDFB)2]

þ35 has also been isolated. With electron rich aromatic ligands, monoarene complexes of the type
[In(arene)1]

þ (arene ¼ mesitylene, HMB) were prepared after in situ generation of the radical cations with I2 and Ag[pf].54 Starting
from [In(PhF)x][pf] (x ¼ 2–3), mononuclear InI complexes with PMDTA,130 IPr,131 [18]crown-6 ether114 and PtBu3

34 could be
synthesized, as shown in Fig. 21. The molecular structures of these compounds are analogous to the respective GaI complexes.
Employing PPh3 leads to two different InI complexes, with the first cation being structurally similar to the GaI complex. In the
second cation, two [In(PPh3)3]

þ units are linked by a bridging PPh3 ligand.
34 However, the IneP bond lengths for the seventh phos-

phane ligand exceed the sum of their van-der-Waals radii, suggesting that the additional phosphane does not affect the coordination
at the indium cations and is located in between the indium centers due to packing effects.34

Binuclear GaI and InI Complexes: With [Ga(HMB)][pf] and GeCp2 or SnCp2, two isostructural binuclear complexes, i.e., [Ga(m-Cp)
GeCp]þ and [Ga(m-Cp)SnCp]þ, were isolated as their pf salts, respectively.133 Instead of obtaining a GaGa-bonded Lewis acid-base
adduct, the reaction between [Ga(HMB)][pf] and GaCp* only yielded the inverse sandwich cation [GaCp*Ga][pf] under substitu-
tion of neutral HMB.133 It was concluded that coordination by the formally negatively charged aromatic Cp* moiety is favored over
the coordination by the Lewis basic Ga atom.133 The reaction between [In(HMB)][pf] and GeCp2 afforded the binuclear complex
[In(m-Cp)GeCp]þ in an unselective reaction, while the reaction SnCp2 resulted in a crude mixture of products.133 The different reac-
tion outcomes are summarized in Fig. 23.

Cationic Coordination Polymers: Starting from [In(HMB)][pf] and SnCp2 or FeCp2, cationic coordination polymers featuring
a chain motif were isolated, i.e., [{In(HMB)(m-SnCp2)}n][pf]n and [{In(HMB)(m-FeCp2)}n][pf]n, respectively.

133 FeCp2 reacts

+

Flat, little pronounced bond path 
between Ga+ and C=C

AIM Analysis:

Ga

Ga(COD)2
+

Fig. 22 Molecular structure of the cation (left; hydrogen atoms are omitted for clarity) as well as the Laplacian of the electron density of the
bonding interaction between Ga and a carbon-carbon double bond of a COD ligand (right).124,132

Fig. 23 Reactivity of [M(HMBC)][pf] (M ¼ Ga, In) towards M0Cp2 (M0 ¼ Sn, Ge) and GaCp*. Note that the formation of [In(m-Cp)GeCp]þ is
unselective and accompanied by the side product [CpGe(m-Cp)GeCp][alfal] with a decomposed anion.133
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with [Ga(HMB)][pf] under the formation of the isostructural cationic coordination polymer [{Ga(HMB)(m-FeCp2)}n]
nþ.133 The

molecular structures of these compounds are shown in Fig. 24.
Multinuclear Complexes of GaI, InI and TlI with En (E ¼ Group 15) ligands:With the sandwich complexes [Cp*Fe(h5-E5)] (E ¼ P, As)

and Gaþ or Inþ, the Scheer group obtained one-dimensional coordination polymers [M(m,h5:h1-E5FeCp*)3]n[pf]n (M ¼ In, Tl for
E ¼ As134; M ¼ Ga, In and Tl for E ¼ P134,135). In these compounds, the P5 ligands are h

5-bound and show a very weak s-interac-
tions between one P atom of the ring and the neighbored subvalent group 13 cation, as shown in Fig. 25.134

Again using the [pf]� anion, the same group reported the synthesis of a tetracationic indium aggregate including P2 ligands
35 as

well as the synthesis of polymeric chain compounds of Inþ ions, bridged by [CpM0(CO)2(h
3-P3)] units (M0 ¼ Cr35 or Mo).136

The reaction of Tl[pf] and [{CpMo(CO)2}2(P2)] afforded a dimeric, dicationic TlI compound, with the two TlI ions asymmet-
rically bridged by two [{CpMo(CO)2}2(P2)] moieties.135 One dimensional coordination polymers containing TlI were also ob-
tained starting from Tl[pf] and a mixed PmSn ligand or [CpM0(CO)2(h

3-P3)] (M0 ¼ Cr, Mo).136 Reacting [(Cp*Mo)2(m,h
6:h6-P6)]

with Tl[pf]137 yielded a two-dimensional coordination network.138

Miscellaneous TlI Complexes: As already pointed out, the stability of subvalent Group 13 elements increases with increasing atom
number due to the inert pair effect. Thus, theþ1 oxidation state is rather common for Tl and relying onWCAs is usually not a prereq-
uisite when investigating TlI chemistry. Due to the stability of TlI, it is unsurprising that the solvent-free salts Tl[pf]137 and Tl[hf]139

are readily available from the reaction of the respective Li salt and TlF. It was shown that, stabilized by a 2,5-bis(2-pyridyl)phosphole
ligand, mono- and dimetallic TlI complexes are obtained with Tl[pf], while [PF6]

� anions coordinate to TlI and lead to polymetallic
species when working with Tl[PF6].

140

1.07.2.2.3.3 Formation of polycationic group 13 clusters
Since organometallic group 13 element compounds are inherently electron deficient compounds, the vast majority of group 13
metal clusters are neutral or anionic.141–152 In order to obtain group 13 metal clusters, subvalent cations have to be employed since
their ns1 or 2 electrons are required for bond formation. Cationic cluster formation is hampered by the accumulation of positive
charge, which has to be overcome using electron rich s-donating ligands, which delocalize the positive charge. Generally, the
disproportionation energetics is much more favored for the lighter group 13 elements, suggesting that polycationic cluster

Fig. 24 Molecular structures of the infinite (n ¼ N) coordination polymers [{In(HMB)(m-SnCp2)}n]nþ (shown with n ¼ 3; a) and of [{Ga/In(HMB)(m-
FeCp2)}n]nþ (shown with n ¼ 2; b). Thermal displacement ellipsoids drawn at 50% probability, [pf]� counterions are omitted for clarity.133

Fig. 25 Formation and molecular structure of the one-dimensional coordination polymers that are formed upon reaction of cycloE5 ligand
complexes with the pf salts of monovalent Gaþ, Inþ, and Tlþ.134,135
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formation is possible with the heavier congeners, i.e., Ga, In and Tl.108 The energetics underlying either a disproportionation or
a cationic cluster formation suggest that cationic cluster formation can only be achieved employing WCAs instead of small
anions.108

Gallium Clusters: Indeed, the formation of tetracationic clusters with a Ga4 core was observed upon mixing [Ga(PhF)x][pf] and
bis(dimethylphosphino)ethane (DMPE)153 or tert-butylisonitrile (CNtBu)107 as s-donating ligands. With 4-
dimethylaminopyridine (DMAP), even a pentacationic cluster was obtained, representing the first salt with an ionic 1:5 packing.154

The molecular structures of these cationic GaI clusters are shown in Fig. 26. The CNtBu- and DMAP-supported clusters are essentially
planar, while the DMPE-supported cluster is slightly puckered, probably due to steric repulsion of the methyl groups. Quantum
chemical calculations and the GaeGa bond lengths (246–250.5 pm) suggest that the GaeGa bonds are best described as single
bonds.107,153,154

In the presence of non-innocent, chelating, pyridine-based aromatic ligands, Gaþ tends to disproportionate. For example, the
reaction between [Ga(PhF)x][pf] and phenanthroline (phen) results in the formation of elemental gallium and [GaII2(phen)4]

4þ,
a dimeric tetracation with relatively short GaIIeGaII bond (256 pm).107 With bipy and a substituted derivative, GaI disproportion-
ates to elemental gallium and mononuclear GaIII complexes (vide supra).107,108

Indium Clusters. In contrast to the more limited propensity of Gaþ to aggregate towards clusters, Inþ readily forms cationic clus-
ters with the non-innocent ligands bipy and phen. With [In(PhF)x][pf] and bipy, one rhombohedral, tetracationic and two trian-
gular, tricationic clusters were isolated, depending on the exact crystallization conditions and molar ratios (Fig. 27).108

The rhombic In4 motif was reproduced by employing phen instead of bipy; both contain the shortest known IneIn bonds
around 259 pm.108 As a side product, [(phen)2In

I-AgI(PhF)]2þ, the first monomeric and dicationic IneAg adduct was isolated.108

In addition, the synthesis of a tetracationic InI cluster was recently reported with DMPE as a ligand.153 In this polycationic cluster,
the In4 core forms a nearly perfectly planar square, unlike the puckered Ga4 moiety in the analogous, isostructural gallium cluster
(cf. Fig. 26). By contrast, tBuNC does not induce the formation of cationic indium clusters, but only of the monocationic pyramidal
[InI(tBuNC)3]

þ and, probably due to traces of water, the OH-bridged dimeric [(tBuNC)4In
III(m-OH)2In

III(CNtBu)4]
4þ.107

1.07.2.2.4 Reactive group 14 cations: Carbocations and their heavier homologues
1.07.2.2.4.1 Tricoordinate carbenium ions
In the course of our investigations into new arsenic-halogen-cations we fortuitously prepared a simple, but electronically very inter-
esting carbenium ion155: the [CS2Br3]

þ cation, which may be obtained by the quantitative reaction of [AsBr4]
þ with CS2 yielding

[CS2Br3]
þ and a polymeric AsIBr (Eq. 6).

5+

I I I

Fig. 26 Molecular structures of polycationic, subvalent GaI clusters that were isolated as their respective [pf]� salts. Only one out of many possible
resonance structures is shown, respectively.107,153,154

In1

In2

In3

In1

In3

In2
In1

In3

In2

In4

4+3+3+

Fig. 27 Molecular structures of selected InI-bipy clusters obtained upon mixing [In(PhF)x][pf] and 2,20-bipyridine, isolated as their respective [pf]�

salts.108
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CS2 + AsVBr4
+ 4e- oxidation C

Br

S

Br

S
Br

+
+ 1/n
(AsIBr)n

(6)

The CeBr bond length in [CS2Br3]
þ is very close to that expected for the simple CBr3

þ cation (181.7 vs. 181.3 pm @MP2/
TZVPP) and thus it appeared likely that simple binary carbon-halogen cations such as [CX3]

þ may also be accessible by metathesis
of CX4 with silver aluminates. Therefore, we decided to examine the reaction of CX4 (X ¼ Cl, Br, I) and Ag[pf] or Ag[alfal] with the
goal to prepare [CX3]

þ salts (and AgX). These reactions are successful and quantitative with both anions, but need different solvents
for optimal performance (Eq. 7): CH2Cl2 for [CI3]

þ.156–158 SO2 for [CBr3]
þ159 and SO2ClF for [CCl3]

þ.159

CX4 + Ag+ X = I: CH2Cl2

X = Br: SO2
X = Cl: SO2ClF

C

X

XX

+
+ AgX (7)

For the successful preparation of CI3
þ[pf]�, the complete exclusion of light and the use of carefully purified diiodine free CI4 is

absolutely necessary. Solutions of [CI3]
þ are stable at RT (exclusion of light), while those of [CCl3]

þ decompose at RT with half-lifes
of about 1–2 h. The solid salts are more robust and survive a few hours at RT without decompositions and may be stored without
noticeable decompositions for months at �20 �C. In the framework of these experimental investigations, also the theoretical
aspects of these [CX3]

þ salts was thoroughly investigated160 and compared to the bonding in the isoelectronic boron halides.161,162

The [CI3]
þ salts were used for further reactions with the weak nucleophiles PX3 (X ¼ Cl, Br, I) and AsI3 that lead to the formation

of the [I3C-EX3]
þ.158 with ethane conformation (Eq. 8; but not with the hoped for non-classical structures162).

CX3
+ + EX3 C

I

I
I

+
CH2Cl2

E

X

X
X (8)

1.07.2.2.4.2 Delocalized carbocations
Dibenzo[a,e]pentalene (DBP) is a non-alternant conjugated hydrocarbon with antiaromatic character and ambipolar electrochem-
ical behavior. Upon oxidation, it becomes aromatic. The chemical oxidation of a planar DBP derivative and a bent DBP-phane was
studied163 and the molecular structures of its planar dication and cation radical in the solid state demonstrate the gained aromaticity
through bond length equalization, which is supported by nucleus independent chemical shift-calculations. EPR spectra on the
cation radical confirm the spin delocalization over the DBP framework. This is the first report on structures of a DBP cation radical
and dication in the solid state. In addition,164 the facile gold-mediated skeletal rearrangement of [7]-helicene into a cationic poly-
aromatic hydrocarbon was published. It reports in-depth studies on the structure and aromaticity of this novel stable cation and
proposes a mechanism for its formation.

Silylated Tetramethylcyclobutenyl Cation: Instead of yielding the desired non-classical silylium ions, the reactions of different
alkenes/alkynes with several [Me3Si]

þ-sources mostly led to oligomerization, ordin the presence of Me3SiHdhydrosilylation of
the alkenes/alkynes.66 Yet, from the reaction of 2-butyne with ion-like Me3Si-F-Al(ORPF)3 the salt of the silylated tetramethylcyclo-
butenyl cation [Me4C4-SiMe3]

þ[alfal]�was obtained in good yield (NMR, scXRD, Raman, and IR).66 All the experimental and calcu-
lated evidence suggest a mechanism in which [Me4C4-SiMe3]

þ was formed via a non-classical silylium ion as an intermediate.
Delocalized Carbocations as Ligand-forming Oxidants: Ligand-forming oxidizing agents are designed to oxidize the substrate and

directly stabilize the oxidation product. An example of an “soft” ligand-forming oxidant is the hexamethylbenzene (HMB) radical
cation, accessible as [pf]�54 or [alfal]�48 salt via oxidation of neutral hexamethylbenzene with Ag[WCA]/I2 as in Eq. (9)
([WCA]� ¼ [pf]� and [alfal]�). Although no crystal structure of [HMB]þ[WCA]� could be obtained, in situ generated red solutions
of the radical cation react readily with elemental metals such as Gallium, Indium, Calcium, Strontium and Barium to form the
respective cationic HMB-complexes in oxidation states þI (for Ga/In)54 or þII (for Ca/Sr/Ba).48

(9)
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1.07.2.2.4.3 Extensions to heavier homologues
Silylium Ions: Attempts to prepare simple [Me3Si]

þ silylium ions were futile: while Ag[pf] reacts with Me3SiCl with formation of AgCl
and likely the [Me3Si]

þ[pf]� intermediate, the latter decomposes already at low temperatures with fluoride abstraction and forma-
tion of Me3Si-F-Al(ORF)3.

165 The synthesis of the latter has been scaled up in an alternative direct route to 85 g batches and is now
the starting point for the best [alfal]� syntheses.12 Interestingly, silver salts of the halogenated carborane anions were reported not to
react with chlorosilanes,166 probably due to the considerably stronger coordinating nature and thus reduced electrophilicity of their
silver salts available for metathesis. See for a recent systematic investigation.12 However, silylium ions [Si(C6Me5)3]

þ with larger
residues like pentamethylphenyl form stable salts with [pf]�.68 Notably, a silylium cation stabilized by a three-center two-
electron SieCeB bond was isolated in the reaction of Cl(Mes)B-N(TMS)2 with Ag[pf].90 In addition, it was shown that the [pf]�

anion is very effective in performing silylium ion induced hydrosilylation and hydrodefluorination reactions at very low catalyst
loadings down to 0.1 mol%.65

A Stable [Ar3Ge]
þ[pf]� Salt: When changing to the larger and less electrophilic Ge atom in combination with larger aromatic

ligands, a [Ar3Ge]
þ[pf]� salt (Ar ¼ 2,6-(OtBu)2C6H3) is straight forward to prepare (Eq. 10)167:

Ar3GeBr  + Ag+
CH2Cl2

-AgBr
Ge

ArAr

Ar

+

Ar =

O

O

(H3C)3C

(H3C)3C

(10)

Trying to stabilize tin cations with the less stable [hf]� aluminate with the smaller residue C(H)(CF3)2 led to decomposition by
the intermediately prepared tin cation.168

However, a masked [R3Sn]
þ cation was reported by Jäkle in 2013 in which a pyridine donor stabilizes the tin cation intramo-

lecularly (Fig. 28).169 Moreover, amine-stabilized tin cations [(iPr)3Sn(L)]
þ (L ¼ quinuclidine, 2,4,6-collidine) were synthesized by

anion exchange of the coordinating triflate anion in [(iPr)3Sn(OTF)] with K[pf] in presence of the free amine ligands (Fig. 28).170

1.07.2.2.5 Low valent group 14 cations
Jutzi’s cation and derivatives: The reactions of protonated ether [H(OEt2)2]

þ.28 with subvalent Cp*2Si and related Cp-derivatives led
to the clean and simple formation of the silicocenium [SiCp*]þ nido-cluster ion (Eq. 11).67

Fig. 28 Structurally characterized tetra-valent tin cations stabilized with [pf]�.

Fig. 29 Multi-decker cations [Sn3Cp4]2þ and [Ge2Cp3]þ stabilized with [pf]� and [alfal]� respectively.
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[H(OEt2)2]+  
+ Cp*2Si

+
Si

- HCp*
- 2 OEt2

(11)

For the heavier tetrels germanium and tin, even the nido-clusters [MCp]þ[alfal]� with the sterically less-encumbering Cp ligands
(Cp ¼ C5H5, M ¼ Sn,171 Ge133) were made accessible by reacting MCp2 with 2 equivalents of Me3Si-F-Al(ORF)3 in weakly-
coordinating solvents (Fig. 29). Addition of excess MCp2 to solutions of [MCp]þ[alfal]� allowed for isolation of the multi-
decker cations [Sn3Cp4]

2þ([pf]�)2
171 and [Ge2Cp3]

þ[alfal]�.133

Two-coordinate M(II) cations: Two-coordinate M(II) cations (M ¼ Si(II), Ge(II), Sn(II)) are widely investigated due to their diverse
reactivity in particular towards small molecules (Fig. 30). An extensively used ligand class are the mono-anionic b-diketiminate
ligands. The [(Me2NBDI)M]þ[pf]� (Me2NBDI ¼ HC{(Me2N)CN-2,6-iPr2C6H3}2, M ¼ Si, Ge, Sn) are accessible via chloride abstrac-
tion from the [(Me2NBDI)MCl].172 For these heavier group 14 cations, a different reactivity towards amines was discovered. While
the silicon-derivative reacted under oxidative addition into the NeH bonds, the heavier analogs did undergo Werner complex
formation. Yet, cleavage of NeH bonds at a Ge cation could be achieved by combination of a cationic GeII metal center with
a C,N- and or P,N-ligands containing an amide function.173 Moreover, the first isolable terphenyl-substituted germylium-
ylidenes were reported as complex salts with [pf]� by Aldridge and co-workers.174 Depending on the steric bulk of the ligands,
the respective monomers or dimers were isolated (Fig. 30).

Towards reactive one-coordinate M(II) cations: Mono-coordinate group 14 cations are highly promising synthetic targets in main-
group chemistry due to a postulated ambiphilic reactivity (Fig. 31). On the one hand these complexes are highly electrophilic due to
the cationic charge and empty p-orbitals at the metal center, on the other hand the lone-pair at the low-valent metal retains an
inherent nucleophilicity. On the way to an one-coordinate M(II) cation, Krossing and Jones prepared Ge(II) and Sn(II) cations
stabilized by an extremely bulky amido ligand and the [pf]� anion.175 Although being highly electropositive, the metal centers
exhibit a weak intramolecular h2-arene interaction (Fig. 31). Showing the high electro positivity of mono-coordinate M(II) cations,
Wesemann and co-workers reported the isolation of the benzene-adduct of an terphenyl-ligated Sn(II)-cation (Fig. 31), accessible
via reductive elimination of H2 from the tin-hydride [Ar*SnH2]

þ[pf]�.176 In 2019, Hinz introduced a carbazole-ligand combining
high bulkiness and electronic non-innocence. Cationic complexes of the carbazole with Ge, Sn and Pb were reported.177 QTAIM
analysis of the obtained complexes revealed a weak interaction between the ipso-C atoms of the arene substituents and the tetrele
cations. Finally, Hinz recently achieved the synthesis of the first mono-substituted silicon(II) cation via kinetic stabilization by

Fig. 30 Examples of two-coordinate M(II) cations stabilized with [pf]�.

Fig. 31 Examples for highly Lewis-acidic mono-coordinate tetrele cations or their adducts stabilized with [pf]�.
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a bulky carbazole.178 The preparation was performed via reduction of the carbazole-SiI3 adduct with Jones magnesium dimer and
subsequent abstraction of the iodide from the halosilylene complex with Agþ[pf]� (Fig. 31). Reactivity of the isolated “supersilyene”
towards tBuNH2 resulted in formation of three bonds at the silicon center, hence confirming its nature as mono-coordinate Si(II)
cation.

Dicationic Sn(II) Salts: Dicationic M(II) complexes stabilized with aluminate anions were hitherto only reported for tin. Here,
oxidation of tin metal with NOþ[pf]� in acetonitrile yielded the [Sn(MeCN)6]

2þ([pf]�)2 complex.49 Another route was discovered
accidentally when dimethylaminopyridine was added to [SnCp]þ[pf]� and [Sn(dmap)4]

2þ([pf]�)2 was isolated.49 Expanding the
oxidation route, the innocent deelectronator [“phenazine”]þ[pf]� (Table 2) was reacted with tin metal in the presence of acetonitrile
or a tripyrazolylmethanide ligand to allow for isolation of the respective [Sn(MeCN)5]

2þ([pf]�)2 and [Sn(CHpz3)2]
2þ([pf]�)2.

55

1.07.2.2.6 Reactive group 15 cations: Phosphorus and some higher homologues
A variety of different homopolyatomic nonmetallic cations have been published and reviewed in detail.179 Herein we want to high-
light and complement cations that have been published using aluminate type WCAs. Phosphorus is an element that occurs in
different modifications, although white phosphorus P4 with its tetrahedral structure represents a frequently used starting point
to obtain cations in condensed phase.

Towards homopolyatomic Phosphorus Cations: The reaction of [NO]þ and [NO2]
þ salts of the [pf]� aluminates with white phos-

phorus P4 lead to the [P4NO]þ cage cation; while [NO]þ inserts directly into P4, [NO2]
þ is first reduced by P4 to [NO]þ and

then reacts accordingly in an orbital controlled reaction (Fig. 32).
From the spectroscopic and structural data as well as the first reaction chemistry of the [P4NO]þ cluster cation it followed that

only the left and the right phosphenium-structure in Fig. 32 are relevant, but not the central iminium structure. In agreement with

Fig. 32 The orbital controlled pathway to the [P4NO]þ cation and the primary VB structures accounting for the charge delocalization and further
“Pþ” reactivity.52
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this, the [P4NO]þ cluster cation served as a Pþ-source upon reaction with two equivalents of PPh3 giving exclusively the [Ph3P-P-
PPh3]

þ triphosphenium cation.52

With further equivalents of white phosphorus the first condensed-phase homopolyatomic phosphorus cation [P9]
þ

was prepared using a combination of the oxidant [NO]þ and weakly coordinating anion. [P9]
þ consists of two P5 cages linked

by a phosphonium atom to give a D2d-symmetric Zintl cluster. NMR, Raman, and IR spectroscopy, mass spectrometry, and
quantum-chemical calculations confirmed the structure.180 Recently the conversion of P4 using Ga(Ga2Cl7) or [Co(arene)2][pf]
(arene ¼ o-difluorobenzene, fluorobenzene) or [NO][alfal] disclosed new pathways towards [P9]

þ including its structural character-
ization. Quantum chemical ccsd(t)-calculations suggest that [P9]

þ formation from [Co(arene)2]
þ occurs via the nido-type cluster

[(arene)CoP4]
þ, which resembles the isoelectronic elusive [P5]

þ.[181]

Related nido-Cations: Along similar lines to those intermediates as well as to [P4NO]þ, one finds the cationic cages nido-
[C2

tBu2P2E]
þ (E ¼ P, As, Sb), which are isolobal to the cyclopentadienyl or the pentaphosphorus cation, to adopt square based

pyramidal structures with the heavy pnicogen atom at the apex (Fig. 33). Inter alia, they were stabilized by [pf]� type WCAs.182

NMR and computational methods have been used to probe the dynamic behavior of the complexes. Related to this reaction is
the abstraction of a Cl� ion from the 1-chlorophospholes R4C4PCl (R ¼Me, Et): It produced the PeP bonded cations [R4C4PeP(Cl)
C4R4]

þ, which undergo nucleophilic substitution with PPh3 to afford the triphenylphosphine analogs, [R4C4P-PPh3]
þ, isolated as

triflate, [pf]� aluminate, carbadodecaborate and tetrachlorogallate salts and characterized by XRD. Examination of the 31P{1H}
NMR spectrum of [Et4C4P-PPh3]

þ and PPh3 revealed broadening of the resonances due to both free and coordinated PPh3.
Second-order kinetics consistent with an unusual SN2-type pathway was established. Probably, the high electrophilicity of the phos-
phorus center in the nido-[Et4C4P]

þ cation, combined with strong pi-pi interactions between the ring and the incoming and
outgoing Ph groups of PPh3, favors the SN2-type over the SN1-type pathway in [Et4C4P-PPh3]

þ.183

Mixed Arsenic Phosphorus Cations: The synthesis of mixed arsenic phosphorus cations was investigated on theoretical and exper-
imental grounds by replacing P4 with AsP3 in the known syntheses of [P4NO]þ and [P9]

þ. Calculations of [AsP3NO]þ and [AsP8]
þ

showed that 1-[AsP3NO]þ and 3-[AsP8]þ should be the most stable isomers. However, 2-[AsP3NO]þ was prepared by reacting
[NO]þ[pf]� with AsP3 with a regioselectivity of 45:1. The kinetic control of this reaction was proven by calculation of the complete
reaction mechanism. Examination of the formation energetics of the [AsxP4�xNO]þ (x ¼ 0,1,4) and [AsxP9�x]

þ (x ¼ 0, 1, 9) cations
at the CCSD(T)/complete basis set limit level showed that for [AsxP4�xNO]þ (x ¼ 0, 1, 4), the replacement of phosphorus by arsenic
leads to more exergonic formation energetics. For the [AsxP9�x]

þ clusters (x ¼ 0, 1, 9), the reaction to [AsP8]
þ is slightly more exer-

gonic compared to the synthesis of [P9]
þ. The calculation of the reaction to the homopolyatomic arsenic cation [As9]

þ suggested
that this reaction will at least be very difficult. Attempts to prepare [AsxP9�x]

þ from AsP3 as well as [Asx]
þ from gray arsenic led

to the formation of [AsP3NO]þ, [P4NO]þ, [P9]
þ and P4 in case of [AsxP9 � x]

þ and decomposition products (e.g., novel As(ORF)3)
for [Asx]

þ.184

Arylphosphine Radical Cations and Dications: [pf]-Salts containing triarylphosphine radical cations [(Mes)P(Trip)2]�
þ and

[P(Trip)3]�
þ (Mes ¼ 2,4,6-trimethylphenyl; Trip ¼ 2,4,6-triisopropyl) have been isolated and characterized by electron paramag-

netic resonance (EPR) and UV/Vis absorption spectroscopy as well as scXRD. Radical [(Mes)P(Trip)2]�
þ exhibits a relaxed pyramidal

geometry, while radical [P(Trip)3]�
þ becomes fully planar. EPR studies and theoretical calculations showed that the introduction of

bulky aryl groups leads to enhanced p character of the singly occupied molecular orbital, and the radicals become less pyramidal-
ized or fully flattened.185 Furthermore [pf]-salts of tetraaryldiphosphine radical cation [(Trip)2P]P(Trip)2]�

þ and dication
[(Trip)2P]P(Trip)2]

2þ have been isolated and were structurally characterized. [(Trip)2P]P(Trip)2]�
þ has a relaxed pyramidal

geometry, while dication [(Trip)2P]P(Trip)2]
2þ prefers a planar, olefin-like geometry with a two-electron p bond. The alteration

of the geometries of the tetraaryldiphosphine upon oxidation is rationalized by the nature of the bonding. The EPR spectrum
showed that the spin density of the radical [(Trip)2P]P(Trip)2]�

þ is mainly localized on phosphorus atoms, which is supported
by theoretical calculation.186

Phosphorus-Containing Four-Membered Ring Radical Cations: Two phosphorus-containing four-membered ring radical cations
(Fig. 34) have been isolated and characterized by UV-vis absorption spectroscopy, electron paramagnetic resonance (EPR), and
single-crystal X-ray diffraction. Compared with neutral molecules, the radical cation of cyclotetraphosphine has elongated PeP

Fig. 33 The structure of the nido-[C2tBu2P3]þ cation.

Fig. 34 Radical cations of cyclotetraphosphine and cyclodiphosphazane.
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bonds and more pyramidalized phosphorus atoms, while shortened PeN ring distances and larger angles around phosphorus
centers are observed for the radical cation of cyclodiphosphazane. EPR studies indicate that for the radical cation of cyclotetraphos-
phine the spin density mainly resides on the exocyclic nitrogen atoms with very minor contribution from endocyclic phosphorus
atoms, while the situation is opposite for the radical of cyclodiphosphazane. Such an inverse spin density distribution is controlled
by the exocyclic substituents, which is supported by DFT calculations.187

N,N-Bis(terphenyl)aminophosphenium Cations: A series of salts that contain the terphenyl-substituted bis(amino)phosphenium
cation with different anions including [hf]� have been prepared by different synthetic protocols. All of the products have been char-
acterized spectroscopically and by scXRD studies. A detailed analysis of the interionic interactions and their influence on the molec-
ular structure of the phosphenium cation reveals a strong dependence on the capability of the anion to enter the pocket generated by
the bulky terphenyl substituents.188

Phosphaalkene radical cations: Two phosphaalkene radical cations [Mes*P]C(NMe2)2]�
þ and the fluorene based phosphaalkene

[Mes*P]C(C6H3
tBu2)2]�

þ have been reported with [pf]� as counter-ion. [Mes*P]C(NMe2)2]�
þ is stable in the solid state and has

been structurally characterized and can be described as phosphorus-centered radical. [Mes*P]C(C6H3
tBu2)2]�

þ only remains
persistent in solution and has a delocalized radical character with little contribution from phosphorus.189

Phosphonium Cations: A series of catecholato phosphonium ions, including the first stable bis(catecholato)-substituted deriva-
tives, were isolated and fully characterized. The cations rank among the most potent Lewis acids on the Gutmann-Beckett and
ion affinity scales. In contrast to halogenated or multiply charged phosphorus cations, Lewis superacidity is imparted by structural
constraints, as disclosed by energy decomposition analyses. The modular access provides a tunable scaffold while maintaining
extreme affinities, as demonstrated by the synthesis of a chiral Lewis superacid. The combination of electrophilic phosphorus
and basic oxygen substituents leverages new reactivity modes by phosphorus-ligand cooperativity. With this, a phosphorus-
mediated CeH bond activation was accomplished.190

Pnictocenium cations: Complementing the already known pnictocenium salts [(Cp*)2Pn]
þ (Pn ¼ As,191 Sb,192 Bi,193), structural

characterization of [(Cp*)2P]
þ has been achieved with the chloride equivalent WCA [ClAl(ORPF)3] and [(RPFO)3AleCleAl(ORPF)3]

via halide abstraction from the respective halopnictines with the Lewis superacid PhF-Al(ORPF)3. Furthermore the chloropnictoce-
nium salts [Cp*PCl]þ, [Cp*AsCl]þ have been prepared with those WCAs. The X-ray crystal structures of these cations established
that in the half as well as in the sandwich cations the Cp* rings are attached in an h2-fashion.194 Also the antimony analogue
[(Cp*2)Sb]

þ has been synthesized using [pf]�.195

Stable acyclic arsenium cations like [(Cp*)2As]
þ are rare in comparison to the corresponding phosphenium cations. The first

example of a diphosphaarsenium salt, [{(Dipp)2P}2As][pf] exhibits remarkable stability due to the delocalization of a lone pair
from a planar phosphorus center into the vacant p-orbital at arsenic; the bonding has been probed by DFT calculations.196 In
2015 Chloro-pnictenium cations of the type [RAr*N(SiMe)ECl][hf] were published (RAr* ¼ 2,6-(CHPh2)-4-R-C6H2, R]Me, tBu;
E]Sb, Bi).197
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Fig. 35 Structure of the [EP3]þ cations (E ¼ S, Se, Te) and 31P NMR spectra.
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Binary Phosphorus-Chalcogen Cations and heavier homologues: While neutral tetrahedral structures (P4, AsP3) are well known,
cationic structures remained elusive until first experimental evidence [EP3]

þ (E ¼ S, Se, Te) in the condensed phase was achieved
through the reaction of ECl3[A] ([A] ¼ [pf]� or [alfal]�) with white phosphorus (Fig. 35). Previously, [EP3]

þ was only known
from gas phase MS investigations. By contrast, the reaction of ECl3[A] with the known [P3]

3� synthon Na[Nb(ODipp)3(P3)]
(enabling AsP3 synthesis), led to formation of P4. The cations [EP3]

þ were characterized by multinuclear NMR spectroscopy in
combination with high-level quantum chemical calculations. Their bonding situation is described with several approaches
including Atoms in Molecules and Natural Bond Orbital analysis.137

Another mixed group 15–16 cage cation resembles [As3S4]
þ and [As3Se4]

þ, which were obtained by the reaction of As4S4 with
the Lewis acids and oxidants AsF5 and SbF5.

198 Oxidation with Ag[pf] in oDFB resulted in the analogous [pf]�-salt.199 The one-
electron deelectronation of main-group heteronuclear species Nap(SPh)(P(Mes)2) (1), Nap(SePh)(P(Mes)2) (2), Nap(-
SPh)(As(Mes)2) (3) and Nap(SePh)(As(Mes)2) (4) (Nap ¼ naphthalin) with NO[pf] produced persistent radical cations 1�D–

4�D in solution. DFT calculations indicate large amounts of spin densities over heteroatoms and the formation of 2c-3e� s-bonds
between chalcogen and pnicogen atoms.200

Binary Phosphorus-Halogen Cations: In the course of our investigations directed to the preparation of the at that time still unknown
homopolyatomic phosphorus cations wedfortuitouslydfound a simple approach to generate new binary phosphorus halogen
cations. When we began our investigations in 2001,201–203 the knowledge on cationic or neutral binary P-X-species, where X
may be F, Cl, Br, I, was sparse and limited to PVX5 (X ¼ F, Cl), [PVX4]

þ (X ¼ F–I), PIIIX3 (X ¼ F-I), [PIII2I5]
þ, PII2X4 (X ¼ F, Cl, I)

and P3X5 (X ¼ F, I) (Fig. 36).
Solution studies showed the additional existence of small amounts of the phosphorus rich cage molecules P4Br2 and P7I3 in CS2

solutions of P4 and X2 mixtures (X ¼ Br, I). Structural data of the cations was only available for [PX4]
þ (X ¼ Cl-I) and [P2I5]

þ.
Binary phosphorus-iodine cations are very electrophilic and [P2I5]

þ immediately decomposed the [EF6]
� counterions, when

prepared from P2I4 and I3
þ[EF6]

� (E ¼ As, Sb) at �78 �C.204 This kind of decomposition can be avoided by the use of the weakly
basic [pf]� anion. Thus, a silver-salt metathesis of Ag[pf] with PX3 resulted in the formation of the highly reactive “[X2P-X-
Ag]þ”dperhaps the closest possible approximation to the still unknown free “[PX2]

þ
” intermediatesdwhich were previously

only investigated in the gas phase. Probably the active ingredient of such reactions is the [(CH2Cl2)Ag-X-PX2]
þ cation shown in

Fig. 37.205

Fig. 36 Previously known201,202 neutral or cationic binary P-X-species (X ¼ F, Cl, Br, I) prior to our work in 2001; note that some compounds only
exist with one type of X.

HOMO  -10.625 eV LUMO  -7.656 eV

Fig. 37 Frontier orbitals of [(CH2Cl2)AgeBrePBr2]þ- the hypothetic source of the “[PX2]þ” intermediate.
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This formal “[PX2]
þ
” equivalent is a good [PX2]

þ source and reacted with X2, PX3 and P4 to quantitatively give stable but highly
electrophilic and soluble [PX4]

þ, [P2X5]
þ, phosphorus rich [P5X2]

þ, as well as subvalent [P3I6]
þ salts of the weakly basic [pf]� anion

(Fig. 38).
Thus, the preparation of [PX4]

þ-salts (X ¼ Br, I) with the [pf]� counterion is possible.201 This reaction was extended to the
[AsBr4]

þ-salt.206,207 These solid [EX4]
þ-salts are stable at room temperature for days. This stability may be contrasted by the absence

of experimental evidence for PI5 and AsBr5, while AsCl5 decomposes already at about �50 �C.208 Similarly solid PI4
þ[MF6]

�

(M ¼ As, Sb) decomposes already at 0 �C.209

Using two equivalents of PX3 for the reaction, [P2X5]
þ-salts (X ¼ Br, I) and the mixed [I2P-AsI3]

þ were prepared.201,206 Dissolved
[P2X5]

þ is fluxional on the time scale of 31P NMR spectroscopy and disproportionates for X ¼ I into reduced [P3I6]
þ and an oxidized

species that was assigned as [PI4]
þ.201 [P2Br5]

þ is even more fluxional than [P2I5]
þ and is probably in equilibrium with

[PBr2(CH2Cl2)]
þ and PBr3 (Fig. 39).

Due to this equilibrium, [P2Br5]
þ serves as a “[PBr2]

þ
” source and reacts with insertion into the P4 cage to give [P5Br2]

þ and
PBr3.

201,202 However, the amount of free [EX2]
þ available in the equilibrium in Fig. 39 is highest for the (hypothetical) [As2Br5]

þ.
Therefore, we did not succeed to prepare an [As2Br5]

þ salt but rather observed the immediate decomposition of the counterion due
to the [AsBr2(CH2Cl2)]

þ readily available in the equilibrium.206,207

Unlike other oxidative methods, the silver salt metathesis approach also allowed to stabilize reduced subvalent cations. Thus, the
interaction of the “[PI2]

þ
” intermediate with P2I4 results in formation of the subvalent [P3I6]

þ cation203 (av. valency: 2.33), a deriv-
ative of the poorly characterized P3I5. The solid-state structure of [P3I6]

þ[alfal]� (RF ¼ C(CF3)3) is known, [P3I6]
þ[pf]� is only

marginally stable in the solid state.
The synthesis of [P5X2]

þ (X ¼ Cl,16 Br,202 I201,203) salts with [pf]� revealed that the “[PX2]
þ
” intermediate likely reacts with inser-

tion into the PeP bond of P4. The [P5X2]
þ cations are the first phosphorus rich binary P-X cations known and include a prior

Ag[A] (A = Al(OC(CF3)3)4)

[PX4]+[A]

"X2P-X-Ag[A]"

PX3

[P5X2]+[A][P3X6]+[A][P2X5]+[A]

X2 PX3 P2X4P4

[P3I6]+ (C2)
[P5X2]+ (C2v)

Fig. 38 Reactions of the “[PX2]þ” intermediate. For [P3X6]þ, X may be I, for [P2X5]þ Br and I, for the rest X ¼ Cl-I.

Fig. 39 Proposed mechanism for the formation of the [P2X5]þ cations.

Fig. 40 Possible insertion- or coordination-sites of the P4S3 cage.
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unknown C2v-symmetric P5-cage. The solid-state structure of [P5Br2]
þ[pf]� is also known. In the meantime more than 30 structures

with this cage are known, mainly by the work of Jan Weigand et al.210,211 [P5X2]
þ resembles a fraction of the known homopolya-

tomic phosphorus cation [P9]
þ and contains the hitherto elusive “[P5]

þ
”.180 However, isolobal analogs of this substance class are

known (see above).
Ternary Phosphorus Cations: To further investigate the nature of the formal “[PX2]

þ
” equivalent, a substrate with a limited number

of bonds eligible for insertion or atoms available for coordination was chosen205: The P4S3 cage in the nortricyclane-structure.
Fig. 40 shows the possible sites for simple insertion and/or coordination.

However, nature rendered these initial thoughts useless: The system apparently prefers the orbital controlled addition of a PeX
bond of the formal “[PX2]

þ
” equivalent to the basal PeP bond of the P4S3 cage giving initially at �78 �C the [P5S3X2]

þ cation
(X ¼ Br, I; Fig. 41).205

The [P5S3X2]
þ cation intermediate (NMR) disproportionates upon warming to �20 �C with separation of tentatively assigned

P6X6 giving the [P5S4X]
þ (NMR, IR, Raman) and the [P5S2X2]

þ (XRD, NMR, IR, Raman) cations.205 From this work it was clear that
mixed P-S-X cations are accessible. Therefore, the reaction of P4S3I2 in its a- and b-form with the silver aluminates was investi-
gated.212 The two main group cages may be coupled by a Agþ ion: P4S3I2 is ionized by Agþ to sulfonium [P4S3I]

þ that reacts
with another P4S3I2 molecule either to give an iodophosphonium [P4S3I3]

þ (NMR simulated and assigned) and P4S3 or to give
several isomers of a metastable compound that probably is [P8S3I3]

þ. The intermediate likely loses 1/n(PI)n and forms the spirocy-
clic P7S6I2

þ phosphonium cation (Fig. 42), which includes the largest hitherto characterized PeS cage and the first example of main
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Fig. 41 Orbital controlled205 addition of the PeX bond of the formal “[PX2]þ” equivalent (¼ [(CH2Cl2)AgeXePX2]þ) to the basal PeP bond of the
P4S3 cage giving initially at �78 �C the [P5S3X2]þ cation, which then disproportionates with separation of P6X6 giving the [P5S4X]þ and the
[P5S2X2]þ cations (X ¼ Br, I).
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largest P-S cage known to date incorporating the first cages that are coupled through a phosphonium center.212
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group cages connected through a phosphonium center, which was successfully achieved towards homopolyatomic phosphorus
cation [P9]

þ (see above).180,212

Decomposition of the Less Stable Aluminate WCAs: When using the less stable aluminate [hf]� to stabilize phosphazenium cations,
the anion reacted with the cation intermediate and served as a clean source of the OC(H)(CF3)2 alkoxide.

213

1.07.2.2.7 Reactive group 16 cations
[ChX3]

þ cations: [ChX3]
þ cations (Ch ¼ S, Se, Te) were already reported in 1954.214 Since they were often obtained via solvothermal

syntheses and show poor solubility in many solvents, other counterparts are needed, making these cations suitable starting mate-
rials for further chemistry. In 2012 [TeX3]

þ cations (X ¼ Cl, Br, I) were obtained by halide abstraction with Ag[pf] in liquid SO2.
215

Except for [SI3]
þ, which remained elusive, all [ChX3]

þ cations (Ch ¼ S, Se) stabilized with [pf]� as well as [alfal]�.137

Upon reacting SeCl4 with Me3Si-F-Al(ORF)3, unexpected methylation was observed and the selenonium salt SeMeCl2[alfal] was
obtained and thoroughly characterized. The only previous example of a salt with the [SeMeCl2]

þ cation is SeMeCl2[SbCl6], which
was never structurally characterized and is unstable in solution over hours.216

Organic sulfur radical cations and heavier homologues: Sulfur radical cations are key intermediates in biological processes and
organic reactions and claim an important role in materials science. Two different classes are observed, either where the electron
is p-delocalized over one or more sulfur atoms containing heterocyclic rings, or where the unpaired electron resides on sulfur
3p-orbitals. To obtain these radical cations a typical starting point is the neutral compound, which is then deelectronated with
NO[pf] or other innocent oxidizers. A series of radical cations respectively their neutral starting molecules I-L that have been pub-
lished are shown in Fig. 43.

Using silver salts of smaller WCAs ([BF4]
�, [SbF6]

�) to deelectronate BPnT (n ¼ 1–3) (I) led either to no reaction or to insoluble
solids. By contrast, deelectronation with Ag[pf] resulted in the sought for radical cations, which led in case of [BP2T]�

þ to meso-
helical stacking.217 Also radical cations and dications of tetrathiafulvalene (J) derivatives were obtained via deelectronation with
Ag[pf].218,219 With in-situ generation of NO[pf] from NO[SbF6] and Li[pf], a dithiophene dication that enabled temperature
controlled covalent connection and disconnection was obtained.220

Also, p-localized sulfur and selenium radical cations are known. [Nap(SPh)2]�
þ formed an unusual sulfur-sulfur three electron s-

bond. In contrast, [Nap(SPh)(Se(Ph))]�þ dimerized in the solid state and formed a SeSe bond (K).221

Extension towards tetrachalcogenides (L) showed that two-electron deelectronation formed a closed-shell singlet ground state
for sulfur with a quinoidal backbone while for selenium a diradical dication was obtained.222 Another diradical dication was ob-
tained via deelectronation of a pyrene dervative.223 Just recently a sulfur tri-cation that contain three radicals resulting in an excited
quartet state was published and stabilized with [pf]�.224

1.07.2.2.8 Lanthanide and actinoid complexes
Synthesis, Structures and Characterizations of Homoleptic Acetonitrile Ln3þ Complexes: Total halide abstraction from LnCl3 by Ag[pf]/
CH3CN yielded [Ln(CH3CN)n][pf]3 (n ¼ 9, Ln3þ ¼ Nd, Eu, Gd, Dy; n ¼ 8, Ln3þ ¼ Tm) complexes.50 Both in the solid state (X-
ray, IR and Raman spectroscopy) and in acetonitrile solution (conductivity, EPR and NMR measurements) the [pf]� anion coordi-
nates very weakly to the Ln3þ ions. Lanthanides at the beginning (Nd) and the middle (Eu, Gd, Dy) of the Ln series are typically
nine-coordinated, with a mono-capped square antiprismatic arrangement of the N donor atoms around the metal centers. Homo-
leptic eight-coordinated acetonitrile species are characteristic for those from the end of the series (Tm). Conductivity measurements
revealed 3:1 electrolyte types for these species in acetonitrile. EPR and 19F NMR line broadening measurements suggest that the
lanthanide complexes are free of any [pf]� anion coordinating.50

Fig. 43 Selection of different sulfur and selenium compounds and radical cations that have been characterized.
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A Dysprosium Metallocene Dimer: Replacing half of the [BPh4]
� anions by [pf]� in the dysprosium metallocene DyCp*2BPh4

results in the first example of [BPh4]
� acting as a bridging ligand in 4f metal complexes.225 The dimer shows improved slow relax-

ation of the magnetization compared to its mononuclear congener, resulting in waist-restricted hysteresis up to 6.5 K.225

A Double-Dysprosocenium Single-Molecule Magnet: Weak interactions between [Dy(Cp*)2]
þ fragments and neutral NEt3AlMe3

molecules have been observed in a dinuclear dysprosocenium dication with a [pf]� counterion (Fig. 44).226 These equatorial inter-
actions perturb the axiality of the Dy3þ crystal fields. A magnetic hysteresis up to 12 K and relatively large effective barrier to magne-
tization reversal of 860(60) cm�1 are reported for this compound.226 The synthesis of an isostructural Yttrium complex has also
been reported, along with a doped Y/Dy system.226

A Bis-Monophospholyl Dysprosium Cation: Bis-cyclopentadienyl lanthanide sandwich complexes are promising candidates for
Single-molecule magnets (SMMs) that show magnetic memory at ca. 77 K.227 However, the relaxation mechanisms mediated by
aromatic C5 rings are not fully understood yet. A bis-monophospholyl dysprosium SMM [Dy(Dtp)2][pf] (Dtp ¼ [P(CtBuCMe)2])
has been synthesized by the treatment of in situ prepared “[Dy(Dtp)2(C3H5)]” with [HNEt3][pf].

227 The Dysprosium-pf salt shows
magnetic hysteresis up to 48 K and an effective barrier to magnetization reversal of 1760 K (1223 cm�1).227 The preparation and
analysis of this compound allows to improve the understanding of relaxation processes in bis-C5/C4P sandwich lanthanide
SMMs, which is pivotal for rationally achieving higher magnetic blocking temperatures in these systems.

A b-diketiminate Uranium Complex: A homoleptic, octahedral UIII complex [U(MeNacNacPh)3] (MeNac-
NacPh– ¼ [PhNC(CH3)]2CH

�) was obtained after transmetalation of the alkali metal b-diketiminate salts [M][MeNacNacPh]
(Mþ ¼ Naþ or Kþ) with UI3(THF)4. Oxidation with mild oxidants, such as [FeCp2][pf], yields the discrete UIV salt [U(MeNac-
NacPh)3][pf].

228

1.07.2.3 Complexation of weak ligands: Coordination compounds of the transition metals stabilized by [pf]L aluminates

Anion Effects: To stabilize weakly-bound Lewis acid-base adducts of the type presented in this section, anion-cation as well as
solvent-cation interactions have to be minimized and must be smaller in magnitude than the interaction with the weakly basic
ligand. The influence of the counterion may be illustrated by the following series of silver complexes in (i) and (ii); here the univa-
lent silver cation serves as a prototype for any weak acceptor:

(i) role of the counterion: From the determined solid-state structures it is evident that [Al(ORF)4]
� anions with RF ¼ C(H)(CF3)2 and

C(CH3)(CF3)2 coordinate to the Agþ cation and give molecular compounds like (L)1,2Ag[hf] (Fig. 45a). With the least basic
anions, [pf]� and [alfal]�, also the very weak ligands C2H4, C2H2, P4, S8, etc. are stronger Lewis bases towards the cation than the
anion. Consequently, in the analogous reactions the Agþ cation coordinates n ligands L and forms [Ag(L)n]

þ[pf]� complexes
with truly ionic structures (n ¼ 2, 3, 4; Fig. 45b).

Similarly, in almost all investigated cases, the fluoride bridged [alfal]� anion remained non-coordinating to any cation, with the
only exception of the ion-paired crystal structure of the donor free silver salt Ag[alfal] obtained by crystallization from a solution
in extremely non-polar perfluorohexanes (!).31

Limiting cases that lead to ion-pairing are the molecular structures of the solvate free compounds Li[pf],40 Ag[pf]40 and Ag
[alfal],31 two of which are included in the next Fig. 46.

Fig. 44 Molecular structure of [{Ln(Cp*)2(m-Me3AlNEt3)}2][pf]2 (Ln ¼ Dy, Y).226 The [pf]� counteranions are not shown for clarity.

(a)

(b)

Fig. 45 Counterion dependence of the structures of weakly-bound Lewis acid-base adducts of the silver cation. In addition, we have never observed
ion-pairing as in (a) with the least coordinating anion [alfal]� but only salt formation as in (b).
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(ii) role of the solvent:When Agþ[pf]� and 2 P4 are mixed in CH2Cl2 the equilibrium of the reaction shown in Fig. 47 lies completely
on the right hand side.229,230 However, replacing the weakly basic solvent CH2Cl2 for the more strongly coordinating solvent
benzene C6H6 led to the replacement of P4 by C6H6 in the [Ag(P4)2]

þ cation to give [Ag(C6H6)2]
þ. Thus, in benzene the

equilibrium lies completely on the left side.229,230

1.07.2.3.1 Complexed olefins and acetylenes
Parent H2C]CH2-Complexes: Since the discovery of Zeise’s salt K[PtCl3(C2H4)] in 1827 the investigation of simple ethene-metal
complexes is an area of continuing interest in all fields of chemistry, fueled by the interest in transformations of the coordinated
C2H4 molecule. Several ethene-metal coordination modes including m, h2:h2 are known. Ethene-silver complexes with very little
back bonding served to formulate the Dewar-Chatt-Duncanson model for the binding of olefins to transition metal atoms.
Although Ag-C2H4 complexes are textbook compounds, experimental information on this system was very limited and only one
disordered solid-state structure of a [Ag(C2H4)n]

þ unit was determined prior to our work (see ref.231 for a literature overview).
In the gas phase, [Ag(C2H4)n]

þ cations were already characterized by MS for n ¼ 1 and 2.232,233

Using [pf]� as the WCA, a cationic [Ag(C2H4)3]
þ complex with an ionic lattice in the solid state and an almost planar D3h

symmetric cation in a spoke wheel arrangement was synthesized in 2003 (Fig. 48).231,234

The synthesis and full characterization of [Ag(C2H4)3]
þ[pf]� in condensed phases is rather remarkable, especially since initially

only [Ag(C2H4)n]
þ complexes with n ¼ 1, 2 were observed in the gas phase. This is probably due to the low (calculated) binding

energy of the third C2H4 molecule of DG� ¼ �55 kJ mol�1 in the gas phase (MP2/TZVPP). However, in 2005 the formation of
gaseous [Ag(C2H4)3]

þ was reported also with MS. Subsequently also the analogous copper and gold complexes [M(C2H4)3]
þ

were prepared (M ¼ Cu,236 Au235). When the more coordinating aluminates [Al(ORF)4]
� with RF ¼ C(H)(CF3)2 and

C(Me)(CF3)2 were used, molecular ion pairs (C2H4)nAg[Al(ORF)4] with n ¼ 1 and 2 resulted.231 A general method for the deter-
mination of the C]C bond lengths from the Raman stretch of the coordinated ethene molecule was developed. Structure and

Ag[Al(ORF)4] Li[Al(ORF)4]

Ag-O: 2.496 Å, 2.503 Å
Ag-F (intra): 2.596 Å, 2.610 Å, 2.612 Å
Ag-F (inter): 2.657  Å, 2.747 Å, 2.778 Å

Li-O: 2.057 Å, 2.148 Å
Li-F (intra): 2.251 Å, 2.148 Å, 2.151 Å

Li-F (inter): 2.176 Å

Fig. 46 Molecular structures of the solvate-free compounds Li[pf] and Ag[pf] obtained by crystallization from perfluorohexanes.

Fig. 47 Solvent dependence of the stability of the structures of weakly-bound Lewis acid-base adducts of the silver cation.

Fig. 48 Formation of the homoleptic coinage metal-ethene complexes [M(C2H4)3]þ[pf]� (M ¼ Cu, Ag). Later also M ¼ Au was published.235

Fig. 49 Formation of the asymmetrically bound molecular isobutene complex in (C4H8)Ag[Al(ORF)4] (AgeC distances given in pm).
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bonding of those ethene complexes and the related isoelectronic but neutral M(C2H4)3 molecules (M ¼ Ni, Pd, Pt) was investigated
with experiments and quantum chemical calculations including (theoretical) charge density studies.231

Substituted Olefin Complexes: Using the aluminate with the more basic OC(Me)(CF3)2 residue, an interesting asymmetrically
bound isobutene complex was obtained (Fig. 49).231

This structure, with a short AgeC bond to the CH2-group and a long AgeC bond to the CMe2-group, points to the similarity of
Agþ and Hþ in that the silver ion induces the formation of an asymmetric complex, which resembles in a way the Markovnikov-
product [C(CH3)3]

þ.231

Also the CuI-complex of cis,cis,cis-1,5,9-cyclododecatriene (c,c,c-cdt) was reported.237 It was prepared in the metathesis reaction
of the silver aluminate with CuI in the presence of the olefin shown in Fig. 50da reaction that also proved suitable236 for the prep-
aration of the related [Cu(C2H4)3]

þ[pf]� salt.
It should be noted that with the smaller and more coordinating [BF4]

�WCA as counterion, tetracoordinate copper ions resulted:
either including a coordinated solvent molecule (MeOH) or, in the absence of coordinating solvents, the coordinated anion, i.e.,
(c,c,c-cdt)CueFeBF3. Only with the least coordinating [pf]�WCA access to the truly undistorted and crystallographically almost C3-
symmetric [Cu(c,c,c-cdt)]þ complex cation was possible.237

A [NiI(cod)2]
þ Salt: The straightforward synthesis of the cationic, purely organometallic NiI salt [Ni(cod)2]

þ[Al(ORF)4]
�was real-

ized through a reaction between [Ni(cod)2] and Ag[Al(ORF)4] (cod]1,5-cyclooctadiene).238 Crystal-structure analysis and EPR,
XANES, and cyclic voltammetry studies confirmed the presence of a homoleptic NiI olefin complex. Weak interactions between
the metal center, the ligands, and the anion provide a good starting material for further cationic NiI complexes, i.e. even linear
[Ni(P(tBu3)2)]

þ.239,240

HC^CH-Complexes: Also the simplest ethyne, HC^CH, may be bound to the weak acceptor Agþ with the suitable coun-
terion.241 Again, the more coordinating [Al(ORF)4]

� WCA with RF ¼ C(CH3)(CF3)2 forms a molecular complex, which binds
only one ethyne per Agþ ion in (C2H2)Ag[Al(ORF)4] (Fig. 51).

Fortunately, the quality of this batch of single crystals was extremely good and so an experimental charge density study at 9 K
could be performed on this compound. This revealed for the first time the long theoretically predicted T-shaped bond path for the
AgC2 plane. This T-shaped bond path with an electron density on the critical point of r(r)TCP ¼ 0.47 eÅ�3, implied an admixture in-
between electrostatic and covalent bonding with almost no back-bonding from the silver ion.

With the much less coordinating [pf]� WCA (C(CF3)3 residue), homoleptic tris- and tetra-ethyne complexes [Ag(C2H2)3,4]
þ[pf]�

were realized (Fig. 52).

Fig. 51 Synthesis of the molecular ethyne complex (C2H2)Ag[Al(ORF)4]. The C^C distance, given in pm, stems from the charge density study at
9 K and is considered to be the best experimental C^C distance determined for any ethyne complex. It implies almost no back-bonding.

Fig. 52 Molecular structures of (a) the C2-symmetric [Ag(C2H2)3]þ and (b) the S4-symmetric [Ag(C2H2)4]þ cation in the salts [Ag(C2H2)3,4]þ[pf]�.

Fig. 50 Metathesis reaction leading to the trigonal planar [Cu(c,c,c-cdt)]þ[pf]� complex.
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Here it is interesting to analyze the structure of the C2-symmetric [Ag(C2H2)3]
þ cation: From an initial guess one would have

expected the cation to exhibitD3 or evenD3h symmetry, and not C2 with two ligands in plane and one ligand out of plane. However,
DFT and ab initio calculations revealed that in aD3h-structure the H-atoms come too close and therefore distort the system either to
D3 or alternatively and unexpectedly to C2; both forms are within 1 or 2 kJ mol�1 isoenergetic in the gas phase. This again points to
the capability of the least coordinating aluminate WCA to introduce pseudo gas phase conditions2,3,10,242 in the condensed phase.

1.07.2.3.2 Homoleptic transition metal carbonyl cations (TMCCs)
Since the discovery of Ni(CO)4 by Mond in 1890,243 transition metal carbonyls were continuously and extensively studied. Espe-
cially homoleptic transition metal carbonyls fascinate due to their simplicity, fundamental bonding characteristics and rich substi-
tution and redox chemistry. Transition metal carbonyl often obey the 18-electron rule and their bonding is well described by the
Dewar-Chatt-Duncanson model.244–247 However, compared to their anionic and neutral counterparts, TMCCs exhibit a reduced p-
back bonding, which leads to a weaker MeCO bond and usually to blue-shifted CO-stretching frequencies compared to free CO
(2143 cm�1)248 that may reach values up to 2295 cm�1 in [Ir(CO)6]

3þ.249 In the last decades, TMCCs like [Au(CO)2]
þ.250

[Pt(CO)4]
2þ.251 [Co(CO)5]

þ252 and [Fe(CO)6]
2þ253 were mainly generated and stabilized in superacidic media and these

compounds were already reviewed elsewhere.247,249,254,255 However, the superacidic media hampers the access of the TMCCs to
a broader community and the investigation of follow-up chemistry. Additionally, the accessible TMCCs were limited by the quality
of the [SbF6]

�/[Sb2F11]
� anions as a WCA.

Access to known TMCCs: Consequently, a more appropriate WCA like the fluorinated alkoxyaluminates, enables the synthesis of
TMCCs in standard organic solvents. This was proven by isolation of a series of coinage metal carbonyl cations including [Cu(CO)n]
[pf] (n > 2), [Ag(CO)2(hf)] and [Au2(CO)2Cl][pf] by a metathesis reaction of the corresponding metal halide and Li[pf] in dichloro-
methane and CO atmosphere256 and the synthesis of [Co(CO)5][pf] by deelectronation of [Co2(CO)8] with Ag[pf] in 1,2-
difluorobenzene under CO atmosphere.257 Fortunately, the CO stretching frequency responds noticeably to the interaction of
the TMCC with the environment and the observed frequencies of the [Cu(CO)n]

þ and [Co(CO)5]
þ cations in combination with

fluorinated alkoxyaluminates were the most similar to the corresponding gas phase values, which justifies the declaration of
pseudo-gas phase conditions.256,257

The first Heptacarbonyls [M(CO)7]
þ: The reaction of [M(CO)6]

� (M ¼ Nb, Ta) with two equivalents Agþ[pf]� under CO pressure
led to stable salts of the first transition metal heptacarbonyls [M(CO)7]

þ in the condensed phase. In addition, the reaction of
[Ta(CO)6]

� with [Ta(CO)7]
þ led to Ta2(CO)12 with a long, unsupported TaeTa bond.258

Radical Cations [M(CO)6]
þ$: Homoleptic carbonyl radical cations are a textbook family of complexes. The 17-electron

[Cr(CO)6]
þ$ salt was synthesized by deelectronation of Cr(CO)6 with [NO]þ[pf]� in CH2Cl2 and removal of the NO gas.259 In

contrast, the higher homologues [M(CO)6]
þ$ (M ¼Mo, W) were not accessible by deelectronation of the respective metal hexacar-

bonyls with nitrosyl cations and the synergistic Agþ[pf]�/0.5 I2 system at�20 �C was necessary for the successful synthesis of the 17
valence electron species.260

Nickel Tetracarbonyl Radical Cation: With the same Agþ[pf]�/0.5 I2 system, also the synthesis of the nickel tetracarbonyl radical
cation [Ni(CO)4]

þ$was achieved, as the last missing entry among the structurally characterized TMCCs of Groups 6 to 11.261

Iron Pentacarbonyl Radical Cation: While the deelectronation of the pentacarbonyl iron failed with common inorganic oxidants,
the usage of the innocent deelectronator [“phenazineF”]þ$[pf]� has allowed the preparation of the open-shell [Fe(CO)5]

þ$[pf]�. The
pentacarbonyl iron radical cation is a novel example of low-valent iron and has thus been fully characterized including Mößbauer
and SQUID.56

Homotrinuclear TMCCs [M3(CO)14]
2þ: The use of innocent deelectronations also allows the isolation of the first homotrinuclear

TMCCs [M3(CO)14]
2þ([pf]�)2 (M ¼ Ru, Os) through the reaction of M3(CO)12 with two equivalents of [anthraceneHal]þ[pf]� under

a CO atmosphere.63 The metal atoms are arranged in a linear chain and have each a nearly octahedral coordination geometry. The
structural characterization and the DFT calculations as well as vibrational and NMR spectroscopies are indicating the presence of
three electronically independent sets of carbonyl ligands, which almost mimic M(CO)5, free CO and even [M(CO)6]

2þ in one
and the same cation.

Currently Known TMCCs: All currently known TMCCs are collected in Table 4. Entries marked in bold are only known with a per-
fluoroalkoxyaluminate anion.

Table 4 Structurally characterized homoleptic TMCCs.247,249,254,255

5 6 7 8 9 10 11 12

3 d [Cr(CO)6]
D [Mn(CO)6]þ [Fe(CO)5]

D

[Fe(CO)6]2þ
[Co(CO)5]þ [Ni(CO)4]

D [Cu(CO)4]þ

4 d [Nb(CO)7]
D [Mo(CO)6]

D• [Tc(CO)6]þ [Ru3(CO)14]
2D

[Ru(CO)6]2þ
[Rh(CO)4]þ [Pd(CO)4]2þ [Ag(CO)2]þ

5 d [Ta(CO)7]
D [W(CO)6]

D• [Re(CO)6]þ [Os3(CO)14]
2D

[Os(CO)6]2þ
[Ir(CO)6]3þ [Pt(CO)4]2þ [Au(CO)2]þ [Hg(CO)2]2þ

[Hg2(CO)2]2þ

Entries marked in bold are only known with an perfluoroalkoxyaluminate anion.
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1.07.2.3.3 Transition metal carbonyls as complex ligands
The reaction of the silver(I)-cation with Transition Metal Carbonyls (TMCs) leads in a few cases to a deelectronation of the TMCCs.
However, an often-encountered side-reaction is the formation of a metal-only Lewis-pair (MOLP),262 in which the Lewis-acidic sil-
ver(I) cation is surrounded by Lewis-basic TMCs.

Fe(CO)5-Complexes: In an attempt to deelectronate pentacarbonyl-iron to its radical-cation with Agþ[pf]� the silver-complex [Ag
{Fe(CO)5}2]

þ formed instead.263 Inspired by this work, Dias et al. synthesized further silver-complexes with Fe(CO)5 as ligand and
with other WCAs including [B{3,5-(CF3)2C6H3}4]

� and [SbF6]
�.264 A few years later Dias et al. showed, that Fe(CO)5 reacts also

with the other coinage-metals completing the [M{Fe(CO)5}2]
þ (M ¼ Cu, Ag, Au) triad.265

M(CO)6-Complexes: Although the metal-centers of the group 6 hexacarbonyls seem to be sterically inaccessible for the coordina-
tion, molybdenum and tungsten hexacarbonyl form silver(I)-complexes [Ag{M(CO)6}2]

þ (M ¼ Mo, W) in the same 2:1 stoichiom-
etry as pentacarbonyl iron, while the lightest group 6 silver(I)-complex, [Ag{Cr(CO)6}2]

þ remained inaccessible.266

Hexacarbonylate Anions as Ligands:When the group 5 hexacarbonylate anions [M(CO)6]
� (M ¼ Nb, Ta) were treated with silver(I)

in absence of uncoordinated monoxide, different clusters, depending on the stoichiometry formed.267 Those included also large
heterobimetallic cluster cores, i.e. a supertetrahedral Ta4Ag6- or a Ta5Ag6-core, in which five Ta(CO)6-moieties cap the five faces
of a Ag6-trigonal prisma.

M3(CO)12-Complexes: The trimetal dodecacarbonyls M3(CO)12 (M ¼ Ru, Os) react with silver(I) in the same 2:1 stoichiometry to
the respective [Ag{TMC}2]

þ complexes. Yet, the trimetal dodecacarbonyls are coordinating over the metal-metal bond to the silver-
cation, which leads to an elongation of this bond and strong interaction energies, which surpass the interaction energies of the other
metal carbonyls with the silver(I) cation.

1.07.2.3.4 Further transition metal cations with gaseous ligands
Transition Metal Nitrosyl Complexes: Transitionmetal nitrosyl complexes exhibit an interesting bonding situation due to the covalency
of the MeNO bond.268,269 Attempts to synthesis TMCCs, like [Cr(CO)6]

þ, by deelectronation of a neutral starting material with
NOþ often leads to NO/CO ligand exchange and to a rather scarce family of pseudo-ternary mixed carbonyl/nitrosyl cations.270

Whereas longer reaction times are necessary for the ligand exchange to the thermodynamically more stable 18-electron species
[Cr(CO)5(NO)]þ, the higher homologous [M(CO)5(NO)]þ$ (M ¼ Mo, W) are formed exclusively by reaction of NOþ with the cor-
responding metal carbonyl.259 The non-innocent character of NOþ as deelectronater was also observed during the deelectronation
of nickel powder under CO atmosphere and Fe(CO)5 resulting in [Ni(CO)3(NO)]þ261 and [Fe(CO)4(NO)]þ.270 respectively.
Further addition of NO gas to [Fe(CO)4(NO)]þ yielded [Fe(CO)(NO)3]

þ,270 which completes the series of heteroleptic iron
carbonyl/nitrosyl complexes, since the discovery of the anionic [Fe(CO)3(NO)2]

�271 and the neutral [Fe(CO)2(NO)2].
272

Homoleptic [Mn(NO)4]
þ: In contrast to the homoleptic TMCCs, only one truly homoleptic transition metal nitrosyl cation is

hitherto known. [Mn(NO)4][pf] and [Mn(NO)4][alfal] were synthesized from in situ generated “Mn(CO)(NO)3” and NO[WCA],
which could be used as well-characterized model system for the further investigation of the metal nitrosyl bonding.273

A Copper-N2O-Complex: Compared to CO and NO, nitrous oxide (N2O) is considered an even poorer ligand due to the low
dipole moment and weak s-donor and p-acceptor properties.274 However, solvent free Cu[pf], obtained by oxidation of copper
powder with the synergistic Agþ[pf]�/0.5 I2 system in perfluorinated hexane, is able to reversibly bind N2O over the terminal
nitrogen atom.275 [Cu(N2O)(pf)] is one of only four structurally characterized N2O transition metal complexes,274–276 and exhibits
a blue-shifted NeN and NeO vibrational band compared to free N2O.275

1.07.2.3.5 Transition metal carbonyl cations as starting materials
Due to the reduced p-back bonding, the carbonyl ligands in TMCCs are typically only weakly bound to the metal centers, which is
why they present excellent starting materials for a rich substitution chemistry.

For instance, [Co(CO)5]
þ reacts with different arenes like toluene, benzene or 1,2-difluorobenzene to the cationic two-legged

piano-stool complexes [(arene)Co(CO)2]
þ.277 To complete the conversion, the reaction has to be performed under reduced pres-

sure or at elevated temperatures in an open system to obtain the respective [Co(arene)2]
þ sandwich complexes.43 Fortunately, as the

gaseous CO can be easily removed from the equilibrium, even sandwich complexes with the weakly Lewis basic 1,2-
difluorobenzene are accessible, although the reaction from [Co(CO)5]

þ to [Co(oDFB)2]
þ is endergonic by þ45 kJ mol�1

(Fig. 53).43,277 The resulting [Co(oDFB)2]
þ complex can then be utilized as a “Coþ” synthon leading to complexes like

[Co(PtBu3)2]
þ.43

Although in part endergonic, the reactions proceed due to the irreversible removal CO at lower pressures.43,277

Fig. 53 Reaction scheme for the synthesis of [(arene)Co(CO)2]þ and [Co(arene)2]þ, together with the calculated Gibbs free energy for different
arenes.43,277
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Similarly, when the [M(CO)7]
þ (M ¼ Nb, Ta) cation are dissolved in oDFB, they form the [(oDFB)M(CO)4]

þ piano-stool
complexes. In the case of [(oDFB)Nb(CO)4]

þ, the reaction is reversible on addition of CO pressure.258 The deelectronation of
the Nb(arene)2 (arene ¼ toluene, mesitylene) complexes are yielding the respective 16-valence electron [Nb(arene)2]

þ complexes,
which react with carbon monoxide to the 18-valence electron [(arene)2Nb(CO)]þ complexes. An excess of carbon monoxide leads
to the piano-stool complexes [(arene)Nb(CO)4]

þ.278

1.07.2.3.6 Complexed free elemental clusters
The activation and complexation of small elemental clusters like P4, S8, etc. has sparked considerable interest over the past decades.
However, only by using the least coordinating [pf]� and [alfal]� aluminates, truly undistorted and even homoleptic [Mn(cluster)x]

nþ

ions could be realized. Those often served as structural model for the complexes that were earlier already observed in the gas phase
by one of the advanced mass spectrometry methods. Moreover, direct access to metastable or unknown allotropes of the elements
like Se6 and E12 (E ¼ S, Se) was provided by the weak complexation. Recent additions are the complexes of the heavier dihalogens
X2 (X ¼ Cl, Br, I),40 of which I2 showed a diverse coordination chemistry41 towards Agþ.

Complexes with P4: In a pioneering MS study, two binary silver-phosphorus cations were observed: [AgP4]
þ and [AgP8]

þ. On the
basis of this mass spectrometric experiment and initial DFT-calculations a structure with two h1-bound molecules was predicted. In
agreement with this, Agþ-P4 complexes containing one or two almost undistorted tetrahedral P4 units can be formed, i.e., molecular
(P4)AgAl(OC(R)(CF3)2)4 (R ¼ H, Me) and [Ag(P4)2][pf], which contains the first homoleptic metal P4 cation (Fig. 54).229,230 In
contrast to the initial computational prediction, the crystal structure determination revealed a [Ag(P4)2]

þ-cation withD2h-symmetry
and two coplanar h2-bound P4-molecules. The synthesis of the Ag(h2-P4)2

þ complex was also carried out using the fluoride bridged
[alfal]� anion,16 where the least coordinating character of this anion was employed to clarify the question of the ground state geom-
etry of the [Ag(h2-P4)2]

þ cation (D2h, D2 or D2d?). Calculations showed a very small energy difference of 5.2 kJ mol�1 between the
planar (D2h) and tetrahedral (D2d) conformation.16,229,230 According to other calculations, the most favorable structure is of D2

symmetry.279 In agreement with this computational data and NMR spectra it could be shown on experimental grounds that several
orientations of the [Ag(h2-P4)2]

þ cation are very close in energy, that the rotation around the Age(PeP-centroid) axis has no barrier
and that the finally realized geometry in the solid state clearly depends on packing effects. These effects lead to an almost D2h

symmetric [Ag(h2-P4)2]
þ cation (0 to 10.6� torsion) for the more symmetrical [pf]� anion, but to a D2 symmetric [Ag(h2-P4)2]

þ

cation with a 44� twist angle of the two AgP2 planes for the less symmetrical [alfal]� anion (Fig. 54).16

In a metathesis reaction from the silver salt, CuI and white phosphorus, later also the isostructural Cu(h2-P4)2
þ[pf]� salt was

prepared.236 Compared to the silver complex, the bonding to the P4 moiety is stronger in [Cu(h2-P4)2]
þ and accordingly the 31P

NMR chemical shift (�460 ppm) is by 36 ppmmore deshielded than that of the homologous silver complex (�496 ppm), but still
very much in the range of a true P4-complex and not a coordinated phosphidic tetraphosphabicyclobutane-moiety. To complement
the series [Au(h2-P4)2]

þ has also been reported but only stabilized with [GaCl4]
� (d ¼ �452 ppm).280 With [(NHC)MP4][pf]

(M ¼ Au, Cu), functionalization of P4 using Aryl lithium compounds was investigated resulting in a doubly complexed RP4
butterfly dervative.281 Since phosphorus is a rather electronegative element, transition metal complexes tend to form a phosphidic
tetraphosphabicyclobutane-moiety instead of an intact P4 tetrahedron.

For [CpFe(CO)2(h
1-P4)]

þ[pf]�, strong blue-shifting of the P4 vibrational modes vs. neutral P4 indicates mainly p-donation with
minor p-back donation. This results in an Umpolung of the usually more phosphidic character of P4 to a phosphonium character,
opening up a possibility of P4 functionalization via nucleophiles.282

Complexes with As4: Yellow arsenic is far less stable than P4 and polymerizes to gray arsenic within minutes in solid state or in
presence of light. Nevertheless, the group of Prof. Manfred Scheer reported side-on coordination of As4 tetrahedra [Ag(h2-
As4)2]

þ[pf]� in analogy to white phosphorus. This salt can be used as As4 transfer agent, e.g., generating [(PPh3)Au(h
2-
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Fig. 54 Temperature and anion dependence of the orientations of the [Ag(h2-P4)2]þ cations ([pf]� and [alfal]� salts).
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As4)]
þ[pf]�.283 The reaction of [Ag(h2-As4)2]

þ[pf]� with [Cp*Ru(dppe)Cl] leads to [Cp*Ru(dppe)(h1-As4)]
þ[pf]� with an

unprecedented end-on-coordinated As4 tetrahedron. A second cationic ruthenium complex fragment does not lead to a second
end-on coordination but to the cleavage of one basal AseAs bond, which differs from its phosphorus analogs.284

Complexes with S8: It has been shown by mass spectrometry that Agþ and S8 give complexes of type [Ag(S8)x]
þ (x ¼ 1, 2).285,286

The only available structural model for such complexes was (S8)2Ag[MF6] (M ¼ As, Sb),242,287 however, due to anion coordination
it is unlikely that the gaseous [Ag(S8)2]

þ cation will adopt the same geometry (Fig. 55a). Therefore, the larger [pf]� anions were used
to approximate the still unknown geometries of gaseous Ag(S8)x

þ. The compounds (S8)Ag[Al(OC(H)(CF3)2)4] and [Ag(S8)2][pf]
were obtained242 and include the first examples of undistorted homoleptic metal S8-complexes, i.e., the almost C4v-symmetric
[Ag(h4-S8)]

þ and the approximately centrosymmetric [Ag(h4-S8)2]
þ cations in Fig. 55b and c. As also shown by quantum chemical

calculations, they provide the best structural models for the gaseous AgS8
þ and AgS16

þ cations.
It should be noted that quantum chemical calculations of these cations are rather difficult due to the substantial participation of

dispersion in the bonding. Without the experimental structures, it would have been hard to establish the quality of the computa-
tion.242 Weak dispersive AgeS interactions are structure determining and, therefore, DFT and HF-DFT theory failed to describe the
Ag(S8)x

þ cations. Only MP2 calculations with a larger basis set (TZVPP) gave minimum geometries close to the experiment. After
these initial calculations, we were able to also characterize Cu(S8) complexes.37,288 However, these were only accessible with the

Fig. 55 (a) Section of the solid-state structure of (S8)2AgSbF6: coordinated [MF6]� anions that lead to a distortion of the [Ag(S8)2]þ structure. (b)
(S8)Ag[hf] and (c) [Ag(S8)2][pf] including the undistorted [Ag(S8)]þ and [Ag(S8)2]þ cations.

Fig. 56 Calculated energies (PBE0/TZVPP, DH�(g), kJ mol�1) and experimental values italics for the interconversion of cyclooctasulfur into Sn
species and possible [Cu(Sx)(Sy)]þ (x þ y ¼ 12) structures. Relative energies to the most favorable complex C3v-[Cu(S12)]þ bold. CueS distances
[italics] given in pm.

Chemistry with weakly coordinating aluminates 413



more coordinating [Al(ORF)4]
� aluminates with RF ¼ C(H)(CF3)2 and RF ¼ C(Me)(CF3)2; with the least coordinating [pf]�-alumi-

nate, the formation of S12-complexes was observed (v.i.). In the Cu(S8)-complexes, the S8-molecule may also serve as a bridging
ligand.

Complexes including the S12 molecule: Besides S8,D3d-S12 is the thermodynamically secondmost stable allotrope of sulfur. By MS it
was shown,285,286 that the Cuþ ion only forms S8-complexes immediately after mixing of the vapors in the MS. Within 10 s, almost
all of the S8 was transformed into gaseous [CuS12]

þ. Unfortunately, MS provides no structural information on the nature of the
involved sulfur ligands being S12, two S6, three S4 or even a mix of S4 and S8. First insights were gained by DFT calculations that
suggested a [Cu(S12)]

þ complex including the D3d-S12 molecule to be the global minimum (Fig. 56).
It was therefore interesting to see, as to whether the Cu[pf] starting material37 including the least coordinating aluminate WCA

could induce this reaction also in condensed phases. However, nature always has its surprises, and so two substances could be iso-
lated from the reaction of Cu[pf] and excess S8

37,288: Depending on the sonication time, single crystals of [(S8-h
1)Cu(1,5,9-h3-

S12)]
þ[pf]� or [(CH2Cl2)Cu(1,5,9-h

3-S12)]
þ[pf]� were repeatedly isolated from several independent reactions. Both copper

complexes contain almost undistorted D3d-S12 and both provide the first examples of any metal-S12 complex. Additionally the
[(S8-h

1)Cu(1,5,9-h3-S12)]
þ cation is the first example of a metal complex, in which two different ring sizes of an element are bound

to a metal (Fig. 57).
Probably the [(CH2Cl2)Cu(1,5,9-h

3-S12)]
þ cation, containing a very weakly bound CH2Cl2 molecule, is the best structural

approximation of gaseous C3v-[CuS12]
þ. It could be shown by DFT calculations that the formation of the S12-complexes is thermo-

dynamically driven upon S8 complexation to copper.37,288

Complexes with metastable Se6: The gray, semi-metallic form is the thermodynamically most stable modification of selenium. Red
selenium, a mixture of mainly Se8 and some Se6 with traces of Se7 also exists in condensed phases. With considerable effort, pure Se8
and pure Se6 were prepared. It has been shown that complexation with Agþ and the least coordinating [pf]� WCA leads to the

Fig. 57 Cation structures of the S12-complexes in (a) [(CH2Cl2)Cu(1,5,9-h3-S12)]þ[pf]� and (b) [(S8-h1)Cu(1,5,9-h3-S12)]þ[pf]�. Experimental
distances are given in pm in bold and PBE0/TZVPP calculated values in brackets in italics.

Ag

Ag
Se6

Fig. 58 Section of the [((SO2)2Ag)2(m:h3,h3-Se6)]2þ dication stack in [((SO2)2Ag)2(Se6)]2þ ([pf]�)2.
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thermodynamically preferred transformation of gray selenium into weakly complexed metastable Se6 in the dicationic [Ag2(h
3,h3-

Se6)]
2þ heterocubane,289 which is coordinatively saturated on each silver ion by further ligation of two sulfur dioxide molecules.

Overall, these [((SO2)2Ag)2(h
3,h3-Se6)]

2þ-moieties further form slightly aggregated 1D chains, as shown in Fig. 58.
A related isolated structure was observed, when the similarly large and weakly coordinating [Sb(OTeF5)6]

� WCA was
employed.290 However, upon changing to the smaller [MF6]

� anions (M ¼ As, Sb), aggregated 1D-stacks of composition
([Ag(m:h3,h3-Se6)]

þ)N partly also crosslinked by m:h1,h1-Ag-ions. But in all cases the thermodynamically preferred complexes of
the metastable hexaselenium allotrope formed by reaction of silver ions with gray selenium.289 It appears that the size of the anions
governs the formation of molecular or polymeric structures (see also P4S3 below).

A complex of the unknown Se12 allotrope: When using red, instead of gray selenium as a starting material, again a dicationic silver-
selenium complex resulted: [Ag2(Se12)]

2þ([pf]�)2.
291 The only other account of Se12 is a structure as a cocrystal with mixed

molybdate (NH4)2[(Mo3S11.72Se1.28)(Se12)]. Again, complexation with silver leads to the reproducible formation of the unknown
modification and also bulk characterization of a salt with theD3d-[Ag2(Se12)]

2þ dication. To our knowledge this presents a novel 14
cornered closed polyhedron built from six-membered rings in the boat conformation (Fig. 59).

The cross-cluster AgeAg separation is with 286 pm weakly bonding and presents a rare example for an argentophilic interaction
in a dication. Further research regarding other coinage metals as well as different alloptrops of Selenium resulted in the report of
a dicationic [Cu2(Se19)][pf]2 salt. This Se19 cycle represents the first E19 cycle of any element.292

Complexes of the Dihalogens X2: Due to their low Lewis basicity, complexes of dihalogens X2 (X ¼ Cl, Br, I) with a Lewis acid are
rare. Nevertheless Agþ[pf]� forms [Ag(X2)][pf] complexes with the respective dihalogens and X ¼ Cl, Br, I in non-coordinating
solvents like perfluorohexane (Fig. 60).40,41

Because the XeX bond length is only slightly perturbed, it is assumed, that the bonding p(X2) and p*(X2) orbitals donate elec-
tron density towards the silver(I) ion. Also, after the addition of the dihalogens, the silver cation remains ion-paired to the [pf]�

anion, therefore these complexes are soluble in perfluorohexanes.
Silver(I)-Diiodine-Complexes: Variation of the amount of diiodine leads to different silver(I) diiodine complexes including

[Ag2I2]
2þ([pf]�)2, [Ag2(I2)4]

2þ([pf]�)2 and [Ag2(I2)6]
2þ([pf]�)2. The first of those is a strong oxidizer, which can oxidize P4 into

P9
þ and pentane into carbocations.41

1.07.2.3.7 Complexed mixed group 15/16 cages
Complexes with P4S3:Only few examples on intact, coordinated P4S3 are reported.

293–295 Normally, the P4S3 molecule degrades upon
coordination to transition metal fragments and phosphide or sulfide groups are incorporated into the complex.296,297 Therefore, we
extended our investigations to the coordination behavior of the P4S3 cage, with the goal to learn more about the most reactive coor-
dination sites of this molecule. All of them were exclusively bound through the apical P-atom. No coordination of an S-atom or a P-
atom of the P3 basis was reported, however, S-coordination was postulated as a possible pathway for the sulfidic degradation.296

Fig. 59 Molecular structure of the [Ag2Se12]2þ dication in the solid state structure of [Ag2Se12][pf]2. Bond lengths are given in pm.

102.1°

d(X-X)/Å v(X-X) /cm−1 d(Ag-X)/Å
Ag(Cl2)[A] 1.985 543 (35Cl2) 2.577
Cl2 (g) 1.988 560 (35Cl2) AgCl: 2.773
Ag(Br2)[A] 2.277 315 2.610
Br2 (g) 2.281 320 AgBr: 2.887
Ag(I2)[A] 2.663 210 2.663
I2 (g) 2.666 215 AgI: 2.81

With libra on correc on: d(X-X) ≈ gaseous X2

Fig. 60 Molecular structure of the Cl2-adduct (Cl2)Ag[pf] and the principal structural and Raman data of the entire series of characterized (X2)Ag[pf]
compounds.
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The polymeric Ag(P4S3) complexes with the [pf]� anions include one dimensional chains. With the more basic [Al(ORF)4]
� anion

(RF ¼ C(CH3)(CF3)2), one anion remained coordinated to the silver atom in addition to one bridging P4S3 cage (Fig. 61a),
however, with the least basic perfluorinated aluminate with RF ¼ C(CF3)3 a cationic polymer of the general formula [Ag(P4S3)2

þ]N
with no anion contacts formed (Fig. 61b).298 By application of the even larger fluoride bridged anion [alfal]� onemay cut a segment
of the composition [Ag2(P4S3)6]

2þ out of this structure. Due to the large size of the counterion, polymerization is inhibited and an
isolated dimeric dication formed in the AB2 salt [Ag2(P4S3)6]

2þ([alfal]�)2 (Fig. 61c).
298

Heavier homologues P4Se3 and As4S3: By reacting P4Se3 and As4S3 with Ag[pf] or Ag[hf] in suitable solvents, Ag(P4Se3)[hf],
Ag(P4Se3)2[pf], Ag(P4Se3)3[pf], Ag2(As4S3)3[pf]2 and Ag(As4S3)2[pf] were synthesized and characterized by SC-XRD, Mass spectrom-
etry, Raman spectroscopy as well as solution NMR spectroscopy. Investigations demonstrated, that synthesized structures not only
vary with the size of the WCA but also depend significantly on the coordinating ability of the solvent. This leads towards variation in
stoichiometry and binding modes of the ligands in these complexes.299

Complexes with As4S4: By reacting As4S4 with Ag[pf] in SO2 or ortho-difluorobenzene (oDFB) at room temperature, the
compounds Ag(As4S4)(SO2)2[pf] and Ag3(As4S4)4(oDFB)[pf]3 were obtained and characterized by single-crystal X-ray scXRD,
Raman spectroscopy, as well as solution NMR spectroscopy and mass spectrometry. Ag(As4S4)(SO2)2[pf] aggregates to form
a one-dimensional polymer including SO2 ligands binding to the metal cation. Ag3(As4S4)4(oDFB)[pf]3 forms a two-
dimensional polymer displaying an unprecedented coordination mode of the ligand through one of the arsenic atoms. Experiments
as well as orienting DFT calculations suggest that the As4S4 cage is an inferior ligand, compared to the nortricyclane cages P4Ch3
(Ch ¼ S, Se) and As4S3.

199

1.07.2.3.8 Complexed mixed-transition metal-element clusters
Similar to the complexes of the free elemental clusters in the preceding section, also the complexes of transition metal stabilized
complexes of mainly the group 15 elemental clusters (P2, cycloE3, cycloP5; E ¼ P, As) profit from thedin these casesdnon-
coordinating nature of the [pf]� aluminates with RF ¼ C(CF3)3. The group of Prof. Manfred Scheer in Regensburg has to be acknowl-
edged here as prime contributors. When other anions like halide, nitrate, [CF3SO3]

�, etc. are used, in many cases very different, often
polymeric structures, incorporating the more coordinating anions were observed. Moreover, the use of the large aluminate WCA
allowed for studying the solution equilibrium composition, which was often impossible with the other more coordinating anions,
due to the formation of insoluble products. From the available experimental and computational data, it became clear that the in the
solid state often polymeric compounds, depolymerize in solution with formation of very different isolated molecular structures. In
the following we describe the complexes according to increasing size of the coordinated En-cluster.

(a)

(b)

(c)

[Al(OC(Me)(CF3)2)4]-: 1D chainandcoordinatedAnion.

[Al(OC(CF3)3)4]-:  polyca onic1D chain.

[((F3C)3CO)3Al-F-Al(OC(CF3)3)3]-:
Isolated dimer dica on.  

Anion Size

Fig. 61 From polymeric to dimeric structures. Counterion/size effects of the coordination chemistry of the system Agþ/P4S3.
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Complexes of Tetrahedro-Mo2P2-Units: This work300 describes a systematic study on the reaction of [Cp2Mo2(CO)4(m,h
2-P2)]

([Mo]; Cp ¼ C5H5) with a series of the coinage metal salts Cu[PF6], Ag[X] (X ¼ BF4, ClO4, PF6, SbF6, [pf]) and [(Ph3P)Au(THF)]
[PF6], respectively. The reactions resulted in the facile formation of the dimer dications [M2([Mo])4]

2þ in [M2({Cp2Mo2(-
CO)4(m,h

2:h2-P2)}2)({Cp2Mo2(CO)4(m,h
2:h1:h1-P2)}2)][X]2 (M ¼ Cu, Ag, Au). As revealed by X-ray crystallography, all these

dimers comprise dicationic moieties that are well-separated from the WCAs in the solid state. However, if [Mo] is allowed to react
with AgNO2 and LAuCl (L ¼ CO or tetrahydrothiophene), dimers with coordinated anions at the Group 11 metal centers resulted.
Spectroscopic data suggest that the dimers [M2([Mo])4]

2þ display dynamic behavior in solution, and this was discussed by using the
comprehensive results obtained for [Ag2([Mo])4]

2þ([pf]�)2 as a basis (Fig. 62).
300 The interpretation of the experimental results was

facilitated by DFT calculations on [Ag2([Mo])4]
2þ (structures, energetics, NMR shielding tensors). Further investigations using Ag

[pf], [Mo] and trans-1,2-di(pyridine-4-yl)ethene led to a variety of organometallic-organic hybrid compounds. Depending on reac-
tion conditions two-dimensional networks were obtained.301

The diphosphorus half-sandwich molybdenum complex of [Cp2Mo2(CO)4(m,h
2-P2)] (Cp ¼ C5H5) reacts also with the thallium

source Tlþ[pf]� to form the polynuclear thallium-molybdenum complex [Tl2[Cp2Mo2(CO)4(m-h
1:h2-P2)]4[Cp2Mo2(CO)4(m

3-
h1:h2:h1-P2)]2][pf]; Fig. 63a.

135

After the initial report on Tlþ, the same authors developed a new route to Inþ salts: the Indium(I) complex [(h6-1,2-
F2C6H4)2In]

þ[pf]� (RF ¼ C(CF3)3) was prepared by reaction of InCl with Li[pf] in 1,2-difluorobenzene.35 It is a convenient
precursor for the indium-molybdenum diphosphorus-bridged cluster [In4[Cp2Mo2(CO)4P2]8][pf]4 prepared by reaction of the
Inþ salt with [Cp2(CO)4Mo2(m-h

2-P2)] (Fig. 63b).
35

Additionally the Tlþ salt was used to build a polymeric structure with [(Cp*Mo)2(m,h
3:h3-P3)(m,h

2:h2-PS)] (Fig. 63c).302

Complexes of Tetrahedro-Mo2As2-Unit: With Ag[pf] a the heavier pnictogen complex using [Cp2Mo2(CO)4(h
2-As2)] was used to

yield [Ag(h2-(Cp2Mo2(CO)4(h
2-As2))3)][pf]. Reaction with 2,20-bipyrimidine then led via a stepwise pathway to the dicationic

complex [{(h2-(Cp2Mo2(CO)4(h
2-As2))2Ag)}2(m-(2,20-bipyrimidine))][pf]2.

303

(a) (b)

Fig. 62 Drawings of (a) [Mo] and (b) the dication of [Ag2([Mo])4]2þ([pf]�)2.

(a) (b) (c)

Fig. 63 Drawings of the cationic part of (a) [Tl2[Cp2Mo2(CO)4(m-h1:h2-P2)]4[Cp2Mo2(CO)4(m3-h1:h2:h1-P2)]2][pf], (b) [In4[Cp2Mo2(CO)4P2]8][pf]4
and (c) coordination polymer formed by the reaction of Tl[pf] with [(Cp*Mo)2(m,h3:h3-P3)(m,h2:h2-PS)].

Fig. 64 An organometallic building block for supramolecular chemistry: cycloE3 ligand complexes [CpRM(CO)2(h3-P3)] (M ¼ Mo, E ¼ P:
CpR ¼ C5H5 (M), C5Me5 (N); M ¼ Mo, E ¼ As: CpR ¼ C5Me5 (O); M ¼ Cr, E ¼ P: CpR ¼ C5H5 (P)).
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Complexes of Cyclo-E3-Units (E ¼ P, As): The synthesis and characterization of the first supramolecular aggregates incorporating
the organometallic cycloP3 ligand complexes [CpRMo(CO)2(h

3-P3)] (CpR ¼ Cp (C5H5; M), Cp* (C5Me5; N)) as linking units
were described (Fig. 64).304

The reaction of the Cp derivative M with AgX [X ¼ CF3SO3, Al(OC(CF3)3)4] yields the 1-dimensional (1D) coordination poly-
mers [Ag{CpMo(CO)2(m,h

3:h1:h1-P3)}2]n[pf]n and [Ag{CpMo(CO)2(m,h
3:h1:h1-P3)}3]n[X]n. The solid-state structures of these

polymers were revealed by X-ray crystallography and shown to comprise polycationic chains well-separated from the WCAs. If
Ag[CF3SO3] was used as a silver source, the polymer [Ag{CpMo(CO)2(m,h

3:h1:h1-P3)}3]n[CF3SO3]n was obtained regardless of
reactant stoichiometry. In the case of Ag[pf],304 reactant stoichiometry plays a decisive role in determining the structure and compo-
sition of the resulting product. These polymers are the first examples of homoleptic Ag complexes in which AgI centers are found
octahedrally coordinated to six P atoms. The Cp* derivative N reacts with Ag[pf] to yield the 1-dimensional polymer [Ag{CpMo(-
CO)2(m,h

3:h2:h1-P3)}2]n[pf]n, the crystal structure of which differs from that of the polymer of the same stoichiometry in the coor-
dination mode of the cycloP3 ligands

304: in the first, the Agþ cations are bridged by the cycloP3 ligands in a h1:h1 (edge bridging)
fashion whereas in the latter, they are bridged exclusively in a h2:h1 mode (face bridging). Thus, 1/3 of the P atoms in the first
compound are not coordinated to Ag, while in 4, all P atoms are engaged in coordination with Ag. Comprehensive spectroscopic
and analytical measurements revealed that all described polymers depolymerize extensively upon dissolution and display dynamic
behavior in solution, as evidenced in particular by variable temperature 31P NMR spectroscopy. Solid-state 31P-MAS-NMRmeasure-
ments demonstrated that two of the polymers also display dynamic behavior in the solid state at room temperature.304

The indium(I) complex [(h6-1,2-F2C6H4)2In]
þ[pf]�35 may be used for the synthesis of the indium-chromium polymeric P3-

bridged half-sandwich [In[CpCr(CO)2P3]3]n[pf]n, prepared by reaction of the Inþ salt with [CpCr(CO)2(h
3-P3)] (O, Fig. 64). Equi-

librium constants for substitution ofO ligands for CH2Cl2 solvent molecules in the complex were calculated at DFT level in vacuum
and in CH2Cl2 solution; according to the value of Keq(CH2Cl2), the complex is mostly decomposed in the solution.35

Also the cycloAs3-complex [Cp*Mo(CO)2(h
3-As3)] (P) reacted with Ag[pf] to yield a novel dimeric complex featuring the

cycloAs3 ligand in an unusual face-bridging coordination mode.305 The analytical data and DFT calculations supported the existence
of a monomer-dimer equilibrium in solution.O also reacted with CuX (X ¼ Cl, Br, I) to yield insoluble dimers consisting of planar
Cu2X2 moieties.305

Dicationic E4 Chains (E ¼ P, As, Sb, Bi): The oxidation of [{CpMo-(CO)2}2(m,h
2:h2-E2)] with [Thia]þ (¼ [C12H8S2]

þ) results in
the selective formation of the dicationic E4 complexes [{CpMo(CO)2}4(m

4, h2:h2:h2:h2-E4)]
2þ stabilized by four [CpMo(CO)2]

fragments. For phosphorus and arsenic, unprecedented [E4]
2þ chains were stabilized in the coordination sphere of transition

metals, whereas the heavier antimony and bismuth representatives reacted to unprecedented dicationic E4 cages.
306 Following these

investigations, the mixed structures as well as the mixed E4 dicationic complexes were reported, containing cages, cycles as well as
chain structures depending on the pnictogene combination used.307

Complex cations with [(Cp000Co)2(m,h2:h2-E2)2] (E ¼ P, As; Cp00 0 ¼ 1,2,4-tri(tert-butyl)cyclopentadienyl): Investigation of the redox
chemistry of [(Cp000Co)2(m,h2:h2-E2)2] led inter alia to the dications [(Cp000Co)2((m,h4:h4-E2))][pf]2. Deelectronation was accom-
plished using two equivalents of Ag[pf] and resulted in EeE bond formation which is completely reversible.308

Cationic functionalization by Phosphenium Ion Insertion: The reaction of [Cp000Ni(h3-P3)] with in situ generated phosphenium ions
[RR0P]þ yielded the unprecedented polyphosphorus cations of the type [Cp000Ni(h3-P4R2)][pf] (R ¼ Ph, Mes, Cy, 2,20-biphen, Me)
among other anions and [Cp000Ni(h3-P4RCl)][pf] (R ¼ Ph, tBu). Upon reaction of [Cp000Ni(h3-P3)] with [Br2P]

þ, an analogous
compound is observed only as an intermediate and the final product is an unexpected dinuclear complex
[{Cp000Ni}2(m,h

3:h1:h1-P4Br3)][pf] that exhibits a unique asymmetrically substituted and distorted P4 chain stabilized by two
{Cp000Ni} fragments.309

Protonation of E4-butterfly-complexes: To investigate the reaction behavior of previously synthesized [{Cp000Fe(CO)2}2(m, h
1:1-

P4)]
310 protonation with H(OEt2)2[pf] has been done and resulted in a wing tip protonation of the P4 butterfly structure, which

corroborates the results of DFT calculations.311

Complexes of Cyclo-E5-Units (E ¼ P, As): The pentaphosphaferrocene [Cp*Fe(h5-P5)] (Fig. 65) reacts with the WCA salt Ag[pf] to
yield a polymer comprising cycloP5 moieties in an unprecedented 1,2,3-coordination mode. Analytical data and DFT calculations
support the existence of a monomer/dimer/oligomer equilibrium in solution, which is entirely in favor of the monomer at room
temperature and shifts to the dimer/oligomer at reduced temperatures.312

The same [Cp*Fe(h5-P5)] complex in Fig. 65 also reacts with the thallium source Tlþ[pf]� to form the polynuclear [Tl[Cp*Fe(m-
h5:h5:h1-P5)]3][pf].

135 Optimized geometries were calculated for pentaphosphaferrocene complexes {Tl[Cp*Fe(m-h5:h5:h1-P5)]n}
þ

(n ¼ 1–3) and dimer {Tl2[Cp*Fe(m-h
5:h5:h1-P5)]6}

2þ. In this complex, one of the phosphorus atoms of each cycloP5 moiety

Fig. 65 The pentaphosphaferrocene complex [Cp*Fe(h5-P5)]: A versatile Ligand for further coordination chemistry with Agþ and Tlþ salts of [pf]�.
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additionally coordinates to a neighboring Tlþ ion to give a one-dimensional polymer. Even at low temperatures, fast rotation of the
P5 rings was observed in solution and in the solid state.135

With copper, a cationic supramolecular structure was reported containing 12 [Cp*Fe(h5-P5)] fragments and resulting in
[(Cp00Fe-(h5-P5))12{CuNCMe}8]

8þ with 2.66 nm in diameter. It was selectively isolated as a salt of [pf]� and characterized by
scXRD, pXRD, NMR spectroscopy, and mass spectrometry.313

Mixed TM-P,S-Complex: The complex [(Cp*Mo)2(m,h
3-P3)(m,h

2-PS)] reacts with Ag[pf] to form a linear polymer [Ag
[(Cp*Mo)2(m

3-h3:h3:h1-P3)(m,h
2-PS)][(Cp*Mo)2(m

3-h3:h3:h1-P3)(m
3-h2:h2:h1-PS)]]n[pf]n. Even with X-ray crystallographic data

available, the fact that the sulfur atoms in this polymer do not coordinate to the Group 11 metal center could only be established
with the help of 31P MAS NMR spectroscopy.314

1.07.2.3.9 Miscellaneous further transition-metal complexes
Methane Complex: The s-alkane complexes of transition metals, which contain an essentially intact alkane molecule weakly bound
to the metal, have been well established as crucial intermediates in the activation of the strong CeH s-bonds found in alkanes.
Methane, the simplest alkane, binds even more weakly than larger alkanes. Recently, an example of a long-lived methane complex
formed by directly binding methane as an incoming ligand to a reactive organometallic complex was published.315 Photo-ejection
of carbon monoxide from a cationic osmium-carbonyl complex dissolved in an inert hydrofluorocarbon solvent saturated with
methane at �90 �C affords the osmium(II) complex, [h5-CpOs(CO)2(CH4)]

þ[pf]�, containing methane bound to the metal
centre.315 Nuclear magnetic resonance (NMR) spectroscopy confirmed the identity of the s-methane complex and showed that
the four protons of the metal-bound methane are in rapid exchange with each other. The methane ligand has a characteristically
shielded 1H NMR resonance (d � 2.16), and the highly shielded carbon resonance (d � 56.3) shows coupling to the four attached
protons (1JC–H ¼ 127Hz). The methane complex has an effective half-life of about 13h at �90 �C.

Cationic [Ag(GaDDP)2]
þ-Complex: In this case the GaI center acts as a ligand, and not as an acceptor. The interaction of two univa-

lent GaDDP molecules with Ag[Al(ORF)4] (R
F ¼ C(H)(CF3)2) astonishingly does not lead to deelectronation of the GaI complex

but to coordination and formation of the linear 14 e� [Ag(GaDDP)2]
þ complex cation (Fig. 66).316

A study on chelating phospholes bridging homoatomic M2-dimers (M ¼ Cu, Ag, Au): A systematic study investigated the properties of
the N,P,N-pincer ligandQ (Fig. 67) to stabilize homonuclear dimer-dications of the general formula [M2(Q)n]

2þ (n ¼ 1, 2, 3) with
several weakly coordinating counterions including [pf]�.317

A variety of dimetallic coordination complexes of monovalent AgI and AuI dimers assembled by the 2,5-bis(2-pyridyl)-phosp-
hole Q was synthesized. This ligand adopts diverse coordination modes depending on the electronic and steric demands of the
bimetallic core. The study nicely underlined the versatility of ligand Q for the stabilization of metal dimers and the diversity of
bimetallic complexes bearing m-P donors is now considerably enlarged.317 To study the undistorted complexes, the use of the
very good WCA [pf]� was helpful.

Fig. 66 Synthesis of the homoleptic AgI-GaDDP complex Ag(GaDDP)2þ[Al(ORF)4]� (RF ¼ C(H)(CF3)2).

P Ph
N N

M M

2+

L
0,1,2

M = Cu, 
Ag, Au

Fig. 67 Variety of coordination modes found for the bridging N,P,N-pincer ligand 2,5-bis(2-pyridyl)-phosphole Q.

Fig. 68 Cation structure of the homoleptic AgI-hexaphosphaferrocene complex [Ag{Fe(h5-P3C2tBu2)2}2][pf].
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A homoleptic silver complex of hexaphosphaferrocene [Fe(h5-P3C2
tBu2)2]: The hexaphosphaferrocene complex reacted with CuX

(X ¼ Cl, Br, I) in a 1: 1 stoichiometry to give the isostructural, one-dimensional polymeric compounds, which display a unique
sinusoidal (CuX)n ladder structure.318 The reaction of [Fe(h5-P3C2

tBu2)2] with CuX in a 1: 2 stoichiometric ratio led only for
CuCl to the formation of a new, oligomeric compound. Only when reacted with the WCA salt Ag[pf] an isolated, molecular salt
[Ag{Fe(h5-P3C2

tBu2)2}2][pf] resulted, which shows dynamic behavior in solution (Fig. 68).318

A homoleptic silver complex of hexachlorocyclotriphosphazene: The first solid state structures of complexed P3N3X6 (X ¼ halogen) were
reported for X ¼ Cl. The compounds were obtained from P3N3Cl6 and the Ag[pf] silver salts in CH2Cl2/CS2 solution.

319 The very
weakly coordinating [pf]� anion led to a Ag(P3N3Cl6)2

þ[pf]� salt, but the more coordinating [hf]� anion gave amolecular (P3N3Cl6)
Ag[hf] adduct (Fig. 69). Crystals of [Ag(CH2Cl2)(P3N3Cl6)2]

þ[pf]�, in which Agþ coordinates two phosphazene and one CH2Cl2
ligand, were isolated from CH2Cl2 solution.

319

The formation of the complex-cations was calculated to be exergonic by DrG�(CH2Cl2) ¼ �97, �107 and �27 kJ mol�1. All
prepared complexes are thermally stable; formation of P3N3Cl5

þ and AgCl was not observed, even at 60 �C in an ultrasonic
bath. Therefore, the formation of P3N3Cl5

þ, which was postulated as an intermediate during the polymerization of P3N3Cl6,
was investigated by quantum chemistry.319

An argentophilic S2C]C(PPh3)2-silver-complex: The betain-like carbodiphosphorane CS2 adduct S2C]C(PPh3)2 reacts with AgI

salts, which contain WCAs such as [BF4]
� or [pf]� to produce the cluster compounds [Ag6{S2CC(PPh3)2}4][BF4]6 and

[Ag4{S2CC(PPh3)2}4][pf]4 respectively.320 The size of the cluster depends on the WCA size: with the smaller [BF4]
� anion, two

of the opposite edges of the tetrahedron are bridged by Agþ ions giving the Ag6 core. With the larger [pf]� anion, this extra charge
cannot be accommodated and the smaller Ag4 unit only forms a tetrahedron. Both clusters are held together by argentophilic inter-
actions, with each sulfur atom being coordinated by three or four silver atoms.

1.07.2.3.10 Unusual solvent complexes of the Ga-, Cu- and Ag-salts
A prerequisite to form complexes with all the weak ligands collected in the preceding sections is that the central ions are only weakly
coordinated by both, the counter WCA and the solvent. This latter point can be enforced by a selection of crystal structure-sections of
the solvated Ga-, Cu- and Ag-monocations shown in Fig. 70. In a way, these solvent complexes are the record holder in terms of
weak coordination: The chosen solvents CH2Cl2 or the fluorinated arenes C6H5F/1,2-F2C6H4 coordinate so weakly that almost
any ligand added, will coordinate better to the central ion and accordingly form a complex.

[Cu(1,2-F2C6H4)2]
þ: To the best of our knowledge, only five crystal structures including CuI-arene coordination had been

reported and this [Cu(1,2-F2C6H4)2]
þ solvent complex was the first homoleptic CuI-arene-complex. The fluorinated arene 1,2-

F2C6H4 is less basic than the non-fluorinated benzene C6H6: It facilitates coordination chemistry with by 48 kJ mol�1 lower Cu-
arene bond energies37 and a rather high dielectric constant 3r of 13.3 at RT indicative for a rather polar solvent (cf. 3r of benzene:
2.6).

[Ag(Cl2CH2)4]
þ: For a lot of the AgI-coordination chemistry described above, the frequent solvent choice is CH2Cl2 (apart from

oDFB, 1,2,3,4-F4C6H2 and SO2). As shown by the cation structure in Fig. 70b, the silver ion coordinates only very weakly and with
long AgeCl separations to up to four CH2Cl2 solvent molecules. If the silver salt Agþ[pf]� is crystallized at RT, entropy only allows

Ag[Al(ORF)4] + P3N3Cl6
CH2Cl2

-78°C to +60°C
     ultrasonic
  enhancement

P3N3Cl5
+[Al(ORF)4]- + AgCl

CH2Cl2
r.t.

Ag(P3N3Cl6)n
+[Al(ORF)4]-

X

RF = C(CF3)3: n = 2; 
RF = C(H)(CF3)2: n = 1

Ag N
P

Cl

n = 2:

Fig. 69 Reactions of Agþ[pf]� with P3N3Cl6: Formation of the homoleptic [Ag(P3N3Cl6)2]þ[pf]� complex instead of ionization and formation of
a P3N3Cl5þ salt. The molecular structure of the [Ag(P3N3Cl6)2]þ cation is shown as an inset.
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Fig. 70 Solvated Ga-, Cu- and Ag-monocations: Crystal structure-sections of the [Cu(1,2-F2C6H4)2]þ (a), [Ag(Cl2CH2)4]þ (b) and [Ga(h6-C6H5F)3]þ

(c) cations from the respective [pf]� salts (RF ¼ C(CF3)3). Selected distances are given in pm. Sum of van der Waals radii for comparison: Cu þ C
310 pm; Ag þ Cl 350 pm; Ga þ C 360 pm.
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for coordination of three CH2Cl2 ligands and the complex Ag(Cl2CH2)3
þ[pf]� may be isolated (from which two solvent molecules

may be easily removed by exposure to a vacuum. The removal of the third CH2Cl2 requires prolonged exposure to a high vacuum of
about 24 h at 10�3 mbar). However, if the silver salt is crystallized at �80 �C and the resulting crystals are mounted at low temper-
atures, the complex cation shown in Fig. 70b as part of the salt Ag(Cl2CH2)4

þ[pf]� resulted. No interaction with a fluorine atom of
the counterion below 380 pm was evident from the structure (cf. sum of van der Waals radii Ag þ F: 320 pm; Ag þ Cl: 350 pm).

1.07.2.4 Applications in catalysis and polymerization chemistry

Why should one invest the extra effort and (often also money) to exchange the counterion in a classical cationic catalyst for a good
WCA, e.g., the aluminates or borates [M(ORF)4]

�.? From a very general point of view, good WCAs should be employed, if the
catalysis/polymerization under investigation presents difficulties with classical ions like [CF3SO3]

�, [BF4]
� or [PF6]

�. If the catalysis
runs already very well, there is absolutely no need to introduce a good WCA.

However, if one of the limiting situations shown in Fig. 71 plays a negative role, one should definitely consider employing a cata-
lyst partnered with a good WCA.

Besides reduced ion pairing, especially the greatly improved solubility of WCA-catalysts in low polarity non-coordinating
solvents can be used to increase the overall catalyst activity and selectivity.

Gold Affinity and Hydrogen Bonding Basicity Index: Recently, a gold affinity index (GAI) and hydrogen bonding basicity index (HBI)
was developed for several weakly coordinating counterions.321 This index was used to forecast the reactivity of a series of salts
[Au(L)]þ[WCA]� (L ¼ JohnPhos) in cationic gold catalysis. The counterion [pf]� always furnished the lowest GAI and HBI entries
of zero, while the triflate ion, e.g., gives values of 2.4 (GAI) and 3.4 (HBI).

1.07.2.4.1 Applications in homogenous catalysis
Hydrodefluorination and Hydrosilylation: Catalytic amounts of subvalent [Ga(PhF)2]

þ[pf]� ([pf]� ¼ [Al(ORF)4]
�, RF ¼ C(CF3)3)

initiate the hydrosilylation of olefinic double bonds under mild conditions.65 Reactions with HSiMe3 and HSiEt3 as substrates effi-
ciently yield anti-Markovnikov and anti-addition products while H2 and metallic Ga0 form as side products. Partial anion decom-
position to R3Si-F-Al(ORF)3 (R ¼ alkyl) was observed, especially without the addition of olefins. In weakly coordinating, but polar
ortho-difluorobenzene, univalent [Ga(PhF)2]

þ[pf]� has a surprisingly high oxidation potential of E1/2(Ga
þ/Ga0; oDFB) ¼ þ0.26–

0.37 V vs. Fcþ/Fc, depending on the scan rate. It was concluded that subvalent Gaþ, mainly known as a reductant, initially deelectr-
onates the silane and generates a highly electrophilic silylium ion representing the actual catalyst. Consequently, the
[Ga(PhF)2]

þ[pf]�/HSiEt3 system also hydrodefluorinates C(sp3)eF bonds in 1-fluoroadamantane, 1-fluorobutane and PhCF3 at
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Fig. 71 How ion pairing and solvent coordination may block catalysis. Both effects may be improved by using good aluminate [pf]� based WCAs.

Fig. 72 Hydrosilylation of olefinic double bonds and hydrodefluorination of C(sp3)eF bonds, initiated by catalytic amounts of [Ga(PhF)2][pf] or,
much more efficient, [Ph3C][pf].
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room temperature. Both the hydrosilylation and the hydrodefluorination reaction may be initiated using only 0.2 mol% of
[Ph3C]

þ[pf]� as a silylium ion-generating initiator. The reactions are summarized in Fig. 72.
It follows from these results that silylium ion catalysis is possible with the readily accessible weakly coordinating [pf]� anion.

Apparently, the kinetics of hydrosilylation and hydrodefluorination successfully compete with that of anion degradation under
ambient conditions. These findings open up new windows for main group catalysis, since it was often assumed that the use of car-
borate or [B(C6F5)4]

� borate anions is mandatory for silylium ion catalysis.65 Moreover, it was reported that the dicationic bismuth
species [(Me2NC6H4)Bi(L)3]

2þ, in conjunction with a WCA, e.g., [pf]�, catalyzes the hydrosilylation of carbonyl compounds.322 For
this reaction, a mechanism involving carbonyl activation at the bismuth center followed by SieH addition was postulated.322

p Acid Catalysis with Alkenes and Alkynes: Hydroarylation, cycloisomerization and transfer hydrogenation reactions of alkene or
alkyne substrates have been performed using low-valent GaI species.106 [Ga(PhF)2]

þ[pf]� proved to be an efficient catalyst for these
reactions and showed, compared to other cationic GaIII complexes, a competitive or markedly superior activity.106

Liþ catalyzed reactions: The compound Li[Al(OC(Ph)(CF3)2)4] is an active Lewis acid catalyst7 in toluene solution for the 1,4-
conjugate addition of silyl ketene acetals to a,b-unsaturated carbonyl compounds and for the direct substitution of allylic acetates
by silyl ketene acetals. This account7 was actually the first report of any of the [Al(ORF)4]

� type WCAs. The structure of this specific
lithium salt contains a rare trigonal prismatic coordination-sphere around the Liþ cation, with two LieO(C, Al) bonds and four
LieF(C) bonds.

Hydrogenation of olefins: In the asymmetric hydrogenation of unfunctionalized olefins with cationic iridium-phox catalysts
(phox ¼ {2-[2-(diphenylphosphanyl)phenyl]-4,5-dihydro-4-isopropyloxazole}), the reaction kinetics and, as a consequence, cata-
lyst activity and productivity depend heavily on the counterion.323 A strong decrease in the reaction rate was observed in the series
[pf]� > [B{3,5-(CF3)2-C6H3}4]

� > [B(C6F5)4]
� > [PF6]

� > [BF4]
� z [CF3SO3]

�. With the first two anions, high rates, turnover
frequencies (TOF > 5000 h�1 at 4 �C), and turnover numbers (TONs) of 2000–5000 are routinely achieved. The hexafluorophos-
phate salt reacts with lower rates, although they are still respectable; however, this salt suffers from deactivation during the reaction
and extreme water-sensitivity, especially at low catalyst loading. Triflate and tetrafluoroborate almost completely inhibit the catalyst.
In contrast to the hexafluorophosphate salt, catalysts with [pf]�, [B{3,5-(CF3)2-C6H3}4]

� and [B(C6F5)4]
� WCAs as counterions do

not lose activity during the reaction323 and remain active, even after all the substrate was consumed. They are much less sensitive to
moisture and, in general, rigorous exclusion of water and oxygen is not necessary.

Asymmetric Cycloisomerization of 1,6-Dienes: The influence of the counterion on cationic nickel catalysts for asymmetric cycloiso-
merization of diethyl diallylmalonate (R) and N,N-diallyltosylamide (S) was investigated.324 The activity of the catalysts formed
from [Ni(h3-allyl)(h4-cod)]þ salts of WCAs in combination with Wilke’s azaphospholene ligand decreases in the order
[pf]� > [B{3,5-(CF3)2-C6H3}4]

� > [Al{OC(CF3)2Ph}4]
� for R and [B{3,5-(CF3)2-C6H3}4]

� > [Al{OC(CF3)2Ph}4]
� > [pf]� for S,

respectively. No significant influence on the enantioselectivity was observed for R, whereas a marked increase in ee parallel to
a decreasing activity was observed for the cyclization of S.

Asymmetric Catalytic Intramolecular Pauson-Khand Reactions with Ir(phox) Catalysts: Cationic iridium complexes derived from chiral
phox ligand (phox ¼ {2-[2-(diphenylphosphanyl)phenyl]-4,5-dihydro-4-isopropyloxazole}) proved to be efficient catalysts for
intramolecular Pauson-Khand reactions. For optimal results the various reaction parameters had to be carefully adjusted. The nature
of the anion325 including the WCA [pf]� also proved to be important, as it had a significant influence on the enantioselectivity and
yield.

Olefin oligomerization: The trimerization and tetramerization of ethylene to 1-hexene and 1-octene with a Cr/PNP/AlEt3 catalyst
system, in combination with a variety of cocatalysts, was investigated.326 The cocatalysts B(C6F5)3, Al(OC6F5)3, [(Et2O)2H]
[Al(OC6F5)4], [Ph3C][Ta(OC6F5)6], (Et2O)Al{OCH(C6F5)2}3, (Et2O)-Al{OC(CF3)3}3, [Ph3C][pf], [Ph3C][AlF{OC(CF3)3}3],
[Ph3C][alfal], and [Ph3C][CB11H6Br6] were evaluated. The relative selectivity to 1-hexene and 1-octene obtained shows a strong
dependence on the nature of the cocatalyst, and a range of selectivities from <5% C8 (90% C6) to 72% C8 were observed. The
stability of several cocatalysts towards AlEt3 has been studied, and the poor performance of B(C6F5)3 and Al(OC6F5)3 was linked
to degradation of the cocatalyst through ethyl group exchange with AlEt3. In contrast, the [pf]� anion is much more stable and gives
rise to a highly active and longer-lived catalyst. The overall productivity and selectivity of the catalyst is dependent upon both cocat-
alyst stability and the nature of the anion present, and a reason for this effect was suggested. Selectivity control by the cocatalyst has
been ascribed to interaction of the anion with the active Cr center. Subsequently327 the use of AlEt3 (TEA) in combination with
[Ph3C][pf] for the activation of a range of bis(imino)pyridine complexes of vanadium, chromium, iron, and cobalt was reported.
It was shown that this activator combination successfully replaces methylaluminoxane (MAO), in some cases showing improve-
ments in terms of activity and productivity. Furthermore, when activities and productivities are considered in terms of the
aluminum center (MAO vs. TEA), the true cost driver in the commercialization of most catalyst systems, then in nearly all cases
a significant improvement is seen. A combination of TEA with [Ph3C][B(C6F5)4] was one of the most successful examples of this
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Fig. 73 In the absence of additional donors upon halide abstraction by Ag[WCA] initially formed halide bridged [{(h3-C3H5)M(PR3)}2(m-X)]þ cation.
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methodology, it has nonetheless suffered from several problems relating to catalyst deactivation: (i) exchange of groups between the
trialkylaluminum and the borate, thus destroying the weakly coordinating nature of the borate anion; (ii) transfer of fluorinated aryl
groups from the borate to the transition metal center.

The use of fluorinated aluminate [pf]� as WCA, offers the advantage of being less coordinating than borates, while displaying
increased stability. The use of TEA in combination with [Ph3C][pf] was successfully used to replace MAO in the CrePNP ethylene
tetramerization catalyst system to greatly reduce the amount of aluminum used overall. Later work transferred this methodology to
different metals and ligands,328–331 however, with varying success that resulted from insufficient stability of the cationic catalyst
systems under the conditions of true catalysis. However, aluminate degradation was never a problem.

Allyl-Nickel-/Palladium-Precatalysts: A systematic publication332 sheds light on the broadly held opinion that the reaction of (h3-
allyl)M(PR3)X complexes (M ¼ Ni, Pd; X ¼ halide) with Ag[WCA] or Tl[WCA] reagents of very good WCAs like [pf]� or [B(C6F5)4]

�

generates coordinatively unsaturated complexes [(h3-allyl)M(PR3)]
þ (Fig. 73).

However, it was shown332 that under the conditions of such experiments dinuclear ionic complexes [{(h3-C3H5)M(PR3)}2(m-
X)]WCA are formed (Fig. 73), and these contain a strong central M-(m-X)-M linkage that is not cleaved by additional Ag/Tl[WCA] in
the absence of donor ligands. More recently it was shown333 that the Palladium complexes do form isolated mononuclear
complexes, given that the phosphane is replaced by a more basic NHC-Ligand (Fig. 74). In this case, a CH2Cl2 donor molecule
is bound, which apparently was the first Pd-CH2Cl2 complex (Fig. 74).

It should be noted that with the more basic [BF4]
� counterion, the solvent-free adduct (h3-C3H5)Pd(NHC)-F-BF3 separates

directly from CH2Cl2 solution. Upon evacuation, the Pd-CH2Cl2 complex loses all CH2Cl2-donor, but it was not clear, whether
a truly isolated 14 VE salt or a complex with coordinated [pf]� counterion resulted (no scXRD).333

Au(III)-catalyzed tandem nucleophilic substitution-1,5-enyne cycloisomerization process: The trivalent (ItPe)AuBr2(N-imidate) gold
complexesdprepared in high yield by oxidative brominationdare active catalysts for 1,5-enyne cycloisomerization
(ItPe ¼ N,N0-di-tert-pentylimidazol-2-ylidene, N-imidate is N-succinimide, N-tetrafluorosuccinimide, and N-maleimide).334 An
efficient tandem nucleophilic substitution-1,5-enyne cycloisomerization is promoted by these novel AuIII precatalysts and a silver
salt Ag[WCA]. Typical loads are 4 mol-% precatalyst and silver salt. Catalyst efficacy is affected by the imidate ligand and the coun-
terion of the silver salt used. Best results were achieved with the least coordinating [pf]� counterion. The authors334 anticipated that
the Au catalysis field could exploit this very weakly coordinating anion for further highly active Au-catalysis.

Copper(II)-based Aziridination: Acetonitrile ligated copper complexes with [pf]� as the weakly coordinating counter anion were
successfully synthesized. Aziridination of various olefins with PhINTs catalyzed by the copper(II) complex [Cu(II)(NCCH3)6]
[pf]2 affords good to excellent yields (up to 96%) and very high turnover frequency (higher than 5000 h�1) under mild
conditions.38

Cu(I)-based Monooxygenation: Three Cu(I) salts with the very weakly coordinating anion [pf]� including the unique, linear
[Cu(NEt3)2]

þ-cation were synthesized and used as catalysts for the conversion of monophenols to o-quinones.335 2,4-di-tertbutyl-
phenol (DTBP-H) as well as, for the most active catalyst, five additional different monophenols served as substrates. The activities of
these Cu(I) salts towards monooxygenation of DTBP-H were compared to those of [Cu(CH3CN)4]X salts with classical anions X�

([BF4]
�, [OTf]�, [PF6]

�), revealing an anion effect on the activity of the catalyst and a ligand effect on the reaction rate. A drastic accel-
eration of the reaction rate was obtained by employing Cu(II)-semiquinone complexes as catalysts, indicating that formation of
a Cu(II) complex precedes the actual catalytic cycle. This and further observations indicate that the oxygenation of monophenols
in this system did not follow a dinuclear, but mononuclear pathway analogous to that of topaquinone cofactor biosynthesis in
amine oxidase.

1.07.2.4.2 Applications in polymerization chemistry
Photo Acids for Polymerization Chemistry: Cationic photopolymerization is a powerful method for UV-curing of epoxy, vinyl ether and
oxetane monomers. Little attention has been paid to it over the last few decades compared to the corresponding free radical appli-
cations due to unsuitable and inefficient photo-acid generators (PAGs) used for photoinitiation. A novel type of PAG based on the
[pf]� aluminate anion was introduced and in facile preparations, diphenyliodonium and triarylsulfonium salts were synthesized,
followed by characterization of absorbance and thermal stability.336 Comparative photo-differential scanning calorimetry
(photo-DSC) studies with common onium salt PAGs showed the advantageous reactivity of the novel aluminate-based cationic
photoinitiators. The novel diphenyliodonium PAG was also examined in photosensitization studies for potential use in higher
wavelength applications.

ROP with Protonated Ether337: The cationic ring-opening polymerization (CROP) and copolymerization of 2-ethyl-2-oxazoline
and 2-tert-butyl-2-oxazoline using the strong cationic Bronsted acid, [H(OEt2)2][pf] as an initiator was described. First, various
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poly(2-ethyl-2-oxazoline) (PEtOx) samples were prepared and the living/controlled character of the reaction was demonstrated.
The microwave-assisted CROP of EtOx using this initiator system proceeds faster, if compared to classical initiators such as methyl
tosylate. Upon extension to the CROP of poly(2-tert-butyl-2-oxazoline) (PtButOx) and to PEtOx/PtButOx, random and block
copolymers of different compositions were obtained and fully analyzed.

Catalytic Polymerization of Butadiene in Aqueous Systems with Cationic Nickel(II) Complexes: The cationic nickel(II) complexes [(h3-
C3H5)Ni(SbPh3)2][WCA] with WCA ¼ [B(3,5-(CF3)2C6H3)4]

� and [pf]� were prepared and their polymerization activities338 in
aqueous systems were compared with [(h3-C3H5)Ni(h6-BHT)][B(3,5-(CF3)2C6H3)4] (BHT ¼ 3,5-di-tert-butyl-4-hydroxytoluene).
cis-Polybutadiene formed in non-aqueous solution polymerization. The presence of water decreases activity and polymer molecular
weight and increased trans incorporation of butadiene units. In emulsion polymerization, stable polymer dispersions were obtained
with [(h3-C3H5)Ni(SbPh3)2][WCA]. The microstructure is strongly altered by comparison to non-aqueous polymerization. trans-
Polybutadiene is formed with activities of up to 1.5 � 103 mol (butadiene) mol (Ni)�1 h�1. The semicrystalline latex particles
have sizes of ca. 200 nm, with a monoclinic structure.

Isobutene Polymerization by [M(NCeR)6]
2þ Salts: Various transition metal cations M2þ solvated by nitriles and including M ¼Mn,

Zn, etc. proved to be valuable isobutene polymerization initiators as well as in other catalytic reactions, if partnered with very weakly
coordinating counterions like [pf]�. This work was reviewed339 and is, therefore, only briefly mentioned here. Initially this started
with nitrile-ligated zinc(II) complexes incorporating [pf]�-based WCAs. A X-ray crystal structure proved both the octahedral
symmetry of the zinc(II) cation [Zn(NCeR)6]

2þ having six nitrile ligands ReCN (R ¼ CH3, Ph) and the non-coordinating nature
of the anion. Similar to complexes bearing borate-based WCAs like [B(C6F5)4]

� and others, the compounds described in this work
can be applied to polymerize isobutylene at room temperature resulting in polyisobutylene with a high content of exo double
bonds.47

Polymerization of Isobutene by [H(OR2)2]
þ[pf]� salts: However, the most efficient process to polymerize isobutene, is the use of

protonated ether salts [H(OR2)2]
þ[pf]� (R ¼ Et,28 iPr, nBu). Very high efficiency of the polymerization and high content of exo

double bonds (92 to 97%) at initiator loads down to the 4 mmol-range for complete polymerization of 20 mL isobutene were
achieved.340 However, for commercialization this process is slightly too expensive, due to the low price of poly-isobutene and
the relatively high cost of the initiators [H(OR2)2]

þ[pf]�. Since this process required the initiation by formation of a [C(CH3)3]
þ

cation from isobutene and [H(OR2)2]
þ and this process is substantially uphill, a recent investigation30 based on the unified

Bronsted acidity scale investigated the situation quantitatively and suggested a protonation degree of the isobutene to be 0.35%
in CH2Cl2 solution which is sufficient for the polymerization.

Polymerization of Isobutene by [Ga(arene)n]
þ[pf]� salts: The scope of univalent gallium salts [Ga(arene)n]

þ[pf]� (arene ¼ ansa-
arene, PhF, mesitylene; n ¼ 1–2) was investigated in terms of initiating or catalysing the synthesis of highly reactive polyisobutylene
(HR-PIB).127,128 The univalent gallium salts displayed high efficiency for the polymerization of isobutylene. Polymerization was
observed with very low catalyst concentrations of down to 0.002 mol% while working at reaction temperatures of up
to þ15 �C.127 HR-PIB with an a-content of terminal olefinic double bonds up to 93 mol% and a molecular weight of 1000–
3000 was obtained in good yields.127,128 Obviously, ligand exchange tunes the reactivity of the gallium(I) cations. A coordinative
polymerization mechanism, typically invoked for transition metal catalysts, was postulated for this reaction.128

Polymerization of Isobutene by [(DXE)Sr(oDFB)2]
2þ([pf]�)2 salts: A surprisingly controlled polymerization was achieved with

0.01 mol% of a dicationic strontium ansa-arene complex in 1,2,3,4-tetrafluorobenzene. Here, the polymerization reactions yielded
medium-to-high molecular weights (MW ¼ 1.30 � 105 g mol�1 and MW ¼ 0.7 � 105 g mol�1) and narrow dispersities (Ð ¼ 1.87
and Ð ¼ 1.69) at elevated temperatures of �12 �C and 0 �C.36
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Fig. 75 Space filling representations and molecular volumes of the [Al(ORF)4]� WCAs and comparison to the melting points of their [NEt4]þ salts.
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1.07.2.5 Material science and electrochemical applications

1.07.2.5.1 As ionic liquids
When partnered with suitable low symmetry organic cations, also the rather large [M(ORF)4]

� WCAs may form low viscosity room
temperature Ionic Liquids (ILs) with very advantageous physical properties, see our review.59 Best in this respect is the [hf]� WCA,14

which appears to include enough structural flexibility to induce a sufficiently high entropy of melting that is decisive for the overall
melting point of any salt.341 This conclusion is also visible from the space filling representations of the usual set of [Al(ORF)4]

�

WCAs shown in Fig. 75.
Only with the [hf]� aluminate, many new and entropy increasing conformations can be assumed in the liquid state upon

melting. The other RF residues do not provide enough flexibility (i.e., C(CH3)(CF3)2) or additionally have a too high symmetry
(i.e., C(CF3)3). This leads to the great melting point differences DTm of up to 252 �C between the [NEt4]

þ salts of the aluminates
shown in Fig. 75. According to volume-based thermodynamics,342–348 the lattice energies of the three WCAs are similar, since their
average rather large volume is the same within 12%.

After these initial findings, the perspective to use the [M(ORF)4]
� type of WCAs as counterions was systematically investigated in

quite some subsequent work; the full results are reviewed.59 Hence, here only syntheses and interesting properties are discussed
together with some important findings.

Syntheses: Similar to most IL classes, the general synthesis schemes towards [Cat][MIII(ORF)4] ILs are not very difficult and follow
Fig. 76.59 However, there are minor but important differences between the anions that are used in Fig. 76.

Interestingly, although all IL classes are easily soluble in dichloromethane, the metathesis of the borate anions does only take
place in Et2O or MeCN, respectively. In order to remove the alkali metal halide, the acetonitrile in the case of [B(Otfe4)]

�

(tfe ¼ CH2CF3) must be exchanged after the reaction with CH2Cl2 so that the by-product can precipitate.14 Yields are in all cases
well above 85%, and deviations from a quantitative yield often simply occur due to too short reaction times.

Physicochemical Data of these ILs: A large number ofdalso room temperaturedILs was prepared with these WCAs13,14,57,59,345,346;
their important physicochemical data, Tmelt ¼ melting temperature (�C), Tc ¼ crystallization temperature (�C), Td ¼ decomposi-
tion temperature (�C), 3r ¼ dielectric constant (Cole-Cole model), h ¼ viscosity (mPa$s), s ¼ ionic conductivity (mS cm�1),
D ¼ diffusion constants (10�11 m2 s�1) are collected in Table 5, to give an impression on their performance as ILs.59

Moreover, the biodegradability of [hf]� ILs was investigated using the closed bottle and the manometric respirometry test; the
results of which suggested no particular danger.349 Temperature-dependent viscosities and conductivities were measured and
described by the Vogel-Fulcher-Tammann (VFT) or Arrhenius equation, respectively.59 In addition, conductivities and viscosities
were investigated in the context of the molecular volume, Vm. Physical propertydVm correlations were provided for different
temperatures, and the temperature dependence of the molecular volume was analyzed using crystal structure data and DFT calcu-
lations.59 The IL-ionicity was investigated by Walden plots and especially the [hf]� ILs may be classified as “very good to good ILs”;
according to this analysis (Fig. 77), many ILs with the [hf]� WCA qualify as better ILs than the respective [NTf2]

� ILs with the same
cation.59,349,350

Also the dielectric constants of many [hf]� ILs were determined and are unexpectedly high ( 3r 12.5–18.0; Table 5).351 This was
rationalized by additional calculated dipole moments of the structures frozen in the solid-state using DFT.349 The determination of
hydrogen gas solubility in [hf]� RTILs by high pressure NMR revealed very high hydrogen solubilities at 25 �C and 1 atm. The
hydrogen solubilities are 5 to 6 times higher than those in other ILs and still 2–3 times higher than those in molecular solvents.349

All the information acquired point to the large potential of this IL class in a manifold of applications.
[hf]� ILs compared to the [Tf2N]� Analogs: ILs containing imidazolium and ammonium cations as well as the medium-sized anion

[Tf2N]� (0.230 nm3; Tf ¼ CF3SO2) and the large anion [hf]� (0.581 nm3) were synthesized and characterized.350 Their temperature-
dependent viscosities and conductivities between 25 �C and 80 �C showed typical Vogel-Fulcher-Tammann (VFT) behavior. Ion-
specific self-diffusion constants were measured at room temperature by pulsed-gradient stimulated-echo (PGSTE) NMR
experiments. In general, self-diffusion constants of both cations and anions in [hf]�-based ILs were higher than in [Tf2N]� -based
ILs. Ionicities were calculated from self-diffusion constants and measured bulk conductivities, and showed that [hf]�-based ILs yield
higher ionicities than their [Tf2N]� analogs, the former of which reach values of virtually 100% in some cases. From these obser-
vations it was concluded that [hf]�-based ILs come close to systems without any interactions, and this hypothesis was underlined
with a Hirshfeld analysis.350 Additionally, a robust, modified Marcus theory quantitatively accounted for the differences between
the two anions and yielded a minimum of the activation energy for ion movement at an anion diameter of slightly greater than
1 nm, which fits almost perfectly the size of [hf]�. Shallow Coulomb potential wells are responsible for the high mobility of ILs
with such anions (Fig. 78).

As a consequence, viscosities (conductivities) of [hf]� ILs are typically lower (higher) than those of [Tf2N]� ILs with like cation.
Moreover, also ionicities underline this explanation, with [hf]� ILs possessing in general explicitly higher ionicities than their
[Tf2N]� counterparts.59,350

Fig. 76 General metathesis reaction for the formation of ILs with [MIII(ORF)4]� anions.
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Siloxane-Functionalized [hf]� ILs compared to the [Tf2N]� Analogs: Two ILs with siloxane-functionalized cations and [hf]� coun-
terion were prepared and characterized (Fig. 79).

With melting points below 0 �C they qualify as room temperature ILs (RTILs). Their temperature-dependent viscosities and
conductivities, together with those of two [Tf2N]� ILs with the same cations and a further siloxane-functionalized [Tf2N]� IL,
were measured between 0 and 80 �C, and all were described by the VFT-equations. We note that the [hf]� ILs have lower viscosities
than their [Tf2N]� analogs at all measured temperatures and higher conductivities at room temperature.

Mixtures of [hf]� and [hfB]
� ILs with Dimethylcarbonate (DMC): The influence of dimethylcarbonate (DMC) on the properties of

[hf]� and [hfB]
� ILs was investigated, with a focus on conductivity, viscosity and diffusion constants.15 DMC was chosen due to its

good electrochemical stability, its low viscosity and its low permittivity of 3r ¼ 3.12, which typically would rule out DMC as solvent
for salts. Quite in contrast, addition of DMC to the [hf]� and [hfB]

� ILs with a weak and flat Coulomb potential resulted in
a pronounced increase of conductivity and diffusion constants, while viscosity decreased with DMC content.15

Table 5 Comparison of physicochemical data of salts with highly fluorinated [M(ORF)4]� anions.

IL Tmelt Tc Td 3r h(40 �C) s(40 �C) Dþ D� Ionicity

[C2MIm][Al(Ohfip4)]349,350 31 <25 12.6 24.4 6.22 1.94 0.80 2.10a

[C2MIm][Al(Otfe)4]
14 35 15.9

[C2MMIm][Al(Ohfip4)]349 39 34 172–176 18.0
[AllylMIm][Al(Ohfip4)]349,350 12 �24 17.0 22.4 6.86 4.77 1.89 0.87
[AllylMIm][B(Ohfip)4] 68 44 172
[C4MIm][Al(Ohfip4)]349,350 40 <25 14.5 21.8 2.20 1.30 1.03
[C4MIm][B(Ohfip)4]13 49 42 198
[C4MMIm][Al(Ohfip4)]349,350 0 �35 19.0 23.6 4.08 2.78 1.69 0.83
[C4MMIm][B(Ohfip)4]13 68 48 221
[C4MMIm][B(Otfe)4]14 58
[C6MIm][Al(Ohfip)4]349,350 5 �5 17.3 25.3 3.57 2.80 1.80 0.73
[C6MIm][B(Ohfip)4]13 �25 < Tmelt <0 58.9 1.10
[C6MIm][B(Otfe)4]14 45
[C6MIm][Al(Opftb)4]59 67
[C8MIm][Al(Ohfip)4]350 <20 22.0 2.70 2.01 1.46 0.82
[C8MIm][B(Otfe)4]14 28
[C10MIm][Al(Ohfip)4]350 <20 25 2.10 1.60 1.29 0.79
[N1111][Al(Ohfip)4]57 61 147
[N1111][Al(Ohftb)4]57 96 >150
[N1111][Al(Opftb)4]57 320 >400
[N1123][Al(Ohfip)4]350 43
[N1444][Al(Ohfip)4]350 <20 30.4 2.00 1.21 0.97 0.87
[N2222][Al(Ohfip)4]57 56 >130
[N2222][Al(Ohftb)4]57 111 >230
[N2222][Al(Opftb)4]57 308 >400
[N4444][Al(Ohfip)4]57 42 190 49.9
[N4444][Al(Ohftb)4]57 108 >150
[N4444][Al(Opftb)4]57 199 >250
[N2225][Al(Ohfip)4]350 <20 �53b 34.4 2.77 2.10 1.50 0.69
[N2225][B(Otfe)4]14 89
[N2666][Al(Ohfip)4]350 <20 35 0.92 0.73 0.76 0.80
[N2666][B(Otfe)4]14 68
[N1888][Al(Ohfip)4]350 <20 �53b 45.7 0.62 0.63 0.75 0.47
[N1888][B(Otfe)4]14 4 161
[N1888][Al(Opftb)4]59 <20 320.5
[C3MPip][Al(Ohfip4)]349 69 58
[C4MPyr][Al(Ohfip4)]349 50 39 155 16.6
[C4MMorph][Al(Ohfip4)]349 31 6 164 16.5 41.3 1.99
[C4MMorph][B(Ohfip)4]13 11327 102 256
[C4Py][Al(Ohfip4)]349 36 <25 16.5 25.1

Tmelt ¼ melting temperature (�C), Tc ¼ crystallization temperature (�C), Td ¼ decomposition temperature (�C), 3r ¼ dielectric constant (Cole-Cole model), h ¼ viscosity (mPa$s),
s ¼ ionic conductivity (mS$cm�1), D ¼ diffusion constants (10�11 m2 s�1). hftb ¼ C(CF3)2(CH3). Data taken from Ref.59 The citations to the original publications are included with
the IL name.
aMeasured in a highly supercooled state.
bGlass transition.
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1.07.2.5.2 As supporting electrolytes
In a study of 2009,57 the [NR4]

þ tetraalkylammonium salts of the weakly coordinating fluorinated alkoxyaluminates [pf]�, [hf]� and
[Al(OC(CH3)(CF3)2)4]

� were prepared in order to obtain information on their undisturbed spectral and structural properties, but
more importantly to study their electrochemical behavior (i.e., conductivities in non-polar solvents and electrochemical windows).
Simple and almost quantitative metathesis reactions yielding these materials in high purity were developed. The [NBu4]

þ salts are
highly soluble in non-polar solvents (up to 1.09 mol L�1 are possible for [NBu4][Al(OC(CH3)(CF3)2)4] in CH2Cl2 and
0.41 mol L�1 for [NBu4][hf] in CHCl3) and show higher molar conductivities, if compared to [NBu4][PF6]. The electrochemical
windows of CH2Cl2, CH3CN and oDFB using the [NBu4]

þ aluminate electrolytes are up to þ0.5 V/�0.7 V larger than those using
the standard [NBu4][PF6].

57

Instability of Aryl-Borate-WCAs: It should be noted that, fluorinated tetraaryl borate ([BArF4]
�) salts were not as stable at similarly

high positive potentials as the fluorinated alkoxyaluminates and rather the boron bound aryl groups were CeC coupled at poten-
tials higher than 1.25 to 1.78 V vs. Fcþ/Fc in synthetically useful yields to the respective biaryls FAr-ArF.352

Stability of [pf]� Electrolytes: By contrast, we observed reversible electrochemistry in several suitable solvents up to limiting poten-
tials around 2 V vs. Fcþ/Fc with no decomposition of the supporting electrolyte. Hence, this favorable electrochemical behavior of
especially [NBu4][pf] was used to investigate the redox behavior of organometallic complexes in solution.353 Anodic voltammetry

Fig. 77 Schematic Walden plot with typical regions of non-functionalized [Al(Ohfip)4]� and [B(Ohfip)4]� ILs in comparison to [NTf2]� ILs.
Lm ¼ molar conductivity.
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Fig. 78 Energy barriers of ions diffusing in an IL.

Fig. 79 Siloxane-modified cations.
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and electrolysis of the metallocenes ferrocene, ruthenocene, and nickelocene were studied in dichloromethane, containing two
different fluorine-containing anions in the supporting electrolyte. The perfluoroalkoxyaluminate anion [pf]� has very low nucleo-
philicity, as shown by its inertness towards the strong electrophile [RuCp2]

þ and by computation of its electrostatic potential in
comparison to other frequently used electrolyte anions. The low ion-pairing ability of this anion was shown by the large spread
in E1/2 potentials (DE1/2 ¼ 769 mV) for the two one-electron deelectronations of bis(fulvalene)dinickel.353 The hexafluoroarsenate
anion [AsF6]

�, on the other hand, reacted rapidly with the ruthenocenium ion and is much more strongly ion-pairing towards dee-
lectronated bis(fulvalene)dinickel (DE1/2 ¼ 492 mV). In terms of applications of these two anions to the anodic deelectronation of
organometallic sandwich complexes, the behavior of the simple to prepare [pf]� is similar or even superior to that of other very good
WCAs such as [B(C6F5)4]

�, whereas that of [AsF6]
� is similar to the more traditional electrolyte anions such as [PF6]

� and [BF4]
�.

Additionally, the synthesis and crystal structure of [Cp2Fe][pf] were reported.
The use of [pf]� together with the weakly coordinating CH2Cl2 made the two redox processes of two cobalt salen centers bridged

by non-conjugated linkers distinguishable.354 The same has been observed for N,N0-bis(ferrocenoyl)-1,2-diaminoethane.355

Viologens and Bis-viologens: The weakly coordinating property of [pf]� can be seen as the redox couples of viologens and bis-
viologens in CV and DPV experiments are shifted towards lower potentials relative to the [PF6]

� electrolyte.356 For the twice
charged, unreduced species and electron richer viologens the shift is more pronounced. The peak potential separation, however,
is higher and >59 mV. The values increase with increasing substrate concentration and decreasing electrolyte concentration. This
was attributed to the Ohmic drop caused by the high resistance within the WCA-based electrolyte. In particular, for the 0.01 m
system, this effect is significant and a proper analysis of the I-E curves at fast scan rates was no longer possible. The enhanced
peak separation in the [pf]� system compared to the [PF6]

� based electrolyte demonstrates that the WCA increases the communi-
cation between the two viologen redox centers. The reduction of one of the viologen units impedes (thermodynamically) the reduc-
tion of the second one.

1.07.2.5.3 As battery electrolytes
1.07.2.5.3.1 In lithium-based batteries
Aluminates: Six lithium salts of tris- and tetrakis(polyfluoroalkoxy)aluminate WCAs were studied for their potential use as battery
electrolytes.64 Four of the six are based on the formula Li[Al(OC(R)(CF3)2)4] (R ¼ H, Me, CF3, Ph); the other two are Li
[Al(OCH2CF3)4] and Li[FeAl(OC(Ph)(CF3)2)3]. The thermally stable electrolytes Li[hf] and Li[Al(OC(Ph)(CF3)2)4] were not
oxidized at potentials less than or equal to 5.0 V vs. Liþ/0 in dimethoxyethane (DME) or in 50:50% ethylene carbonate:dimethyl-
carbonate (EC:DMC). The Li[hf] electrolyte was not reduced at 0 V vs. Liþ/0 in DME. Neither Li[hf] nor Li[Al(OC(Ph)(CF3)2)4]
promoted the corrosion of aluminum at 5.0 V vs. Liþ/0. The electrolyte Li[hf] underwent efficient, reversible reductive intercalation
of Liþ with MCMB carbon or LiCoO2 electrodes over the potential ranges 0–2 and 2.4–4.8 V, resp., vs. Liþ/0, but did not react in any
other way with these electrode materials. The conductivities of some of the Li[pf] electrolytes in DME or in EC:DMC were high
enough for them to be considered as potential replacements for Li[PF6] in primary and secondary lithium batteries.

After this initial finding, the electrolyte performance of Li[hf] was investigated in more detail357,358: it was expected to generate
a large number of ionic charge carriers in an aprotic solvent, because of its large anion size and structure that promotes delocaliza-
tion of the anionic charge. The electrolyte properties of Li[hf], were studied in the bulk, in aprotic solvents, and in a polyether.358

Although the lithium salt melts at the fairly low temperature of 120 �C, it shows poor conductivity even in the molten state because
of its strong ionic association. However, in aprotic solvents, Li[hf] exhibits a relatively high degree of dissociation, because of the
weak coordination ability of the anion towards the cation. This is reflected in the higher ionic conductivity than that of common
lithium salts, Li[N(SO2CF3)2] and Li[BF4], at an identical concentration in the low polar solvents.358 In polyether, an increase in the
glass-transition temperature Tg of the polymer electrolytes with salt concentration is less marked in the Li[hf] system. The lithium
salt can be incorporated in the matrix polyether at high concentrations, without a loss in the ionic conductivity. The interface
between the polyether electrolyte containing Li[hf] and a metallic lithium electrode is statically stable for a long time, and the
charge-transfer resistance decreases with increased salt concentration. These results indicate that an increase in Li[hf] concentration
in the polyether facilitates not only an increase in the ionic conductivity but also a decrease in the interfacial resistance.

Also composite electrolyte solutions of Li[hf] were prepared by dispersing different amounts of Al2O3 nanoparticles in the EC
solutions of Li[hf].357 The composite solutions are hard slurries, however, the ionic conductivity is similar to that of neat solutions.
The addition of Al2O3 particles to polyether electrolytes, i.e., the high molecular weight polymer poly[ethylene oxide-2-(2-
methoxyethoxy)ethylglycidyl ether] containing Li[hf] resulted in an increase of the mechanical strength, without changing the glass
transition temperature, Tg, of the matrix. The ionic conductivity of the polymer electrolyte passed through a maximum against
Al2O3 composition, at which the conductivity reached 10�4 S cm�1 at 30 �C. The apparent lithium ion transfer number also
increased with increasing Al2O3 content.

357

Lithium-Sulfur-Battery: Lithium-sulfur batteries comprising lightweight elements provide a promising alternative to lithium-ion
batteries, but the associated polysulfide shuttle in typical ether-based electrolytes generates loss in capacity and low Coulombic effi-
ciency. A new electrolyte, basing on the unique combination of a relatively hydrophobicN,N-dimethyl triflamide and Li[hf] as a low
ion-pairing salt, inhibits the polysulfide shuttle and was presented by Nazar, Krossing et al. This system behaves as a sparingly
solvating electrolyte at slightly elevated temperatures (50 �C), where it sustains reversible capacities as high as 1200–1500 mAh g�1

over a wide range of current density (2C–C/5, respectively) when paired with a lithium metal anode. Notably, the Coulombic effi-
ciency was >99.7% and this in the absence of any LiNO3 additive. This electrolyte is anticipated to be low cost, as the salt is both
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inexpensive and comprises a small fraction of the total electrolyte compared to an ionic liquid chelate such as
[(CH3CN)2:Li([NTf2])] and suggests substantial mass savings in comparison to the highly concentrated salt-in-solvent electrolytes,
which also exhibit reduced polysulfide shuttling. A capacity fade was reported, which appears to be due to gradually increasing elec-
tronic isolation of the Li2S formed on discharge owing to the complexity of dissolution-precipitation chemistry in poorly solvating
media, which needs to be further addressed.359

Borates: The salt27 Li[B(OTfe)4] with views to success in electrolytes was synthesized in excellent yields from lithium borohydride
with excess 2,2,2-trifluorethanol (HOTfe) in toluene and at least two equivalents of 1,2-dimethoxyethane (DME). It was obtained in
multigram scale without impurities, as long as DME was present during the reaction. It was characterized by heteronuclear magnetic
resonance and vibrational spectroscopy (IR and Raman), has high thermal stability (Tdec. >271 �C, DSC) and shows long-term
stability in water. The concentration-dependent electrical conductivity of Li[B(OTfe)4] was measured in water, acetone, EC/
DMC, EC/DMC/DME, ethyl acetate and THF at RT. In DME (0.8 mol L�1) it is 3.9 mS cm�1, which is satisfactory for the use in
lithium-sulfur batteries (LiSB). Cyclic voltammetry confirmed the electrochemical stability of Li[B(OTfe)4] in a potential range
of 0 to 4.8 V vs. q-Liþ/Li. The performance of Li[B(OTfe)4] as conducting salt in a 0.2 mol L�1 solution in 1:1 wt% DME/DOL
was investigated in LiSB test cells. After the 40th cycle, 86% of the capacity remains, with a Coulombic efficiency of around 97%
for each cycle. This indicates a considerable performance improvement for LiSB, if compared to the standard Li[NTf2]/DOL/
DME electrolyte system.

Li[hfB] was found as an interesting possible electrolyte for rechargeable lithium batteries and in-depth analysis was provided by
Lucia Álvarez Hernandez in her PhD thesis.360 The synthesis was investigated in different solvents and a series of novel liquid elec-
trolytes using oDFB as an electrolyte solvent for the first time was produced. Two unique dicationic crystal structures of solvates of
lithium salt were determined and derivatives of the anion, such as Li[B(C2O4(Ohfip)2)], were successfully synthesized and fully
characterized. Significant insight into the impact of the anion on the properties of the electrolyte was provided by an extensive
comparison of the new salt with the classical lithium salts Li[BF4], Li[PF6] and Li[NTf2] in different solvents. Additionally, IR,
Raman, quantum chemical calculations, viscosity, ionic conductivity, Walden plots and diffusion NMR measurements have
been used to extensively explore the ionic interactions in these electrolytes.360

The stoichiometric 1:1 combination of LiX (X ¼ OCH2CF3, OC(H)(CF3)2, CO2CF3) with BF3 $ D361,362 (D ¼ dimethyl
carbonate, ethylene carbonate, ethyl methyl carbonate, propylene carbonate and diethyl ether) yields electrolytes with a significantly
increased conductivity in comparison to pure LiX in EC:EMC (3:7 wt%). The combination of Li[CO2CF3] and BF3 $ EC displayed the
highest conductivity of all investigated systems, with 5.8 mS cm�1 (1.5 mol L�1), which is higher than that of Li[BF4] in the same
solvent. NMR studies of all composite electrolytes showed the presence of various boron species like BX3, Li[BF3X], Li[BF2X2] and Li
[BFX3], which distribute characteristically for each LiX. The investigation of the electrochemical behavior of the composite electro-
lytes in NCM-111/graphite cells showed a direct relation between cycling behavior, impedance and boron content on CEI/SEI. In
the differential plots of the first cycle, an irreversible oxidation was observed for all cells, which was attributed to the formation of
the SEI. Ex situ analysis of the electrodes with XPS showed an increase of the boron content on the surface of both electrodes in the
order of Li[OC(H)(CF3)2] < Li[OCH2CF3] < Li[CO2CF3]. This ordering was also found for the growth of the impedance of the
cells.362

1.07.2.5.3.2 In rechargeable magnesium batteries (RMBs)
Electrolytes for magnesium batteries need to be kinetically or thermodynamically inert towards the highly reductive surface of
magnesium metal at plating potentials, as the reduction products usually tend to passivate the metallic electrode. Furthermore,
they need to be stable towards positive potentials of the positive electrode to enable the use high-voltage materials for the positive
electrode. Non-corrosive and non-nucleophilic behavior is another prerequisite. Additionally, the conductivity of the electrolytes
needs to be high, to enable good reaction kinetics. Given the large charge density of Mg2þ, WCA-based electrolytes with [hf]�, stem-
ming from the laboratory of S. Strauss363 in 1998 and being augmented by us since 2001,8 as well as [hfB]

� stemming from our
labs13 in 2011, are on the rise, addressing all discussed prerequisites.

Aluminates: The synthesis and use of Mg[hf]2 electrolytes was described by Arnold et al. in 2016 and independently by Fichtner
et al. in 2017.44,364 Arnold et al. demonstrated the electrolyte as a new class of electrolytes for magnesium-ion battery systems,
exhibiting high conductivity and reversible plating of Mg with high efficiencies, as well as its use in full battery cells using prototype
cathode materials. With few exceptions, the oxide layer on magnesium metal had limited the scope of research to halide ion-based
electrolytes, which help activate the electrode surface but also limit the working voltage window considerably. The synthesis was
described via a facile and scalable method proceeding via the mixing of the respective magnesium and aluminum fluoroalkoxides
in ethereal solvents. The obtained solutions of the Mg[hf]2 salt can reversibly deposit magnesiummetal with near unit efficiency and
achieved suitable oxidative stabilities (>3.5 V vs. q-Mg2þ/Mg on glassy carbon and gold) and conductivities (>6 mS cm�1). The
practical oxidative stability of the electrolyte was probed using chronoamperometric methods on Al electrodes, indicating that
anodic dissolution may be inhibited, but is not stopped, by formation of an aluminum fluoride layer. Exploration of this class
of anions was described as an important step forward not only in Mg-ion battery chemistry but also for other multivalent ionic
systems such as calcium and aluminum.44 Fichtner et al. described an alternative synthesis of Mg[hf]2 via metathesis of MgBr2
with the sodium alkoxy aluminate.364 As the electrochemical behavior of Mg[hf]2 was already described by Arnold et al., the Fichtner
group focused strongly on the borate analogue and no significant additional electrochemical data was published in the discussed
article.44,364 Mandai et al. investigated 2021 the different electrochemical properties and structure-property relationships of the Mg
[hf]2 and Mg[hfB]2 salts in different glymes (G1–G4) in a comparative study. The bulk physiochemical properties, electrochemical
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characteristics and ion-transport behaviors were systematically and comprehensively studied. The concentration dependent ionic
conductivity showed no dependence on the type of anion, while the temperature-concentration-conductivity profiled showed
distinct dependences for the respective anions, suggesting different ion-transport mechanisms. The respective alkoxyaluminates
[hf]� showed higher ionic conductivities than their borate counterparts [hfB]

� did in all salt/solvent combinations due to their
higher charge-carrier diffusivity, leading to better desposition and dissolution activities. The systematic study showed Mg[hf]2 in
diglyme to be the salt/solvent combination exhibiting the best electrochemical activity, exhibiting stable and efficient (99.4%
coulombic efficiency), low polarized (<�60 mV) deposition and dissolution cycles. The findings were supported via ab initio
molecular dynamic simulation, showing exceptionally high Mg2þ diffusivity, electrochemical impedance spectroscopy, and
Vogel-Tammann-Fulcher fitting analysis.365 Bitenc et al. published single-crystal data accompanied by NMR and IR data for
[Mg(DME)3][hf]2 (DME ¼ 1,2-dimethoxyethane) proving the hexacoordinated structure of the salt. The performance was investi-
gated in different glymes, confirming diglyme as the optimal solvent. Special attention was given to the influence of water content,
showing high tolerance towards the presence of water traces for the salt in diglyme, which would simplify the upscaling of the elec-
trolyte. Under macrocycling conditions, including OCV periods, the addition of nBu2Mg andMgCl2 was shown to be beneficial. The
performance was additionally tested using three different positive electrodes (intercalation-type Chevrel phase, organic conversion-
type poly(anthraquinone) and inorganic conversion-type sulfur), showing reversible behavior and lower overpotentials than
observed for the analogue borate salt. The improved performance establishes [Mg(DME)3][hf]2 as a new standard salt for future
RMB research.366

In 2019, Clare Grey, Dominic Wright et al. reported a series of Mg aluminate salts Mg[Al(OR4)]2 (R ¼ tBu, tBuF, iPrF, Ph and PhF),
that were prepared using a general synthetic approach employing Mg[AlH4]2 and the respective fluorinated and non-fluorinated
alcohols as starting materials, for use in electrolyte systems for Mg batteries. This methodology provided access to Mg aluminates
that do not possess b-hydrogens and thereby precluded possible b-hydride elimination decomposition pathways, which have been
reported for analogous aluminum-based electrolytes.44 The cycling of these systems using Au and Mg electrodes was found to be
strongly influenced by the presence of chloride that was present due to the synthesis of Mg[AlH4]2. Chloride was found to lower
plating/stripping overpotentials and increased Coulombic efficiencies. The Mg aluminates were cycled efficiently in Mg full cells
containing a Chevrel phase Mo6S8 cathode with good capacity retention.367

A lower chloride content for an Mg[pf]2 salt was reported by Lau et al., in the same year. They hypothesized, that the electrochem-
ical window of Mg salt could be widened by disfavoring the cathodic decomposition pathway of a thermodynamically and anod-
ically stable anion, rendering it kinetically inert towards Mg-mediated reduction. Computational and electrochemical analyses on
Mg[pf]2 supported this hypothesis, and showcased a widened electrochemical window as a result of mitigated cathodic decompo-
sition as well as enhanced anodic stability from electron-withdrawing CF3 groups. Detailed NMR and IR spectroscopy and scanning
electron microscopy/energy-dispersive X-ray spectroscopy further supported, that the weak coordination to Mg2þ in solution is
important for maintaining the wide electrochemical window of the Mg salt, as it impedes thermodynamically favorable decompo-
sitions pathways of Mg-WCA associates.368

The Krossing group showed another, clean and contaminant free route towards [Mg(L)x][pf]2 (L ¼ MeCN, DME; x ¼ 3, 6) in
a 2022 study.369 Surprisingly, our electrochemical results contradict the findings of Grey/Wright and Lau, as we could not prove
magnesium plating and stripping activity of the electrolytes due rapid insulation of the electrodes by solid MgF2 formed by slight
degradation of the anion at the negatively polarized magnesium surface. The findings are supported by calculations and XPS data.

Borates: Borate-WCA electrolytes for the application in RMBs are mainly reported for the respective [hfB]
� salts by the group of

Fichtner and Zhao-Karger. First data was presented in 2017.364,370 Fichtner et al. presented [Mg(DME)3][hfB]2 as a new class of fluo-
rinated alkoxyborates (yet, they are known from our work13 since 2011) that is well-suited to be used as conductive salts in Mg
electrolytes. Profound chemical and electrochemical characterization of the salt was presented. The solution of [Mg(DME)3]
[hfB]2 in DME showed most promising electrochemical characteristics among the current state-of-the-art Mg electrolytes in terms
of high oxidative stability, high conductivity and excellent Coulombic efficiency of Mg deposition. The good chemical compatibility
makes it well-suited for high energy Mg batteries. The use of fluorinated alkoxyborate based electrolytes for MgeS batteries has been
demonstrated. For the first time, a stable cyclability with a nearly theoretical discharge voltage and good Coulombic efficiency was
realized for the MgeS cells. The straightforward, scalable synthesis from the alcoholysis of Mg[BH4]2 and the air and water insen-
sitive nature were pointed out to be promising properties.364 The vast number of publications associated with the application [hfB]

�

salts of magnesium in RMBs371–390 shows, that the [Mg(DME)3][hfB]2 has become a new standard electrolyte for magnesium based
batteries that use sulfur, intercalation type, and organic positrode materials. Especially, for the validation of new concepts, that are
susceptive to chloride induced corrosion of previously utilized electrolytes, this non-corrosive electrolyte has proven to be an impor-
tant compound, avoiding side effects associated with the nature of the chloride-containing electrolytes and enabling the realistic
capabilities of the positrode materials and surface engineering in RMBs. The understanding of the electrode-electrolyte interphase
and interface plays an important role, which has been recently studied in a model full-cell. Electrochemical impedance spectroscopy
(EIS) was applied to analyze the Mg-electrolyte interaction in a three-electrode system, showing a rapid increase in charge transfer
resistance on the anode side with increasing resting time. In contrast a significant drop in the charge transfer impedance was
observed upon cycling along with the appearance of an additional semi-circle, which suggested to the development of a solid inter-
phase. X-ray photoelectron spectroscopy (XPS) and Fourier transform infrared spectroscopy (FTIR) corroborated the EIS results and
confirmed the solid interphase layer formation, in which MgF2 was identified as the primary species contributing to its forma-
tion.387 Recently, Fichtner et al. provided an additional in-depth analysis of the structure of [Mg(DME)3][hfB]2 and the interactions
generated in the electrolyte among the dissociated ions. The results show a delicate balance between electron-withdrawing effects
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and ligand stabilization in the anion, that is crucial for the working principle of the magnesium electrolyte. The group found, that
the bulk nature of [hfB]

� limits the anion-cation contacts to infrequent interactions through fluorine atoms, which has consequences
for ion transport and the decomposition pathways towards the formation of MgF2. The study allows for further rational develop-
ment of new anion structures.388 In a 2020 paper, Mandai addresses issues concerning the reproducibility of the [Mg(DME)3][hfB]2
synthesis from Mg[BH4]2, reported to be batch dependent and to achieve low yields. An alternative synthetic route using Mg(Oh-
fip)2, BH3-THF-adduct and HOhfip as starting materials was suggested. Despite outstanding performance of the electrolyte salt in
1,2-DME, the electrolyte formulations were found to be unstable against magnesium metal mainly due to decomposition of the
polarized coordinating solvent molecules. Non-dendritic short-circuiting was described and analyzed as a function of cycle number,
separator thickness and highly localized electrode utilization leading to isolated magnesium particle and continuous magnesium
deposition into the separator materials. The overall findings highlighted the need for further research.391 Following these findings
and earlier observations on electrolyte conditioning, the Aurbach-group examined the electrochemical performance of the Mg[hfB]2/
DME-system and chemical changes upon prolonged cyclovoltammetric cycling using various electrochemical windows. Stable
behavior of the magnesium electrodes was observed after their conditioning pretreatment, stated to remove reactive, passivating
contaminants from the electrolyte solutions. All electrochemical parameters, such as current density, coulombic efficiency, overpo-
tential for deposition and deposition morphology were described to be improved by the presented method. Nevertheless, observed
potential gaps between the end of deposition and the start of dissolution were observed for all CVs, reflecting inherent kinetic
barriers, found likewise in the Fichtner publications. The fundamental nature of the conditioning process was not fully understood
and it was concluded that the removal of detrimental impurities, such as traces of water, is supposed to be a consequence of condi-
tioning. In macrocycling experiments a coulombic efficiency not higher than 96.5% was obtained, being lower than the necessary
>99.9% for practical battery applications using balanced electrode masses.392

Besides the Mg[hfB]2 salt, Liu et al. reported on the perfluoro pinacolatoborate salt Mg[B(O2C2(CF3)4)2]2 as a possible RMB elec-
trolyte, that was synthesized from commercially available reagents and fully characterized. The electrolyte delivered good electro-
chemical performance, specifically, 95% Coulombic efficiency and 197 mV overpotential, enabling reversible Mg deposition, and
an anodic stability of up to 4.0 V vs. q-Mg2þ/Mg. The electrolyte was applied to assemble a high voltage, rechargeable Mg/MnO2

battery with a discharge capacity of 150 mAh g�1.393 It must be noted though that the perfluoropinacol, which is a starting material
and a possible degradation product of Mg[B(O2C2(CF3)4)2]2, is an extremely toxic compound (fatal in contact with skin).394

1.07.2.5.3.3 In rechargeable calcium batteries
Aluminates: Electrolytes or batteries containing aluminates of any alkoxide residue were hitherto not reported.395

Borates: The first electrolytes allowing plating and stripping of metallic calcium were simple borates. For Ca[BF4]2 in EC/PC
a temperature of 100 �C is necessary.396 Ca[NTf2]2 is a non-functioning electrolyte at these conditions unless the calcium electrode
was pretreated with a [BF4]

� electrolyte enabling the plating of calcium from this electrolyte and being advantageous to the stripping
as well.397 CaBH4 used in THF allows plating and stripping at room temperature.398 The coulomb efficiency is 95% and CaH2 is
continuously formed.

Li et al.399 and Shyamsunder et al.400 simultaneously reported solutions of the weakly coordinating alkoxyborate [Ca(DME)4]
[hfB]2 in DME as an active room temperature electrolyte. It showed coulombic efficiencies of about 80–90% in CV on Pt (0.25 m)
and Au (0.5 m) with stripping and plating overpotentials of 300 and 600 mV, respectively. Conditioning cycles were needed. In
a symmetrical cell with calcium electrodes, the overpotential is >500 mV. The anodic stability reaches 4.2 V on stainless steel
and 4.8 V on aluminum. It could be raised up to 4.9 V on calcium metal by using Me2NTf as solvent.400 The electrode passivates
through formation of CaF2 as a result of anion cleavage possibly through water impurities, which was also correlated to the dendritic
Ca deposit.399 The addition of 0.1 m nBu4NCl to the 0.5 m electrolyte enhances the coulombic efficiency (92%) as well as the
cycling life.400 As it is not nucleophilic and offers a great anodic stability, it is the mainly used prototype electrolyte in latest publi-
cations. It has been successfully used with VS4,

390 sulfur45 and polyanthrachinon401 positrodes.
The salt has also been tested in THF and diglyme.402 The latter improved deposit morphology, reversibility, overpotentials and

cycle life in CV experiments and symmetrical Ca | Ca cells. A full cell using this electrolyte with a FePO4 positrode was demonstrated.
The ion interactions determining the solvation environments in WCA electrolytes being investigated for their oxidative stability

exhibit significant and non-intuitive concentration relationships.403 This statement is particularly true for electrolytes utilizing
reductively stable ethereal solvents due to their low dielectric constants. Solutions of [Ca(DME)4][hfB]2 in the ethereal solvents
DME and THF were characterized across a concentration range of several orders of magnitude. The effective salt dissociation has
a minimum around 0.01 m and a maximum around 0.2 m. Combined experimental and computational dielectric and X-ray spec-
troscopic analyses of the changes occurring in the Ca2þ solvation environment across these concentration regimes reveals a progres-
sive transition from well-defined solvent-separated ion pairs to decorrelated free ions. This transition in ion correlation results in
improvements in both conductivity and calcium cycling stability with increased salt concentration.

1.07.2.5.3.4 Application in battery electrolytes for zinc ion batteries
Liao et al. report a new zinc salt with the [pf]� anion, as a stable electrolyte for nonaqueous systems. The electrochemical and struc-
tural properties of this nonaqueous electrolyte was examined in various solvents.404 The synthesis was derived from the previously
reported Mg-salt synthesis.368 Zn[pf]2 supported highly reversible Zn deposition and stripping behavior in acetonitrile and ethereal
solvents, with up to 91% Coulombic efficiency and anodic stability. The metal deposits on the electrode were determined to be an
amorphous layer of zinc metal, along with decomposition products of the fluorinated anion. A variety of analytical techniques was
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used to identify the local coordination structure around Zn2þ in both the crystal phase and the solution phase, providing clear
evidence of solvent coordination around the cation. The WCA grants the salt a high-level of ion separation as was shown by X-
ray crystallography, and the zinc cations are reported to be fully solvated in organic solvents such as MeCN, THF, and G3. IR
measurements suggested the presence of ion association with increased concentration. However, XAS measurement could only
distinguish cation-solvent interactions at concentrations up to 0.1 m. It was supposed, that the anion likely persists as a solvent-
separated ion pair in the discussed zinc electrolytes.404

1.07.2.5.4 As electrolytes for supercapacitors
An electrochemical investigation into ILs based on [hf]� and [Tf2N]� anions as electrolytes in supercapacitors was performed.405 The
synthesis of [hf]� ILs was improved to minimize the water content for electrochemical measurements. Several electrodes with
different pore sizes frommicropores to macropores were prepared. Impedance and cyclic voltammetry studies of eight ILs were con-
ducted with the electrodes and revealed that, despite their close-to-ideal transport properties (cf. Table 5), [hf]� ILs suffer from
a sieving effect in the case of micropores, which leads to a sharp drop in capacitance compared with [Tf2N]� ILs. When the influence
of the size is abrogated at meso- or macroporous electrodes, the aluminate salts become competitive in terms of capacitance and
show that, without a sieving effect, their basic properties in principle make them suitable electrolytes as well.

1.07.2.5.5 In organic photovoltaics OPV
Increasing OPV-Efficiency: The aluminate anion [pf]� was employed406 to introduce pseudo-gas-phase conditions to the 2-[5-(1,3-
dihydro-1,3,3-trimethyl-2H-indol-2-ylidene)-1,3-pentadien-1-yl]-1,3,3-trimethyl-3H-indolium chromophore. The resulting forma-
tion of a photoactive organic-inorganic hybrid salt has led to a highly stabilized excited state of the organic chromophore mainly
due to the minimized lattice energy and Coulomb interactions. These highly beneficial features caused by the well dispersed nega-
tive charge of the anion have led to an enhanced neat spin-casted film fluorescence intensity, prolonged fluorescence lifetime,
smooth thin film surfaces and a record power photovoltaic efficiency of 3.8% when compared to organic salts of this particular
chromophore containing anions with localized negative charge. Clear evidence is given that a superweak coordinating anion is
an emerging key parameter in cyanine dye photochemistry. This approach can be seen as a general guideline to prepare highly effi-
cient ionic dyes for organic semiconductor applications and was further elaborated in 2022 by using even larger aluminate based
anions with the perfluorinated 2-adamantoxy residue.407

1.07.2.5.6 In the life sciences as hydrophobic, non-bleaching dyes
The [pf]� counterion was used for enhanced encapsulation and emission of dyes in biodegradable polymer nanoparticles.408 Hence,
dye-loaded polymer nanoparticles, due to their high brightness and potential biodegradability, emerge as a powerful alternative to
quantum dots in bioimaging applications. To minimize aggregation-caused quenching of the loaded dyes, the use of cationic dyes
with WCAs, which serve as spacers preventing dye p-stacking inside nanoparticles, was recently proposed. However, so far this
approach of counterion-enhanced emission inside polymer NPs was limited to tetrakis(pentafluorophenyl)borate (F5-TPB). The
authors showed that the counterion-enhanced emission approach is not limited to tetraphenylborates and can be extended to other
types of anions, such as the [pf]� anion, which is much easier to scale up, compared to F5-TPB. [pf]� strongly improved the encap-
sulation efficiency of the octadecyl rhodamine B dye compared to the perchlorate counterion (97.2 vs. 51.2%), being slightly better
than F5-TPB (92.4%). Similarly, to F5-TPB, [pf]� can effectively prevent aggregation-caused quenching of rhodamine inside NPs
made of the biodegradable polymer, poly(lactide-co-glycolide) (PLGA), even at 50 mM dye loading. According to single-particle
microscopy, the obtained NPs are 33-fold brighter than commercial quantum dots QD585 at 532 nm excitation and exhibit
complete ON/OFF switching (blinking), as was originally observed for NPs based on F5-TPB. Importantly, NPs loaded with the
rhodamine/[pf]� ion pair entered the cells by endocytosis, showing no signs of dye leaching, in contrast to rhodamine perchlorate,
which exhibited severe leakage from NPs with characteristic accumulation inside mitochondria. Moreover, [pf]� surpassed the F5-
TPB anion in stability of dye-loaded NPs against leaching, which can be attributed to the higher hydrophobicity of the former. Over-
all, this work shows that counterion-enhanced encapsulation and emission of cationic dyes inside polymer NPs is a general
approach for the preparation of stable and highly fluorescent nanomaterials for bioimaging applications.

1.07.3 Conclusion and outlook

The preceding sections show that synthetically easily accessible WCAs like the [M(ORF)4]
� (M ¼ Al, B) class of ions will soon find

their way from laboratory curiosities, used to stabilize “crazy” cations, to applications in a multitude of areas like coordination
chemistry, ionic liquids, electrolytes, catalysis, polymerization chemistry etc. However, the prerequisite to achieve this is the ready
availability of such materials. Here the fluorinated aluminates and several of the borates have made their way: The syntheses of
many starting materials to introduce these WCAs were developed and thus nowadays allow preparing almost any set of compounds,
given that the cation is compatible with the specific aluminate or borate. Limits for this WCA class are certainly extreme electro-
philes, i.e., small silylium ions like [SiMe3]

þ. Yet, the ions are compatible with the very strong electrophile [CCl3]
þ. In terms of

weak coordination ability, there are only less than a handful dmuch more difficult to prepared WCAs known, that offer the
same quality. Electrochemically, the aluminates are stable in strongly reducing environments (metallic Li), but also very oxidizing
conditions (up to þ5.5 V vs. Li/Liþ).
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Thus, if there is a need to replace a more common WCA like [SO3CF3]
�, [BF4]

� or [PF6]
� due to problems in the desired appli-

cation (solubility, stability, ion pairing, etc.), the introduction of the [M(ORF)4]
�-type aluminates and borates is certainly a good

move. This is facilitated by the commercial availability of many aluminate starting materials through www.iolitec.de (e.g., Li-, Ag-,
CPh3-, H(OEt2)2-salts and more). However, if a system runs well with a conventional smaller WCA, there is usually no need to take
the extra effort to introduce these large WCAs.
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Abstract

The present review covers recent advances (2012–21) in the field of noble-gas chemistry, with emphases on the synthetic and
structural characterizations of xenon and krypton compounds that have been formed in macroscopic quantities. The results of
gas-phase theoretical calculations are discussed in the light of the experimental structures and spectroscopic findings. Appli-
cations of noble-gas compounds to the syntheses of the high-oxidation-state transition-metal fluoride and oxide fluoride species
are also featured. The formation of noble-gas species in the gas-phase, in matrices, and at high pressures are also discussed.

1.08.1 Introduction

1.08.1.1 Noble-gas chemistry and the periodic table

In 2006, Oganessian et al.1 reported the synthesis of a new noble-gas element, 294118, based on the observation of three concordant
events that resulted from the fusion of 48Ca with 249Cf. The discovery of this superheavy element was only validated2 in January
2016 when element 118 was recognized by the International Union of Pure and Applied Chemistry (IUPAC) and the International
Union of Pure and Applied Physics (IUPAP). The discoverers christened it oganesson after the Armenian born Russian physicist Yuri
T. Oganessian, who led the group at Dubna, Russian Federation that discovered 294118 and several other of the heaviest transura-
nium elements. The name and symbol, Og, were approved by IUPAC in November 2016.

Today, the discovery of the last element in row seven of the Periodic Table is undisputed, but its physical properties and chem-
istry remain unknown owing to the short half-life (<1 ms) of 294Og, which decays by α-emission. High-level calculations have been
used to estimate the melting and boiling points of this super-heavy element.3 The two approaches that were used indicated Og is
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solid at ambient conditions with a melting point of �325 K when relativity was included in the calculations, whereas in the non-
relativistic limit, a melting point of 220 K was obtained that suggested a gaseous state, as expected for a typical noble-gas element.
Thus, relativistic effects shift the solid-to-liquid phase transition by ca. 100 K, and Og is likely not a gas.

The 150th anniversary of the Mendeleev’s periodic classification of the chemical elements was designated by UNESCO as the
International Year of the Periodic Table (IYPT). It is in this context that D. M. P. Mingos edited a two-volume work, The Periodic
Table I4a and II,4b wherein an overview is presented of how the Periodic Table, as we now know it, evolved since Mendeleev’s concep-
tualized Periodic Table and how the Periodic Table evolved and guided chemistry research ever since. A chapter dealing with the
noble gases, “Chemistry at the Edge of the Periodic Table: The Importance of Periodic Trends on the Discovery of the Noble Gases
and the Development of Noble-Gas Chemistry”, describes how the discovery of the noble-gas family of elements helped to validate
the periodic system and the role the Periodic Table played in the Discovery of noble-gas chemistry.5 There is no doubt that initial
attempts to form noble-gas compounds were prompted, guided, and illuminated by trends within the Periodic Table. Neil Bartlett,
the first to synthesize a noble-gas compound,6 also looked to the Periodic Table for trends among the chemistries of nearby elements
to understand the newly discovered chemistries of xenon and krypton.7–10 Over the past 60 years, the compounds of both elements
have continued to fascinate chemists and illustrate periodic behavior in a variety of ways that encompass, for example, oxidative
fluorinating properties and pursuant synthetic applications, isoelectronic and hyper-valent species among the main-group elements
and their structural relationships, and thermochemical bond energy trends.

1.08.1.2 Noble-gas chemistry reviews (2012–21)

During the period 2012–21 (inclusive), a significant number of reviews have appeared that deal with a broad spectrum of topics in
noble-gas chemistry: general noble-gas chemistry;11 the coordination chemistry of the noble gases and noble-gas fluorides;12 the
chemistry of xenon(IV);13 noble-gas – noble-metal chemistry;14 developments in the syntheses and structural characterization of
noble-gas compounds;15 the molecular and X-ray crystal structures of noble-gas compounds and their vibrational spectra;16

matrix-isolated noble-gas molecules characterized by infrared spectroscopy;17 noble-gas chemistry under high pressure;18 and theo-
retical advances in noble-gas chemistry.14,19,20 The present chapter is a continuation of a prior review inComprehensive Inorganic Chem-
istry II,21 which covered the period 2000–2011 (inclusive), and should also be consulted along with the aforementioned reviews.

1.08.2 Synthesis and reactivity of XeF2

1.08.2.1 A room-temperature non-irradiative synthesis of XeF2

Developments in Xe(II) chemistry are primarily related to the application and/or derivation of XeF2, making its preparation in high
yield and purity critically important to noble-gas chemistry.11,21,22 Xenon difluoride is an accessible and easy-to-handle noble-gas
compound that has found important synthetic applications as a gas-phase etchant for microelectromechanical systems23 and as an
electrophilic and oxidative fluorinating agent in 18F positron emission tomography (PET),24–26 main-group chemistry,27–29

transition-metal chemistry,30–32 and organic chemistry.33–35

The reaction conditions for an alternative synthesis of XeF2 have been optimized which require neither thermal nor irradiative
dissociation of F2. The work elaborates on a very brief account by Bartlett et al.36 wherein the authors describe the reaction of Xe
(1.26 mmol) with F2 (1.65 mmol) in anhydrous HF (aHF; 2 mL) in a 42 mL FEP (perfluoroethylene/perfluoropropylenecopoly-
mer) reactor under dark conditions at 20 �C for 12 h which gave a 63% yield of XeF2 (0.134 g, 0.792 mmol).36 It is clear from
this and related studies involving the oxidative fluorination of Xe with 19F2

36 and [18F]F2
37 in the presence of aHF and aHF/AsF5

superacid mixtures that liquid aHF and strong Lewis acid fluoride-ion acceptor AsF5 activate the F–F bond of F2 and facilitate its
homolytic dissociation at low temperatures and pressures.

A more recent high-yield synthesis of XeF2 also used liquid aHF to activate F2 under dark conditions.38 The reaction conditions
were optimized for the syntheses of gram quantities of high-purity XeF2 at ambient temperature in near quantitative yields (Table 1).
It is noteworthy that no reaction occurs between Xe and F2 under dark conditions when HF is entirely in the gas-phase.

1.08.2.2 XeF2/fluoride-ion acceptors as versatile one-electron oxidants

Xenon difluoride has a rich history as an oxidative fluorinating agent,22–35 and its use as such in the presence of fluoride-ion accep-
tors has been investigated.39 In an attempt to synthesize [Me3Se3][BF4] by reaction of Me2Se2 with a XeF2/BF3�OEt2 mixture, the one-
electron oxidation product, [Me4Se4][BF4]2, was obtained instead (Scheme 1).39

Prior to this study, only two oxidation reactions involving the use of XeF2/BF3 mixtures had been reported.40,41 Potent one-
electron oxidants are important synthetic reagents for the syntheses of reactive cations. This finding provided impetus to further
investigate the one-electron oxidation reactions of XeF2 in the presence of the fluoride-ion acceptors BF3, B(C6F5)3,
Al{OC(CF3)3}3, TfOSiMe3, Tf2NSiMe3, [Me3Si][B(C6F5)4], and [Me3Si][CHB11Cl11]. The XeF2/fluoride-ion acceptor mixtures
were allowed to react with compounds that have known oxidation potentials (Table 2) and were shown to have oxidation poten-
tials that are at least 2 V vs. the NHE. These mixtures are therefore intermediate in oxidative strength with respect to [NO]+42 and
[O2]

+42 salts and led to the formation of [BF4]
−, [TfO]−, [Tf2N]−, [FB(C6F5)3]

−, [FAl{OC(CF3)3}3]
−, [B(C6F5)4]

−, and [CHB11Cl11]
−

salts of the cationic oxidation products [Me4E4]
2+ (E ¼ Se, Te), [Fe(Cp)2]

+, [2,6-(Me2NCH2)2C6H3Se]
+, [C12H8S2]

+�, [2,4-
Br2C6H3)3N]+�, [(H2C2S2C)2]

+�, [(H2C2S2C)2]
2+, [(FeCpS)4]

2+, [tBu2C2EPh]
+, [tBu2C2EPh]

+, [C12H15Se]
+, [tBu2C2SPh]

+, and
[tBu2C2SMe]+. The salts were characterized by 11B, 13C, 19F, 77Se, and 125Te NMR spectroscopy, electrospray ionization time-of-flight
(ESI-TOF), mass spectrometry, and LT SCXRD.
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1.08.3 Xenon(II) and krypton(II) compounds

1.08.3.1 Main-group ligand compounds of Xe(II)

1.08.3.1.1 C6F5XeF and C6F5XeCl
The chemistry of the organylxenonium cation, [C6F5Xe]

+, is well documented and has been comprehensively reviewed.43–45 The
related compounds, C6F5XeY (Y ¼ Cl,46 Br,46 NCO,46 CN,46–48 CF3C(O)O,46 CF3S(O)2O,46 C6F5,

46–48 2,3-C6H3F2
46), were previ-

ously synthesized by reaction of C6F5XeF
47,49 with the alkylsilanes R3SiY (R ¼ alkyl, Y ¼ Cl) in CH2Cl2 (Eq. 1).

C6F5XeF + R3SiY!C6F5XeY + R3SiF (1)

The substrate, C6F5XeF, was prepared by two routes; (1) the F− catalyzed F/C6F5 substitution of Me3SiC6F5 with XeF2, which yielded
a mixture of C6F5XeF and Xe(C6F5)2,

49 and (2) the slow surface reaction of a [C6F5Xe]
+ salt with [N(CH3)4]F in CH2Cl2.

47 Reactions
of [C6F5Xe][BF4] with different sources of nucleophiles ([N(CH3)4]F, (CH3)3SiCl and (C2H5)3SiH, and Cd(C6F5)2) in coordinating
solvents (C2H5CN, CH3CN, and CD3CN) have been explored in greater detail and have led to improved yields for C6F5XeY.

Reaction of [C6F5Xe][BF4] with [N(CH3)4]F in C2H5CN solution afforded nearly complete conversion of [C6F5Xe][BF4] to give
C6F5XeF (95%),C6F5H (5%), and trace amounts of C6F6.

50More rapid reaction rates and improved yieldswere obtained for amodified
literature synthesis of C6F5XeF in which 1.5 equivalents of [N(CH3)4]F were allowed to react with [C6F5Xe][BF4] in CH2Cl2 (Eq. 2).

½C6F5Xe�½BF4� +
�
NðCH3Þ4

�
F ���������!CH2Cl2; −78�C

C6F5XeF +
�
NðCH3Þ4

�½BF4� (2)

Table 1 Representative amounts and yields of XeF2 resulting from the reaction of Xe and F2 in liquid aHF.a,b

Amount XeF2 amount

Xe, mmol F2, mmol aHF, g Time, h g mmol % yield c

8.03 13.48 2.141 21.0 1.261 7.45 92.8
8.25 14.63 1.151 20.0 1.300 7.68 93.1
8.02 14.89 0.945 8.0 0.786 4.64 57.9
8.21 16.23 0.424 20.0 0.949 5.61 68.3
8.63 15.22 0.143 67.5 0.594 3.51 40.7
8.27 14.87 0.054d 143.5 0.000 0.00 0.0

aReproduced with permission from Ref. 38.
bAll reactions were carried out at ambient temperature (23.5–25.5 �C) under dark conditions.
cYields are based on Xe as the limiting reagent.
dHydrogen fluoride is in the gas phase.

Scheme 1 Oxidations of Me2Se2. Reproduced with permission from Poleschner, H.; Seppelt, K. Angew. Chem. Int. Ed. 2013, 52, 12838–12842.

Table 2 Model compounds to be oxidized, oxidation potentials vs. NHE in Volts.a,b

Me2S2, 1.65 Ph2S2 1.75 [FeCp2] [(FeCpS)4]
Me2Se2 Ph2Se2 1.59 0.7 0/+ �0.05,
Me2Te2 Ph2Te2 0.99 +/2+ 0.57

TTF Thianthrene
0/+ 0.58, 1.56 1.84
+/2+ 0.95

aReproduced with permission from Ref. 39.
bConversion from SCE to NHE: 0.245 V, Ag/0.1 M AgNO3/SCE 0.36 V, [FeCp2]

+/[FeCp2]/SCE 0.46 V.
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Addition of n-pentane to CH2Cl2 improved reaction yields by promoting [N(CH3)4]
+ salt precipitation. Single crystals of C6F5XeF

were obtained by slow removal of CH2Cl2 solvent under dynamic vacuum and LT SCXRD provided the first structural characteriza-
tion of C6F5XeF (Fig. 1).

The coordination environment of xenon in the crystal structure of C6F5XeF is an AX2E3 VSEPR arrangement in which the C–Xe–F
bond angle is near linear (178.67(6), 179.67(6)�). The Xe–C bond (2.128(2), 2.132(2) Å) is significantly longer than those of the
[AsF6]

− (2.079(6) Å),51 [B(CN)4]
− (2.081(3) Å),52 and [B(CF3)4]

− (2.104(5) Å)52 salts of [C6F5Xe]
+ and somewhat longer than those

of the [B(CN)4]
− and [B(CF3)4]

− salts of the CH3CN adduct-cation, [C6F5Xe---NCCH3]
+ (2.100(10), 2.100(6) Å).52 The terminal

Xe–F bond (2.172(1), 2.182(1) Å) is somewhat longer than those of XeF2 (1.999(2) Å),53 but significantly shorter than the
Xe---F secondary bonds of the strongly ion-paired [C6F5Xe]

+ salts (2.672(5)–2.913(4) Å),51,52 and is best described as a highly
polar-covalent bond.

The synthesis of C6F5XeCl had previously been achieved by reaction of [C6F5Xe][AsF6] with 4-ClC5H5N�HCl in CH2Cl2 solvent
at −78 �C,54 whereas attempts to prepare C6F5XeCl by reaction of (CH3)3SiCl with [C6F5Xe][AsF6] in CH2Cl2 yielded [(C6F5Xe)2Cl]
[AsF6], (CH3)3SiF, AsCl3, and Cl2.

54 When the latter reaction was carried out in a CH2Cl2/CH3CN solvent mixture, [(C6F5Xe)2Cl]
[AsF6], (CH3)3SiF, and F5As�NCCH3 were formed.54 The reaction of [C6F5Xe][BF4] with (CH3)3SiCl in CH3CN solvent at −40 �Cwas
shown to yield C6F5XeCl, F3BNCCH3, and (CH3)3SiF in quantitative yields (Eq. 3). When the influence of the reactive [C6F5Xe]

+

cation on the formation of C6F5XeCl was studied by reaction of [N(n-C4H9)4][BF4] with (CH3)3SiCl under similar reaction condi-
tions, only low yields (�17%) of the desired product, N(n-C4H9)4Cl, were obtained. This indicated that a highly electrophilic cation
such as [C6F5Xe]

+ is required for F/Cl substitution. The reaction of [C6F5Xe][BF4] with (C2H5)3SiH in CD3CN was carried out in an
attempt to prepare C6F5XeH, but yielded C6F5H, [C6F5C(CD3)]N(H,D)2][BF4], C6F5D, Xe(C6F5)2, (C6F5)2, and BF3�NCCD3

instead. Reaction of [C6F5Xe][BF4] with Cd(C6F5)2 gave Xe(C6F5)2 and Cd[BF4]2 in near-quantitative yield.

½C6F5Xe�½BF4� + ðCH3Þ3SiCl ���!CH3CN C6F5XeCl + F3BNCCH3 + ðCH3Þ3SiF (3)

Both C6F5XeF and C6F5XeCl were characterized by 19F solution NMR spectroscopy and C6X5XeCl was also characterized by 129Xe
NMR Spectroscopy (Table 3).

Fig. 1 The molecular structure of C6F5XeF showing the most significant intermolecular contacts; the fluorine atoms of the C6F5 groups are not
depicted. The thermal ellipsoids are drawn at the 50% probability level. Reproduced with permission from Bilir, V.; Frohn, H-J. Acta Chim. Slov. 2013,
60, 505–512.

Table 3 The 19F and 129Xe NMR parameters of C6F5XeF and C6F5XeCl.

Chem shift (d) (ppm) Coupling constant (Hz)

129Xe 19F 3J(F2,6-129Xe) 3J(F4-F3,5) 4J(F4-F2,6) 1J(19F-129Xe)

XeF o-C6F5 p-C6F5 m-C6F5
C6F5XeF
a �129.0 (m) �146.6 (t) �156.2 (m) 81 20
C6F5XeCl
a �139.3 (m) �154.5 (t) �162.7 (m) 21
b �130.3 (m) �146.7 (t) �156.4 (m) 91 20 3
c �4077d �2.2 (s)e �131.1 (m) �147.3 (t) �157.1 (m) 94 21 4030

aIn CH2Cl2/n-C5H12, −80 �C
bIn CH3CN, −40 �C.
cIn C2H5CN, −80 �C.
dDν ¼ 206 Hz.
eDν ¼ 153 Hz.
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1.08.3.1.2 Xe(OSO2F)2
The xenon(II) fluorosulfate, Xe(OSO2F)2, was initially synthesized in 1969 by the LT reaction of XeF2 with HSO3F.

55 It was shown
to be thermodynamically unstable, decomposing to Xe and S2O6F2 at RT. It was not until 1972 that further experiments were re-
ported along with key Raman vibrational bands and unit cell parameters56; whereas 19F and 129Xe NMR spectra were reported in
197457 and 1978,58 respectively. Recently, Xe(OSO2F)2 was synthesized as previously described and single crystals were obtained
from HSO3F solvent and characterized by SCXRD (Fig. 2).59

The primary coordination environment of xenon in Xe(OSO2F)2 is an AX2E3 VSEPR arrangement in which the Xe atom is covalently
bound to an O atom of each fluorosulfate group to give a near linear O–Xe–O AX2E3 arrangement, where :O–Xe–O ¼ 179.13(4)�.
The Xe–O bond lengths (2.1101(13), 2.1225(13) Å) are consistent with Xe–O bonds that are only slightly shorter than in FXeOSO2F
(2.155(8) Å).60 The S–Obridge bonds (1.5237(13), 1.5334(13) Å) are significantly longer than the terminal S]Obonds (1.4092(14)–
1.4150(14) Å), and are in good agreement with FXeOSO2F (1.501(8) Å).

1.08.3.2 Transition-metal coordination complexes of NgF2 (Ng [ Kr, Xe)

The ligand behaviors of KrF2 and XeF2 are well established and have been described in several reviews.21,22,61 To stabilize NgF2 coor-
dination complexes, the fluoride-ion affinity of the acceptor must be closely matched with the fluorobasicity of NgF2, and the
acceptor must be resistant to oxidative fluorination by the polarized NgF2 molecule which has enhanced [NgF]+ character. Xenon
difluoride forms coordination complexes with a considerable number of fluoride-ion acceptors which include, but are not limited
to, main-group and transition-metal cations (i.e., Li+, Mg2+, Ca2+, Cu2+, Zn2+, Sr2+, Ag+, Cd2+, Ba2+, La3+, Nd3+, Pb2+,12,21 La3+, Ce3+,
Pr3+, Nd3+, Sm3+, Eu3+, Gd3+, Tb3+, and Dy3+, Y3+63), the high-oxidation-state halogen cations [ClO2]

+63 and [BrOF2]
+.64,65 the

noble-gas cation [XeF5]
+,21,66 and the neutral transition-metal oxide tetrafluorides MOF4 (M ¼ Cr,67–69 Mo,69,70 W69,70).

In contrast, crystallographically characterized examples of KrF2 coordination compounds are very rare due to the thermody-
namic instability and exceptional oxidative fluorinating strength of KrF2 and its derivatives. The only KrF2 coordination complexes
that have been structurally characterized by SCXRD are [F2OBr(FKrF)2AsF6],

64 Hg(FKrF)1.5(OTeF5)2,
71 KrF2�MOF4 (M ¼ Cr,67 Mo,70

W70), KrF2�2CrOF4,
67 [F5Xe(FKrF)nAsF6] (n ¼ 1, 2),72 [Mg(FKrF)4(AsF6)2], and [Mg(FKrF)4(AsF6)2]�2BrF5.73

1.08.3.2.1 [Hg(FKrF)8][AsF6]2�2HF
Reaction of Hg(AsF6)2 with approximately 10 equivalents of KrF2 in aHF solvent yielded the first homoleptic KrF2 coordination
complex of a transition-metal cation as the HF-solvated salt, [Hg(FKrF)8][AsF6]2�2HF, (Eq. 4).74

HgðAsF6Þ2 + 8KrF2 �!aHF �
HgðFKrFÞ8

�½AsF6�2$2HF (4)

The crystal structure consists of well-isolated [Hg(FKrF)8]
2+ dications and [AsF6]

− anions in which the primary coordination sphere
of Hg is a distorted square-antiprism consisting of eight terminally coordinated KrF2 molecules that interact with Hg2+ through
Hg---Fb bridge bonds (Fig. 3). The Hg coordination sphere is well reproduced by the gas-phase, optimized geometry of
[Hg(FKrF)8]

2+ (Fig. 3). The Hg---Fb bridge bonds (2.300(1)–2.412(1) Å) are significantly shorter than the Hg---Fb bonds of
Hg(FKrF)1.5(OTeF5)2 (2.664(3) Å). The asymmetric coordination of KrF2 results from polarized Kr–F bonds that give significantly
shorter Kr–Ft (1.822(1)–1.852(1) Å) and longer Kr–Fb bonds (1.933(1)–1.957(1) Å) than free KrF2 (1.894(5) Å).

75 Similar Kr–F
bond length differences have been observed for the KrF2 ligands of [F5Xe(FKrF)nAsF6] (n ¼ 1, 2),72 [Mg(FKrF)4(AsF6)2],
[Mg(FKrF)4(AsF6)2]�2BrF5,73 [F2OBr(FKrF)2AsF6],

64 and KrF2�MOF4 (M ¼ Cr,67 Mo,70 W70). The Hg–Fb–Kr bond angles are non-
linear (124.0(1)–134.3(1)�), which suggests the Hg---Fb bridge bonds have a degree of covalent character (vide infra).

The Raman spectrum of [Hg(FKrF)8][AsF6]2�2HF was fully assigned with the aid of calculated gas-phase vibrational frequencies
and intensities for [Hg(FKrF)8]

2+. Although the calculated vibrational displacements showed no significant intraligand coupling
between the Kr–Ft and Kr–Fb stretching modes, interligand coupling was observed in the Raman spectrum and subsequently pre-
dicted. The coupled Kr–Ft stretches occur between 540 and 603 cm−1 (calcd. 584–614 cm−1), whereas the coupled Kr–Fb stretches

Fig. 2 The molecular structure of Xe(OSO2F)2; thermal ellipsoids are drawn at the 50% probability level. Reproduced with permission from
Malischewski, M.; Seppelt, K. Acta Crystallogr. 2015, E71, 363–365.
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were observed at lower frequencies (exptl. 449, 508 cm−1; calcd. 413–467 cm−1), consistent with their relative degrees of covalency.
The vibrational frequencies of these modes are comparable to those of other KrF2 complexes.64,67,70–73,76

Computational studies indicate that both electrostatic and orbital interactions are involved in metal–ligand bonding and
provide insight into the geometry of [Hg(FKrF)8]

2+ and the nature of its ligand bonding. The NBO analysis of [Hg(FKrF)8]
2+ indi-

cates that the Hg---Fb bridge bonds have a degree of covalent character, and the NPA charges of the KrF2 ligands reveal significantly
more negative charge on Fb than on Ft, consistent with ligand polarization. An energy decomposition analysis (EDA) of the Hg---Fb
bridge bonds shows that there are significant orbital (DEorb ¼ −940.1 kJ mol−1) and electrostatic (DEelstat ¼ −651.0 kJ mol−1) inter-
actions that contribute to the stabilization of [Hg(FKrF)8]

2+. A complementary, extended transition state natural orbitals for chem-
ical valence (ETS-NOCV) analysis further partitioned the orbital contributions (DEorb) obtained from the EDA analysis. The
analysis showed each KrF2 ligand s-donates electron density from two different fragment orbitals into the unoccupied 6s and
6p orbitals of Hg2+ (Fig. 4), and accounts for the bent Hg---Fb–Kr bond angles observed in the crystal structure of [Hg(FKrF)8]
[AsF6]2�2HF.

1.08.3.2.2 Hg(FNgF)1.5(OTeF5)2
The synthesis of high-purity Hg(OTeF5)2 has led to its LT structural characterization in the solid state by Raman spectroscopy and
SCXRD and in solution by 19F NMR spectroscopy.71 The reactions of Lewis acidic Hg(OTeF5)2 with NgF2 (Ng ¼ Xe, Kr) in SO2ClF
solvent yielded stable coordination complexes that were also characterized at LT by Raman spectroscopy and SCXRD (Eq. 5).71

Although the solid Hg(FNgF)1.5(OTeF5)2 coordination complexes are stable under SO2ClF solvent and as dry

Fig. 3 The [Hg(FKrF)8]2+ cation (A) in the single-crystal X-ray structure of [Hg(FKrF)8][AsF6]2�2HF viewed down the C2-axis with thermal ellipsoids
drawn at the 50% probability level and (B) calculated (S8) at the B3LYP/def2-TZVPD level of theory and viewed down the S8-axis. Dashed lines
indicate bonds coming out (black) and going into (grey) the plane of the page. Square faces of square-antiprismatic polyhedron are indicated by
narrow lines. Reproduced with permission from DeBackere, J. R.; Schrobilgen, G. J. Angew. Chem. Int. Ed. 2018, 57, 13167–13171.
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1:5NgF2 + HgðOTeF5Þ2 ���!SO2ClF HgðFNgFÞ1:5ðOTeF5Þ2 (5)

solids at −78 �C, upon warming to room-temperature (Xe) or 0 �C (Kr), the solid compounds either dissociated (Eq. 6), or
underwent redox decomposition (Eq. 7).

HgðFXeFÞ1:5ðOTeF5Þ2 �!RT HgðOTeF5Þ2 + 1:5XeF2 (6)

HgðFKrFÞ1:5ðOTeF5Þ2 �!0
�C

HgF2 + F5TeOOTeF5 + Kr + ½KrF2 (7)

The complexes are isostructural, where the Hg(OTeF5)2 moieties of Hg(FNgF)1.5(OTeF5)2 have gauche-conformations and are linked
by bridging NgF2 molecules that result in infinite-chain structures (Fig. 5). The secondary Hg---Fb bonds with XeF2 ligands
(2.606(5)–2.701(5) Å) are marginally shorter than those of the KrF2 analogue (2.664(3)–2.741(3) Å), consistent with the greater
ionic characters of the Xe–F bonds in the XeF2 analogue. There are two crystallographically nonequivalent NgF2 molecules in the
asymmetric units of Hg(FNgF)1.5(OTeF5)2; one is symmetrically bridged (Ng–F, (Kr) 1.883(3) Å; (Xe) 1.981(4) Å), and the other is
asymmetrically bridged (Ng–F, (Kr) 1.885(3), 1.897(3) Å; (Xe) 1.991(4),2.012(4) Å). In both cases, the Ng–F bond lengths are
equal within�3s to those of NgF2 (Kr, 1.894(5) Å; Xe, 1.999(4) Å). The crystal structures provide the first examples of coordination
compounds in which NgF2 coordinates to Hg(II) in a neutral covalent compound, and the first symmetrically bridged KrF2 coor-
dination complex to be structurally characterized.

Calculated gas-phase vibrational frequencies and atomic displacements for the model compounds, (F5TeO)2Hg---(FNgF---
Hg(OTeF5)2)2 (Fig. 6), which well reproduced the experimental values, were used to assign the Raman spectra of
Hg(FNgF)1.5(OTeF5)2.

The calculated vibrational displacements show that the stretching modes of the bridging KrF2 and XeF2 ligands are extensively
coupled. The bands at 468 (Kr) cm−1 and 489, 501, 508 (Xe) cm−1 are assigned to NgF2 ligand stretching modes that are derived
from the symmetric stretches of free NgF2 (Kr: 464 cm−1; Xe: 494 cm−1), whereas the bands at 558 and 553 (Kr) cm−1 and 518 (Xe)
cm−1 are assigned to NgF2 ligand stretching modes that are derived from the asymmetric stretches of free NgF2 (Kr: 580 cm−1; Xe:
555 cm−1). The ligand bending modes are observed at 237, 260 cm−1 (Kr) and at 223, 241 cm−1 (Xe) and are shifted to slightly
higher frequencies relative to those of free NgF2 (Kr: 236 cm−1; Xe: 213 cm−1).

Fig. 4 (A) The occupied Kohn-Sham 8sg and 4pu MOs of KrF2. (B) A simplified diagram showing the interaction of the unoccupied 6s AO of Hg2+

with the Fb “2pz” and “2px,y” AO-components of the 8sg and 4pu MOs, respectively. These interactions, along with those involving the 6p AOs of
Hg2+ (not shown), account for the nonlinear HgeFeKr contact angle (�135�). Reproduced with permission from DeBackere, J. R.; Schrobilgen, G.
J. Angew. Chem. Int. Ed. 2018, 57, 13167–13171.

Fig. 5 The chain structure in the X-ray crystal structure of Hg(OTeF5)2�1.5KrF2, where thermal ellipsoids are drawn at the 50% probability level.
Secondary bonding interactions with the F and O atoms of adjacent KrF2 and –OTeF5 groups to Hg(II) are indicated by dashed lines. Reproduced with
permission from DeBackere, J. R.; Mercier, H. P. A.; Schrobilgen, G. J. J. Am. Chem. Soc. 2014, 136, 3888–3903.
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Quantum-chemical calculations were used to assess the nature of the Hg---F secondary bond. NBO analyses of the model
(F5TeO)2Hg---(FbNgFb---Hg(OTeF5)2)2 compound show small negative charge transfers from both NgF2 ligands to the central
(Kr, −0.038; Xe, −0.046) and both terminal (Kr, −0.040; Xe, −0.046) Hg(OTeF5)2 units. This, coupled with the small Wiberg bond
indices of the secondary Hg---Fb bonds (�0.06), indicates that these interactions are primarily electrostatic, s-hole type bonds.77

1.08.3.2.3 NgF2�nCrOF4, NgF2�MOF4, and XeF2�2MOF4 (n ¼ 1, 2; M ¼ Mo, W)
The noble-gas difluorides are moderate strength fluoride-ion donors that form coordination complexes with the Lewis acidic Group
6 oxide tetrafluorides. Until recently, the only example of an NgF2 complex with CrOF4 was KrF2�CrOF4,

78 which was obtained as an
intermediate in the synthesis of CrOF4 by the oxidative fluorination of CrO2F2 with KrF2 and was structurally characterized by LT
Raman and infrared spectroscopies. In addition, XeF2�WOF4 was the only NgF2�nMOF4 (n ¼ 1, 2; M ¼Mo, W) complex to have
been structurally characterized by SCXRD, albeit at low-precision.79 Low-temperature solution 19F and 129Xe NMR studies in
both BrF5 and SO2ClF solvents showed FtXeFb---MOF4, FtXeFb---M(OF3)–Fb0---Mt

0OF4, FtXeFb---M(OF3)-Fb0---M0(OF3)–Fb00---
Mt

00OF4, and FtXeFb---M(OF3)–Fb0---M0(OF3)–Fb00---M00(OF3)–Fb00---Mt
00OF4 have Xe–Fb---M bridges and metal-fluorine-metal

bridges that are non-labile on the NMR time scale, with structures having trans, trans-arrangements of the M]O and Mt
0¼O/

Mt
00]O/Mt

00]O bonds with respect to Fb0/Fb00/Fb00.80 The KrF2�nMoOF4 (n ¼ 1–3) and KrF2�WOF4 complexes were formed at LT
in SO2ClF solution.76 Their solution 19F NMR spectra (−121 �C) provided definitive proof for the formation of FtKrFb---
MoOF4, FtKrFb---WOF4, FtKrFb---Mo(OF3)–Fb0---Mot0OF4, and FtKrFb---Mo(OF3)–Fb0---Mo0(OF3)–Fb00---Mot

00OF4 complexes
having non-labile Kr–Fb---Mo/W bridges and metal-fluorine-metal bridges that are assigned trans, trans-arrangements of
the Mo]O and Mot0]O/Mot00]O bonds with respect to Fb0/Fb00.76 Several of these complexes (FtNgFb---MOF4 and FtXeFb---
M(OF3)–Fb0---Mt

0OF4, where Ng ¼ Kr, Xe and M ¼Mo, W) have also been characterized in the solid state by Raman
spectroscopy, and their spectra were tentatively assigned based on structures deduced from NMR studies.

Most recently, NgF2�nCrOF4, NgF2�MOF4, and XeF2�2MOF4 (Ng ¼ Kr, Xe; M ¼ Mo, W) have been synthesized and structurally
characterized by LT Raman spectroscopy and SCXRD.67,70 Although the synthesis of KrF2�CrOF4 by reaction of CrO2F2 with KrF2 in
aHF solvent and its vibrational characterization by IR and Raman spectroscopies had been previously described,78 the KrF2/CrOF4/
HF system was subsequently shown to be more complex than previously thought.67 Raman spectroscopy and SCXRD showed that
the previously undocumented coordination complex, KrF2�2CrOF4, (Eq. 8) crystallized from aHF at −78 �C along with small
amounts of KrF2�CrOF4 when the initial KrF2:CrO2F2 molar ratios were 1.35:1.00.

2CrOF4 HFð Þ + nKrF2 HFð Þ �!aHF
KrF2$2CrOF4 Sð Þ + ðn− 1ÞKrF2 HFð Þ % 2½KrF2$CrOF4� Sð Þ + ðn−2ÞKrF2 HFð Þ where n � 2 (8)

The KrF2�2CrOF4 complex was also the major component in equilibrium mixtures even when an initial 3:1 molar ratio of
KrF2:CrOF4 was used, demonstrating that equilibrium (8) favored KrF2�2CrOF4 formation below −30 �C. The KrF2�2CrOF4 complex
also remained the dominant species when HF was removed under dynamic vacuum at −65 �C. Equilibrium (8) favored KrF2�CrOF4
when a solid mixture of one equivalent of KrF2�2CrOF4 and two equivalents of KrF2 were fused at 22 �C and allowed to crystallize at
22 �C over a period of 29 h. Hydrogen fluoride solvation of KrF2 and the low fluoride-ion affinity of CrOF4 are likely themost signif-
icant factors that favor KrF2�2CrOF4 formation, whereas KrF2�CrOF4 is exclusively favored in melts in the absence of HF.

Fig. 6 The gas-phase, energy-minimized geometry of (F5TeO)2Hg---(FKrF---Hg(OTeF5)2)2 (C1) calculated at the PBE1PBE/def2-TZVPP level of theory.
The dashed lines designate long contacts between the Hg(II) atom of the central Hg(OTeF5)2 unit and the oxygen atoms of two adjacent terminal
Hg(OTeF5)2 molecules. Reproduced with permission from DeBackere, J. R.; Mercier, H. P. A.; Schrobilgen, G. J. J. Am. Chem. Soc. 2014, 136, 3888–3903.
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The XeF2�CrOF4, XeF2�2CrOF4, NgF2�MOF4, and XeF2�2MOF4 (M ¼Mo, W) complexes were synthesized by reaction of NgF2
with CrOF4 or MOF4 in either melts or aHF solvent (Eqs. 9 and 10).

NgF2 + MOF4 ���!aHF=melt
NgF2$MOF4 (9)

XeF2 + 2MOF4 �!melt
XeF2$2MOF4 (10)

Attempts to synthesize KrF2�2MoOF4 in aHF yielded crystalline KrF2�MoOF4 and the HF solvate, [--(F4OMo)(μ3-F)H---H(μ-F)--]N. In
contrast, attempts to form the solvated WOF4 analogue by dissolution of WOF4 in aHF yielded the acidium ion salt, [H2F][W2O2F9],
consistent with the higher calculated FIA of WOF4 (−386 kJ mol−1) relative to that of MoOF4 (−355 kJ mol−1).81

The crystal structures of NgF2�CrOF4 and NgF2�MOF4 are best described as coordination complexes in which an F atom of NgF2
coordinates into the s-hole region of Cr or M, that is trans to the M]O bond, to give well isolated Ft–Ng–Fb---Cr(O)F4 and Ft–Ng–
Fb---M(O)F4 structural units (Fig. 7). The Ng–F bonds of the NgF2 ligand become more polarized as the FIA of the Group 6 oxide
tetrafluoride increases (CrOF4, −285; MoOF4, −355; WOF4, −386 kJ mol−1),81 resulting in longer Ng–Fb bridge bonds and shorter
terminal Ng–Ft bonds upon descending Group 6 which is indicative of primarily electrostatic, s-hole type Cr–Fb/M–Fb bonds. The
bent Ng–Fb---Cr and Ng–Fb---M bond angles (118.50(8)–150.6(2)�) are similar to those of other terminally coordinated NgF2
(Ng ¼ Kr, Xe) complexes.64,65,67,70–73

In NgF2�2CrOF4, both fluorine atoms of NgF2 coordinate to CrOF4 to form F4(O)Cr---Fb–Ng–Fb---Cr(O)F4, where the fluorine
bridges are trans to the oxygen atoms and the CrOF4 groups are syn to one another (Fig. 8). The Kr–Fb (1.8882(6) Å) and Xe–Fb
(2.001(1) Å) bond lengths of NgF2�2CrOF4 are equal, within �3s, to those of KrF2 (1.894(4) Å)

75 and XeF2 (1.999(4) Å),
53 which

is indicative of very weak fluorine bridge interactions between NgF2 and CrOF4. The structure of KrF2�2CrOF4 is only the second
example of a bridging KrF2 molecule after Hg(FKrF)1.5(OTeF5)2 (vide supra).71

In contrast with NgF2�2CrOF4, one F atom of the XeF2 ligand of XeF2�2MOF4 (M ¼ Mo, W) is coordinated to the M(OF3)Fb0

moiety, where Fb0 is bridged trans to a second M0OF4 moiety that is, in turn, coordinated trans to the M0]O bond to give the
FtXeFb---M(OF3)Fb0---M0OF4 arrangement (Fig. 9). The cis, trans-arrangements of M]O/M0]O bonds relative to Fb0 in the crystal
structures contrast with the trans, trans-arrangements that had been assigned based on prior LT solution 19F NMR studies.80

The Xe–Ft (Mo, 1.9283(10); W, 1.922(4) Å) and Xe–Fb (Mo, 2.1153(10); W, 2.136(4) Å) bonds of XeF2�2MOF4 (M ¼Mo, W)
are somewhat shorter and longer, respectively, than those of XeF2�MOF4 (M ¼ Mo, W), indicating that M(OF3)Fb0---M0OF4 is
a stronger fluoride-ion acceptor than MOF4. The M---Fb bridge bonds (Mo, 2.1980(9); W, 2.177(4) Å) are significantly shorter
than those of XeF2�MOF4, and when combined with the trends observed for Xe–Ft and Xe–Fb bond lengths, are in accordance
with the FIA trend: MoOF4 <WOF4 z Mo(OF3)Fb0---Mo0OF4 < W(OF3)Fb0---W0OF4. The asymmetries of the M–Fb0---M0 bridge
bonds are consistent with the greater polar covalent characters of the M–Fb0 bonds (Mo–Fb0, 1.9350(10), W–Fb0, 1.929(4) Å)
and the primarily electrostatic characters of the Fb0---M0 bonds (Fb0---Mo0, 2.2990(10); Fb0---W0, 2.313(4) Å).

Fig. 7 (A) The X-ray crystal structure of KrF2�WOF4 (near-eclipsed conformation) with thermal ellipsoids drawn at the 50% probability level, and
(B) its calculated staggered conformation. Reproduced with permission from Bortolus, M. R.; Mercier, H. P. A.; Brock, D. S.; Schrobilgen, G. J.
Chem. Eur. J. 2022, 28, e2021037.
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Fig. 8 (A) The structural unit in the X-ray crystal structure of syn-KrF2�2CrOF4, with thermal ellipsoids drawn at the 50% probability level, and
(B) the calculated syn-conformation of KrF2�2CrOF4. Reproduced with permission from Mercier, H. P. A.; Breddemann, U.; Brock, D. S.; Bortolus, M.
R.; Schrobilgen, G. J. Chem. Eur. J. 2019, 25, 12105–12119.

Fig. 9 The X-ray crystal structure of (A) XeF2 �2MoOF4 with thermal ellipsoids drawn at the 50% probability level; and (B) its calculated geometry.
Reproduced with permission from Bortolus, M. R.; Mercier, H. P. A.; Brock, D. S.; Schrobilgen, G. J. Chem. Eur. J. 2022, 28, e2021037.
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The calculated gas-phase vibrational frequencies and atomic displacements for NgF2�MOF4 (M ¼ Cr, Mo, W), and XeF2�2MOF4
(M ¼ Mo, W), and syn-NgF2�2CrOF4 well reproduced the experimental values and were used to assign their Raman spectra. The
ν(Ng-Fb) and ν(Ng-Ft) stretching frequencies occur at very similar frequencies for the KrF2�MOF4 (566/579 and 462/479 (Mo),
and 571/581 and 450/469 (W) cm−1) and XeF2�MOF4 (562/567 and 449/466 (Mo) and 571/574 and 437/466 (W) cm−1)
complexes.70 These frequencies are bracketted by those of KrF2�CrOF4 (543/550 and 486 cm−1) and XeF2�CrOF4 (551/562 and
460/465 cm−1).67 Coordination of NgF2 to MOF4 results in in-plane, d(FbNgFt)i.p., and out-of-plane, d(FbNgFt)o.o.p., bends that
are expected to be very weak, so that only d(FbXeFt)i.p. (254 (Cr), 277 (Mo) and 274 (W) cm−1) and d(FbXeFt)o.o.p. (241
(W) cm−1) could be observed in the Raman spectrum.

The Raman spectra of XeF2�2MOF4, which had been previously assigned to a trans, trans-arrangement of M]O bonds based on
solution 19F NMR studies,80 were re-assigned based on the cis, trans-arrangements of M]O bonds in their crystal structures.70 The
calculations show no intraligand coupling between ν(Xe–Ft) and ν(Xe–Fb). The bands at 572/574 (Mo) and 582/585 (W) cm−1 are
assigned to ν(Xe–Ft) and those at 421 (Mo) and 408 (W) cm−1 are assigned to ν(Xe–Fb). Both bending modes, d(FbXe1Ft)i.p. (259,
276 (Mo); 248, 27080 (W) cm−1) and d(FbXe1Ft)o.o.p. (193/198, 236 (Mo); 193/201, 235/237 (W) cm−1) were observed along with
a rockingmode, rr(FbXe1Ft) (141/146 (Mo); 139/142 (W) cm−1). The torsional bands, rr(FbXe1Ft), were too weak to be observed, as
in the case of the d(M1FbXe1) bending modes, are too low in frequency to be observed.

As observed in the Raman spectra of Hg(FNgF)1.5(OTeF5)2,
71 two sets of NgF2 stretching bands, derived from the symmetric and

asymmetric stretches of the free NgF2 molecules are expected for NgF2�2CrOF4 which were observed at 465 and 569 cm−1 (Kr) and
512 and 553 cm−1 (Xe), respectively. The associated deformation bands were predicted to be very weak so that only d(FtKrFb)i.p. was
observed at 246 cm−1.

Quantum-chemical analyses (QTAIM, ELF, NBO, MEPS, EDA, and ETS-NOCV) were carried out to assess the nature of the
bridging interactions, with the MEPS and EDA analyses giving some specific insights into the coordination of OF4Cr---FNgF---
CrOF4

67 and XeF2�2MOF4.
70 The EP extrema of the XeF2�MOF4 MEPS show the fluorine atoms on the metals are significantly

more basic than the terminal fluorine of XeF2. Thus, when a second M’OF4 molecule coordinates to XeF2�MOF4, it preferentially
coordinates to a more basic fluorine atom of the MOF4 moiety of FtNgFb---MOF4 rather than to Ft of the XeF2 ligand, thereby
providing rationales for (1) why coordination of a second MOF4 molecule does not result in XeF2-bridged complexes analogous
to OF4Cr---FNgF---CrOF4, and (2) why the O ligands of the O]M–Fb0---M0]Omoiety are cis to one another and XeF2 coordinates
trans to the M]O bond as in XeF2�MOF4. Energy decomposition analyses of the Cr---Fb and M---Fb bonds for gas-phase
NgF2�CrOF4, NgF2�MOF4, NgF2�2CrOF4, and XeF2�2MOF4 (Ng ¼ Kr, Xe; M ¼Mo, W) show they are primarily electrostatic in
nature, with electrostatic contributions (DEelstat) that provide ca. 60–64% of the total attractive interactions between NgF2 and
MOF4, whereas orbital mixing (covalent) interactions (DEorb) comprise 26–35% of the total bonding interactions. The EDAs
show that the Fb0---M0 bonds are somewhat weaker than their M---Fb counterparts and the orbital contributions to these bonds
account for their non-linear M---Fb–Xe and M---Fb0–M0 bond angles.

1.08.3.2.4 [Ln(XeF2)3][BF4]3 (Ln ¼ La, Ce, Pr, Nd, Sm, Eu, Gd, Tb, Dy, and Y), [Ln(XeF2)][BF4]3 (Ln ¼ La, Ce, Pr, Nd), [La(XeF2)2]
[BF4]3, and [Ln(XeF2)]F[BF4]2 (Ln ¼ La, Nd, Sm, Eu, Gd, Tb, Dy, and Y)
Examples of XeF2 coordination complexes having the general formulation, [Mx+(XeF2)n][A

−]x, are known for singly (M+ ¼ Ag,82,83

Li84), doubly (M2+ ¼ Mg–Ba, Cu, Zn, Cd, Hg, Pb),85–87 and triply charged (M3+ ¼ La,88,89 Nd90) cations. Of these complexes, exam-
ples with M+ and M3+ are rarer than those with M2+, and M3+ complexes have only been reported for the lanthanide elements. The
Lewis acidity of LnF3 increases across the LadLu row, and early studies of the LnF3/XeF2/BF3/aHF (Ln ¼ La, Nd, Sm, Eu) systems
showed clear evidence for the formation of XeF2-containing compounds.91 However, these species were only characterized by mass
balance measurements, thus it was not possible to determine if they were pure compounds or mixtures. Since then, the [La(XeF2)2.5]
[AsF6]3 and [La(XeF2)3][XF6] (X ¼ As, Bi) complexes have been briefly mentioned in reviews,88,89 and the syntheses and character-
izations of [Nd(XeF2)n][AsF6]3 (n ¼ 2.5 and 3) have been reported,90 in which the crystal structure of [Nd(XeF2)2.5][AsF6]3 was
described. The coordination chemistries of the lanthanide elements have recently been extended by the syntheses and characteriza-
tions of a series of XeF2 coordination complexes with Ln (Ln ¼ La, Ce, Pr, Nd, Sm, Eu, Gd, Tb, Dy, and Y). The complexes were
obtained by reaction of LnF3 with XeF2 in BF3 acidified aHF solvent and were structurally characterized by Raman spectroscopy
and single-crystal X-ray diffraction.

Electronic spectra of solutions of LnF3 (Ln ¼ Pr, Nd) in BF3/aHF mixtures are known to resemble their respective spectra in
aqueous solution,92 which indicates that the Ln3+ cations in these systems are present as simple solvated cations with coordination
environments that resemble those in water, where CN ¼ 9.93 Removal of volatiles from solutions of LnF3 (Ln ¼ La, Ce, Pr, Nd, Sm,
Eu, Gd, Tb, Dy, and Y) in BF3/aHF mixtures results in La(BF4)3, LnF(BF3)2 (Ln ¼ La, Ce, Pr, Nd, Eu, Gd, Tb, Dy), and LnF3�nBF3 side
products of unknown composition (Ln ¼ Ho-Lu and Y).91,94 In a more recent study, addition of XeF2 to LnF3/BF3/aHF (Ln ¼ La,
Ce, Pr, Nd, Sm, Eu, Gd, Tb, Dy, and Y) mixtures yielded a series of coordination complexes having the formulations: [Ln(XeF2)3]
[BF4]3 (Ln ¼ La, Ce, Pr, Nd, Sm, Eu, Gd, Tb, Dy, and Y), [Ln(XeF2)][BF4]3 (Ln ¼ La, Ce, Pr, Nd), [La(XeF2)2][BF4]3, and [Ln(XeF2)]F
[BF4]2 (Ln ¼ La, Nd, Sm, Eu, Gd, Tb, Dy, and Y).62 Raman spectroscopy was the only characterization method for the majority of
these salts. Each of the four salt types gave different Raman spectra that had characteristic ν1(BF4) and ν(Xe-F) vibrational frequen-
cies which made it possible to distinguish which [Ln(XeF2)n]Fx[BF4]3-x salts were present in reaction mixtures and whether the coor-
dinated XeF2 molecule was terminal or bridging. The Raman spectra of the [Ln(XeF2)n]Fx[BF4]3-x salts exhibited characteristic bands
assigned to Xe–Ft (552–587 cm−1) and Xe–Fb (428–485 cm−1) stretching bands that were shifted to higher and lower frequencies
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relative to the LT phase of XeF2 (496 cm−1),22 and consistent with terminal XeF2 coordination. The crystal structures of
[Ln(XeF2)2](BF4)3 and [Ln(XeF2)]F(BF4)2 salts were not obtained, but based on their Raman spectra, the [La(XeF2)2](BF4)3 salt
contains both terminal and bridging XeF2 ligands, whereas the Raman spectra of [Ln(XeF2)]F(BF4)2 (Ln ¼ La, Nd, Sm, Eu, Tb,
Dy, Y) showed vibrational bands that can only be assigned to terminal XeF2 ligands. The Raman spectra also provided evidence
for the presence of other compounds that did not contain XeF2; among which were LaF(HF)(BF4)2 and LaF(BF4)2, for which crystal
structures were determined. The crystal structures of three XeF2 coordination complexes; [La(XeF2)3][BF4]3, [La(XeF2)][BF4]3, and
[Nd(XeF2)][BF4]3 were determined.62

(i) [La(XeF2)3][BF4]3. The coordination sphere of the La atom in the crystal structure of [La(XeF2)3][BF4]3 is best described as
a tri-capped trigonal prism (Fig. 10) where La is coordinated to the F atoms of six neighboring [BF4]

− anions (La---FB,
2.422(8)–2.474(3) Å) and the Fb atoms of three crystallographically independent terminally coordinated XeF2 ligands (La---FXe,
2.391(4)–2.473(6) Å). The [La(XeF2)3][BF4]3 structural units pack in infinite columns in which the cations and anions are bridged
through short ion-pair secondary bonds. The Xe–Fb bonds (2.058(6), 2.056(4), 2.052(4) Å) are significantly elongated relative to
the Xe–Ft bonds (1.932(7), 1.850(4), 1.825(5) Å), consistent with terminal XeF2 coordination. The La---Fb–Xe bond angles are bent
(138.8(2), 147.9(5), 152.3(3)�) and are comparable to those observed in other terminally coordinated NgF2 complexes (vide
supra).

(ii) [Ln(XeF2)][BF4]3 (Ln ¼ La, Nd). The crystal structures of [Ln(XeF2)][BF4]3 (Ln ¼ La, Nd) are isotypic and form strongly ion-
paired three-dimensional networks of structural units that are interconnected by strong secondary bonds between the Ln3+ cations
and nearby XeF2 molecules and [BF4]

− anions. As in [La(XeF2)3][BF4]3, the coordination sphere of Ln (Fig. 11) is best described as
a tri-capped trigonal prism comprised of eight F atoms from neighboring [BF4]

− anions (La---FB, 2.437(2)–2.483(3); Nd---FB,
2.446(7)–2.511(9) Å) and one Fb atom from a terminally coordinated XeF2 molecule (La---FXe, 2.375(4); Nd---FXe, 2.312(7) Å).
The XeF2 ligands in [Ln(XeF2)][BF4]3 (Xe–Fb, (La) 2.093(4); (Nd) 2.115(6) Å; Xe–Ft, (La) 1.920(4); (Nd) 1.923(8) Å) are more
polarized than in [La(XeF2)3][BF4]3 (see above), and their Ln---Fb–Xe bond angles are also bent (La, 154.3(2); Nd, 154.4(4)�).

Fig. 10 A portion of the infinite column in the crystal structure of [La(XeF2)3][BF4]3. Reproduced with permission from Mazej, Z.; Goreshnik, E. Eur.
J. Inorg. Chem. 2021, 2669–2681.

Fig. 11 A portion of the crystal structure of [La(XeF2)][BF4]3 showing the nine-fold coordination sphere of the La atom, where the thermal
ellipsoids are drawn at the 50% probability level. Reproduced with permission from Mazej, Z.; Goreshnik, E. Eur. J. Inorg. Chem. 2021, 2669–2681.
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1.08.3.3 Main-group coordination complexes of NgF2

1.08.3.3.1 [O2Cl(FXeF)2][AsF6]
The synthesis and structural characterization of the first Cl(V) coordination complex of XeF2, [O2Cl(FXeF)2][AsF6], has been re-
ported.63 The reaction of α-[ClO2][AsF6] with XeF2 at −78 �C in aHF solvent yielded [O2Cl(FXeF)2][AsF6] (Eq. 11), which provides
a rare example of XeF2 coordination to a halogen Lewis acid center (vide infra).

½ClO2�½AsF6� + 2XeF2 �!aHF ½O2ClðFXeFÞ2�½AsF6� (11)

The low-temperature (LT) phase of β-[ClO2][AsF6] was also obtained by recrystallization of α-[ClO2][AsF6] from aHF solvent
at −10 �C. Both compounds were characterized by LT SCXRD (Fig. 12) and LT Raman spectroscopy.

The trajectories of the Cl---F secondary bonds in the crystal structure of [O2Cl(FXeF)2][AsF6] are directed towards regions of high
positive electrostatic potential, s-holes, on the Cl atom. The two shortest Cl---FXe secondary bonds result from terminal coordina-
tion of both XeF2 ligands (2 	 2.4242(10) Å) into s-holes that are located on either side of the triangle defined by the two Cl–O
double-bond domains and the VELP domain of Cl. The longest Cl---F secondary bonds are formed with the F atoms of neighboring
[AsF6]

− anions (2.6350(13), 3.0307(13), 3.0307(13) Å) that are directed towards s-holes on Cl that are trans to Cl–O double bond
domains. This is presently the only example of seven-coordinate [ClO2]

+ (CNCl ¼ 2 + 5) salt, whereas CNCl ¼ 2 + 4 and
CNCl ¼ 2 + 6 coordination numbers have been observed for other [ClO2]

+ salts.95

Terminal coordination of XeF2 to the Cl atom of [ClO2]
+ results in Xe–Ft bond contraction (1.9721(11) Å) and Xe–Fb bond

elongation (2.0381(10) Å) relative to the Xe–F bonds of XeF2 (1.999(2) Å).
53 The Xe–Ft bond is very similar to that of XeF2�CrOF4

(1.969(2) Å),67 somewhat longer than those of [F2OBr(FXeF)2][AsF6] (1.956(5), 1.960(4) Å),
65 and the Xe–Fb bonds are somewhat

shorter than those of XeF2�CrOF4 (2.057(2) Å) and [F2OBr(FXeF)2][AsF6] (2.052(4), 2.053(4) Å). The Xe–F bonds of the aforemen-
tioned complexes are significantly less polarized than those of [XeF][AsF6] (Xe–Ft, 1.888(3) Å; Xe–Fb, 2.208(3) Å),

53 consistent with
a terminally coordinated XeF2 complex.

Quantum-chemical calculations for the model gas-phase ([O2Cl(FXeF)2][AsF6]2)
− anion aided in the assignments of funda-

mental vibrational frequencies and 35/37Cl isotopic shifts of [O2Cl(FXeF)2][AsF6] and were employed to assess chemical bonding
by use of an NBO analysis. The [O2Cl(FXeF)2]

+ cations and [AsF6]
− anions of [O2Cl(FXeF)2][AsF6] are intimate ion-pairs with

secondary Cl---FAs and Cl---FXe bonds that are significantly shorter than the sums of the Cl and F van der Waals radii, consistent
with primarily electrostatic s-hole type bonding. MEPS and NBO analyses of the gas-phase [XO2]

+ (X ¼ Cl, Br, I) cations suggest
the syntheses of other [O2X(FNgF)2]

+ (Ng ¼ Kr, Xe) coordination complexes should be possible.

1.08.3.3.2 [Mg(FKrF)4][AsF6]2
Although numerous XeF2 coordination complexes that have the general formulation [Mn+(FXeF)p][AFx]n (M ¼ Li, Ag, Mg–Ba, Cu,
Zn–Hg, Pb, La, Pr, Nd; A ¼ B, P, As, Sb, Bi, V, Nb, Ta, Ru) have been synthesized and structurally characterized,21,22 the only exam-
ples of KrF2 coordination complexes with alkali or alkaline earth metal cations that have been reported are the [M(FKrF)n][AuF6]2
(M ¼ Ca, Sr, Ba; n ¼ 1–4) salts, whose solid-state structures are unsubstantiated.96,97 Structurally well characterized examples of
KrF2 coordination compounds are very rare due to the significant technical challenges associated with handling KrF2 and its deriv-
atives. In order to stabilize a KrF2 coordination complex, the Lewis acidity of the acceptor must not only be closely matched with the

Fig. 12 The structural unit in the crystal structure of [O2Cl(FXeF)2][AsF6]. Thermal ellipsoids are drawn at the 50% probability level and secondary
Cl–F bonds are indicated by dashed lines. Reproduced from Bortolus, M. R.; Ellwanger, M.; Haner, J.; Schrobilgen, G. J. J. Fluorine Chem. 2021, 250,
109814.
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fluorobasicity of KrF2, but the Lewis acid site must be resistant to oxidative fluorination. Reactions of Mg[AsF6]2 with XeF2 and XeF4
in aHF solvent have previously yielded [Mg(FXeF)n][AsF6]2 (n ¼ 2 or 4)98 and [Mg(FXeF)(XeF4)][AsF6]2.

99

The reactions of Mg[AsF6]2 and KrF2 in HF or BrF5 solvent have afforded [Mg(FKrF)4(AsF6)2] and [Mg(FKrF)4(AsF6)2]�2BrF5,
respectively, and have provided the first examples of a metal cation coordination complex with KrF2 (Eqs. 12 and 13).73

Mg½AsF6�2 + 4KrF2 �!aHF �
MgðFKrFÞ4ðAsF6Þ2

�
(12)

Mg½AsF6�2 + 4KrF2 �!BrF5 �
MgðFKrFÞ4ðAsF6Þ2

�
$2BrF5 (13)

The X-ray crystal structures and Raman spectra of both complexes show the KrF2 ligands and [AsF6]
− anions are F-coordinated to

a Mg2+ cation (Fig. 13). The geometric parameters of [Mg(FKrF)4]
2+ and [AsF6]

− in both crystal structures are very similar. The crystal
structure of [Mg(FKrF)4(AsF6)2] consists of well-isolated [Mg(FKrF)4]

2+ dications and [AsF6]
− anions that interact by means of short

secondary Mg---F bonds (Mg---FKr, 1.965(2)–2.005(2) Å; Mg---FAs, 1.982(2)–2.001(2) Å) that significantly polarize the terminal
Kr–F and As–F bonds. The Mg---Fb–Kr bond angles are bent (121.84(7)�–144.43(8)�), as observed for the other structurally char-
acterized examples of terminally coordinated KrF2 complexes.64,67,70,72,74

Calculated vibrational frequencies and vibrational displacements for gas-phase [Mg(FKrF)4(AsF6)2] and BrF5 were used to aid in
the assignment of the Raman spectra of [Mg(FKrF)4(AsF6)2] and [Mg(FKrF)4(AsF6)2]�2BrF5. Because the cocrystallized BrF5 mole-
cules of [Mg(FKrF)4(AsF6)2]�2BrF5 very weakly interact with [Mg(FKrF)4(AsF6)2], the Raman spectrum of the co-crystal was analyzed
as a composite of [Mg(FKrF)4(AsF6)2] and BrF5 spectra. No intraligand coupling was observed between the Kr–Ft and Kr–Fb
stretches, whereas significant interligand coupling resulted in four, coupled Kr–Ft modes (558–589 and 558–591 cm−1) and four
coupled Kr–Fb modes (449–495 and 451–492 cm−1). Similar interligand couplings have been observed for other terminally coor-
dinated KrF2 complexes.64,74

The NBO analysis of gas-phase [Mg(FKrF)4][AsF6]2 is consistent with weak covalent, ligand-metal bonding, where the charge
distributions indicate polarization of the KrF2 ligands accompanied by a small degree of charge transfer from KrF2 to Mg2+

(−0.148) and very small Mg---Fb Wiberg bond indices (0.042–0.045) that are consistent with Mg---Fb bonds that are essentially
electrostatic in character.

Fig. 13 The X-ray crystal structure of [Mg(FKrF)4(AsF6)2]; thermal ellipsoids are drawn at the 50% probability level. (B) Calculated geometry
(B3LYP/aug-cc-pVDZ(-PP)). Reproduced with permission from Lozin�sek, M.; Mercier, H. P. A.; Schrobilgen, G. J.; �Zemva, B. Angew. Chem. Int. Ed.
2017, 56, 6251–6254.

Noble-gas chemistry 453

mailto:Image of Fig. 13|tif


1.08.3.4 Mixed krypton/xenon compounds

1.08.3.4.1 [F5Xe(FKrF)nAsF6] (n ¼ 1 or 2)
Although the chemical reactivities of xenon and krypton were discovered 60 years ago,6,100 no chemically bound species containing
both noble-gas elements had been synthesized and isolated in macroscopic amounts. In contrast with xenon, which exhibits formal
oxidation states in its compounds of 0, +½, +2, +4, +6, and + 8, krypton compounds are limited to the +2 oxidation state. The only
binary fluoride of krypton that can be prepared in synthetically useful amounts is thermodynamically unstable KrF2,

21,61 from
which all other krypton compounds are derived.21,61,64,67,70,71,73,74 Terminal coordination of NgF2 to a Lewis-acid acceptor polar-
izes the Ng–F bonds, resulting in increased [NgF]+ character and a concomitant increase in oxidative fluorination strength.61 The
[KrF]+ cation is the strongest chemical oxidative fluorinating agent known, and thus KrF2 coordination complexes are prone to
undergo redox decomposition by oxidative fluorination of the Lewis acid acceptor.

The [XeF5]
+ cation is sufficiently Lewis acidic to form coordination complexes with KrF2. The positive charge on the cation and the

high oxidation state of xenon render [XeF5]
+ resistant to oxidation by Kr(II). The XeF2 analogues, [F5Xe(FXeF)nAsF6] (n ¼ 0.5, 1, 2),

have been prepared by reaction of [XeF5][AsF6] with XeF2 in aHF solvent and were structurally characterized by Raman spectros-
copy66,101 and SCXRD.66

Reactions of [XeF5][AsF6] with KrF2 at various molar ratios in aHF solvent, yielded the first mixed krypton/xenon coordination
compounds, [F5Xe(FKrF)AsF6] and [F5Xe(FKrF)2AsF6], which were characterized by LT Raman spectroscopy and LT SCXRD
(Fig. 14).72 In the attempted synthesis of [F5Xe(FKrF)0.5][AsF6], reaction of a 1.0:1.9 molar ratio of KrF2 with [XeF5][AsF6] in
aHF afforded [F5Xe(FKrF)AsF6] and the previously unknown HF coordination complex, [F5Xe(FH)AsF6]. The [F5Xe(FH)][PnF6]
(Pn ¼ As, Sb) salts were also prepared by crystallization of [XeF5][PnF6] from aHF, and were characterized by LT Raman

Fig. 14 The X-ray crystal structure of (A) [F5Xe(FKrF)AsF6] and (B) [F5Xe(FKrF)2AsF6] where the coordination environments of the Xe atoms are
expanded to include symmetry-generated atoms. Thermal ellipsoids are drawn at the 50% probability level. Reproduced with permission from
Lozin�sek, M.; Mercier, H. P. A.; Schrobilgen, G. J. Angew. Chem. Int. Ed. 2021, 60, 8149–8156.
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spectroscopy and SCXRD (Eq. 14). The 1:1 complex [F5Xe(FKrF)AsF6] was obtained by reaction of a 1.5:1.0 ratio of KrF2:[XeF5]
[AsF6], whereas a 3.5:1.0 molar ratio of KrF2:[XeF5][AsF6] yielded [F5Xe(FKrF)2AsF6] (Eqs. 15–17).

½XeF5�½AsF6� + HF Ð ½F5Xe FHð ÞAsF6� (14)

½XeF5�½AsF6� + KrF2 Ð ½F5XeðFKrFÞAsF6� (15)

and/or

½F5Xe FHð ÞAsF6� + KrF2 Ð ½F5XeðFKrFÞAsF6� + HF (16)

½F5XeðFKrFÞAsF6� + KrF2 Ð �
F5XeðFKrFÞ2AsF6

�
(17)

The crystal structure of [F5Xe(FKrF)][AsF6] is isotypic with [F5Xe(FXeF)][AsF6], whereas [F5Xe(FKrF)2][AsF6] is not isotypic with
[F5Xe(FXeF)2][AsF6]. The cations and anions interact through primarily electrostatic, s-hole type Xe---FAs bonds (2.59–3.57 Å)
that are equal to or shorter than the sums of the Xe and F van der Waals radii (3.63 Å,102 3.52 Å103). The Xe---FKr secondary bonds
(2.5139(9)–2.576(2) Å) are significantly shorter than the Xe---FAs secondary bonds, and are also primarily electrostatic. Coordina-
tion of KrF2 to [XeF5]

+ significantly polarizes the Kr–F bonds to give slightly elongated bridge bonds (Kr–Fb, 1.917(2)–1.9367(9) Å)
and slightly contracted terminal bonds (Kr–Ft, 1.8393(12)–1.851(2) Å) relative to those of free KrF2.

75 The bent Xe---Fb–Kr bond
angles (133.24(5)–141.80(7)�), suggest the Xe---Fb bond possesses a small, but significant degree of covalent character. Similar
bond polarization effects and bent fluorine bridge angles have been observed for other KrF2 coordination complexes.

The primary bond lengths and bond angles of the [XeF5]
+ cations in the crystal structures of [F5Xe(FKrF)nAsF6] (Fig. 14) and

[F5Xe(FH)][PnF6] (Fig. 15) are comparable to those of fluoro- and oxyfluoro-anion salts of [XeF5]
+.68,104–112 The Xe---FH secondary

bonding interactions of [F5Xe(FH)][PnF6] (As, 2.656(2) Å; Sb, 2.6501(10) Å) are significantly longer than those of [F3Xe(FH)]
[Sb2F11] (2.432(2) Å) and [FXe(FH)][Sb2F11] (2.359(4) Å), in accordance with the relative Lewis acidities of the xenon fluoro-
cations: [XeF5]

+ < [XeF3]
+ < [XeF]+.

The calculated gas-phase optimized geometries of the hypothetical {[F5Xe(FKrF)][AsF6]3}
2− and {[F5Xe(FKrF)2][AsF6]2}

− anions
well reproduced the coordination environments of the xenon atoms in [F5Xe(FKrF)AsF6] and [F5Xe(FKrF)2AsF6], respectively, and
the calculated Xe---Fb–Kr bond angles are also bent (121.2–124.71�).72 The Raman spectra of the 1:1 and 1:2 complexes were fully
assigned with the aid of calculated gas-phase vibrational frequencies and intensities for {[F5Xe(FKrF)][AsF6]3}

2− and {[F5Xe(FKrF)2]
[AsF6]2}

−. Bands observed at 533 and 454 cm−1 in the Raman spectrum of [F5Xe(FKrF)AsF6] are assigned to ν(Kr-Ft) and ν(Kr-Fb),
respectively. In the case of [F5Xe(FKrF)2AsF6], vibrational coupling occurs, giving rise to additional bands at 543 and 564/567 and
466 and 472/474 cm−1. The deformation bands, d(FKrF)i.p., d(FKrF)o.o.p., rr(FKrF), and rt(FKrF) were observed at similar fequencies
in both complexes ([F5Xe(FKrF)AsF6]; 294, 255, 143, 130 cm−1; [F5Xe(FKrF)2AsF6]; 273/278, 251, 145, 110 cm−1).

NBO analyses reveal that complex formation significantly reduces the net positive charges on the [XeF5]
+ cations of

{[F5Xe(FKrF)][AsF6]3}
2− and {[F5Xe(FKrF)2][AsF6]2}

− relative to gas-phase [XeF5]
+, indicating that significant charge transfer

from [AsF6]
− and the KrF2 ligands to Xe occurs. The small Wiberg bond indices of the Xe---FKr bonds (0.037–0.102), indicate

that these bonds are primarily electrostatic in nature. ELF analyses of {[F5Xe(FKrF)][AsF6]3}
2− and {[F5Xe(FKrF)2][AsF6]2}

− show
that the stereo-active VELP distributions of Xe are perturbed and notably flattened upon complex formation, occupying significantly
less volume than the VELP of gas-phase [XeF5]

+. MEPS analyses show four localized regions of positive electrostatic potential
maxima (798 kJ mol−1) on the Xe atom of the [XeF5]

+ cation that are located at the intersections of the equatorial F atom isosurfaces
at the base of the square pyramid formed by its axial and equatorial F atoms (Fig. 16). The Xe---F secondary bonds in the crystal

Fig. 15 The crystal structure of [F5Xe(FH)AsF6]. The coordination environment of Xe1 is expanded to include symmetry-generated atoms. Thermal
ellipsoids are drawn at the 50% probability level. Reproduced with permission from Lozin�sek, M.; Mercier, H. P. A.; Schrobilgen, G. J. Angew. Chem.
Int. Ed. 2021, 60, 8149–8156.
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structures of [F5Xe(FKrF)][AsF6], [F5Xe(FKrF)2][AsF6], and [F5Xe(FH)][PnF6] (Pn ¼ As, Sb) are directed towards these positive
regions, consistent with s-hole type interactions.

1.08.3.4.2 [FKrFXeF][AsF6] �0.5KrF2�2HF, XeF4 �NgF2, and [(F5Xe)2(μ-FKrF)][AsF6]2
The bonding of NgF2 (Ng ¼ Kr, Xe) may be represented by 3c-4e valence bond descriptions in which the Ng valence pz-orbitals
interact with fluorine 2pz-orbitals. The resulting s-bonds have formal bond orders of ½, which are represented by resonance Struc-
tures I and II. The high ionic characters of the Ng–F bonds of NgF2 implied by Structures I and II account for

F�Ng+
I

F− 4 F−+Ng
II

�F

their fluoro-basicities and fluoride-ion donor behaviors towards strong to moderate strength Lewis acids such as MF5 (M ¼ As,53,61

Sb,53,61 Bi,53,61 V,61 Nb,61 Ta,61 Au61). These fluoride-ion transfer reactions readily occur in aHF to form [NgF][MF6] and [NgF]
[M0

2F11] (M0 ¼ Sb,53,61 Bi,53,61 Nb,61 Ta,61 Ir,61 Pt61) salts (Eq. 18). Reactions of NgF2 with a [NgF]+ salt in aHF also yield the
V-shaped [Ng2F3]

+ (Ng ¼ Kr or Xe) cations (Eq. 19).61,75,113,114

NgF2 + nMF5 �!aHF
NgF½ �½MnF5n+1� ðn ¼ 1 or 2Þ (18)

NgF2 + NgF½ �½MF6� �!aHF ½Ng2F3�½MF6� (19)

The bonding of [Ng2F3]
+ may be represented by the 5c-6e valence bond description given by resonance Structures III–V. The formal

bond orders of [Ng2F3]
+ lie between ½ (NgF2) and 1 [NgF]+, where the central Ng–Fb bonds are significantly more ionic.

F�Ng�F +Ng�F
III

4 F�Ng+ F−+Ng�F
IV

4 F�Ng+ F�Ng�F
V

Although a significant number of [Ng2F3]
+ salts have been synthesized and structurally characterized at LT by SCXRD,61,75,113,114

Raman spectroscopy,61,75,113–115 and multi-NMR spectroscopy,61 the mixed Kr(II)/Xe(II) analogue, [FKrFXeF]+, had not been re-
ported. The isolation and structural characterization of mixed Kr(II)/Xe(II) and Kr(II)/Xe(IV) noble-gas compounds pose a formi-
dable synthetic challenge owing to the ability of KrF2, [KrF]

+, and [Kr2F3]
+ to oxidize Xe(II) and Xe(IV) to Xe(VI).5,61

Reaction of [XeF][AsF6] with excess KrF2 at −78 �C in aHF yielded the first mixed Kr(II)/Xe(II) noble-gas compound, [FKrFXeF]
[AsF6]�0.5KrF2�2HF (Eq. 20), which was characterized by LT Raman spectroscopy and LT SCXRD.116 The potent oxidative fluori-
nating properties of [FKrFXeF]+ led to redox decomposition at −60 �C in aHF in the presence of excess KrF2, and resulted in oxida-
tion of Xe(II) to Xe(IV) and the formation of the first mixed Kr(II)/Xe(IV) cocrystals, ([Kr2F3][AsF6])2�XeF4 and XeF4�KrF2, which
were characterized by LT Raman spectroscopy and LT SCXRD. The crystal structure of ([Kr2F3][AsF6])2�XeF4 also provides a rare
example of a structurally characterized salt of the strong-oxidant [Kr2F3]

+ cation. Further decomposition at 22 �C resulted in oxida-
tion of Xe(IV) to Xe(VI) to give the Kr(II)/Xe(VI) coordination complexes, [F5Xe(FKrF)n][AsF6] (n ¼ 1 or 2), [F5Xe][AsF6], and a new
Kr(II)/Xe(VI) complex, [(F5Xe)2(μ-FKrF)][AsF6]2, that was characterized by LT Raman spectroscopy (Eqs. 21–26).

Fig. 16 The molecular electrostatic potential surface (MEPS) contours calculated at the 0.001 e�a0−3 isosurface of [XeF5]+ and the top 5% of the
positive electrostatic potential range (bottom left). The extrema of selected electrostatic potentials are indicated by arrows. The optimized geometries
and MEPS were calculated at the APFD/aVDZ(-PP)(Xe)/ aVDZ(F) level of theory. Modified from Lozin�sek, M.; Mercier, H. P. A.; Schrobilgen, G. J.
Angew. Chem. Int. Ed. 2021, 60, 8149–8156.
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XeF½ �½AsF6� + 1:5KrF2 Ð−78
�C ½FKrFXeF�½AsF6�$0:5KrF2$2HF (20)

2½FKrFXeF�½AsF6�$0:5KrF2$2HF + 3KrF2 ��!−60�C
2½Kr2F3�½AsF6� + 2XeF4 + 2Kr + 4HF (21)

2½Kr2F3�½AsF6� + XeF4 Ð−60
�C ð½Kr2F3�½AsF6�Þ2$XeF4 (22)

½Kr2F3�½AsF6� + nKrF2 Ð−60
�C ½Kr2F3�½AsF6�$nKrF2 (23)

XeF4 + KrF2 Ð−60 to 0�C
XeF4$KrF2 (24)

½Kr2F3�½AsF6� + XeF4 �!22
�C ½F5Xe�½AsF6� + Kr + KrF2 (25)

½F5Xe�½AsF6� + nKrF2 Ð22
�C �

F5XeðFKrFÞnAsF6
� ðn ¼ 0:5; 1;2Þ (26)

The XeF4�NgF2 cocrystals were subsequently synthesized by reaction of XeF4 with NgF2 in CFCl3 solvent and structurally character-
ized by LT Raman spectroscopy and LT SCXRD. Higher precision, LT SCXRD structures of [Xe2F3][SbF6], XeF4, and [F5Xe][AsF6] were
also obtained.

(i) [FKrFXeF]+. The crystal structures of [FKrFXeF][AsF6]�0.5KrF2�2HF (Fig. 17), ([Kr2F3][AsF6])2�XeF4, and [Xe2F3][SbF6] consist
of discrete [FKrFXeF]+ or [Ng2F3]

+ (Ng ¼ Kr, Xe) cations and [MF6]
− anions (M ¼ As, Sb) that are cocrystallized with KrF2 or XeF4.

116

The geometric parameters of cocrystallized KrF2 and XeF4 are equal within �3s to those of α-KrF2 and XeF4, respectively. The
[FKrFXeF]+ cation also has the V-shaped geometry previously observed for the [Ng2F3]

+ cations. The Ng–Ft bonds of [FKrFXeF]
+

(Kr, 1.806(4) Å; Xe, 1.882(4) Å) are significantly shorter than the Ng---Fb bonds (Kr, 2.055(4) Å; Xe, 2.172(4) Å), in accordance
with Strutures III – V. The Ng–Fb bridge bonds of [FKrFXeF]

+ are significantly shorter than the primarily electrostatic Xe–Fb bonds
of [F5Xe(FKrF)n][AsF6] (n ¼ 1 or 2). The Kr–F bonds of [FKrFXeF]+ are comparable to those of [Kr2F3]

+ salts.61,75 In contrast, the
terminal XeF group of [FKrFXeF]+ has greater [XeF]+ character and shorter Xe–Ft and Xe---Fb bonds than in [Xe2F3]

+ salts.61,113,114

The bond length trends are consistent with the relative electronegativities of Kr and Xe and with the QTAIM, NBO, MEPS, and ELF
analyses of [FKrFXeF]+ and [Ng2F3]

+.
Raman spectral assignments for the [FKrFXeF]+ cation of [FKrFXeF][AsF6]�0.5KrF2�2HF were made by comparison with the calcu-

lated gas-phase vibrational frequencies, vibrational mode displacements, and Raman intensities of the [FKrFXeF]+ cation and with
the calculated and experimental frequencies of the related [Ng2F3]

+ cations. All [FKrFXeF]+ bands in the Raman spectrum of
[FKrFXeF][AsF6]�0.5KrF2�2HF were split into two components due to factor-group splitting. Significant in- and out-of-phase
intra-ionic vibrational coupling between the Ng-Ft and Ng-Fb stretching modes gave four coupled modes, [ν(Kr-Ft) � ν(Xe-Ft)]
and [ν(Kr-Fb) � ν(Xe-Fb)], which were at frequencies that were intermediate with respect to those of the known [Ng2F3]

+

salts.61,75,113

The calculated gas-phase geometries of [FKrFXeF]+ and [Ng2F3]
+ well reproduce the experimental V-shaped geometries of the

cations. Quantum-chemical (NBO, QTAIM, ELF, and MEPS) analyses were used to assess the bonding in [FKrFXeF]+ and
[Ng2F3]

+, and are consistent with the 5c-6e valence bond descriptions provided by Structures III–V, where the Ng–Ft bonds have
greater covalent character than the Ng–Fb bonds. The analyses confirm that the Kr–F bonds of the [FKrFXeF]+ cation have greater
degrees of covalent character than their Xe–F counterparts, consistent with the relative electronegativities of Kr and Xe,117,118

and differences in MEPS electrostatic potential maxima among the [NgF]+, [Ng2F3]
+, and [FKrFXeF]+ cations (Fig. 18), where EP

maxima of Kr are greater than those of Xe.

Fig. 17 The structural unit in the crystal structure of [FKrFXeF][AsF6]�0.5KrF2�2HF, where one of two orientations of the disordered [AsF6]− anion is
shown. Thermal ellipsoids are drawn at the 50% probability level. Modified from Bortolus, M. R.; Mercier, H. P. A.; Nguyen, B.; Schrobilgen, G. J.
Angew. Chem. Int. Ed. 2021, 60, 23678–23686.
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Fig. 18 Molecular electrostatic potentials of [FKrFXeF]+, [Kr2F3]+, [KrF]+, and KrF2 are depicted at their 0.001 e�a0−3 isosurfaces where extrema are
indicated by arrows (B2PLYP-D3/Def2-TZVPD). Reproduced and modified with permission from Bortolus, M. R.; Mercier, H. P. A.; Nguyen, B.;
Schrobilgen, G. J. Angew. Chem. Int. Ed. 2021, 60, 23678–23686.
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(ii) XeF4�NgF2. A low-precision, RT SCXRD crystal structure of XeF4�XeF2 has been reported without an accompanying structural
diagram.119 High-precision LT SCXRD crystal structures of XeF4�KrF2 and XeF4�XeF2 have now been obtained.116 The structures are
not isotypic and are best described as cocrystals, where the shortest XeIV---Fb secondary bonding interactions are shorter than the
sums of the Xe and F van derWaals radii (3.63 Å,102 3.52 Å103). The crystal structure of XeF4�KrF2 is comprised of two crystallograph-
ically inequivalent XeF4 molecules that form either six (CNXe ¼ 4 + 6) or eight (CNXe ¼ 4 + 8) secondary bonds with neighboring
KrF2 (Xe---FKr, 3.083(2)–3.367(2) Å) and XeF4 (Xe---FXe, 3.341(2)–3.508(2) Å) molecules (Fig. 19A). The crystal structure of
XeF4�XeF2 consists of one XeF4 molecule that forms six (CNXe ¼ 4 + 6) secondary bonds with neighboring XeF2 (Xe---FXe,
3.219(1), 3.290(1) Å) and XeF4 (Xe---FXe, 3.262(1) Å) molecules (Fig. 19b). The KrF2 molecules of XeF4�KrF2 are symmetrically
bridged, with Kr–F bonds (1.922(2) Å) that are slightly elongated with respect to those of α-KrF2 (1.984(5) Å). In contrast, the
Xe–F bonds of XeF2 in XeF4�XeF2 (1.9940(9) Å) are equal within �3s to those of crystalline XeF2 (1.999(4) Å). The geometric
parameters of XeF4 in both XeF4�NgF2 cocrystals are comparable to those of the LT SCXRD structure of XeF4.

116 The LT Raman spec-
trum of XeF4�KrF2 was assigned as a composite of XeF4 and KrF2 spectra.

(iii) [(F5Xe)2(μ-FKrF)][AsF6]2. The solid-state LT Raman spectrum of [(F5Xe)2(μ-FKrF)][AsF6]2
116 is very similar to those of

[F5Xe][AsF6] and [F5Xe(FKrF)n][AsF6] (n ¼ 1, 2), and contains a strong Kr-F stretching band at 485 cm−1 that is intermediate
with respect to the ν(Kr-Ft) and ν(Kr-Fb) stretching bands of the terminally coordinated ligands in [F5Xe(FKrF)n][AsF6] (n ¼ 1, 2)
complexes (Kr-Ft, 533–564/567 cm−1; Kr-Fb, 454–472/474 cm−1), and is shifted to slightly higher frequency than the symmetric

Fig. 19 The coordination spheres of XeF4 in the X-ray crystal structures of (A) XeF4 �KrF2 and (B) XeF4 �XeF2. Thermal ellipsoids are drawn at the
50% probability level. Reproduced with permission from Bortolus, M. R.; Mercier, H. P. A.; Nguyen, B.; Schrobilgen, G. J. Angew. Chem. Int. Ed.
2021, 60, 23678–23686.

Noble-gas chemistry 459

mailto:Image of Fig. 19|tif


νs(Kr-F) stretches of α-KrF2 (465 cm−1) and β-KrF2 (468, 469 cm−1). The observation of a single ν(Kr-F) stretching band in the
Raman spectrum of [(F5Xe)2(μ-FKrF)][AsF6]2 is consistent with a symmetrically bridged KrF2 coordination complex and with the
xenon analogue, [(F5Xe)2(μ-FXeF)][AsF6]2.

66

1.08.3.5 Xenon(II) cations

Although the oxides of xenon are thermodynamically unstable with respect to decomposition, xenon oxides had been isolated and
characterized in macroscopic quantities for every known oxidation state of Xe except +½ and +2.120 Xenon(II) monoxide, XeO, was
proposed as an intermediate in several oxidation reactions employing XeO3, and the gas-phase UV and vacuumUV emission spectra
of XeO have been attributed to emissions from Xe+O− ion-pair states.121,122 Monomeric XeO has not been synthesized in macro-
scopic amounts in the condensed state but it has been isolated in an argon matrix.123 A subsequent UV spectroscopic study indi-
cated that the matrix-isolated XeO monomer is a van der Waals molecule with an unbound ground state.121,122

Prior to 2013, the only Xe(II) oxo-species that had been synthesized in macroscopic quantities and structurally characterized was
the [FXeOXeFXeF]+ cation, which was prepared as the [PnF6]

− (Pn ¼ As, Sb) salts by reaction of XeF2 with [H3O][PnF6] in aHF
solvent at LT (Eq. 27).124 Mixtures of XeF2 and [H3O][AsF6] in aHF solvent at −78 �C were shown to exist

3XeF2 + ½H3O�½PnF6� �!aHF ½FXeOXeFXeF�½PnF6� + 3HF (27)

in equilibrium with [XeF][AsF6] and H2O. When excess XeF2 or [XeF][PnF6] was employed, [Xe2F3][PnF6] also formed. A transient
FXeOH intermediate was postulated to account for the formation of [FXeOXeFXeF][PnF6] from these mixtures which likely forms by
hydrolysis of XeF2 or [XeF]

+ in aHF (Eqs. 28–30).

XeF2 + H2O �!aHF
FXeOH + HF (28)

XeF½ �+ + H2O ÐaHF ½FXe---OH2� + ÐaHF
FXeOH + H+ (29)

FXeOH + ½FXeFXeF�+ �!aHF ½FXeOXeFXeF�+ + HF (30)

Deep red-orange crystals were obtained for both [FXeOXeFXeF][PnF6] salts and their X-ray crystal structures were determined which
revealed Z-shaped [FXeOXeFXeF]+ cations. The Raman spectra of solid [FXe16,18OXeFXeF][AsF6] and [FXe16OXeFXeF][SbF6] were
recorded at ca. −160 �C and confirmed the Z-shaped geometry of [FXeOXeFXeF]+.124 The [FXeOXeFXeF][PnF6] salts decompose
under aHF solvent above −30 �C with Xe gas evolution.

1.08.3.5.1 [XeOXeOXe][μ-F(ReO2F3)2]2
Following a report of the reliable syntheses and isolation of high-purity ReO3F and ReO3F(FH)2 from aHF,125 the reaction
of ReO3F(FH)2 with XeF2 in aHF was explored at −30 �C and found to yield the Xe(II) oxo-cation salt, [XeOXeOXe]
[μ-F(ReO2F3)2]2.

120 The reaction scheme is given by Eqs. (31)–(34). The [XeOXeOXe]2+ salt rapidly decomposes to XeF2,
ReO2F3, Xe, and O2 upon warming the solid or its HF solutions above −20 �C.

ReO3F + 2HF �!aHF
ReO3F FHð Þ2 (31)

3XeF2 + 4ReO3F FHð Þ2 �!aHF ½XeOXeOXe��μ-FðReO2F3Þ2
�
2 + 2½H3O�½HF2� (32)

2XeF2 + 2½H3O�½HF2� �!aHF
2Xe + O2 + 8HF (33)

5XeF2 + 4ReO3F FHð Þ2 �!aHF ½XeOXeOXe��μ-FðReO2F3Þ2
�
2 + 2Xe + O2 + 8HF (34)

A proposed reaction pathway which leads to [XeOXeOXe][μ-F(ReO2F3)2]2 consists of a series of oxygen/fluorine metathesis reac-
tions that involves FXeOH as a transient reaction intermediate (Scheme 2).

460 Noble-gas chemistry



The synthesis and structural characterization of the [XeOXeOXe]2+ cation as its [μ-F(ReO2F3)2]
− salt provided the first example of

a xenon(II) oxo-species and noble-gas oxocation, and a rare example of a noble-gas dication.120 The crystal structure of [XeOXeOXe]
[μ-F(ReO2F3)2]2 consists of a planar, zigzag-shaped [XeOXeOXe]2+ cation (C2h symmetry) that is fluorine bridged through its
terminal xenon atoms to two [μ-F(ReO2F3)2]

− anions by means of two, primarily electrostatic, Xe---F secondary bonds
(2.392(4) Å) (Fig. 20).

The central Xe---O bonds (2.135(6) Å) are significantly longer and more polar than the terminal Xe---O bonds (1.987(6) Å), in
accordance with the dominant resonance Structures I and II, which suggested that the shorter chain Xe(II) oxo-cation, [XeOXe]2+,
may also exist.

Xe+�O− +Xe�O�Xe+
I

4 +Xe�O�Xe+ −O�Xe+
II

Scheme 2 A proposed reaction pathway leading to the formation of [XeOXeOXe][μ-F(ReO2F3)2]2. Reproduced with permission from Ivanova, M. V.;
Mercier, H. P. A.; Schrobilgen, G. J. J. Am. Chem. Soc. 2015, 137, 13398–13413.

Fig. 20 The crystal structure of [XeOXeOXe][μ-F(ReO2F3)2]2. Thermal ellipsoids are drawn at the 50% probability level. Reproduced with permission
from Ivanova, M. V.; Mercier, H. P. A.; Schrobilgen, G. J. J. Am. Chem. Soc. 2015, 137, 13398–13413.
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The central Xe–O bonds of [XeOXeOXe]2+ are equal within�3s to those of Xe(OTeF5)2 (2.119(11) Å),
126 FXeOSO2F (2.155(8)

Å),60 and FXeONO2 (2.126(4) Å),
127 whereas the terminal Xe–Obonds are comparable to that of the strongly oxidizing [XeOTeF5]

+

cation in [XeOTeF5][Sb(OTeF5)6]�SO2ClF (1.969(4) Å).128

Quantum-chemical calculations were used to aid in the vibrational assignments of [Xe16/18OXe16/18OXe][μ-F(Re16/18O2F3)2]2.
120

The Raman spectra of the natural abundance and 18O-enriched [XeOXeOXe]2+ salts were fully assigned and shown to be consistent
with a centrosymmetric (C2h) cation geometry. The band at 581.6 cm−1 exhibits a 18O isotope shift, Dν16/18 ¼ ν(18O) − ν(16O)¼
−32.3 cm−1, that corresponds to the symmetric out-of-phase [ν(Xe1O1) + ν(Xe1AO1A)] – [ν(Xe2O1) + ν(Xe2O1A)] stretching mode.
The band at 358.7 cm−1, Dν16/18 ¼ −17.8 cm−1, is assigned to its in-phase counterpart, [ν(Xe1O1) + ν(Xe1O1A)] + [ν(Xe2O1) + ν(-
Xe2AO1A)], and the band at 92.8 cm−1,Dν16/18 ¼ −2.5 cm−1, corresponds to the symmetric in-phase [d(Xe2O1Xe1) + d(Xe2AO1AXe1)]i.p.
bending mode.

NBO, QTAIM, ELF, and MEPS analyses were used to assess the bonding in [XeOXeOXe]2+ (Fig. 21), and the hypothetical
FXe16/18OXe16/18OXeF (C2h) molecule was also calculated in order to better assess the nature of the Xe---F bridge bonds in
the ion pair.120 Ion pair interactions occur through Re–Fμ---Xe bridges, which are predominantly electrostatic in nature and result
from polarization of the Fμ-atom electron densities by the exposed core charges of the terminal xenon atoms. Each xenon atom is
surrounded by a torus of xenon valence electron density comprised of the three VELPs. The positive regions of the terminal xenon
atoms and associated fluorine bridge bonds correspond to the positive s-holes and donor interactions that are associated with
“halogen bonding”.

1.08.3.5.2 [CH3CN---XeOXe---NCCH3][AsF6]2
Following the synthesis and structural characterization of [XeOXeOXe]2+,120 the reaction of CH3CN with [FXeOXeFXeF][AsF6]
at −60 �C in aHF was investigated and shown to yield the bis-CH3CN adduct of the previously unknown [XeOXe]2+ cation
(Eq. 35).129

2½FXeOXeFXeF�½AsF6� + 2CH3CN �!aHF ½CH3CN---XeOXe---NCCH3�½AsF6�2 + XeF2 + ½O2 + Xe (35)

Fig. 21 (A) A contour map of the charge density showing the bond paths and the intersection of the interatomic surfaces (left) and charge density
contour map of the Laplacian distribution (right) in [XeOXeOXe]2+; (B) ELF isosurface plots at h(r) ¼ 0.60; and (c) calculated MEPS at the 0.001
electron bohr−3 (B3LYP/aug-cc-pVDZ(-PP)). Reproduced and modified with permission from Ivanova, M. V.; Mercier, H. P. A.; Schrobilgen, G. J.
J. Am. Chem. Soc. 2015, 137, 13398–13413.
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The low-temperature X-ray crystal structure of [CH3CN---XeOXe---NCCH3][AsF6]2 (Fig. 22) consists of a well-isolated adduct-
cation that has among the shortest Xe---N bond distances (2.294(2) and 2.304(2) Å) known for an sp-hybridized nitrogen base
coordinated to xenon, and provides only the second example of a Xe(II) oxo-species to be structurally characterized. The Xe–O
bond lengths (2.032(2) and 2.033(2) Å) are intermediate with respect to the terminal and central Xe–Obonds of [XeOXeOXe]2+.120

Quantum-chemical (NBO, QTAIM, ELF, and MEPS) analyses show that the Xe–O bonds are polar covalent whereas the Xe---N
bonds may be described as primarily electrostatic (s-hole) interactions. Quantum-chemical calculations were used to aid in the
vibrational assignments of [CH3CN---XeOXe---NCCH3][AsF6]2, along with 18O-enrichment studies. The spectra were analyzed
assuming C2ν symmetry for the adduct-cation. The band at 599.9 cm−1, Dν16/18 ¼ −31.1 cm−1, was assigned to the symmetric
[ν(Xe1O) – ν(Xe2O)] stretching mode and the band at 443.8 cm−1, Dν16/18 ¼ −15.2 cm−1 was assigned to its in-phase counterpart,
[ν(Xe1O) + ν(Xe2O)], and is weakly coupled to the d(CCN)i.p. deformation mode. The band at 263.9 cm−1, Dν16/18 ¼ −0.2 cm−1,
corresponds to the d(Xe1OXe2)i.p. bending mode, which is strongly coupled with the in-phase ν(Xe-N) stretching modes.

1.08.3.5.3 [XeF]+ and [Xe2F3]
+ salts of transition-metal fluoro-anions

(i) [Xe2F3][Ti8F33] and [XeF][Ti9F38]. The metal tetrafluorides MF4 (M ¼ Ti, Cr, Mn, Rh, Pd, Pt, and Sn) are moderate strength
fluoride-ion acceptors. Although their reactions with XeF2 were characterized by many different techniques (Ti,130 Cr,109,131

Mn,132,133 Rh,134 Pd,135 Pt,136 and Sn137), only the XeF2�CrF4109 and XeF2�2CrF4131 complexes have been structurally characterized
by LT SCXRD. Preliminary work had shown that nXeF2�TiF4 complexes are formed when TiF4 is heated with XeF2 at 120 �C.130 Most
recently, the reaction of XeF2 with excess TiF4 at 135 �C for several hours was shown to yield [Xe2F3][Ti8F33] and [XeF]2[Ti9F38],
which were characterized by LT SCXRD.114 The Xe–Ft bond lengths are equal within �3s (1.901(4), 1.905(4) Å), whereas the
Xe---Fb bond length difference is greater (2.158(4), 2.194(4) Å). The Xe---Fb---Xe bond angle (164.3(3)�) is thus far the largest
among the known [Xe2F3]

+ salts. The structural characterization of [XeF]2[Ti9F38] also provided the first crystal structure of the
[Ti9F38]

2− anion (Fig. 23).
The RT Raman spectra of [Xe2F3][Ti8F33] and [XeF]2[Ti9F38] show two strong bands at 594 and 612 cm−1, respectively, that were

assigned to the Xe-Ft stretches of the [Xe2F3]
+ and [XeF]+ cations.

Fig. 22 (A) The [CH3CN---XeOXe---NCCH3]2+ cation in the single-crystal X-ray structure of its [AsF6]− salt; thermal ellipsoids are drawn at the 50%
probability level. (B) The energy-minimized gas-phase geometry (C2v) of the [CH3CN---XeOXe---NCCH3]2+ cation calculated at the B3LYP/aug-cc-
pVTZ(-PP) level of theory, and (C) the ELF isosurface plot shown at h(r) ¼ 0.54. Color code: red ¼ xenon core basin, blue ¼ monosynaptic basins
(oxygen and Xe VELPs), and green ¼ disynaptic basins. Modified from DeBackere, J. R.; Bortolus, M. R.; Schrobilgen, G. J. Angew. Chem. Int. Ed.
2016, 55, 11917–11920.
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(ii) [Xe2F3][RuF6]�XeF2, [Xe2F3][MF6] (M ¼ Ru, Ir). The reaction of M (M ¼ Ir, Ru) powders with excess XeF2 in aHF solvent were
shown to yield [Xe2F3]

+ salts of the [MF6]
− anions, therein demonstrating the strength and utility of XeF2 as an oxidative fluorina-

tor.138 Single crystals of [Xe2F3][RuF6]�XeF2, [Xe2F3][RuF6], and [Xe2F3][IrF6] were grown by slow evaporation of the aHF solvent
and were characterized by LT SCXRD. The [Xe2F3]

+ cations are more isolated in the crystal structure of [Xe2F3][RuF6]�XeF2
(Fig. 24A) than those of [Xe2F3][RuF6] and [Xe2F3][IrF6] (Fig. 24B). Their geometrical parameters differ slightly from those of other
[Xe2F3]

+ salts, an indication of their dependence on the crystal packing and on the nature of the counter anion, e.g., the Xe---Fb---Xe
bond angle (154.3(4)�) of [Xe2F3][RuF6]�XeF2 is less than that of [Xe2F3][Ti8F33] (164.3(3)�); and the respective Xe---Fb (2.139(7)
and 2.152(7) Å) and Xe–Ft (1.913(8) and 1.919(6) Å) bonds are correspondingly shorter and longer.

The RT Raman spectra of [Xe2F3][RuF6]�XeF2 and [Xe2F3][IrF6]�XeF2 were also obtained138; the bands at 506/515 cm−1 (Ru) and
506/516 cm−1 (Ir) were assigned to the Xe-F stretches of cocrystallized XeF2, and bands at 578/586 cm−1 (Ru) and 578/587 cm−1 (Ir)
were assigned to the Xe-Ft stretches of the [Xe2F3]

+ cations by comparison with other salts. The RT Raman spectrum of [Xe2F3][RuF6]
was obtained in admixture with [Xe2F3][RuF6]�XeF2 and/or [XeF][RuF6].

(iii) [XeF][IrF6] and [XeF][IrSbF11]. Xenon and OsF6 or IrF6, when condensed into a quartz tube and held at −78 �C give intense
blue solutions.139 Similar blue colors have been attributed to [Cl4]

+ and [Xe4]
+ in the LT reactions of Cl2 with MF6 (M ¼ Ir, Os)139

and Xe with SbF5,
139 respectively, however the exact nature of the blue species observed in this study was not determined. Warming

to RT resulted in the formation of yellow crystals of [XeF][IrF6] (Fig. 25), whereas no further reaction was observed in the case of
OsF6.

140 The low-temperature reaction of Xe with IrF6 in the superacid medium, aHF/SbF5, rapidly yielded yellow crystals of [XeF]
[IrSbF11] with no evidence for a dark blue species. The SCXRD determination of [XeF][IrSbF11] provided the first geometric param-
eters for the [IrSbF11]

− anion (Fig. 26).140

Both [XeF][IrF6] and [XeF][IrSbF11] are ion-pairs having geometric parameters that are similar to those of [XeF][Sb2F11]
53 and

[XeF][Bi2F11],
53 with near linear F–Xe---Fb angles (177.4(2)–179.3(2)� and 178.1(4)�, respectively) and bent Xe---Fb–Ir angles

Fig. 23 Selected fragments from the X-ray crystal structures of (A) [Xe2F3][Ti8F33] and (B) [XeF]2[Ti9F38]; thermal ellipsoids are drawn at the 50%
probability level. Reproduced with permission from Radan, K.; Goreshnik, E.; �Zemva, B. Angew. Chem. Int. Ed. 2014, 53, 13715–13719.

Fig. 24 A packing diagram showing the X-ray crystal structure of (A) [Xe2F3][RuF6]�XeF2 and (B) [Xe2F3][RuF6]. Reproduced and modified with
permission from Tram�sek, M.; Goreshnik, E.; Tav�car, G. Acta Chim. Slov. 2016, 63, 369–375.
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(119.3(2)–141.9(3)� and 122.0(4)�, respectively). The Xe–F (1.854(4)–1.867(5) Å and 1.879(10) Å) and Xe---F bond lengths
(2.220(4)–2.272(5) Å and 2.288(8) Å, respectively) are similar in both salts.

1.08.4 Xenon(IV) compounds

A previous review13 should be consulted for a comprehensive survey of developments pertaining to the syntheses, properties, struc-
tures, and bonding of xenon(IV) compounds that covers the discovery of noble-gas reactivity in 1962 to 2014 inclusive.

1.08.4.1 Xenon oxide fluorides

1.08.4.1.1 [H(OXeF2)n][AsF6] and [FXe(OXeF2)n][AsF6] (n ¼ 1, 2)
There are far fewer Xe(IV) compounds than Xe(II) or Xe(VI) compounds, which is, in part, due to the propensity of the oxides and
oxide fluorides of Xe(IV) to undergo redox elimination and disproportionation to Xe(II) and O2 or Xe(II) and Xe(VI), respec-
tively.141–144 Until recently, examples of Xe(IV) cations were limited to [XeF3]

+,53,58,145–150 [FxXe(OTeF5)3−x]
+ (x ¼ 0–3),151 and

[C6F5XeF2]
+152 salts.

Examples of noble-gas hydroxy derivatives are rare, and had been limited to the perxenate anions, [H3XeO6]
−,153 [H2XeO6]

2−,153

and [HXeO6]
3−,153 which have yet to be structurally characterized in the solid state. Natural abundance and 18O- and 2H-enriched

salts of [H(OXeF2)n][AsF6] and [FXe(OXeF2)n][AsF6] (n ¼ 1, 2) have been synthesized and structurally characterized by Raman spec-
troscopy.154 The xenon(IV) oxide fluoride salt, [H(OXeF2)n][AsF6], was synthesized by the low-temperature reaction of XeOF2�nHF
(n is likely 1, and HF is H-bonded to oxygen) with AsF5 in aHF solvent (Eq. 36).143 The synthesis of this salt requires that XeOF2,
prepared from F2OXeNCCH3, be fully solvated in aHF to form XeOF2�nHF prior to reaction. A prior computational study revealed
that the coordinated HFmolecule of XeOF2�nHF is H-bonded to the oxygen atom of XeOF2.

143 This provides a more fluorobasic site
for attack of the fluorine atom of coordinated HF by AsF5. Reactions of AsF5 with pure or partially solvated XeOF2 result in decom-
position, ultimately yielding [XeF][AsF6] through the formation of the unstable Xe(II) oxyfluoro-cation intermediate, [XeOF]+ (Eqs.
37–39).154 Solid [HOXeF2][AsF6] is stable indefinitely at −78 �C, and rapidly outgases, but not explosively, upon warming
to −35 �C.

XeOF2 sð Þ + nHF ��������!HF; 12 h at −78�C
XeOF2$nHF (36)

XeOF2$nHF + AsF5 ����!HF; −78�C ½HOXeF2�½AsF6� + ðn− 1ÞHF (37)

Fig. 26 The X-ray crystal structure of [XeF][IrSbF11] with thermal ellipsoids drawn at the 50% probability level. Reproduced with permission from
Tamadon, F.; Seidel, S.; Seppelt, K. Acta Chim. Slov. 2013, 60, 491–494.

Fig. 25 The X-ray crystal structure of [XeF][IrF6] with thermal ellipsoids drawn at the 50% probability level. Reproduced with permission from
Tamadon, F.; Seidel, S.; Seppelt, K. Acta Chim. Slov. 2013, 60, 491–494.
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XeOF2 + AsF5 ����!HF; −78�C ½XeOF�½AsF6� sð Þ (38)

½XeOF�½AsF6� sð Þ ����!HF; −78�C
XeF½ �½AsF6� sð Þ + ½O2 gð Þ (39)

Reaction of XeOF2�nHF with trace amounts of water in AsF5/HF superacid solvent led to the formation of [HOXe(F)2OXeF2][AsF6].
This salt was also efficiently prepared by reaction of 0.5 equiv. of [H3O][AsF6] with XeOF2�nHF in aHF solvent at −78 �C (Eq. 40).
Oxygen isotope scrambling was not observed when Xe18OF2�nHF was allowed to react with [H3

16O][AsF6], indicating that [H3O]+

only contributes a proton in the reaction. Precipitated [HOXe(F)2OXeF2][AsF6] is stable at −78 �C under aHF solvent for several
days, but decomposes over a one month period with O2 gas evolution to give orange crystals of the known Xe(II) oxyfluoro-
cation, [FXeOXeFXeF]+, as its [AsF6]

− salt.124

2XeOF2$nHF + ½H3O�½AsF6� ����!HF; −78�C �
HOXe Fð Þ2OXeF2

�½AsF6� + H2O HFð Þ + 2nHF (40)

The basicity of the oxygen atom of XeOF2 and the existence of unidentified peaks in the Raman spectrum of [HOXeF2][AsF6] led to
the attempted synthesis of a XeII–O–XeIV bridged cation. The reaction of the Lewis acidic [XeF]+ cation with XeOF2�nHF yielded
[FXeII(OXeIVF2)m][AsF6] (m ¼ 1, 2) (Eq. 41).

mXeOF2$nHF + XeF½ �½AsF6� �!aHF
mnHF +

�
FXeðOXeF2Þm

�½AsF6� + ðm ¼ 12Þ (41)

The reactions were initially fast, forming pale yellow precipitates within 5–10 min at −78 �C, but required up to a week or longer to
go to completion. Both salts are stable as precipitates under HF solvent and as dry powders for several weeks at −78 �C, but decom-
pose upon warming to −40 �C (Eqs. 42 and 43).154

½FXeOXeF2�½AsF6� �����!aHF; −40�C ½Xe2F3�½AsF6� + ½ O2 (42)

�
FXeðOXeF2Þ2

�½AsF6� �����!aHF; −40�C ½Xe2F3�½AsF6� + O2 + XeF2 (43)

Standard enthalpies and Gibbs free energies for the solid-state decompositions of [XeOF][AsF6], [HOXeF2][AsF6], [HOXe
(F)2OXeF2][AsF6], [FXeOXeF2][AsF6], [FXeOXe(F)2OXeF2][AsF6], and the hydrolyses of [HOXe(F)2OXeF2][AsF6], [FXeOXeF2]
[AsF6], and [FXeOXe(F)2OXeF2][AsF6] were calculated from Born-Fajans-Haber thermochemical cycles and support the proposed
decomposition pathways.

The [H(OXeF2)n][AsF6] and [FXe(OXeF2)n][AsF6] (n ¼ 1, 2) salts were structurally characterized in the solid-state by LT Raman
spectroscopy and quantum-chemical calculations (Fig. 27) were employed to aid in their vibrational frequency assignments.

The experimental vibrational frequencies and isotopic shift trends were well reproduced by the calculated gas-phase frequencies
at several levels of theory. The cation chains are limited to either one or two OXeF2 units which are oxygen-bridged, and strongly
ion-paired with their [AsF6]

− anions.

1.08.4.2 Xenon fluorides

1.08.4.2.1 [F3Xe---FH][Sb2F11] and [H5F4][SbF6]�2[F3Xe---FH][Sb2F11]
Although examples of HF coordination complexes with cationic metal centers are known,155 examples of structurally characterized
noble-gas coordination complexes of HF were limited to [XeF5][HF2]�HF.156 The [XeF3]

+ cation, a stronger Lewis acid than [XeF5]
+,

may therefore be expected to also form coordination complexes with HF. Several [SbF6]
− and [Sb2F11]

− salts of polyatomic acidium
cations, [Hx+1Fx]

+ (x � 1) form in the superacid medium, HF/SbF5. Of these salts, only [H2F][Sb2F11],
157 [H3F2][Sb2F11],

157 and
[H7F6][SbF6]

158 had been structurally characterized by SCXRD.
The reaction of XeOF2�nHF with an HF/SbF5 solution yielded a mixture of crystalline [H5F4][SbF6]�2[XeF3�HF][Sb2F11],

[XeF3�HF][Sb2F11], and [XeF3][SbF6].
154 A plausible reaction pathway leading to the formation of these species involves protonation

of the hydroxyl group of [HOXeF2][SbF6] by SbF5/aHF, which leads to water displacement as soluble [H3O]+ salts and XeF4, which
react with SbF5 (Eqs. 44–48).

XeOF2$nHF + SbF5 aHFð Þ �!aHF ðn + 1ÞHF ðn � 1Þ + ½HOXeF2�½SbF6� (44)

½HOXeF2�½SbF6� + ðm + 1ÞSbF5 + 3HF �!aHF ½XeF3$HF�½Sb2F11� + ½H3O�½SbmF5m+1� ðm ¼ 12Þ (45)

XeOF2$nHF + mSbF5 aHFð Þ + 3HF �!aHF
XeF4 + ½H3O�½SbmF5m+1� + nHF (46)

XeF4 + HF + 2SbF5 �!aHF ½XeF3$HF�½Sb2F11� (47)

ðn + 1ÞHF + mSbF5 �!aHF ½Hn+1Fn�½SbmF5m+1� (48)

The [XeF3]
+ cations display T-shaped primary coordination spheres for the central xenon and three fluorine atoms (AX3E2 VSEPR

arrangements) and secondary contacts to the fluorine atom of HF in [H5F4][SbF6]�2[XeF3�HF][Sb2F11] and [XeF3�HF][Sb2F11] and to
a fluorine atom of [SbF6]

− in [XeF3][SbF6] (Fig. 28).
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Fig. 27 The calculated geometries [B3LYP/aug-cc-pVTZ(-PP)] of (A) [HOXeF2]+, (B) [FXeOXeF2]+, (C) [HOXe(F)2OXeF2]+, (D) [FXeOXe(F)2OXeF2]+,
and (E) [HOXeF2][AsF6]. Reproduced with permission from Brock, D. S.; Mercier, H. P. A.; Schrobilgen, G. J. J. Am. Chem. Soc. 2013, 135, 5089–
5104.

Fig. 28 The [XeF3]+ cations in the X-ray crystal structures of (A) [H5F4][SbF6]�2[XeF3�HF][Sb2F11], (B) [XeF3�HF][Sb2F11], and (C) [XeF3][SbF6].
Thermal ellipsoids are drawn at the 50% probability level. Reproduced with permission from Brock, D. S.; Mercier, H. P. A.; Schrobilgen, G. J. J. Am.
Chem. Soc. 2013, 135, 5089–5104.
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The secondary coordination spheres of xenon in [H5F4][SbF6]�2[XeF3�HF][Sb2F11] and [XeF3�HF][Sb2F11] are similar; however,
the [F3Xe---FH]+ cation of the latter salt is disordered. An additional contact between the [XeF3]

+ cation and the [SbF6]
− anion of

[H5F4][SbF6]�2[XeF3�HF][Sb2F11] presumably alters the crystal packing sufficiently to give an ordered [F3Xe---FH]+ cation and the
second example of HF coordinated to a noble-gas center. The latter compound also provides the first report of the [H5F4]

+ acidium
ion, a zigzag F4-chain terminated by H-bonding to [SbF6]

− anions (Fig. 29).

1.08.4.2.2 [C6F5XeF2][BF4], [C6F5XeF2][BF4]�2HF, and [C6F5XeF2][BF4]�1.5CH3CN
Prior developments in Xe(II) chemistry have yielded an impressive number of XeII–C bonded species; [RXe][A] (R ¼ aryl,43–45

alkenyl,159–161 alkynyl162–164; A ¼ a weakly coordinating anion), Xe(C6F5)2,
47–49,165 and C6F5XeX (X ¼ F50 or Cl54).

As in the case of XeII–C bonded species, the synthesis of a XeIV–C bonded species166 required a ligand group that is sufficiently
electronegative and resistant to oxidation by Xe(IV). The C6F5 group proved to be a viable candidate for the synthesis of a stable
XeIV–C bonded species and led to the synthesis of [C6F5XeF2][BF4] by reaction of XeF4 with C6F5BF2 in CH2Cl2 at −55 �C (Eq.
49), which was initially characterized by LT 11B, 13C, 19F, and 129Xe NMR spectroscopy.152

C6F5BF2 + XeF4 ������!CH2Cl2; −55�C ½C6F5XeF2�½BF4� (49)

The proposed xenodeborylation reaction pathway initially involves polarization of an Xe–F bond by the Lewis acid, C6F5BF2.
166 The

resulting Lewis acid-base interaction enhances the nucleophilic character of the C6F5 group, which migrates to the highly electro-
philic Xe(IV) center to form C6F5XeF3 and BF3. In the final step, fluoride-ion abstraction from C6F5XeF3 by BF3 yields [C6F5XeF2]
[BF4] (Scheme 3). Although [C6F5XeF2][BF4] had been previously characterized by LT multi-NMR spectroscopy, the J(19F–19F),
J(19F–129Xe), and J(13C–129Xe) coupling constants of the C6F5 group had not been reported.152 Oxidative fluorination reactions
of [C6F5XeF2][BF4] with P(C6F5)3, C6F5I, and I2 in CH3CN solvent were also investigated and shown to yield P(C6F5)3F2,
C6F5IF2, and IF5, respectively, by LT multi-NMR spectroscopy.152

The synthesis of [C6F5XeF2][BF4] was subsequently improved upon and the syntheses of its CH3CN and HF solvates, [C6F5XeF2]
[BF4]�nCH3CN (n ¼ 1.5, 2) and [C6F5XeF2][BF4]�2HF, were structurally characterized by LT Raman and multi-NMR spectroscopies,
and LT SCXRD, providing the first and only crystal structures of XeIV–C bonded compounds.166 The improved synthesis of high-
purity [C6F5XeF2][BF4] was a modification of the earlier synthesis152 in which a very narrow concentration range had been
employed for the starting materials. Dilute solutions of XeF4 (�1 mmol) were required due to its low solubility in CH2Cl2
at −55 �C (�20 μmol mL−1) and the voluminous nature of the reaction product, [C6F5XeF2][BF4], which tended to occlude solid

Fig. 29 The [H5F4][SbF6] unit in the X-ray crystal structure of [H5F4][SbF6]�2[XeF3�HF][Sb2F11]. Thermal ellipsoids are drawn at the 30% probability
level. The hydrogen atoms of [H5F4]+ could not be located in the difference map. Reproduced with permission from Brock, D. S.; Mercier, H. P. A.;
Schrobilgen, G. J. J. Am. Chem. Soc. 2013, 135, 5089–5104.

Scheme 3 Proposed xenodeborylation mechanism for the formation of [C6F5XeF2][BF4]. Reproduced with permission from Koppe, K.; Haner, J.;
Mercier, H. P. A.; Frohn, H.-J.; Schrobilgen, G. J. Inorg. Chem. 2014, 53, 11640–11661.

468 Noble-gas chemistry

mailto:Image of Fig. 29|tif
mailto:Image of Scheme 3|tif


XeF4 and inhibit its reaction with C6F5BF2. Reactions of partially dissolved XeF4 with C6F5BF2 in CH2Cl2 at −78 �C were slow, but
accelerated at −60 �C to give light yellow [C6F5XeF2][BF4] as an insoluble precipitate. The reactions were quantitative when equi-
molar amounts of XeF4 and C6F5BF2 were used and went to completion within 1 h.

The solution stability of [C6F5XeF2][BF4] is dependant on the solvent and on the temperature. The salt is insoluble in the weakly
coordinating solvents CH2Cl2, SO2ClF, and 1,1,1,3,3-pentafluorobutane (PFB), however it is stable as a suspension in CH2Cl2 at
temperatures below −40 �C. Warming the suspensions from −40 �C to room temperature resulted in rapid gas evolution with
the formation of a black suspension comprised of C6F5H, C6F6, and C6F5Cl in a 6:3:1 molar ratio, and the fluorination products
of CH2Cl2, namely CH2F2, CH2ClF, CHF3, and HF in a 78:33:7:75 molar ratio.

Crystals of the HF solvate, [C6F5XeF2][BF4]�2HF, were grown by dissolution of [C6F5XeF2][BF4] in aHF followed by slow solvent
removal under dynamic vacuum at −78 �C. Solutions of [C6F5XeF2][BF4] are more stable in aHF than in weakly coordinating
solvents, and may be stored for up to 18 d at −78 �C with negligible decomposition. Complete decomposition occurs within
88 d at −40 �C, 4 d at −30 �C, and immediately upon warming to room temperature (Scheme 4). Decomposition in aHF likely
occurs by means of heterolysis of the XeIV–C bond by BF3 acidified aHF, which leads to oxidative fluorination of the C6F5 functional
group and formation of XeII and Xe0 redox decomposition products.

Conversion of the HF solvate [C6F5XeF2][BF4]�2HF back to [C6F5XeF2][BF4] was accomplished by dissolution of [C6F5XeF2]
[BF4]�2HF in CH3CN, followed by slow solvent removal at ca. −40 �C under dynamic vacuum. Decomposition of [C6F5XeF2]
[BF4] in CH3CN solvent at −40 �C proceeded slowly over 58 d to primarily yield the XeII reduction product, [C6F5Xe][BF4], and
small amounts of C6F6, c-C6F8-1,4, XeF2, and HF (Scheme 5). Slow removal of the CH3CN solvent under dynamic vacuum
at −40 �C afforded crystalline [C6F5XeF2][BF4]. The CH3CN solvate, [C6F5XeF2][BF4]�1.5CH3CN, is only stable at LT (−78 �C)
and was synthesized by allowing [C6F5XeF2][BF4] to stand at −78 �C in a CH2Cl2/CH3CN solvent mixture for several days, during
which time crystals of solvated [C6F5XeF2][BF4]�1.5CH3CN deposited from solution. It is possible that excess C6F5BF2, used in the
synthesis of [C6F5XeF2][BF4], could further react to form [C6F5XeF2][C6F5BF3], which is expected to be less stable than [C6F5XeF2]
[BF4]. The reaction of [C6F5XeF2][BF4] with K[C6F5BF3] was therefore explored in CH3CN solvent at −40 �C and yielded a mixture of
[C6F5Xe]

+, C6F6, [C6F7BF3]
−, XeF2, and HF, in a 86:6:8:27:15molar ratio, respectively. The decomposition of [C6F5XeF2][BF4] was ca.

10 times faster at −40 �C in CH3CN when the [C6F5BF3]
− anion was present (Scheme 6).

Scheme 4 The decomposition product distribution of [C6F5XeF2][BF4] in aHF. The total weighted 19F NMR intensities of the C6F5 groups and their
derivatives is set equal to 100 mol%. Reproduced with permission from Koppe, K.; Haner, J.; Mercier, H. P. A.; Frohn, H.-J.; Schrobilgen, G. J. Inorg.
Chem. 2014, 53, 11640–11661.

Scheme 5 The product distribution for the decomposition of [C6F5XeF2][BF4] in CH3CN (cf. Scheme 4). Reproduced with permission from Koppe,
K.; Haner, J.; Mercier, H. P. A.; Frohn, H.-J.; Schrobilgen, G. J. Inorg. Chem. 2014, 53, 11640–11661.
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The reactions of [C6F5XeF2][BF4] with P(C6F5)3 and C6F5I
152 were re-examined, and extended to reactions with Pn(C6F5)3

(Pn ¼ P, As, or Bi) and C6F5X (X ¼ Br or I).166 Oxidative fluorination of Pn(C6F5)3 and C6F5I by [C6F5XeF2][BF4] in CH3CN solvent
at −40 �C yielded Pn(C6F5)3F2 and C6F5IF2, respectively, after ca. 15 min. No reaction with C6F5Br was observed under similar
conditions, and oxidative fluorination was not observed for Pn(C6F5)3 or C6F5I in aHF solvent.

Although the 11B, 13C, 19F, and 129Xe NMR spectra of [C6F5XeF2][BF4] had previously been reported,152 only the chemical shifts
and 1J(19F–129Xe) and 1J(13C–19F) coupling constants were provided for the [C6F5XeF2]

+ cation. Improved 11B, 19F, and 129Xe NMR
spectra of [C6F5XeF2][BF4] were obtained in aHF solvent at −40 and −80 �C and were fully assigned, providing the missing
J(19F–19F), J(19F–129Xe), and J(13C–129Xe) coupling constants associated with the C6F5 group (Fig. 30, Table 4).166

The geometric parameters of the [C6F5XeF2]
+ cations and [BF4]

− anions in the crystal structures of [C6F5XeF2][BF4], [C6F5XeF2]
[BF4]�2HF, and [C6F5XeF2][BF4]�1.5CH3CN are very similar, and those of coordinated CH3CN and HF are in good agreement with
other terminally coordinated CH3CN and HF solvates.166 The primary coordination environments of XeIV in the crystal structures of
[C6F5XeF2][BF4], [C6F5XeF2][BF4]�2HF, and [C6F5XeF2][BF4]�1.5CH3CN are T-shaped AX2YE2 arrangements of three bond pairs and
two stereo-active VELPs (Fig. 31). The more electronegative F atoms occupy axial positions, whereas the C6F5 group and the VELPs
occupy equatorial positions.

The XeIV–C bonds of the [C6F5XeF2]
+ cations in all three salts (2.058(2)–2.083(5) Å) are somewhat shorter than the XeII–C

bonds of the structurally characterized [C6F5Xe]
+ salts (2.100(6)–2.104(5) Å),52 and are not significantly affected by HF or

CH3CN solvation. The Xe–F bonds (1.925(2)–1.948(2) Å) are significantly longer than the Xe–Fax bonds of [XeF3]
+ salts

(1.893(2)–1.901(2) Å),146,154 and only marginally shorter than the Xe–F bonds of XeF4 (1.9449(6) and 1.9509(6) Å).116 The C,
Xe, and Fax atoms of the [C6F5XeF2]

+ cations are coplanar within �3s, and the F–Xe–F bond angles are bent towards the C6F5
group to accommodate electrostatic secondary bonding interactions with [BF4]

−, CH3CN, and HF in the crystal structures of
[C6F5XeF2][BF4], [C6F5XeF2][BF4]�1.5CH3CN, and [C6F5XeF2][BF4]�2HF, respectively.

The cations and anions in [C6F5XeF2][BF4], [C6F5XeF2][BF4]�1.5CH3CN, and [C6F5XeF2][BF4]�2HF are ion-paired, interacting
through short Xe---F secondary bonds (2.686(2)–3.110(3) Å) that avoid the stereochemically active VELPs on XeIV. The [C6F5XeF2]

+

cations in [C6F5XeF2][BF4] also interact with neighboring cations by means of long Xe---FXe secondary bonds to form an infinite,
zigzag chain. One or two of the secondary Xe---F bonds in the HF and CH3CN solvates are replaced by bonds to the fluorine atom of
HF (Fig. 32) or the nitrogen atom of CH3CN (Fig. 33), so that the crystal structures consist of well-isolated structural units. The HF
molecules of [C6F5XeF2][BF4]�2HF are also H-bonded to F atoms of the [BF4]

− anion, thereby bridging the [C6F5XeF2]
+ cation and

[BF4]
− anion. The crystal structure of [C6F5XeF2][BF4]�1.5CH3CN consists of two structural units, [C6F5XeF2][BF4]�CH3CN and

[C6F5XeF2][BF4]�2CH3CN. The Xe---F (2.959(3)–3.036(3) Å) and Xe---N (2.742(4)–2.868(4) Å) secondary bonds are significantly
shorter than the sums of the Xe and F (3.63 Å)102 and Xe and N (3.71 Å)102 van der Waals radii, and are consistent with primarily
electrostatic, s-hole interactions.

The LT solid-state Raman spectra of [C6F5XeF2][BF4] and [C6F5XeF2][BF4]�2HF have been assigned by comparison with the calcu-
lated gas-phase frequencies and vibrational mode descriptions of [C6F5XeF2][BF4] and [C6F5XeF2][BF4]�2HF. Overall, the calculated
frequencies well reproduce the experimental spectra.166

The bonding in [C6F5XeF2]
+, [C6F5XeF2][BF4], [C6F5XeF2][BF4]�CH3CN, [C6F5XeF2][BF4]�2CH3CN, and [C6F5XeF2][BF4]�2HF

was assessed with the aid of natural bond orbital analyses and molecular orbital calculations.166 The calculated geometric param-
eters are in good agreement with experiment, and ion-pairing and coordination of CH3CN or HF was not found to significantly
affect the geometry of the [C6F5XeF2]

+ cation. The NBO analyses revealed that the ipso-carbon of C6F5 carried the greatest negative
charge, where the atomic charges become more positive in the order Cipso < C3,5 < C2,6 < C4, reflecting the strong inductive effect of
the high atomic charge of XeIV. The total C6F5 group charge of [C6F5XeF2]

+ (0.171) is greater than in [C6F5Xe]
+ (0.122) and becomes

more negative in the order [C6F5XeF2]
+ (0.171) > [C6F5XeF2]

+�CH3CN (0.083) > [C6F5XeF2]
+�2CH3CN (0.045) > [C6F5XeF2][BF4]�

2HF (−0.009) > [C6F5XeF2][BF4] (−0.056), which indicates that the total C6F5 group charge is influenced by both the oxidation
state of xenon and the coordination environment of xenon. The XeIV–C Mayer bond orders (0.633–0.740) are approximately
double those of the more ionic XeIV–F bonds (0.360). The XeIV–C Wiberg bond order decreases slightly upon complexation
([C6F5XeF2]

+ (0.740) > [C6F5XeF2]
+�2CH3CN (0.690) > [C6F5XeF2]

+�CH3CN (0.667) > [C6F5XeF2][BF4]�2HF (0.657) >
[C6F5XeF2][BF4] (0.633), consistent with the trends observed among the C6F5 group charges. The Xe---F and Xe---N secondary
bonding interactions have small bond orders (0.078–0.101), in accordance with their description as primarily electrostatic, s-
hole type interactions. Molecular orbital calculations of gas-phase [C6F5XeF2]

+ reveal that the LUMO and LUMO+1 MOs represent
the electrophilic character of the cation and are primarily s*Xe−C and s*Xe−F in nature. Consequently, donation of electron density
from the Lewis bases, CH3CN and HF, into these MOs results in more ionic Xe–C and Xe–F bonds.

Scheme 6 The product distribution resulting from the reaction of [C6F5XeF2][BF4] with a suspension of K[C6F5BF3] in CH3CN at −40 �C.
Reproduced with permission from Koppe, K.; Haner, J.; Mercier, H. P. A.; Frohn, H.-J.; Schrobilgen, G. J. Inorg. Chem. 2014, 53, 11640–11661.
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Fig. 30 (A) The 19F NMR spectrum (282.40 MHz) (FXe, o-, p-, and m-F) and (B) the 129Xe NMR spectrum (83.02 MHz) of the [C6F5XeF2]+ cation in
[C6F5XeF2][BF4] (aHF, −40 �C). The experimental spectra, resolution-enhanced by Gaussian multiplication (left), and the simulated spectra (right) are
shown. Reproduced with permission from Koppe, K.; Haner, J.; Mercier, H. P. A.; Frohn, H.-J.; Schrobilgen, G. J. Inorg. Chem. 2014, 53, 11640–
11661.
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Table 4 Coupling constants (Hz) derived from the simulated 19F NMR spectra of [C6F5XeF2]+ and [C6F5Xe]+.

[C6F5XeF2]
+ a [C6F5Xe]

+ b

1J(19FXe–129Xe) 3902
3J(19Fo–129Xe) 19.05 67.7
4J(19Fm–129Xe) 21.61 8.8
5J(19Fp–129Xe) 8.23 3.7
3J(19Fo–19Fm) ¼ J23 �17.24 �20.2
4J(19Fo–19Fp) ¼ J24 10.38 8.24
5J(19Fo–19Fm0) ¼ J25 �2.71 6.50
4J(19Fo–19Fo0) ¼ J26 �17.01 �9.9
3J(19Fm–19Fp) ¼ J34 �19.39 �19.5
4J(19Fm–19Fm0) ¼ J35 2.50 0.83
4J(19FXe –19Fo) ¼ J12 3.27
5J(19FXe–19Fm) ¼ J13 2.30
6J(19FXe–19Fp) ¼ J14 7.50

aaHF (−40 �C). From reference 166.
bCH3CN (−40 �C). From reference 167.

Fig. 32 The structural unit in the crystal structure of [C6F5XeF2][BF4]�2HF showing the contacts, Xe---FH, FB---H, and Xe---FB. Thermal ellipsoids
are drawn at the 50% probability level. Reproduced with permission from Koppe, K.; Haner, J.; Mercier, H. P. A.; Frohn, H.-J.; Schrobilgen, G. J.
Inorg. Chem. 2014, 53, 11640–11661.

Fig. 31 The structural unit in the crystal structure of [C6F5XeF2][BF4] (A) showing the Xe---FB cation–anion contacts. (C) A view showing the
[C6F5XeF2]2 dimer units in [C6F5XeF2][BF4]. Thermal ellipsoids are drawn at the 50% probability level. Reproduced with permission from Koppe, K.;
Haner, J.; Mercier, H. P. A.; Frohn, H.-J.; Schrobilgen, G. J. Inorg. Chem. 2014, 53, 11640–11661.
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1.08.5 Xenon(VI) compounds

1.08.5.1 XeF6 and coordination complexes of XeF6

1.08.5.1.1 F6XeNCCH3 and F6Xe(NCCH3)2 �CH3CN
The stereochemical activity of the XeF6 VELP has been the subject of considerable discussion for almost 60 years. The possible geom-
etries of monomeric gas-phase XeF6 are an octahedral structure (Oh) with a stereochemically inactive VELP or a monocapped octa-
hedron (C3ν or C2ν) with a stereo-active VELP. The VSEPR model of molecular geometry predicted a monocapped octahedral
geometry (C3ν) for XeF6 very early in the history of noble-gas chemistry.134,168 It was subsequently confirmed that the gas-phase
structure of monomeric XeF6 has C3ν symmetry by electron diffraction,169–173 and by far-infrared,174 Raman,175,176 UV-visible
absorption,176 and photoelectron spectroscopies.177,178 Coupled-cluster quantum-chemical calculations indicate that the Oh and
C3ν conformers correspond to local minima, whereas the higher energy C2ν geometry is a transition state between C3v conformers.179

Although seven crystalline morphologies of XeF6 have been characterized by LT SCXRD,156 none of these phases contain well
isolated XeF6 molecules that have local C3ν symmetry. Rather, five phases are ionic oligomers of the form (XeF5

+F−)n (n ¼ 4, 6), and
two phases contain (XeF5

+F−)3�XeF6 structural units which may be described as (XeF5
+F−)3 trimers that are coordinated to an XeF6

molecule having C2v local symmetry. The LT solution structure of XeF6 has been shown by 19F and 129Xe NMR spectroscopy to be
a fluxional tetramer, Xe4F24, in which the four Xe and 24 F atoms undergo rapid intramolecular exchange on the NMR time
scale58,180 and therefore do not provide definitive stereochemical information about the VELPs of the XeVI atoms in solution.
The Xe4F24 structure corresponds to the tetrameric (XeF5

+F−)4 units observed in several crystal structures of XeF6.
Because the crystal structures of XeF6 do not contain well-isolated XeF6 monomers, the stereo-activity of the XeVI VELP of XeF6

could not be confirmed in the solid-state. Xenon hexafluoride is Lewis acidic and has been shown to react with MF (M ¼ Cs+,181

Rb+,181 and [NO]+182) to form M2[XeF8] salts and with NaF and CsF to form [NF4][XeF7]
183 and Cs[XeF7].

183 The [NF4][XeF7]
salt was prepared from XeF6 and [NF4][HF2] and converted to [NF4]2[XeF8] by selective laser photolysis.183 It may therefore also
be expected to react with oxidatively resistant Lewis bases to form coordination complexes. A considerable number of Xe(II)–N

Fig. 33 The two solvated cations in the crystal structure of [C6F5XeF2][BF4]�1.5CH3CN: (A) [C6F5XeF2]�CH3CN solvate and its Xe---FB contacts with
two adjacent [BF4]− anions and (B) one of two crystallographically nonequivalent [C6F5XeF2]�2CH3CN solvates and its Xe---FB contacts with two
adjacent [BF4]− anions. Thermal ellipsoids are drawn at the 50% probability level. Reproduced with permission from Koppe, K.; Haner, J.; Mercier, H.
P. A.; Frohn, H.-J.; Schrobilgen, G. J. Inorg. Chem. 2014, 53, 11640–11661.
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bonded coordination complexes with sp-, sp2-, or sp3- hybridized organo-nitrogen bases are known,184 such as CH3CN coordina-
tion complexes of strong oxidant XeIV species; [C6F5XeF2][BF4]�nNCCH3 (n ¼ 1 or 2)166 and F2OXeNCCH3.

143 This provided
impetus to attempt the syntheses of the first XeVI–N bonded species by the reaction of XeF6 with CH3CN.

Acetonitrile and the potent oxidative fluorinating agent XeF6 react at −40 �C in Freon-114 (CF2ClCF2Cl) to form the highly ener-
getic, shock-sensitive compounds F6XeNCCH3 and F6Xe(NCCH3)2�CH3CN (Eqs. 50 and 51).185

XeF6 + CH3CN ��������!Freon −114; −40�C
F6XeNCCH3 (50)

XeF6 + 3CH3CN ��������!Freon −114; −40�C
F6XeðNCCH3Þ2$CH3CN (51)

Solid samples of F6XeNCCH3 and F6Xe(NCCH3)2�CH3CN are kinetically stable at −78 �C but detonate when mechanically shocked
at this temperature. Coordinated CH3CN could be removed under dynamic vacuum at −40 to −20 �C. Reaction of
F6Xe(NCCH3)2�CH3CN with an additional equivalent of CH3CN did not afford F6Xe(NCCH3)3.

The F6XeNCCH3 complex was characterized by LT 19F and 129Xe NMR spectroscopy in SO2ClF, but yielded little information
regarding its solution structure.185 Single crystals of F6XeNCCH3 and F6Xe(NCCH3)2�CH3CN were grown from their respective
SO2ClF and CH3CN/Freon-114 solutions and characterized by LT SCXRD (Figs. 34 and 35).185

The adducted XeF6 molecules of these compounds are the most isolated XeF6 moieties thus far encountered in the solid state and
have provided the first examples of XeVI–N bonds. The geometry of the XeF6 moiety in F6Xe(NCCH3)3 is nearly identical to the
calculated distorted octahedral (C3ν) geometry of gas-phase XeF6, whereas the geometry of the XeF6 moiety (C2ν) in
F6Xe(NCCH3)2�CH3CN resembles the transition state proposed to account for the fluxionality of gas-phase XeF6. The XeVI---N
bonds (2.762(2) and 2.785(2) Å) are significantly longer than the XeII---N bonds of [C6F5XeNCCH3]

+ (2.642(6)–2.610(11)
Å),52 but are comparable to the XeIV---N bonds of F2OXeNCCH3 (2.808(5) and 2.752(5) Å).143 The XeVI---N bonds are therefore
best described as primarily electrostatic, s-hole bonds. The complexes have non-linear Xe---N–C bond angles (160.31(17) and
170.00(13)�) that are expected to be highly deformable and sensitive to crystal packing. The xenon atom VELP of F6XeNCCH3

presumably resides between the Xe–F bonds which are proximate to the Xe---N bond and results in larger F–Xe–F bond angles
(105.92(6)� and 115.65(4)�) relative to the Xe–F bonds that are opposite to the Xe---N bond(s) (79.93� and 82.59�). Conse-
quently, the stereochemically active VELPs on xenon and nitrogen oppose one another. The geometry of XeF6 in
F6Xe(NCCH3)2�CH3CN closely approximates a distorted AX6E VSEPR arrangement having C2ν symmetry where the Xe–F bonds
may be classified into three groups: two equatorial Xe–F bonds which are more polarized because they are located adjacent to
the VELP of Xe (1.981(2) and 1.9876(13) Å), two axial Xe–F bonds (2 	 1.8936(11) Å), and two equatorial Xe–F bonds opposite
to the Xe VELP (1.868(2) and 1.873(2) Å). The trajectories of the Xe---N secondary bonding interactions are located close to the
pseudo-mirror plane which bisects the equatorial Xe–F bonds that are adjacent to the VELP of Xe.

Energy-minimized gas-phase geometries and vibrational frequencies were calculated for F6XeNCCH3 and F6Xe(NCCH3)2.
185

The Raman spectra of F6XeNCCH3 and F6Xe(NCCH3)2�CH3CN were assigned by comparison with their calculated vibrational
frequencies and intensities. In both complexes, high-frequency shifts occur for ν(CN), ν(CC), and d(NCC) in accordance with
weak Xe–N bonding. The ν(Xe-F) stretching frequencies likewise occur at somewhat lower frequencies than those of XeF6.

Fig. 34 (A) The X-ray crystal structure of F6XeNCCH3, where ellipsoids are drawn at the 50% probability level and (B) the calculated geometry
(PBE1PBE/aug-cc-pVTZ(-PP)) for F6XeNCCH3. Reproduced with permission from Matsumoto, K.; Haner, J.; Mercier, H. P. A.; Schrobilgen, G. J.
Angew. Chem. Int. Ed. 2015, 54, 14169–14173.
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Binding energies for the Xe---N bonds in gas-phase F6XeNCCH3 and F6Xe(NCCH3)2 were determined at the MP2/aug-cc-pVTZ
(-PP) level of theory (Eqs. 52–54).185 The energies for free XeF6 were approximated from the gas-phase optimizedOh and C3ν geom-
etries, which were calculated at the CCSD(T)/CBS and CCSD(T)-F12b levels of theory because it was not possible to optimize XeF6
(C3ν) at the MP2 level of theory.

XeF6 + CH3CN / F6XeNCCH3 −157:1 kJ mol−1 (52)

F6XeNCCH3 + CH3CN / F6XeðNCCH3Þ2 −129:5 kJ mol−1 (53)

XeF6 + 2CH3CN / F6XeðNCCH3Þ2 −286:7 kJ mol−1 (54)

NBO, QTAIM, ELF, and MEPS analyses of gas-phase F6XeNCCH3 and F6Xe(NCCH3)2 were subsequently reported to further probe
the nature of the Xe---N bonds and to assess and visualize the stereo-activity of the xenon VELP in coordinated XeF6.

186

The Xe atomNBO charges of gas-phase XeF6 (Xe:Oh, 3.331; C3ν, 3.363) are close to the average of the covalent (0) and ionic (+6)
models. Accordingly, the F atom charges (Oh, −0.555; C3ν, −0.516 to −0.606), Xe–F bond indices (Oh, 0.538; C3v, 0.492 to 0.590),
and Xe valencies (Oh, 3.231; C3v, 3.247) are consistent with polar-covalent Xe–F bonds. In the C3v conformer of XeF6, the three
longer Xe–F bonds that define the cone occupied by the Xe VELP have more negative atom charges and lower bond indices and
are therefore more ionic than those opposite to the Xe VELP.

Although coordination of one CH3CN molecule to XeF6 does not significantly affect the charges and valences of the Xe and F
atoms, it does result in somewhat lower Xe–F bond indices (0.487 and 0.573) relative to those of XeF6 (C3v). Coordination of
a second CH3CN molecule further lowers the Xe–F bond indices to 0.464 for the longest equatorial bonds located in the vicinity of
the Xe VELP, 0.549 for the axial bonds, and 0.567 for the shortest equatorial bonds located opposite to the Xe VELP. The low Xe–N
bond orders (F6XeNCCH3, 0.058; F6Xe(NCCH3)2, 0.037)

186 are comparable to those of F2OXeNCCH3 (0.033)
186 and are consis-

tent with primarily electrostatic, s-hole bonds.
The NBO analyses indicate that the Xe–F bonding in XeF6 (C3v) is essentially p in character for Xe. In contrast, the Xe–F bonds in

F6XeNCCH3 and F6Xe(NCCH3)2 have a significant degrees of d (F6XeNCCH3, 8–37%; F6Xe(NCCH3)2, 8–38%) and f character

Fig. 35 (A) The X-ray crystal structure of F6Xe(NCCH3)2�CH3CN, where the thermal ellipsoids are drawn at the 50% probability level; and (B) the
calculated geometry (PBE1PBE/aug-cc-pVTZ(-PP)) for F6Xe(NCCH3)2. Reproduced with permission from Matsumoto, K.; Haner, J.; Mercier, H. P. A.;
Schrobilgen, G. J. Angew. Chem. Int. Ed. 2015, 54, 14169–14173.

Noble-gas chemistry 475

mailto:Image of Fig. 35|tif


(F6XeNCCH3, 1–5%; F6Xe(NCCH3)2, 1–4%) relative to XeF6 (C3ν), for which the d and f characters are near zero. The inclusion of
d and f orbitals in the Xe–F bonding of the coordination complexes likely stabilizes the geometries of F6XeNCCH3 and
F6Xe(NCCH3)2, which slightly and substantially deviate from XeF6 (C3ν), respectively. The F atoms contribute approximately 91
to 92% p character and 8 to 9% s character in all Xe–F bonds. The Xe VELP of XeF6 (Oh) has 100% s character, whereas distortions
from Oh symmetry lead to significant amounts of p character in XeF6 (C3ν, 91% s, 9% p), F6XeNCCH3 (94% s, 6% p), and
F6Xe(NCCH3)2, (94% s, 6% p). A second-order perturbation analysis revealed that the sp-hybridized lone pair on the N atoms
of CH3CN in F6XeNCCH3 and F6Xe(NCCH3)2 interact with the Xe atom of XeF6 through several weak nN / s*Xe–F interactions
which polarize the Xe–F bonds. The Xe VELPS of XeF6 (C3ν), F6XeNCCH3, and F6Xe(NCCH3)2 are diffuse, likely as a consequence
of being mixed with several molecular orbitals that are comprised of nF and sXe–F NBOs, and from their participation in several
bonding interactions with p*F and s*N–C orbitals that contribute small degrees of stabilization to the complexes.

The AIM properties of the Xe–F bonds in XeF6 (C3ν), F6XeNCCH3, and F6Xe(NCCH3)2 are similar and consistent with well-
isolated XeF6 moieties having polar-covalent Xe–F bonds. The Xe---N bond properties indicate primarily electrostatic bonding,
where the AIM properties of the C–N, C–C, and C–H bonds for CH3CN vary little upon complex formation. Inspection of the charge
density contour maps (V2r) and charge concentration relief maps (−V2r) of XeF6, F6XeNCCH3, and F6Xe(NCCH3)2 reveal that
although the N VELP charge densities are easily distinguished, the Xe VELP densities are considerably more diffuse and are difficult
to discern. Furthermore, the charge density maps show regions of charge depletion between Xe and N, which corresponds to holes in
the Xe valence shell electron densities, which expose the Xe cores. Close examination of the charge concentration relief maps along
the Xe---N bond path shows subtle charge concentrations in the Xe valence region that correspond to the diffuse Xe VELP, which
cannot effectively shield the Xe core from the N VELPs. It is noteworthy that no appreciable charge-density concentration is observed
along the Xe---N bond path except that which arises from the Xe VELP, consistent with a description of these bonds as primarily
electrostatic, s-hole bonds.

Complementary ELF analyses of XeF6 (C3ν), F6XeNCCH3, and F6Xe(NCCH3)2 were employed to visualize the behaviors of their
Xe VELPs.186 The ELF populations of the Xe and F atoms of all three molecules are consistent with semi-ionic Xe–F bonding. The
most striking feature of this analysis comes from inspection of the ELF isosurface plots for XeF6 (C3ν), F6XeNCCH3, and
F6Xe(NCCH3)2 (Fig. 36) which reveal that the Xe VELPs are stereo-active and are perturbed by their proximities to neighboring

Fig. 36 The ELF isosurface plots (PBE1PBE/aVTZ(-PP), h(r) ¼ 0.50) for XeF6 (C3v and Oh), F6XeNCCH3 (C3v), and F6Xe(NCCH3)2 (C2v). Color code:
red ¼ xenon core basin, blue ¼ monosynaptic basins (fluorine and Xe VELP), and green ¼ disynaptic basins. Reproduced with permission from
Haner, J.; Matsumoto, K.; Mercier, H. P. A.; Schrobilgen, G. J. Chem. Eur. J. 2016, 22, 4833–4842.
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V(F) and V(N) basins which cause them to occupy smaller volumes in the coordination complexes. A prior ELF analysis of XeF6 (Oh)
concluded that the Xe VELP resided in the Xe core,187 however the present study shows that the Xe core populations are very close to
the ideal noble-gas core (46 electrons), and therefore do not contain significant Xe VELP populations. Analyses of the localization
reduction tree diagrams for XeF6 (C3ν), F6XeNCCH3, and F6Xe(NCCH3)2 are consistent with well-isolated XeF6 and CH3CN mole-
cules in the coordination complexes, and the fact that complexation has little influence on the electronic structure of XeF6.

The molecular electrostatic potential surface (MEPS) of XeF6 (C3ν) displays significant positive electrostatic potential surfaces at
the centers of the regions defined by its triangular faces (Fig. 37).186 The region of most positive electrostatic potential
(247 kJ mol−1) is in the open face of XeF6 (C3ν) which contains the stereo-active Xe VELP. Accordingly, the trajectories of the
primarily electrostatic Xe---N bonds are directed towards this s-hole.

1.08.5.1.2 Vibrational study of XeF6 and XeOF4
Xenon hexafluoride has been the subject of many spectroscopic and computational studies. The latter are particularly challenging,
requiring a balance of relativistic, electron-correlated, and basis-set effects to accurately reproduce experimental results. Xenon hex-
afluoride had previously been studied in an Ar matrix,176 but the spectral assignments were complicated by vibrational band broad-
ening and band overlaps, particularly in the Xe-F stretching region. Such vibrational band broadening may arise from various
interactions between XeF6 and the host lattice as well as to several Xe isotopes.

In a recent study, molecular XeF6 was investigated in solid neon, because neon is known to exhibit the smallest interactions with
guest species; the IR spectrum of XeF6, which had been previously acquired in solid argon, was reacquired for improved resolu-
tion.188 Xenon hexafluoride was prepared by thermal decomposition of Na2XeF8 at 100 �C and isolated in a solid argon and
neon matrices and characterized by IR spectroscopy, which revealed significant shifts of the Xe-F stretching modes to higher wave-
numbers due to interactions between the isolated XeF6 monomers and the noble-gas hosts. In addition, isotopically enriched
samples of 129XeF6 and 136XeF6 were prepared to study line broadening effects due to isotopic line splitting, as well as isotopic
frequency shifts (Fig. 38). Reaction of XeF6 with trace amounts of water led to the formation of XeOF4, which was also characterized
by IR spectroscopy and utilized as an internal reference, providing matrix-site and Xe-isotope splitting patterns for 129XeOF4 and the
136XeOF4 isotopologues.

For molecular XeF6, two stable structures having C3ν and Oh symmetry and a low-lying C3ν transition state were calculated to be
very close in energy (SFX2C-1e-CCSD(T)/ANO1 and PBE0-D3(BJ)/def2-QZVPP).188 The Oh geometry was calculated to be
186 cm−1 higher than C3v with a separation barrier of only 36 cm−1. This low barrier of interconversion is consistent with the highly
fluxional nature of XeF6, which rapidly interconverts between 8-fold degenerate C3ν conformers by means of theOh minimum even
at low temperatures.

Fig. 37 The calculated molecular electrostatic potentials at the 0.001 e�a0−3 isosurfaces of XeF6 (C3v, top) and XeF6 (Oh, bottom). The color scale
ranges from red (−8 kJ mol−1) to blue (247 kJ mol−1). The XeF6 (C3v) surfaces show the most open F(1), F(2), F(3) face orientated towards the
reader (left) and the opposite, more closed F(4), F(5), F(6) face orientated towards the reader (right). The optimized geometry of XeF6 (Oh) and
molecular electrostatic potential surfaces were calculated at the PBE1PBE/aVTZ(-PP) level of theory. Reproduced with permission from Haner, J.;
Matsumoto, K.; Mercier, H. P. A.; Schrobilgen, G. J. Chem. Eur. J. 2016, 22, 4833–4842.
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The observed infrared vibrational frequencies (including isotopic frequency shifts) and intensities of molecular XeF6 in the solid
argon and neon matrices were well reproduced by the calculated vibrational frequencies of the C3ν conformer of XeF6, whereas the
strong t1u band that was predicted for the Oh conformer was not observed. The absence of the Oh XeF6 conformer was postulated to
result from the LT of the experiment (�5 K) and additional stabilization provided by the host matrix, which may favor the C3ν

conformer over the Oh conformer.
The possible side products, XeF6�XeOF4, two dimers of XeF6, and the known CH3CN adducts of XeF6

185 (see Section 1.08.5.1.1)
were also investigated.

1.08.5.2 Salts of [XeF5]
+ and [Xe2F11]

+

The number of known [XeF5]
+ and [Xe2F11]

+ salts has significantly increased in the last 10 years. As previously noted,21 all the crystal
structures of these salts contain [XeF5]

+ and/or [Xe2F11]
+ cations that are intimately ion-paired with their respective anions by means

of Xe---F–M secondary bonds which are significantly shorter than the sums of their Xe and F van der Waals radii.
The geometric parameters of these salts are all similar to previously reported [XeF5]

+ and [Xe2F11]
+ salts. The geometry of the

[XeF5]
+ cation may be described in terms of a square-pyramidal AX5E VSEPR arrangement of five bond pairs (X) and one VELP

(E) around the central Xe atom (A). The Xe VELP occupies the open square face of the square pyramid and displaces the equatorial
fluorine atoms towards the axial fluorine due to lone pair-bond pair repulsions between the Xe VELP domain and the Xe–Feq bond-
pair domains. The [Xe2F11]

+ cations are comprised of two [XeF5]
+ cations that are bridged by a fluoride-ion. As observed for [XeF5]

+,
the Feq ligands of [Xe2F11]

+ are displaced by the Xe VELPs towards their respective Fax ligands. The primarily electrostatic Xe---F
secondary bonds between [XeF5]

+/[Xe2F11]
+ and neighboring fluoro- and oxyfluoro-anions and, sometimes, cocrystallized neutral

molecules are directed towards regions of high positive electrostatic potential (s-holes) on the Xe atoms of [XeF5]
+ and [Xe2F11]

+.
These regions are located opposite to the axial Xe–F bond-pair.

1.08.5.2.1 Oxyfluoro-anion salts
The syntheses of new oxyfluoro-anion salts have benefited from the high fluoro-basicity of XeF6 and its propensity to form the
[XeF5]

+ and [Xe2F11]
+ cations. The Xe(VI) cations provide electron-poor environments that stabilize high-oxidation state

transition-metal oxyfluoro-anions such as Os(VIII) oxyfluoro-anion salts.112

(i) [XeF5][Xe2F11][CrOF5]�2CrOF4, [XeF5]2[CrF6]�2CrOF4, [Xe2F11]2[CrF6], [XeF5]2[Cr2O2F8], [XeF5]2[Cr2O2F8]�2HF, and
[XeF5]2[Cr2O2F8]�2XeOF4. Until recently, studies of the chemical reactivities of Cr(IV), Cr(V), and Cr(VI) oxyfluoride species
were very limited. The reactions of CrOF4 with XeF6 in melts and in the oxidatively resistant solvents aHF and CFCl3 give rise to
a variety of chromium fluoro- and oxyfluoro-anions of Cr(VI), Cr(V), and Cr(V) which have [XeF5]

+ and [Xe2F11]
+ as their counter

ions that have been structurally characterized by LT Raman spectroscopy and/or LT SCXRD.68

Equimolar mixtures of solid XeF6 and CrOF4 liquify near room temperature to form dark purple melts that are accompanied by
the vigorous evolution of F2 gas. Crystals of [XeF5][Xe2F11][CrOF5]�2CrOF4 were grown by slowly cooling the purple melt from
20 �C to 0 �C and were characterized by LT Raman spectroscopy and SCXRD. Upon crystallization, CrOF4 is introduced into the
coordination sphere of the [CrOF5]

2− anion. The net reaction leading to the formation of [CrOF5]
2− is given by Eq. (55), which likely

proceeds through Eqs. (56)–(60).

3XeF6 + 3CrOF4 �!melt

RT
½XeF5�½Xe2F11�½CrOF5�$2CrOF4 + ½F2 (55)

XeF6 + CrOF4 / ½XeF5�½CrOF5� (56)

and/or

2XeF6 + CrOF4 / ½Xe2F11�½CrOF5� (57)

Fig. 38 The matrix-isolated infrared spectra of XeF6 (3&) in a Ne matrix at 5 K: (A) the ν6(E), νas(Xe-F) stretching mode; (B) the ν2(A1), νs(Xe-F)
stretching mode; and (C) the ν1(A1), νs(Xe-F) and ν5(E), νas(Xe-F) stretching modes obtained from isotopically enriched samples. Reproduced with
permission from Gawrilow, M.; Beckers, H.; Riedel, S.; Cheng, L. J. Phys. Chem. A, 2018, 122, 119–129.
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XeF6 + ½XeF5�½CrOF5� / ½XeF5�2½CrOF5� + ½F2 (58)

and/or

½Xe2F11�½CrOF5� / ½XeF5�2½CrOF5� + ½F2 (59)

½XeF5�2½CrOF5� + XeF6 / ½XeF5�½Xe2F11�½CrOF5� (60)

The reaction of equimolar amounts of XeF6 with CrOF4 was monitored by Raman spectroscopy as functions of time and temper-
ature. Solid XeF6 and CrOF4 react between −78 and 0 �C to form [Xe2F11][CrOF5], which was characterized by LT Raman spectros-
copy. Upon warming to 18 �C, weak bands assigned to [XeF5][Xe2F11][CrOF5]�2CrOF4 began to appear, as bands due to free CrOF4
decreased in intensity. Warming to RT for up to 1 h led to gas evolution with the redox decomposition of [Xe2F11][CrOF5] and
formation of [XeF5][Xe2F11][CrOF5]�2CrOF4. Crystalline [Xe2F11][CrOF5] could not be obtained from the melts.

Reaction of 1.5 equiv. CrOF4 with XeF6 at 60 �C afforded dark red crystals of [XeF5]2[CrF6]�2CrOF4 (Eq. 61). The proposed reac-
tion pathway leading to this salt initially proceeds through Eq. (56) to give [XeF5][CrOF5], which then decomposes with F2 evolu-
tion to yield [XeF5][CrOF4] (Eq. 62). The latter salt undergoes O/F metathesis with XeF6 and F2 elimination to give [XeF5]2[CrF6]
and XeOF4 (Eq. 63). Cocrystallized CrOF4 is introduced into the coordination sphere of the [CrF6]

2− anion upon crystallization
from the melt (vide infra).

3XeF6 + 3CrOF4 / ½XeF5�2½CrF6�$2CrOF4 + F2 + XeOF4 (61)

½XeF5�½CrOF5� / ½XeF5�½CrOF4� + ½F2 (62)

2XeF6 + ½XeF5�½CrOF4� / ½XeF5�2½CrF6� + ½F2 + XeOF4 (63)

When approximately four equiv. of XeF6 was allowed to react with one equiv. of [XeF5]2[CrF6]�2CrOF4 in a melt at 30 �C, a mixture
of [Xe2F11]2[CrF6] and [XeF5]2[Cr2O2F8] was obtained which presumably formed according to Eqs. (64) and (65). The dinuclear
Cr(V) oxyfluoro-dianion, [Cr2O2F8]

2−, likely resulted from dimerization of transient [CrOF4]
− anions.

½XeF5�2½CrF6�$2CrOF4 + 2XeF6 �!melt

30�C
½Xe2F11�2½CrF6� + 2CrOF4 (64)

2XeF6 + 2CrOF4 �!melt

30�C
½XeF5�2½Cr2O2F8� + F2 (65)

Equilibrium mixtures of [XeF5]2[Cr2O2F8]�2HF and [XeF5]2[Cr2O2F8]�2XeOF4 form when equimolar amounts of XeF6 and HF-
wetted CrOF4 react in CFCl3 solvent at room temperature to yield [XeF5]2[Cr2O2F8]�2HF as the dominant species. Crystals of
both compounds were grown from solution following dissolution of XeF6 and CrOF4 at room temperature followed by cooling
to −78 �C for ca. 24 h. The formation of [XeF5]2[Cr2O2F8] presumably occurs according to Eqs. (62) and (63), where cocrystallized
XeOF4 and HF are introduced into the coordination spheres of [XeF5]

+ and [Cr2O2F8]
2− upon crystallization (Fig. 40). The salts were

structurally characterized by LT SCXRD and LT Raman spectroscopy and provide the first structural characterizations of the
[CrVOF5]

2− and [CrV2O2F8]
2− anions, where [CrV2O2F8]

2− represents a new structural motif among the known oxyfluoro-anions
of Group 6.

The crystal structures of [Xe2F11]2[CrF6], [XeF5]2[CrF6]�2CrOF4, [XeF5]2[Cr2O2F8], [XeF5]2[Cr2O2F8]�2HF, [XeF5]2[Cr2O2F8]�
2XeOF4, and [XeF5][Xe2F11][CrOF5]�2CrOF4 (Figs. 39–41) contain [XeF5]

+ and/or [Xe2F11]
+ cations that are strongly ion-paired

with their anions through Xe---F secondary bonds that are significantly shorter than the sums of their Xe and F van der Waals radii.68

Each cation and anion in [XeF5]2[CrF6]�2CrOF4, [Xe2F11]2[CrF6], and [XeF5]2[Cr2O2F8] interacts with more than one counterion
to form closely packed columns. The [XeF5]2[Cr2O2F8] ion-pairs of [XeF5]2[Cr2O2F8]�2HF bridge through secondary Xe---FH and
HF---FCr bonds with HF molecules to form discrete columns, whereas [XeF5][Xe2F11][CrOF5]�2CrOF4 and [XeF5]2[Cr2O2F8]�
2XeOF4 form well-isolated structural units.

The LT Raman spectra of [XeF5][Xe2F11][CrOF5]�2CrOF4 and [XeF5]2[Cr2O2F8]�2XeOF4 were recorded on crystalline samples that
were subsequently characterized by SCXRD.68 Spectral assignments were made by comparison with the calculated gas-phase vibra-
tional frequencies and intensities of the energy-minimized, gas-phase geometries of [XeF5][Xe2F11][CrOF5]�2CrOF4 and
[XeF5]2[Cr2O2F8]�2XeOF4 (Fig. 42) at the uPBE1PBE/aug-cc-pVDZ(Xe)-Def2SVP(F, O, Cr) level of theory. Overall, the calculated
vibrational frequencies and intensities were in good agreement with experiment, and the Raman spectra were fully assigned. Vibra-
tional assignments for cocrystallized CrOF4 and XeOF4, and bands assigned to the [XeF5]

+ and [Xe2F11]
+ cations were also aided by

comparison with the vibrational spectra of CrOF4, XeOF4�XeF2, and other [XeF5]
+ and [Xe2F11]

+ salts.
(ii) [XeF5][M2O2F9] (M ¼ Mo, W), [Xe2F11][M0OF5] (M0 ¼ Cr, Mo, W), [XeF5][HF2]�CrOF4, and [XeF5][WOF5]�XeOF4. The

stabilization of Cr(VI) and Cr(V) by the [XeF5]
+ and [Xe2F11]

+ cations suggest that [MOF5]
− and [M2O2F9]

− (M ¼Mo, W) salts
of [XeF5]

+ and [Xe2F11]
+ should also form owing to the greater calculated fluoride-ion affinities of MoOF4 (−355 kJ mol−1) and

WOF4 (−386 kJ mol−1) relative to CrOF4 (−285 kJ mol−1).81

The [Xe2F11][MOF5] and [XeF5][M2O2F9] salts have been obtained by varying the initial molar ratios of XeF6 and MOF4 in dilute
aHF solutions in accordance with Eqs. (66)–(70).69 When a stoichiometric excess of XeF6 was employed, the equilibria shifted to
favor [Xe2F11][MOF5], and accordingly, a stoichiometric excess of MOF4 yielded [XeF5][M2O2F9].
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2MOF4 + ½ HFð ÞnF�− Ð nHF + ½M2O2F9�−ðn � 1Þ (66)

½M2O2F9�− + ½ HFð ÞnF�− Ð nHF + 2½MOF5�−ðn � 1Þ (67)

½MOF5�− + ½ HFð ÞnF�− Ð nHF + ½MOF6�2−ðn � 1Þ (68)

ð½XeF5�+F−Þ4 + 2nHF Ð 2½Xe2F11�+ + 2½ HFð ÞnF�−ðn � 1Þ (69)

½Xe2F11� + +nHF Ð 2½XeF5�+ + ½ HFð ÞnF�−ðn � 1Þ (70)

Hydrolysis of [Xe2F11][WOF5] in aHF yielded HF, [XeF5]
+, XeOF4 (Eq. 71) and [WOF5]

− which crystallized to give [XeF5][WOF5]�
XeOF4.

½Xe2F11�½WOF5� + H2O / ½XeF5�½WOF5� + XeOF4 + 2HF (71)

Attempts to synthesize [XeF5][MOF5] in CFCl3 solvent by reaction of equimolar amounts of XeF6 andMOF4 were monitored at LT as
a function of temperature and time by Raman spectroscopy and were shown to yield mixtures of [Xe2F11][MOF5] and [XeF5]
[M2O2F9], which suggests that [XeF5][MOF5] salts may only exist as transient intermediates in the formation of [Xe2F11][MOF5]
and [XeF5][M2O2F9] under these reaction conditions.

In contrast with MoOF4 and WOF4, the reaction of CrOF4 with XeF6 in aHF failed to yield either [CrOF5]
− or [Cr2O2F9]

− salts.
Instead, a separate study68 showed the RT reaction of XeF6 and CrOF4 in aHF yielded the Cr(V) oxyfluoro-anion salt,
[XeF5]2[Cr2O2F8]�2XeOF4, through a multi-step pathway which involved reductive elimination of F2 and O/F metathesis. In an
effort to circumvent Cr(VI) reduction, the LT (−78 to 0 �C) reaction of XeF6 and CrOF4 in aHF was attempted; however, only
α-CrOF4, β-CrOF4, and [XeF5][HF2] were identified in the reaction mixture by X-ray crystallographic determinations of their unit
cells. When a 2.21:1 molar ratio of XeF6:CrOF4 was allowed to react at 0 �C in aHF (initial molar ratio, XeF6:HF z 1:100),

Fig. 39 The X-ray crystal structures of (A) [Xe2F11]2[CrF6] and (B) [XeF5]2[CrF6]�2CrOF4. Thermal ellipsoids are drawn at the 50% probability level.
Reproduced with permission from Goettel, J. T.; Bortolus, M. R.; Stuart, D. G.; Mercier, H. P. A.; Schrobilgen, G. J. Chem. Eur. J. 2019, 25, 15815–
15829.
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Fig. 40 The X-ray crystal structures of (A) [XeF5]2[Cr2O2F8], (B) [XeF5]2[Cr2O2F8]�2HF, and (C) [XeF5]2[Cr2O2F8]�2XeOF4. Thermal ellipsoids are
drawn at the 50% probability level. Reproduced with permission from Goettel, J. T.; Bortolus, M. R.; Stuart, D. G.; Mercier, H. P. A.; Schrobilgen, G.
J. Chem. Eur. J. 2019, 25, 15815–15829.
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Fig. 41 The X-ray crystal structure of [XeF5][Xe2F11][CrOF5]�2CrOF4. Thermal ellipsoids are drawn at the 50% probability level. Reproduced with
permission from Goettel, J. T.; Bortolus, M. R.; Stuart, D. G.; Mercier, H. P. A.; Schrobilgen, G. J. Chem. Eur. J. 2019, 25, 15815–15829.

Fig. 42 Gas-phase geometries calculated at the uPBE1PBE/aug-ccpVDZ (Xe)-Def2-SVP (F, O, Cr) level of theory for (A) [XeF5]2[Cr2O2F8]�2XeOF4
and (B) [XeF5][Xe2F11][CrOF5]�2CrOF4. Reproduced with permission from Goettel, J. T.; Bortolus, M. R.; Stuart, D. G.; Mercier, H. P. A.; Schrobilgen,
G. J. Chem. Eur. J. 2019, 25, 15815–15829.
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[XeF5][HF2]�CrOF4 formed as the sole product, which was isolated from solution along with a small quantity of unreacted XeF6.
Unlike MoOF4 and WOF4, CrOF4 is incapable of abstracting F

− from [(HF)nF]
− at 0 �C in aHF solution, in accordance with its lower

fluoride-ion affinity.
To circumvent [XeF5][HF2] formation, the reaction of XeF6 and CrOF4 was carried out in the oxidatively resistant aprotic solvent,

CF2ClCF2Cl, which resulted in fluoride-ion abstraction from XeF6 by CrOF4 to give [Xe2F11][CrOF5] (Eq. 72).
69

4XeF6 + 2MOF4 Ð 2½Xe2F11�½MOF5� (72)

The crystal structures of [Xe2F11][M0OF5] (M0 ¼ Cr, Mo, W), [XeF5][M2O2F9] (M ¼ Mo, W), [XeF5][HF2]�CrOF4, and [XeF5][WOF5]�
XeOF4 consist of intimate ion-pairs in which the Lewis acidic [XeF5]

+ and [Xe2F11]
+ cations interact with their respective anions by

means of short Xe---F secondary bonds that are significantly shorter than the sums of the Xe and F van der Waal radii.69 The crystal
structures of [Xe2F11][CrOF5] (Fig. 43), [XeF5][M2O2F9] (Fig. 44), and [XeF5][HF2]�CrOF4 (Fig. 45) form dimeric structural units in
which each cation and anion interacts with another counterion. Although the [Xe2F11][CrOF5] and [XeF5][M2O2F9] dimers are well
isolated, the dimers of [XeF5][HF2]�CrOF4 bridge to one another through long Xe---FCr secondary bonds to form sheets. The [Xe2F11]
[MOF5] salts are isotypic and form six-membered rings which interact with one another by means of long Xe---FM secondary bonds
to form columns that stack along the a-axes of their unit cells. Although the molecular formulae of [Xe2F11][CrOF5] and [Xe2F11]
[MOF5] are analogous, their solid-state structures are not isotypic. This is attributed to the greater fluorobasicity of [CrOF5]

− relative
to [MOF5]

−. The crystal structure of [XeF5][WOF5]�XeOF4 forms infinite chains which result from the formation of two short Xe---F
secondary bonds between [XeF5]

+ and [WOF5]
−, where the cocrystallized XeOF4 molecule is weakly bound to [WOF5]

− by means of
long Xe---F secondary bonds. The X-ray crystal structure of [Xe2F11][CrOF5] is presently the only crystal structure of a [CrOF5]

− salt.
The [XeF5]

+ cations of the [XeF5][HF2]�CrOF4 dimer bridge to each other through two [HF2]
− anions by means of two secondary

Xe---FH bonds (Fig. 46).69 The geometric parameters of cocrystallized XeOF4 in [XeF5][WOF5]�XeOF4 (Fig. 47) are similar to those
of XeOF4�XeF2189 and [XeF5]2[Cr2O2F8]�2XeOF4.

68

Spectral assignments for the LT Raman spectra of [Xe2F11][M0OF5], [XeF5][M2O2F9], and [XeF5][WOF5]�XeOF4 were made by
comparison with the calculated vibrational frequencies and mode descriptions of the energy minimized gas-phase [M0OF5]

− and
[M0

2O2F9]
− anions and the ion-pairs {[Xe2F11][CrOF5]}2, [Xe2F11][MOF5], and {[XeF5][M2O2F9]}2 at the PBE1PBE/Def2-SVP level

of theory (Fig. 48).69 The cation Xe-F and anion M0-F stretching modes are strongly coupled, which is consistent with the degree of
ion-pairing observed in their X-ray crystal structures.

An NBO analysis was carried out for gas-phase M0OF4, [M0OF5]
−, [M0

2O2F9]
−, {[Xe2F11][CrOF5]}2, [Xe2F11][MOF5], and {[XeF5]

[M2O2F9]}2 to assess the bonding in these species and the effects of ion-pair formation on their bonding.69 The NBO analyses are
consistent with conclusions drawn from their X-ray crystal structures: (1) the M0–O bonds have significant double bond character,
(2) the M0–Fax bonds have significantly more ionic character than M0–Feq, (3) the Xe---F secondary bonds in the ion-pairs are
primarily electrostatic and are best described as s-hole bonds. The analysis also showed that the Xe---F secondary bonds of
{[Xe2F11][CrOF5]}2 significantly polarize the Cr–Fax and Cr–Feq bonds of [CrOF5]

− so that Feq is significantly less fluorobasic
than Fax. Analogous behavior was not observed for the gas-phase [Xe2F11][MOF5] ion-pairs, and may account for the dimeric struc-
tural unit of {[Xe2F11][CrOF5]}2.

Fig. 43 The dimeric structural unit in the X-ray crystal structure of [Xe2F11][CrOF5], where thermal ellipsoids drawn at the 50% probability level.
Reproduced with permission from Bortolus, M. R.; Mercier, H. P. A.; Schrobilgen, G. J. Chem. Eur. J. 2020, 26, 8935–8950.
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Fig. 44 (A) The structural unit in the X-ray crystal structure of [Xe2F11][MoOF5] and (B) a view showing the long interionic Xe---Feq contacts along
the a-axis of the unit cell. Thermal ellipsoids are drawn at the 50% probability level. Reproduced with permission from Bortolus, M. R.; Mercier, H. P.
A.; Schrobilgen, G. J. Chem. Eur. J. 2020, 26, 8935–8950.

Fig. 45 The dimeric structural unit in the X-ray crystal structure of [XeF5][Mo2O2F9], where thermal ellipsoids are drawn at the 50% probability
level. Reproduced with permission from Bortolus, M. R.; Mercier, H. P. A.; Schrobilgen, G. J. Chem. Eur. J. 2020, 26, 8935–8950.
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The MEPS analyses of M0OF4 and [M0OF5]
− support conclusions drawn from the NBO analyses and exemplify the expected peri-

odic behavior when going from Cr to Mo and W.69 The MEPS analyses show that differences among the electrostatic potential (EP)
maxima/minima for CrOF4, MoOF4, and WOF4 are greater between CrOF4 and MoOF4/WOF4 than between MoOF4 and WOF4.
The EP maxima of the M0OF4 isosurfaces trans to the M0]O double bonds become more positive (Cr, 218; Mo, 340; W,
375 kJ mol−1) upon descending Group 6, which is consistent with the calculated gas-phase FIA’s of M0OF4. The relative fluoroba-
sicities of their F ligands are also reflected in their F atom EPminima which become more negative in going from Cr to W. A parallel
trend of increasing negative EP is also observed for the O-ligand isosurfaces of M0OF4 when going from Cr to W.

The global EP minima of the [M0OF5]
− anions (Cr, −567; Mo, −512; W, −499 kJ mol−1) lie at the intersections of their Fax and Feq

isosurfaces and are 11 to 17 times more negative than the global EP minima of M0OF4. The Fax EP minima (Cr, −509; Mo, −486;
W, −486 kJ mol−1) are significantly more negative than the Feq EP minima (Cr, −446; Mo, −433; W, −431 kJ mol−1) (Fig. 49). Both
the Fax and Feq EP minima become more positive in going from Cr to W, and reflect the relative fluorobasicities of the [M0OF5]

−

anions. These differences in EP minima likely account for structural differences among their [Xe2F11][M0OF5] salts.

Fig. 46 The dimeric structural unit in the X-ray crystal structure of [XeF5][HF2]�CrOF4, where thermal ellipsoids are drawn at the 50% probability
level. Reproduced with permission from Bortolus, M. R.; Mercier, H. P. A.; Schrobilgen, G. J. Chem. Eur. J. 2020, 26, 8935–8950.

Fig. 47 The structural unit in the X-ray crystal structure of [XeF5][WOF5]�XeOF4, where thermal ellipsoids are drawn at the 50% probability level.
Reproduced with permission from Bortolus, M. R.; Mercier, H. P. A.; Schrobilgen, G. J. Chem. Eur. J. 2020, 26, 8935–8950.
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1.08.5.2.2 Fluoro-anion salts
Several new fluoro-anion salts of [XeF5]

+ and [Xe2F11]
− were obtained by (i) reaction of [XeF5][SbF6] with A(SbF6) (A ¼ NO2, Cs,

Rb) or A0(SbF6)2 (A0 ¼ Cu, Ni, Mg, Zn, Co, Mn, Pd, Hg) in aHF at different A and A0 molar ratios and (ii) reaction of XeF2 with MF2,
MF3, or MF4 (M ¼ Ti, Mn, Sn, Pb) in the presence of UV-photolyzed F2 in aHF solvent. When available, the Raman spectra were
tentatively assigned by comparison with literature values of known [XeF5]

+ and [Xe2F11]
+ salts.21,22

(i) [NO2][XeF5][SbF6], and [XeF5][Cu(SbF6)3]. Until recently, and although numerous [XeF5]
+ and [Xe2F11]

+ salts of different
fluoro-anions were known,111,190,191 no mixed cation salts had been reported which contained either [XeF5]

+ or [Xe2F11]
+ and

another cation.
The reaction of [XeF5][SbF6] with [NO2][SbF6] at RT in aHF solvent yielded the first such mixed cation salt of [XeF5]

+, [XeF5]
[NO2][SbF6]2 (Eq. 73).

192 Similarly, the reaction of [XeF5][SbF6] with Cu[SbF6]2 in aHF yielded [XeF5][Cu(SbF6)3] (Eq. 74).
192 Pur-

suant to the synthesis of [XeF5][Cu(SbF6)3], other examples of mixed [XeF5]
+/metal cation salts have also been synthesized, but

[XeF5][NO2][SbF6]2 remains the only example of a mixed [XeF5]
+/non-metal cation salt.

½XeF5�½SbF6� + ½NO2�½SbF6� �!aHF ½XeF5�½NO2�½SbF6�2 (73)

Fig. 48 The calculated gas-phase geometries of (A) the {[Xe2F11][CrOF5]}2 dimer and (B) [Xe2F11][MoOF5] at the PBE1PBE/Def2-SVP (F, O, Cr, Xe)
level of theory. Reproduced with permission from Bortolus, M. R.; Mercier, H. P. A.; Schrobilgen, G. J. Chem. Eur. J. 2020, 26, 8935–8950.
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½XeF5�½SbF6� + Cu½SbF6�2 �!aHF ½XeF5�
�
CuðSbF6Þ3

�
(74)

The crystal structure of [XeF5][NO2][SbF6]2 consists of discrete [NO2]
+ and [XeF5]

+ cations and [SbF6]
− anions (Fig. 50). Each

[XeF5]
+ cation forms four symmetry equivalent Xe---FSb secondary bonds (2.786 Å) with four different [SbF6]

− anions. The
geometric parameters of the individual ions are comparable to those observed in their respective simple salts and are not discussed
further.

The crystal structure of [XeF5][Cu(SbF6)3] is comprised of eight-membered rings with alternating CuF6 and SbF6 octahedra that
share apices; the rings are connected to an infinite three-dimensional network (Fig. 51), where the [XeF5]

+ cations occupy cavities
within these rings. Similar three-dimensional frameworks have been observed or AM[AsF6]3 (A ¼ [H3O]+, [NH4]

+, [O2]
+, [NO]+, K+,

M ¼Mn, Fe, Co, Ni, Zn). This arrangement leads to cavities that are occupied by [XeF5]
+ cations. Owing to strong Xe---FSb secondary

Fig. 49 The MEPS contours calculated at the 0.001 e a0−3 isosurfaces for [M0OF5]− (M0 ¼ Cr, Mo, W). Extrema of selected electrostatic potentials
for the Fax, Feq, and O atoms are indicated by arrows. The optimized geometries and MEPS were calculated at the PBE1PBE/Def2-SVP (O, F, Cr, Mo,
W) level of theory. Reproduced with permission from Bortolus, M. R.; Mercier, H. P. A.; Schrobilgen, G. J. Chem. Eur. J. 2020, 26, 8935–8950.

Fig. 50 Packing diagram for the [NO2]+ and [XeF5]+ cations, and [SbF6]− anions in the X-ray crystal structure of [NO2][XeF5][SbF6]2. Thermal
ellipsoids are drawn at the 50% probability level. Only one of two orientations for the disordered [SbF6]− anions is depicted. Reproduced with
permission from Mazej, Z.; Goreshnik, E. Eur. J. Inorg. Chem. 2015, 1453–1456.
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bonds, the [XeF5]
+ cations are somewhat shifted away from the cavity centers. Each [XeF5]

+ cation forms four Xe---F secondary
bonds with four different [SbF6]

− anions.
The Raman spectra of the [NO2][XeF5][SbF6]2 and [XeF5][Cu(SbF6)3] salts were assigned

192 by comparison with literature values
of the [NO2]

+, [XeF5]
+, and [SbF6]

− ions.
(ii) [XeF5][M(SbF6)3] (M ¼ Ni, Mg, Cu, Zn, Co, Mn, Pd) and [XeF5]3[Hg(HF)]2[SbF6]7. The synthesis of [XeF5][Cu(SbF6)3]

provided impetus to synthesize and structurally characterize other mixed [XeF5][M(SbF6)3] (M ¼ Ni, Mg, Zn, Co, Fe, V, Cr, Mn)
salts.193 The primary objective of this study was to investigate the effects of increasing the sizes of six-coordinate M2+ cations for
Ni2+ <Mg2+ < Cu2+ < Zn2+ < V2+ < Cr2+ < Mn2+ on the solid-state structures of [XeF5][M(SbF6)3] salts. Reactions with larger
cations such as Ca2+, Sr2+, Ba2+, Ag2+, Pd2+, Cd2+, and Hg2+ were also explored. The solid-state structure of [XeF5][Cu(SbF6)3]

192

showed 4 + 2 elongations and 2 + 4 compressions of the CuF6 octahedra, so that the secondary goal of this study was to determine
whether these distortions are due to packing effects, Jahn-Teller distortions, or a mixture of both effects. Salts of V2+, Ni2+, Zn2+, and
Mg2+ were not affected by Jahn-Teller distortions, whereas cations such as Cr2+, with a high-spin d4 electronic configurations,
showed significant Jahn-Teller distortions. Comparisons among the solid-state structures of these salts were used to assess the factors
that give rise to the distortions of the MF6 octahedra.

Reactions of [XeF5][SbF6] with M[SbF6]2 (M
2+ ¼ Ni, Mg, Zn, Co, Mn, Pd) in aHF in a 1:1 molar ratio yielded [XeF5][M(SbF6)3]

upon crystallization (Eq. 75).193 The salts were crystallized using a method similar to that described for [XeF5][Cu(SbF6)3]. Similar
attempts to prepare new [XeF5]

+/M2+ mixed-cation salts with M2+ ¼ Ca, Sr, Ba, Cr, Fe, Ag, Cd, and Hg were only successful for Hg,
which yielded [XeF5]3[Hg(HF)]2[SbF6]7 (Eq. 76).

½XeF5�½SbF6� + M½SbF6�2 �!aHF ½XeF5�
�
MðSbF6Þ3

� ðM ¼ Ni;Mg;Zn;Co;Mn;PdÞ (75)

3½XeF5�½SbF6� + 2Hg½SbF6�2 �!aHF ½XeF5�3½Hg HFð Þ�2½SbF6�7 (76)

The syntheses of [XeF5][Cr(SbF6)3] and [XeF5][Fe(SbF6)3] likely failed owing to oxidation of Cr2+ and Fe2+ to Cr3+ and Fe3+

by [XeF5]
+. The oxidizing strengths of xenon fluorides increase in the sequence, XeF2 < XeF4 < XeF6, as do their corresponding

cations, [XeF]+ < [XeF3]
+ < [XeF5]

+ which are even more potent oxidative fluorinating agents. The standard redox potential
of the M3+/M2+ (M ¼ Cr, Ti, V, Fe, Mn, Cu) and M4+/M2+ (M ¼ Pd, Ni) couples increase in the order Ti < Cr < V <

Fe <Mn < Pd < Co < Cu < Ni. The study indicated that the redox potential of Mn [E�(M3+/M2+) ¼ −1.51 V] is the current
empirical limit for M2+ to resist oxidation by the strongly oxidizing [XeF5]

+ cation in aHF solvent. Consequently, mixed salts
with Ti2+ and V2+ are also expected to be oxidized, thus their syntheses were not attempted.

The crystal structures of [XeF5][M(SbF6)3] (M
2+ ¼ Mg, Co, Ni, Zn) and the LT phase, α-[XeF5][Mn(SbF6)3] (Fig. 52), were char-

acterized at 150 K by SCXRD and are isotypic with [XeF5][Cu(SbF6)3]. The unit cell volumes increase with increasing size of M2+ in
the order Ni2+ < Mg2+ < Cu2+ < Zn2+ < Co2+ < Mn2+. The unit cell axes of [XeF5][Mg(SbF6)3] and [XeF5][Zn(SbF6)3] differ signif-
icantly from those of [XeF5][Cu(SbF6)3] because their M2+ cations are located in nearly regular octahedral coordination environ-
ments, whereas the Cu atoms in [XeF5][Cu(SbF6)3] display 4 + 2 elongated and 2 + 4 compressed coordination environments.
The M–F bond lengths of [XeF5][M(SbF6)3] (M ¼ Ni, Mg, Zn, Co, Mn) are comparable to those of other M2+ salts that have octa-
hedral M2+ coordination environments, such as KNi[AsF6]3 and KM[AsF6]3 (M ¼Mg, Zn, Co, Mn). In the case of the Mn salt, there
is a phase transition at ca. 235 K, and for Pd at 260–296 K.

Fig. 51 The crystal structure of [XeF5][Cu(SbF6)3] showing rings of CuF6 octahedra sharing their apices with SbF6 octahedra, to give an infinite
three-dimensional network. Reproduced with permission from Mazej, Z.; Goreshnik, E. Eur. J. Inorg. Chem. 2015, 1453–1456.
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The mixed [XeF5][Pd(SbF6)3] salt adopts trigonal R�3 symmetry at 298 K and monoclinic P21/c symmetry below 260 K
(Fig. 53).193 Although neither structure is isotypic with [XeF5][M(SbF6)3] (M

2+ ¼ Ni, Mg, Zn, Co, Mn), the main structural motif
is the same, i.e., a 3-D framework consisting of rings of MF6 octahedra that share their apices with SbF6 octahedra, forming cavities
that accommodate the [XeF5]

+ cations. The [XeF5]
+ cations of β-[XeF5][Pd(SbF6)3] (296 K) are disordered, whereas they are ordered

in the α-phase (260 K).
The crystal structure of [XeF5]3[Hg(HF)]2[SbF6]7 consists of columns of [Hg(HF)]2+ cations bridged to [SbF6]

− anions (Fig. 54).
The charge balance is maintained by [XeF5]

+ cations which form secondary contacts with the F atoms of neighboring [SbF6]
−

anions. The Hg---FH secondary bonds between Hg2+ and the F atoms of coordinated HF in [XeF5]3[Hg(HF)]2[SbF6]7 are interme-
diate with respect to those of [Hg(HF)2][AsF6]2

194 and [Hg(HF)][PnF6] (Pn ¼ Sb, As).194 The primary and secondary coordination
spheres of the [XeF5]

+ and [SbF6]
− ions are comparable to those in other salts containing these ions and are not discussed further.

(iii) A[XeF5][SbF6]2 (A ¼ Cs, Rb) and Cs[XeF5][BixSb1-xF6]2 (x ¼ 0.37–0.39). A subsequent study reported the reactions of A
[SbF6] (A ¼ [H3O]+, K, Rb, Cs; Pn ¼ P, As, Sb, Bi), ABF4 (A ¼ K, Cs), and Cs2MnF6 with [XeF5][PnF6] (Pn ¼ As, Sb) in aHF
solvent.195

Reactions of equimolar amounts of A[SbF6] (A ¼ Cs, Rb) and [XeF5][SbF6] in aHF solvent yielded the isotypic salts A[XeF5]
[SbF6]2 upon crystallization (Eq. 77). No reaction was observed when the smaller [H3O]+ or K+ cations were used.

Fig. 53 A portion of the X-ray crystal structure (260 K) of α-[XeF5][Pd(SbF6)3] in which only the F atoms that are involved in secondary Xe---F
bonds are labeled. Thermal ellipsoids are drawn at the 50% probability level. Reproduced with permission from Mazej, Z.; Goreshnik, E. Eur. J. Inorg.
Chem. 2016, 3356–3364.

Fig. 52 A portion of the X-ray crystal structure of α-[XeF5][Mn(SbF6)3]. Only F atoms involved in secondary Xe---F bonds are labeled. Thermal
ellipsoids are drawn at the 40% probability level. Reproduced with permission from Mazej, Z.; Goreshnik, E. Eur. J. Inorg. Chem. 2016, 3356–3364.
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½XeF5�½SbF6� + A½SbF6� �!aHF
A½XeF5�½SbF6�2ðA ¼ Cs;RbÞ (77)

Attempts to prepare [AsF6]
− analogues failed; however, the equimolar reaction of Cs[BiF6] and [XeF5][SbF6] yielded a mixed-cation/

mixed-anion salt having a formula close to Cs[XeF5][BixSb1-xF6]2 (x ¼ 0.37–0.39). Reaction of Cs[PF6] with [XeF5][SbF6] proceeded
by displacement of the weaker Lewis acid PF5 to give [Xe2F11][SbF5] and Cs[SbF6] (Eq. 78), which reacted with [XeF5][SbF6] to give
Cs[XeF5][SbF6]2 (Eq. 79).

½XeF5�½SbF6� + Cs½PF6� �!aHF ½Xe2F11�½SbF6� + Cs½SbF6� + PF5 (78)

½XeF5�½SbF6� + Cs½SbF6� �!aHF
Cs½XeF5�½SbF6�2 (79)

Attempts to prepare mixed [BF4]
−/[SbF6]

− and [MnF6]
2−/[SbF6]

− salts by reaction of [XeF5][SbF6] with Cs[BF4] and Cs2[MnF6]
resulted in salt metatheses to give [XeF5][BF4]/[XeF5]2[MnF6] and Cs[SbF6], respectively.

The A[XeF5][SbF6]2 (A ¼ Rb, Cs) and Cs[XeF5][BixSb1−xF6]2 salts crystallize in two crystal modifications at low (α-phase, 150 K,
Fig. 55) and ambient (β-phase) temperatures. The crystal structures of β-Rb[XeF5][SbF6]2, β-Cs[XeF5][SbF6]2, and β-Cs[XeF5]
[BixSb1−xF6]2 (x ¼ 0.37–0.39) are isotypic, although the latter two structures exhibit a twofold rotational disorder of four fluorine
atoms on the anions. In contrast, the three α-phases are ordered. The simultaneous presence of both [SbF6]

− and [BiF6]
− in Cs[XeF5]

[BixSb1−xF6]2 was also confirmed by Raman spectroscopy. The Raman spectra of the mixed salts A[XeF5][SbF6]2 (A ¼ Rb, Cs) and

Fig. 54 The packing diagram showing the [Hg(HF)]2+ columns in the crystal structure of [XeF5]3[Hg(HF)]2[SbF6]7. Reproduced with permission
from Mazej, Z.; Goreshnik, E. Eur. J. Inorg. Chem. 2016, 3356–3364.

Fig. 55 The packing diagram showing the Rb+ and [XeF5]+ cations and [SbF6]− anions in the crystal structure of α-Rb[XeF5][SbF6]2 (150 K).
Reproduced with permission from Mazej, Z.; Goreshnik, E. Eur. J. Inorg. Chem. 2017, 2800–2807.
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Cs[XeF5][BixSb1-xF6]2 (x ¼ 0.37–0.39) were obtained from samples comprised of randomly oriented single crystals.195 Vibrational
bands were assigned by comparison with known salts of [XeF5]

+ and [SbF6]
−, and [BiF6]

− in the case of Cs[XeF5][BixSb1-xF6]2.
(iv) [XeF5][SbF6], [XeF5][Sb2F11], [Xe2F11][SbF6], and [XeF5][BF4]. Crystalline [XeF5][SbF6] and [XeF5][Sb2F11] were obtained in

the attempted syntheses of mixed ion salts such as [NO2][XeF5][SbF6]2 by dissolution of their respective salts in aHF solvent fol-
lowed by slow solvent evaporation over a period of up to two months.196 Crystalline [XeF5][SbF6] was obtained from an equimolar
mixture of [H3O][SbF6] and [XeF5][SbF6] in aHF. The [XeF5][Sb2F11] salt was prepared by crystallization from an equimolar mixture
of [O2][SbF6] and [XeF5][SbF6] in aHF. Single crystals of [NO2][SbF6] were also obtained when attempting to prepare [NO2][XeF5]
[SbF6]2 by reaction of [XeF5][SbF6] with [NO2][SbF6] in aHF.196

Crystalline [Xe2F11][SbF6] was obtained by reaction of Cs[PF6] and [XeF5][SbF6] in aHF at RT.195 The reaction proceeded by
displacement of PF5 by the strong Lewis acid, SbF5, to give [Xe2F11][SbF6] and Cs[SbF6], which reacted with the starting material
[XeF5][SbF6] to give Cs[XeF5][SbF6]2.

195

Crystalline [XeF5][BF4] was obtained by a metathesis reaction between Cs[BF4] and [XeF5][SbF6], which led to [XeF5][BF4] and
Cs[SbF6].

195 The latter salt reacted with the starting material [XeF5][SbF6] to give Cs[XeF5][SbF6]2.
The crystal structure of [XeF5][SbF6] is isotypic with those of [XeF5][MF6] (M ¼ Ru,197 Pt198). The geometric parameters in [XeF5]

[SbF6] are comparable to those of [XeF5][SbF6]�XeOF4.
110 The crystal structures of [XeF5][SbF6] (Fig. 56) and [XeF5][Sb2F11]

(Fig. 57) are comprised of strongly ion-paired cations and anions that interact by means of four relatively short Xe---F secondary
bonds. Each [XeF5]

+ cation has four secondary bonds with four neighboring [SbF6]
− and three neighboring [Sb2F11]

− anions, giving
a total xenon coordination number of 9.

Fig. 56 A portion of the X-ray crystal structure of the [XeF5][SbF6] showing the interactions between the [XeF5]+ cation and [SbF6]− anions; thermal
ellipsoids are drawn at the 50% probability level. Reproduced with permission from Mazej, Z.; Goreshnik, E. J. Fluorine Chem. 2015,
175, 47–50.

Fig. 57 A portion of the X-ray crystal structure of [XeF5][Sb2F11] showing the interactions between the [Sb2F11]− anion and three [XeF5]+ cations;
thermal ellipsoids are drawn at the 50% probability level. Reproduced with permission from Mazej, Z.; Goreshnik, E. J. Fluorine Chem. 2015, 175,
47–50.
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High-precision LT SCXRD structures of [Xe2F11][SbF6] (Fig. 58) and [XeF5][BF4] (Fig. 59) were obtained,
195 which filled a gap in

prior structural studies of [XeF5]
+ and [Xe2F11]

+ salts. The geometry of the [Xe2F11]
+ cation in [Xe2F11][SbF6] is comparable to that in

[Xe2F11][XF6] (X ¼ V,199 Au)200 and in the more recently characterized oxyfluoro-anion salts.68,69 Each [XeF5]
+ cation of [XeF5][BF4]

forms only three Xe---FB secondary bonds between the Xe atom and FB atoms of [BF4]
−.

(v) [XeF5][TiF5], [XeF5]5[Ti10F45], and [XeF5][Ti3F13]. The [XeF5]3[Ti4F19] salt had been previously synthesized by reaction of
XeF2, TiF4, and UV-irradiated F2 in aHF solvent.111 This result provided impetus to further explore this system by varying the initial
molar ratios, XeF2:TiF4, for the attempted syntheses of [XeF5]

+ and [Xe2F11]
+ salts of new monomeric, oligomeric, and two-

dimensional (chains, columns, layered structures) titanium fluoro-anions.
The RT reactions of varying amounts of XeF2 with TiF4 in the presence of UV-irradiated F2 under aHF solvent over ca. 10–20 days

yielded mixtures of [XeF5][TiF5], [XeF5]5[Ti10F45], and [XeF5][Ti3F13].
201 The crystalline salts were obtained by a previously

described method.192 Reaction of XeF2 with UV-irradiated elemental F2 in aHF solvent in the absence of TiF4 yielded XeF4. Raman
spectroscopy was mainly used to speciate the titanium fluoro-anion salts formed for various reaction mixtures.

Cation-anion interactions in [XeF5][TiF5], [XeF5]5[Ti10F45], and [XeF5][Ti3F13] occur through Xe---F secondary bonds that are
significantly shorter than the sums of the Xe and F van der Waals radii and are comparable to those of other [XeF5]

+ salts. The
[XeF5]5[Ti10F45] salt crystallizes in two modifications at low (α-phase, 150 K) and ambient (β-phase, 296 K) temperatures. The
crystal structure of [XeF5]5[Ti10F45] provides the largest known discrete titanium fluoro-anion, [Ti10F45]

5−, which is comprised of

Fig. 58 A portion of the X-ray crystal structure of [Xe2F11][SbF6]. Thermal ellipsoids are drawn at the 50% probability level. Reproduced with
permission from Mazej, Z.; Goreshnik, E. Eur. J. Inorg. Chem. 2017, 2800–2807.

Fig. 59 A portion of the X-ray crystal structure of [XeF5][BF4]. Thermal ellipsoids are drawn at the 50% probability level. Reproduced with
permission from Mazej, Z.; Goreshnik, E. Eur. J. Inorg. Chem. 2017, 2800–2807.

492 Noble-gas chemistry

mailto:Image of Fig. 58|tif
mailto:Image of Fig. 59|tif


10 TiF6 octahedra that share vertices to form a double-star shaped structural unit (Fig. 60). The [XeF5]
+ cations are ordered in the

α-phase, whereas one of three crystallographically unique [XeF5]
+ cations is two-fold disordered in the β-phase.

The [Ti3F13]
− anion in [XeF5][Ti3F13] consists of tetrameric Ti4F20 and octameric Ti8F36 units sharing vertices that are alternately

linked to ([Ti3F13]
−)N columns. The [XeF5]

+ cations form secondary Xe---F bonds with fluorine atoms of the ([Ti3F13]
−)N columns

(Fig. 61).
The main structural feature of [XeF5][TiF5] is an infinite chain of distorted TiF6 octahedra joined by cis-vertices (Fig. 62). Owing

to unresolved twinning, the crystal structure of [XeF5][TiF5] is of low quality and the structural diagram only provides connectivities.
(vi) [XeF5]2[MnF6], [XeF5][MnF5], and [XeF5]4[Mn4F36]. Reactions of MnF2 with XeF6 yielded 4XeF6�MnF4, 2XeF6�MnF4,

XeF6�MnF4, and XeF6�2MnF4, which were characterized by elemental analysis, IR spectroscopy, andmagnetic susceptibility measure-
ments.133 Although 4XeF6�MnF4 and 2XeF6�MnF4 were formulated as [Xe2F11]2[MnF6] and [XeF5]2[MnF6] salts based on their vibra-
tional spectra,202 neither salt has been characterized by SCXRD.

Fig. 60 The [XeF5]+ cations and [Ti10F45]5− anions in the X-ray crystal structure of β-[XeF5]5[Ti10F45]. The thermal ellipsoids are drawn at the 50%
probability level. Reproduced with permission from Mazej, Z.; Goreshnik, E. New. J. Chem. 2016, 40, 7320–7325.

Fig. 61 A portion of the infinite ([Ti3F13]−)N column in the X-ray crystal structure of [XeF5][Ti3F13]. Thermal ellipsoids are drawn at the 50%
probability level. Reproduced with permission from Mazej, Z.; Goreshnik, E. New. J. Chem. 2016, 40, 7320–7325.
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The successful syntheses of [XeF5][TiF5], [XeF5]5[Ti10F45], and [XeF5][Ti3F13], prompted the reactions of XeF2 with MnF3 and UV-
irradiated elemental F2 in aHF solvent which yielded [XeF5]2[MnF6], [XeF5][MnF5], and small quantities of [XeF5]4[Mn8F36].

203 The
fluoro-anion salts of Mn are extremely sensitive to irradiation in a He-Ne laser Raman laser beam (power > 1.7 mW), which initially
resulted in [XeF5]2[MnF6] decomposition at RT to [XeF5][MnF5] and then toMnF3 with increasing laser power. The Raman spectra of
[XeF5]2[MnF6] and [XeF5][MnF5] were obtained at the lowest possible laser power. Although these spectra were of low quality, they
confirm the presence of [XeF5]

+ and allow assignments of Mn-F stretching frequencies.
The crystal structure of [XeF5]2[MnF6] is isotypic with [XeF5]2[PdF6],

105 and has an asymmetric structural unit that consists of
two crystallographically unique [XeF5]

+ cations and a [MnF6]
2− anion (Fig. 63).

The crystal structure of XeF6�2MnF4 shows that this compound is better formulated as [XeF5]4[Mn8F36] (Fig. 64). The discrete
[Mn8F36]

4− anions consist of eight MnF6 octahedra, each sharing three vertices, to form a ring that differs from that of the previously
known cubic [Ti8F36]

4− anion.204 The cations and anions interact by means of Xe---F secondary bonds.
The crystal structure of [XeF5][MnF5] (determined from both SCXRD and synchrotron X-ray powder diffraction data) is

comprised of infinite zigzag-shaped chains of distorted MnF6 octahedra that share cis-vertices (Fig. 65). The [XeF5][MnF5] salt is
paramagnetic in the temperature range 296–200 K, with a Curie constant, C ¼ 1.87 emuKmol−1 (μeff ¼ 3.87 μB) and a Curie–Weiss
temperature, q ¼ −9.3 K.

(vii) [Xe2F11]2[SnF6], [Xe2F11]2[PbF6], and [XeF5]4[Sn5F24]. The xenon fluoro-stannates, 4XeF6�SnF4, 2XeF6�SnF4, 4XeF6�3SnF4,
3XeF6�4SnF4, XeF6�4SnF4, fluoro-plumbates 4XeF6�PbF4, XeF6�PbF4, 3XeF6�4PbF4, XeF6�4PbF4, fluoro-zirconate XeF6�ZrF4, and

Fig. 63 The secondary bonds (dashed lines) between the [MnF6]2− anions and [XeF5]+ cations in the X-ray crystal structure of [XeF5]2[MnF6].
Thermal ellipsoids are drawn at the 50% probability level. Reproduced with permission from Mazej, Z.; Goreshnik, E.; Jagli�ci�c, Z.; Filinchuck, Y.;
Tumanov, N.; Akselrud, L. G. Eur. J. Inorg. Chem. 2017, 2130–2137.

Fig. 62 A portion of the infinite ([TiF5]−)N chain in the X-ray crystal structure of [XeF5][Ti3F13]. Reproduced with permission from Mazej, Z.;
Goreshnik, E. New. J. Chem. 2016, 40, 7320–7325.
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fluoro-halfnate XeF6�HfF4 had only been characterized by mass-balance measurements, chemical analysis, and, in several cases,
vibrational spectroscopy.205 The crystal structures of these complexes were unknown, consequently the reactions of their simple
fluorides with XeF2 and UV irradiated F2 in aHF solution were explored by analogy with TiF4 and MnF4. The solid-state structures
of their oligomeric, one-dimensional, and two-dimensional anions are of particular interest for comparison with those of Ti and
Mn.

Reaction products were identified by Raman spectroscopy, which showed that only [Xe2F11][MF6] (M ¼ Sn, Pb), 4XeF6�3SnF4,
and 3XeF6�4PbF4 had been synthesized.205 Single crystals of [Xe2F11]2[SnF6], [Xe2F11]2[PbF6], and [XeF5]4[Sn5F24] were obtained
from saturated aHF solutions using a similar predescribed method.192 Attempts to grow single-crystals of 3XeF6�4PbF4 failed owing
to its insolubility in aHF solvent. Attempts to synthesize and grow single crystals of the [XeF5][MF5] (M ¼ Zr, Hf, Ni, Pd)
compounds also failed. The Raman spectra of [Xe2F11]2[MF6] (M ¼ Sn, Pd) and [XeF5]4[Sn5F24] were obtained from randomly
oriented single crystals.

The crystal structures of [Xe2F11]2[SnF6] and [Xe2F11]2[PbF6] consist of discrete [Xe2F11]
+ cations and [MF6]

2− anions (M ¼ Sn,
Pb) that interact by means of fluorine bridges (Fig. 66).205 The geometric parameters of [Xe2F11]

+ in [Xe2F11]2[MF6] (M ¼ Sn, Pb)
are comparable to those in other [Xe2F11]

+ salts.
The X-ray crystal structure of [XeF5]4[Sn5F24] consists of two-dimensional undulating grids of ([Sn5F24]

4−)N anions that alter-
nate with a double layer of [XeF5]

+ cations that are sandwiched between them (Fig. 67).205 The ([Sn5F24]
4−)N layer is comprised

of both six- and seven-coordinate Sn(IV) atoms which are interconnected by bridging fluorine atoms. There are three crystallo-
graphically unique Sn atoms in the crystal structure of [XeF5]4[Sn5F24], where the primary coordination spheres of Sn1 and Sn3
are regular octahedra as in [SnF6]

2−, and that of Sn2 is a pentagonal bipyramid. Seven-coordinate Sn(IV) was unprecedented and
provides the first example of a Sn(IV) fluoro-anion having CNSn > 6. The octahedral coordination spheres of Sn1 and Sn2 result
from Xe---F–Sn secondary bonding interactions, whereas the Sn2 atoms with a coordination number of seven exclusively form
Sn–F–Sn bridges.

Fig. 64 The secondary Xe---F bonds between the [Mn8F36]4− anion and the [XeF5]+ cations in the X-ray crystal structure of [XeF5]4[Mn8F36].
Thermal ellipsoids are drawn at the 50% probability level. Reproduced with permission from Mazej, Z.; Goreshnik, E.; Jagli�ci�c, Z.; Filinchuck, Y.;
Tumanov, N.; Akselrud, L. G. Eur. J. Inorg. Chem. 2017, 2130–2137.

Fig. 65 A portion of the ([MnF5]−)N infinite chain in the X-ray crystal structure of [XeF5][MnF5]. Reproduced with permission from Mazej, Z.;
Goreshnik, E.; Jagli�ci�c, Z.; Filinchuck, Y.; Tumanov, N.; Akselrud, L. G. Eur. J. Inorg. Chem. 2017, 2130–2137.
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1.08.5.3 Chemistry of XeO3

Xenon trioxide was the first xenon oxide to be synthesized and structurally characterized.206–209 It is a deliquescent, colorless, endo-
thermic solid compound, that is highly sensitive tomechanical and thermal shock, detonating with the release of −402 � 8 kJ mol−1

of energy. The kinetic and thermodynamic instabilities of XeO3 have hampered its study, particularly in the solid state. Until this
study and aside from the X-ray crystal structure of solid XeO3,

210 the only crystal structures reported that contain the XeO3 moiety
were those of K[FXeO3]

211 and M9(XeO3Cl2)4Cl
212 (M ¼ Cs, Rb); however, the chloro-anion structures were disordered and, along

with K[FXeO3], are of low precision.

Fig. 66 A diagram showing the packing of the [Xe2F11]+ cations and [MF6]2− anions in the X-ray crystal structures of [Xe2F11]2[MF6] (M ¼ Pb, Sn).
Reproduced with permission from Mazej, Z.; Goreshnik, E. Eur. J. Inorg. Chem. 2019, 1265–1272.

Fig. 67 The two-dimensional ([Sn5F24]4−)N layers with alternating double layers of [XeF5]+ cations sandwiched between them in the X-ray crystal
structure of [XeF5]4[Sn5F24]. For clarity, only the Xe–F bonds of the [XeF5]+ cations are shown. Reproduced with permission from Mazej, Z.;
Goreshnik, E. Eur. J. Inorg. Chem. 2019, 1265–1272.
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1.08.5.3.1 Solid-state structures of XeO3: α-XeO3, β-XeO3, and γ-XeO3
Xenon trioxide has been synthesized by the hydrolysis of XeF6 or XeF4 according to Eqs. (80) and (81) respectively.213 The hydro-
lysis of XeF4 proceeds by redox disproportionation through transient bright yellow to yellow-orange XeO2,

214 and yields a large
molar excess of HF with respect to XeO3 that results in only one third of the total Xe being converted to XeO3. Excess HF is removed
by co-evaporation with H2O or by neutralization with MgO, however small amounts of residual MgF2 that contaminate the latter
solutions interfere with crystallization, so that co-evaporation of HF/H2O is preferred.

XeF6 + 3H2O / XeO3 + 6HF (80)

6XeF4 + 12H2O / 2XeO3 + 3O2 + 4Xe + 24HF (81)

The early low-precision X-ray crystal solid-state structure of xenon trioxide, XeO3, was reinvestigated by low-temperature SCXRD
and shown to exhibit polymorphism that is dependent on crystallization conditions.213 The previously reported α-phase (ortho-
rhombic, P212121) was obtained by evaporation of aqueous 48% HF solutions of XeO3. Two new phases, β-XeO3 (rhombohedral,
R3) and γ-XeO3 (rhombohedral, R3c), were also obtained by slow evaporation of aqueous solutions of XeO3, where the β-phase was
favored with slower solvent evaporation. Crystalline γ-XeO3 was also obtained by dissolution of XeO3 in CH3CH2CN followed by
slow solvent evaporation.

The extended structures of all three phases (Fig. 68) result from Xe–O---Xe secondary bridge bond interactions among XeO3

molecules that arise from the amphoteric donor–acceptor nature of XeO3. The Xe atoms of the trigonal-pyramidal XeO3 units in
the crystal structures of α-XeO3, β-XeO3, and γ-XeO3 have three Xe---O secondary bonding interactions. The α-phase displays the

Fig. 68 The low-temperature X-ray crystal structures of (A) α-XeO3 (P212121), (B) β-XeO3 (R3), and (C) γ-XeO3 (R3c) showing their secondary Xe---
O bonds. Thermal ellipsoids are drawn at the 50% probability level. Reproduced with permission from Goettel, J. T.; Schrobilgen, G. J. Inorg. Chem.
2016, 55, 12975–12981.
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greatest degree of variation among the contact distances and has a significantly higher density than the β- and γ-phases. Variations
among the primary Xe–O bond lengths [1.7558(11)–1.7801(11) Å] and the primary O–Xe–O bond angles [100.51(5)–
105.09(6)�] in the α-phase are greater than those of the β- and γ-phases [β; 1.768(4) Å, 102.9(2)� and γ; 1.763(2)–1.766(2) Å,
101.72(10)–102.52(11)�].213 The differences likely arise from the range of O-bridged coordination modalities that occur in α-
XeO3 where only two O atoms have contacts with Xe atoms in the α-phase [Xe---O; 2.6914(11), 2.8387(12), 2.8403(11) Å],
whereas in the β- and γ-phases, all three O atoms have contacts with Xe atoms [β; 2.754(4) Å and γ; 2.678(2)–2.724(2) Å]. The
ambient-temperature Raman spectra of solid α- and γ-XeO3 have also been obtained and assigned for the first time. The extreme
shock sensitivity of solid XeO3 is largely attributable to extended -(---O–Xe---O–Xe---)-n networks which occur in all three solid
phases of XeO3 and provide an efficient means to propagate detonation shock waves throughout their respective crystal lattices.

1.08.5.3.2 Xenon trioxide adducts of N- and O-donor ligands
A variety of crystalline adducts of XeO3 with organic oxygen and nitrogen bases have been synthesized and characterized by LT
SCXRD and Raman spectroscopy. The XeO3 adducts exhibit remarkable levels of kinetic stabilization of coordinated XeO3 relative
to the solid phases of XeO3. Unlike the crystal structures of XeO3, the XeO3 moieties are better isolated from one another in the
adducts, which serves to inhibit decomposition by radical chain propagation.

The primary Xe–O bond lengths and O–Xe–O bond angles and Xe---O secondary bonds lie within the bond length and bond
angle ranges of the three solid phases of XeO3.

213

The most prominent features in the Raman spectra of the XeO3 adducts are the Xe-O stretching and bending modes whose
assignments were derived from the four Raman-active bands observed for XeO3(aq) (νas(E), 833; νs(A1), 780; dumb(A1), 344;
das(E), 317 cm−1)215 and were confirmed by QC calculations.

(i) Xenon trioxide alkylnitrile adducts. Xenon trioxide was shown to interact with CH3CN and CH3CH2CN to form O3XeNCCH3,
O3Xe(NCCH3)2, O3XeNCCH2CH3, and O3Xe(NCCH2CH3)2.

216

Pure XeO3 was synthesized by hydrolysis of XeF6 with three equivalents of water in Freon-114 followed by removal of HF and
the solvent under dynamic vacuum between −78 and 0 �C, and CH3CN was carefully added to XeO3 to form O3Xe(NCCH3)2.
However, handling of pure XeO3 without detonation proved to be difficult. A safer and more reliable method was to initially hydro-
lyze XeF6 in CH3CN solvent at 0 �C. Slow cooling of this solution led to the growth of large block-shaped crystals of O3Xe(NCCH3)2
which were structurally characterized by LT SCXRD.

The O3XeNCCH3 complex was initially synthesized by reaction of XeO4 with CH3CN at −40 �C (Eq. 82); as XeO4 decomposed,
large, colorless plates crystallized. An alternative synthesis involving the solvolysis of O3Xe(NCCH3)2 in aHF also afforded
O3XeNCCH3 and CH3CN�(HF)x (Eq. 83).

XeO4 + CH3CN / O3XeNCCH3 + ½O2 (82)

O3XeðNCCH3Þ2 + xHF / O3XeNCCH3 + CH3CN$ HFð Þx (83)

The O3XeNCCH3 complex is a thermodynamically unstable, highly shock-sensitive compound that requires very careful handling.
In marked contrast, crystalline O3Xe(NCCH3)2 appears to be insensitive to mechanical shock and is kinetically stable at RT, but
slowly loses CH3CN in air. Crystalline samples did not detonate when struck with a hammer, but detonated on contact with cellu-
lose. The difference in shock sensitivity is likely due to packing differences. Samples of O3Xe(NCCH3)2 lost CH3CN under dynamic
vacuum at −15 �C, which resulted in O3XeNCCH3 formation.

Both O3XeNCCH2CH3 and O3Xe(NCCH2CH3)2 were synthesized by reaction of XeO3 with neat CH3CH2CN (Eq. 84). By
varying the concentration of XeO3, O3Xe(NCCH2CH3)2 was formed at lower temperatures and lower concentrations, whereas
O3XeNCCH2CH3 formed at higher temperatures in more concentrated solutions.

XeO3 + nCH3CH2CN / O3XeðNCCH2CH3Þn ðn ¼ 12Þ (84)

Attempts to isolate O3Xe(NCCH3)3 and O3Xe(NCCH2CH3)3 by use of other solvents such as SO2ClF, aHF, and Freon-114 at LT
were unsuccessful.

The LT X-ray crystal structures of O3XeNCCH3, O3Xe(NCCH3)2, O3XeNCCH2CH3, and O3Xe(NCCH2CH3)2 were obtained
(Fig. 69) along their LT Raman spectra. The crystal structure of O3XeNCCH3 consists of layers of trigonal-pyramidal XeO3molecules
separated by CH3CN layers. In contrast, the crystal structure of O3Xe(NCCH3)2 is comprised of infinite chains that are well isolated
from one another.

The X-ray crystal structures show that the xenon atoms of XeO3 are coordinated to three donor atoms, to give pseudo-octahedral
Xe coordination spheres. The adduct series provides the first examples of a neutral xenon oxide bound to nitrogen bases and are
among the first examples of XeVI---N bonds. The Xe---N bond lengths (2.766(2)–2.8560(8) Å, with the shorter Xe---N bonds occur-
ing in O3XeNCCH3 and O3XeNCCH2CH3, are consistent with complex formation. Energy-minimized gas-phase geometries and
vibrational frequencies were also obtained for O3Xe(NCCH3)n (n ¼ 1–3) and O3Xe(NCCH3)n�[O3Xe(NCCH3)2]2 (n ¼ 1, 2).
NBO, QTAIM, ELF, and MEPS analyses were carried out to further probe the nature of the bonding in these compounds.

In the Raman spectra,216 XeO3 coordination resulted in shifts of the most intense XeO3 stretching band, νs(A1), to low frequen-
cies relative to XeO3(aq),

215 with larger shifts being observed for the acetonitrile complexes. A similar trend was observed for the
das(E) bending modes, whereas those of the dumb(A1) bending modes tend to be shifted to higher frequencies. The frequency of
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the asymmetric XeO3 stretching mode, νas(E), bracketted that of aqueous XeO3. The C-N stretching bands exhibit complexation
shifts that occur at higher frequencies than those of solid CH3CN and CH3CH2CN, consistent with adduct formation.

(ii) XeO3 adducts of pyridine, 4-dimethylaminopyridine, and their pyridinium salts. Xenon trioxide forms Xe---N bonded complexes
with pyridine and 4-dimethylaminopyridine (4-DMAP).217 The reactions of pyridine and 4-DMAP with XeO3 in rigorously dried
CH3CN and in CH3CN that had not been dried yielded (C5H5N)3XeO3 and (4-(CH3)2NC5H5N)3XeO3�H2O, respectively, whereas
their reactions in HF-acidified CH3CN yielded [C5H5NH]4[HF2]2[F]2(XeO3)2 and [4-(CH3)2NC5H4NH][HF2]XeO3. Crystalline
(C5H5N)3XeO3, [C5H5NH]4[HF2]2[F]2(XeO3)2, and [4-(CH3)2NC5H4NH][HF2]XeO3 failed to detonate when subjected to mechan-
ical shock; however, (4-(CH3)2NC5H5N)3XeO3�H2O proved to be more sensitive to mechanical and thermal shock than solid XeO3.

The neutral complexes and their pyridinium-adduct salts were structurally characterized by LT SCXRD and Raman spectroscopy.
The crystal structures of (C5H5N)3XeO3 and (4-(CH3)2NC5H5N)3XeO3�H2O consist of XeO3 molecules that are N-bonded to three
pyridine or 4-DMAP ligands (Fig. 70). A water molecule is also H-bonded to two oxygen atoms of two adjacent XeO3 molecules in
(4-(CH3)2NC5H5N)3XeO3�H2O. The pyridinium cations of [C5H5NH]4[HF2]2[F]2(XeO3)2 and [4-(CH3)2NC5H4NH][HF2]XeO3

are H-bonded to F− and/or [HF2]
− ions that are, in turn, F-coordinated to XeO3 (Fig. 71). Both F− ions of

[C5H5NH]4[HF2]2[F]2(XeO3)2 bridge two XeO3 molecules to form Xe2F2-rings. Each [HF2]
− anion of [4-(CH3)2NC5H4NH][HF2]

XeO3 bridges two cations and to two XeO3 molecules by means of Xe---F secondary bonds and NH---FH-bonds. Quantum-
chemical calculations for (C5H5N)3XeO3 and [C5H5NH]4[HF2]2[F]2(XeO3)2 provided energy-minimized geometries, and
calculated vibrational frequencies and intensities which were used to assign their Raman spectra. The NBO analyses showed the
Xe---N, Xe---O, and Xe---F secondary bonds are primarily electrostatic in nature and may be described as s-hole bonds.

The XeO3 stretching and bending modes are very similar to those of O3Xe(NCCH3)n and O3Xe(NCCH2CH3)n (n ¼ 1, 2).216

Bands assigned to the ring breathing modes of (C5H5N)3XeO3 and [C5H5NH]4[HF2]2[F]2(XeO3)2 are shifted to higher frequencies
relative to those of solid C5H5N, consistent with adduct formation. Similar behavior was observed for the 4-(CH3)2NC5H4N groups
of [4-(CH3)2NC5H4N]3]XeO3�H2O and [4-(CH3)2NC5H4NH][HF2]XeO3 where the bands associated with the ring breathing modes
are shifted to higher frequencies relative to solid (CH3)2NC5H4N.

(iii) Xenon trioxide adducts of O-donor ligands; [(CH3)2CO]3XeO3, [(CH3)2SO]3(XeO3)2, (C5H5NO)3(XeO3)2, and
[(C6H5)3PO]2XeO3. Xenon trioxide forms adducts with triphenylphosphine oxide, dimethylsulfoxide, pyridine-N-oxide, and
acetone by coordination of the ligand oxygen atoms to the XeVI atom of XeO3.

218 The crystalline complexes were characterized

Fig. 69 The X-ray crystal structures of (A) O3XeNCCH3, (B) O3Xe(NCCH3)2, (C) O3XeNCCH2CH3, and (D) O3Xe(NCCH2CH3)2. Thermal ellipsoids are
drawn at the 50% probability level. Reproduced with permission from Goettel, J. T.; Matsumoto, K.; Mercier, H. P. A.; Schrobilgen, G. J. Angew.
Chem. Int. Ed. 2016, 55, 13780–13783.

Noble-gas chemistry 499

mailto:Image of Fig. 69|tif


by LT, SCXRD and Raman spectroscopy. Unlike solid XeO3, which detonates when mechanically shocked, solid
(C5H5NO)3(XeO3)2, [(C6H5)3PO]2XeO3, and [(CH3)2SO]3(XeO3)2 are insensitive to mechanical shock. The [(CH3)2SO]3(XeO3)2
complex slowly undergoes redox decomposition over several days to (CH3)2SO2, Xe, and O2. All three complexes undergo rapid
deflagration when ignited by a flame. Both [(C6H5)3PO]2XeO3 and (C5H5NO)3(XeO3)2 are RT stable, whereas [(CH3)2CO]3XeO3

dissociates at RT to form a stable solution of XeO3 in acetone.
The xenon coordination sphere of [(C6H5)3PO]2XeO3, a distorted square pyramid, provides the first example of a five-

coordinate XeO3 complex having only two Xe---O bonds with the ligand (Fig. 72). The xenon coordination spheres of the remain-
ing complexes are distorted octahedra comprised of three Xe---O secondary bonds that are approximately trans to the primary Xe–O
bonds of XeO3 (Fig. 72). Quantum-chemical calculations were used to assess the nature of the Xe---O adduct bonds, which are
described as predominantly electrostatic bonds between the nucleophilic oxygen atoms of the bases and the s-holes of the electro-
philic xenon atoms.

Coordination of XeO3 also resulted in a frequency shift of the νs(A1) band to lower frequency relative to that of XeO3(aq).
215 The

shift is significantly larger for [(CH3)2SO]3(XeO3)2 and (C5H5NO)3(XeO3)2, which correlates with the ligand protonation
enthalpies of the four XeO3 adducts.

219 A similar trend was observed for the asymmetric XeO3 stretching mode, νas(E). The frequen-
cies of the dumb(A1) bending modes are essentially unshifted upon complexation, whereas those of the das(E) bending modes are
shifted to lower frequencies. In contrast with the C-N stretching bands, the P-O and C-O stretching bands are shifted to
lower frequencies relative to those of solid (C6H5)3PO and (CH3)2CO, consistent with complex formation. Although ν(S-O)
and ν(N-O) were not observed, they are also expected to display similar low-frequency shifts relative to (CH3)2SO and C6H5NO.

Fig. 70 The X-ray crystal structures of (A) (C5H5N)3XeO3 and (B) (4-(CH3)2NC5H5N)3XeO3�H2O. Thermal ellipsoids are drawn at the 50% probability
level. Reproduced with permission from Goettel, J. T.; Mercier, H. P. A.; Schrobilgen, G. J. J. Fluorine Chem. 2018, 211, 60–69.
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Fig. 71 The X-ray crystal structures of (A) [C5H5NH]4[HF2]2[F]2(XeO3)2 and (B) [4-(CH3)2NC5H4NH][HF2]XeO3. Thermal ellipsoids are drawn at the
50% probability level. Reproduced with permission from Goettel, J. T.; Mercier, H. P. A.; Schrobilgen, G. J. J. Fluorine Chem. 2018, 211, 60–69.

Fig. 72 The structural units in the crystal structures of (1) [(CH3)CO]3XeO3; [(CH3)2SO]3(XeO3)2 viewed (2a) perpendicular to and (2b) along the
Xe⋯Xe axis; (3) (C5H5NO)3(XeO3)2; and (4) [(C6H5)3PO]2XeO3. Thermal ellipsoids are drawn at the 50% probability level. Reproduced with
permission from Marczenko, K. M.; Goettel, J. T.; Mercier, H. P. A.; Schrobilgen, G. J. Chem. Eur. J. 2019, 25, 12357–12366.
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1.08.5.3.3 A stable crown ether complex with a noble-gas compound
Crown ethers have been known for over 50 years, but no example of a complex between a noble-gas compound and a crown ether
or other polydentate ligand had been previously reported.

The 15-crown-5 adduct of XeO3 was synthesized at RT by reaction of 15-crown-5 with an HF-acidified aqueous solution of XeO3

or by addition of liquid 15-crown-5 to a solution of XeO3 in acetone at RT.220 Remarkably, solid XeO3 quiescently dissolved in
acetone without detonation. In both instances, slow evaporation of the solvent in air gave colorless, block-shaped crystals of
(CH2CH2O)5XeO3. In marked contrast with solid XeO3, crystalline (CH2CH2O)5XeO3 failed to detonate when mechanically
shocked, but underwent rapid deflagration when ignited in a flame. Raman spectra of the complex were recorded at intervals in
air at 20 �C over a period of several days, confirming that the solid adduct is stable at RT and insensitive to atmospheric moisture.

The crystal structure shows that the five oxygen atoms of the crown ether are coordinated to the xenon atom of XeO3 (Fig. 73).
The complex exhibits the highest xenon coordination number observed thus far for XeO3 and is presently the only example of
XeO3 coordinated to a polydentate ligand. The primary Xe–O bond lengths (1.763(1)–1.767(1) Å) and O–Xe–O bond angles
(99.80(5)–102.53(5)�) lie within the bond length and bond angle ranges of the three solid phases of XeO3.

213 The Xe---O
secondary bond lengths (2.895(1)–2.970(1) Å) are also similar to those of XeO3, except for two very weak Xe---O bonding inter-
actions (3.114(1), 3.124(1) Å).

The gas-phase Wiberg bond valences and indices and the empirical bond valences indicate that the XedOcrown bonds are
predominantly electrostatic and are consistent with s-hole bonding. Mappings of the electrostatic potential (EP) onto the Hirshfeld
surfaces of XeO3 and 15-crown-5 in (CH2CH2O)5XeO3 (Fig. 74) and a detailed examination of the MEPS of XeO3 and
(CH2CH2O)5 reveal regions of negative EP on the oxygen atoms of (CH2CH2O)5 and regions of high positive EP on the xenon
atom, which are also in accordance with s-hole interactions.

Fig. 73 (A) Side-on view of the structural unit in the X-ray crystal structure of (CH2CH2O)5XeO3 and (B) the calculated gas-phase structure of
(CH2CH2O)5XeO3. Thermal ellipsoids are drawn at the 50% probability level. The two longest Xe---O contacts are shown in green. Reproduced with
permission from Marczenko, K. M.; Mercier, H. P. A.; Schrobilgen, G. J. Angew. Chem. Int. Ed. 2018, 57, 12448–12452.
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A lower frequency shift, relative to XeO3(aq), of the most intense νsym(A1) (772 cm−1) band confirms complex formation; the
remaining XeO3 bands of the adduct (νas(E): 811, 825, 853 cm−1; dumb(A1): 346, 356 cm−1; das(E): 302, 317 cm−1) are similar to
those of XeO3(aq).

1.08.5.3.4 Stable chloro- and bromoxenate cage anions; [X3(XeO3)3]
3− and [X4(XeO3)4]

4− (X ¼ Cl or Br)
The number of isolable compounds which contain different noble-gas element bonds is limited for xenon and even more so for
krypton. Examples of Xe–Cl bonds are rare,54,212,221 and no Xe–Br bonded compound had been previously isolated and structurally
characterized.

The reactions of XeO3 with [N(CH3)4]Br and [N(C2H5)4]Br provided two bromoxenate salts, [N(C2H5)4]3[Br3(XeO3)3]�
2CH3CN and [N(CH3)4]4[Br4(XeO3)4].

222 Isostructural chloroxenate salts, [N(C2H5)4]3[Cl3(XeO3)3] and [N(CH3)4]4[Cl4(XeO3)4],
were synthesized by analogy with their bromine analogues. The [X3(XeO3)3]

3− and [X4(XeO3)4]
4− (X ¼ Br, Cl) anions are the only

known cage anions that contain a noble-gas and the [Br3(XeO3)3]
3− and [Br4(XeO3)4]

4− salts are the first compounds to contain
Xe---Br bonds. The bromo- and chloroxenate salts are room-temperature stable in the atmosphere and were characterized in the
solid state by Raman spectroscopy and LT SCXRD (Fig. 75), and in the gas phase by quantum-chemical calculations. The Xe atoms
occupy bridgehead positions in the cages and the halogen atoms occupy bridging sites, whereas the oxygen atoms occupy bridging
and terminal sites. Two types of bridging halogen atoms are found in both anions: μ-X atoms that are coordinated to two Xe atoms
([X3(XeO3)3]

3−; Br: 3.1047(7)–3.2649(8) Å and Cl: 2.9448(14), 3.0808(13) Å – [X4(XeO3)4]
4−; Br: 3.0838(3), 3.2132(3) Å and Cl:

2.9316(2), 2.9686(3) Å) and μ3-X atoms that are coordinated to three Xe atoms ([X3(XeO3)3]
3−; Br: 3.1698(7)–3.2738(7) Å and Cl:

3.070(4), 3.101(4) Å – [X4(XeO3)4]
4−; Br: 3.1200(2), 3.1691(2) Å and Cl: 3.0192(2), 3.0967(2) Å). The Xe---Br and Xe---Cl bonds

are weakly covalent and can be viewed as s-hole bonds, similar to those encountered in halogen bonding. The halogen atoms in
these cases are valence electron lone pair donors, and the s*Xe–O orbitals are lone pair acceptors. The Xe---Ob bridge bonds
([X3(XeO3)3]

3−; Br: 1.788(5), 1.794(5) Å and Cl: 1.785(4) Å – [X4(XeO3)4]
4−; Br: 1.7988(11) Å and Cl: 1.7937(7) Å) are slightly

longer than the terminal XeeOt bonds ([X3(XeO3)3]
3−; Br: 1.760(6)–1.779(5) Å and Cl: 1.710(11)–1.836(11) Å –

[X4(XeO3)4]
4−; Br: 1.7719(14)–1.7753(14) Å and Cl: 1.7714(7)–1.7766(7) Å) which are similar to those of XeO3.

213 The Xe---
Ob distances are somewhat shorter in the Br anions than in their Cl analogues ([X3(XeO3)3]

3−; Br: 2.764(6), 2.861(5) Å and Cl:
2.993(5) Å – [X4(XeO3)4]

4−; Br: 2.7129(12) Å and Cl: 2.7721(7) Å).
The most prominent features in the RT Raman spectra of the haloxenate salts are the Xe-O stretching and bending modes whose

assignments were derived from the four Raman-active bands observed for aqueous XeO3, where the frequency shifts are similar to
those observed for α-XeO3

213 and the acetonitrile complexes.216 It was not possible to observe any mode involving Br or Cl,
including ν(Xe-Br) and ν(Xe-Cl), as they are all expected to occur at low frequencies and to be coupled to XeO3 deformation modes.

Attempts to synthesize iodoxenate anions failed because iodide is more readily oxidized than chloride or bromide, and yielded
[IO3]

− instead.

Fig. 74 (A) The Hirshfeld surfaces in (CH2CH2O)5XeO3 mapped with the dnorm function of 15-crown-5 (left) and the electrostatic potential surface
(B88LYP/321-G) of XeO3 (right). (B) The MEPS of XeO3 at the 0.001 e�a0−3 isosurfaces (right; APFD/Def2-TZVPD) and the top 20% of the positive
electrostatic potential range (left; 193–241 kJmol−1). Reproduced with permission from Marczenko, K. M.; Mercier, H. P. A.; Schrobilgen, G. J.
Angew. Chem. Int. Ed. 2018, 57, 12448–12452.
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1.08.6 Xenon(VIII) compounds

Isolable compounds containing elements in the +8 oxidation state have only been observed for ruthenium, osmium, xenon, and
iridium. Despite its hazardous nature,223 the molecular structure of gas-phase XeO4 has been established by electron diffraction224

and the vibrational frequencies for XeO4 have been obtained by gas-phase IR spectroscopy,225 and by Raman spectroscopy in the
solid-state226 and in aHF solution.227 The shock- and temperature-sensitive nature of XeO4 has impeded the development of XeVIII

oxide chemistry, which has been limited to the syntheses and structural characterization of stable salts of the perxenate anion,
[XeO6]

4−,142,228–230 and of XeO4 itself.224–226 The fluoride precursor for XeVIII chemistry, XeF8, is unknown, and the only other
known XeVIII compounds are XeO3F2, which has been characterized by matrix-isolation IR and Raman spectroscopy and in solution
by 19F and 129Xe NMR spectroscopy,231 and XeO2F4, which was characterized in the gas-phase by mass spectroscopy.232 Both
XeO3F2 and XeO2F4 are prepared by O/F metathesis of XeO4 with XeF6.

A detailed procedure for the preparation of synthetically useful amounts of XeO4 in the oxidatively resistant solvents SO2ClF,
BrF5, and aHF was reported in 2002,227 allowing for the kinetic stabilization of XeO4 in solution and, hence, possible further devel-
opment of XeVIII chemistry. In a recent study, XeO4 was characterized by matrix-isolation spectroscopy and its photolytic behavior
was investigated by UV irradiation in Ne, Ar, and F2 matrices.233

1.08.6.1 Infrared spectra of XeO4 and Na4[XeO6] in Ne and Ar matrices

Natural abundance and 18O enriched XeO4 and Na4XeO6 were prepared using modifications of previously published procedures
according to Eqs. (85)–(90).

XeF6 gð Þ + 3H2O lð Þ / XeO3 aqð Þ + 6HF (85)

Fig. 75 X-ray crystal structures of the [X3(XeO3)3]3− and [X4(XeO3)4]4− anions in [N(C2H5)4]3[X3(XeO3)3] and [N(CH3)4]4[X4(XeO3)4] (X ¼ Br, Cl).
Thermal ellipsoids are drawn at the 50% probability level. Reproduced with permission from Goettel, J. T.; Haensch, V. G.; Schrobilgen, G. J. J. Am.
Chem. Soc. 2017, 139, 8725–8733.
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3MgO sð Þ + 6HF aqð Þ / 3MgF2 sð Þ + 3H2O lð Þ (86)

XeO3 aqð Þ + O3 gð Þ + 4NaOH aqð Þ / Na4XeO6 sð Þ + 2H2O lð Þ + O2 gð Þ (87)

Na4XeO6 sð Þ + H2SO4 lð Þ / XeO4 gð Þ + 2Na2SO4 aqð Þ + 2H2OðH2SO4Þ (88)

and

XeF6 gð Þ + 10Na18OH aqð Þ / 6NaHF2 aqð Þ + Na4Xe18O6 sð Þ + Xe gð Þ + 18O2 + 2H2
18O lð Þ (89)

Na4Xe18O6 sð Þ + H2SO4 lð Þ / Xe18O4 gð Þ + 2Na2SO4 aqð Þ + 2H2
18OðH2SO4Þ (90)

Matrix-isolation IR spectroscopy of XeO4 in Ne (Fig. 76) and Ar matrices afforded natural abundance xenon isotopic patterns for
XeO4, which were in good agreement with calculated harmonic frequencies at the CCSD(T)/aVTZ level of theory (Table 5). Enriched
Xe18O4 and mixed Xe16/18O4 isotopomers were prepared and characterized by matrix-isolation IR spectroscopy to provide 16/18O
vibrational frequency shifts for xenon tetroxide (Fig. 77). The calculated isotope shifts of XeO4 agree well with experiment. The
Raman spectra of natural-abundance and 18O-enriched Na4XeO6 were also obtained for comparison with the 16O/18O isotopic
shifts of XeO4 (Table 6). Although the Raman spectrum of Na4XeO6�0.4H2O has been reported, no definitive assignments of
the Raman-active vibrational bands were provided, nor were the 16O/18O isotopic shifts of [XeO6]

4− reported. Overall, the magni-
tudes of the 16O/18O isotopic shifts of the [XeO6]

4− anion are significantly less than those of XeO4, which are consistent with the
greater double-bond character of the Xe–O bonds.

Fig. 76 The IR spectrum of XeO4 in a Ne matrix (4 K) showing the resolved xenon isotopic pattern in the ν3(T2) band. Reproduced with permission
from Vent-Schmidt, T.; Goettel, J. T.; Schrobilgen, G. J.; Riedel, S. Chem. Eur. J. 2015, 21, 11244–11252.

Table 5 Comparison of calculated and observed IR frequencies of ν3(T2) for natural abundance (N.A.) XeO4 in noble-gas matrices.a

Isotopomer (% N.A.) CCSD(T) Ne Ar

129XeO4 (26.44) 881.9 880.5 874.0
130XeO4 (4.08) 881.4 879.9 –
131XeO4 (21.18) 880.9 879.4 873.0
132XeO4 (26.89) 880.4 878.9 872.6
134XeO4 (10.44) 879.4 877.9 871.5
136XeO4 (8.87) 878.4 876.9 870.5

aReproduced with permission from Ref. 233.
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1.08.6.2 Photolysis of XeO4 and formation of (h2-O2)XeO3 and its infrared spectra in Ne, Ar, Kr, and F2 matrices

Xenon tetroxide was found to be chemically inert towards neat F2 and F2-doped argon and neon matrices under both dark and
photolytic conditions at temperatures as high as 40 K. Photodecomposition of XeO4 using a mercury arc lamp led to its decompo-
sition without the observation of other xenon oxides or oxide fluorides. In contrast, photodecomposition at 365 nm led to the
formation of O3, XeO3, XeO2, SiF4 (formed from the reaction of HF contaminant with the glass reactor) and a new set of bands
(Fig. 78) that were assigned to a new Xe(VIII) oxide, (h2-O2)XeO3, based on comparisons with quantum-chemical calculations
(Fig. 79, Table 7).233

Photodecomposition of Xe18O4 and mixed Xe16/18O4 isotopomers at 365 nm led to the formation of 18O enriched (h2-18O2)
Xe18O3. The calculated isotopic shifts of (h2-18O2)Xe

18O3 agree well with their observed shifts, which provide further support
for the photolytic formation of (h2-O2)XeO3 (Table 7).

Calculations of the UV spectrum of XeO4 show that photodecomposition is induced by a n/s* transition, but the nature of
the excitation differs when different light sources are used. The main excitation for XeO4 in the 200–300 nm range is a singlet at
250 nm, whereas excitation at 365 nm results in a spin-forbidden triplet transition at 350 nm. Prior kinetic measurements showed
that the reaction XeO4 + hv / Xe + 4O dominates photodecomposition when a 200–300 nm source is used, and a similar disso-
ciation has also been calculated in this region for XeO3. The predicted photolytic behavior of XeO4 is therefore consistent with its
complete decomposition upon irradiation with a mercury arc lamp. Photolysis of XeO4 at wavelengths exceeding 300 nm also
produces XeO3, however further photodissociation is not predicted or observed. The formation of XeO3 allows for the formation
of mobile 1D excited O atoms in the case of excitation at 365 nm, which may then react, on the basis of reaction enthalpies, with
XeO4 to form (h2-O2)XeO3 (exothermic by 33.6 kJ mol−1). TDDFT and CC2 calculations indicate that the photogeneration of O
atoms is dependent on the excitation wavelength and whether this excitation leads to a singlet or triplet state. Although the

Fig. 77 IR spectra of 18O-enriched XeO4 in an argon matrix for (a) deposition at 10 K for 45 min, (b) photolysis at 365 nm for 150 min, and
(c) photolysis with an unfiltered Hg arc for 20 min. Reproduced with permission from Vent-Schmidt, T.; Goettel, J. T.; Schrobilgen, G. J.; Riedel, S.
Chem. Eur. J. 2015, 21, 11244–11252.

Table 6 Raman frequencies (cm−1) of the perxenate anions in Na4Xe16O6 and Na4Xe18O6.a

Na4Xe
16O6 Na4Xe

18O6 Dν(16/18O) ν(16O)/ν(18O) Assigment

653.2(100) 618.9(100) �34.3 1.055 ν1(A1g)
627.9(38) 596.7(32) �31.2 1.052 ν2(Eg)
611.1b 579.3(3) �31.9b 1.055b ν3(T1u)
486.2(10) 459.6(8) �26.6 1.058 ν5(T2g)

aReproduced with permission from Ref. 233.
bThe ν(16O)/ν(18O) value was estimated from the average of its values for ν1(A1g), ν2(Eg) and ν5(T2g). The frequency for ν3(T1u) of Na4Xe

16O6 was calculated from
the estimated value of ν(16O)/ν(18O) and the experimental value of ν3(T1u) for Na4Xe

18O6.
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determination of the exact reaction pathway was beyond the scope of this study, there is strong evidence that the oxygen atoms that
form are in the 1D state and are mobile in noble-gas matrices.

The bonding in (h2-O2)XeO3 was explored by an NBO analysis which showed that the coordinated h2-O2 fragment in (h2-O2)
XeO3 is covalently bound to the XeO3 fragment. Comparisons of calculated bond lengths and Mayer bond orders show that the
Xe–O bonds of the h2-O2 fragment of (h2-O2)XeO3 are somewhat weaker than the Xe–O bonds of XeO4. Accordingly, the O–O
bond in (h2-O2)XeO3 is somewhat weaker than that of gas-phase O2. Analysis of the donor-acceptor contributions reveals strong
hyperconjugation from all bonding Xe–O orbitals into neighboring antibonding Xe–O orbitals, which results in extensive electron
delocalization and Xe–O bond stabilization through mesomeric effects.

1.08.7 Noble-gas molecules characterized by matrix isolation

An interesting aspect of noble-gas chemistry is the formation and study of unstable compounds that are formulated as XNgY mole-
cules (Ng is a noble-gas atom, Y is an electronegative atom or group) that are isolated in low-temperature matrices and structurally

Fig. 79 Optimized geometry of XeO4 and (h2-O2)XeO3. Reproduced with permission from Vent-Schmidt, T.; Goettel, J. T.; Schrobilgen, G. J.;
Riedel, S. Chem. Eur. J. 2015, 21, 11244–11252.

Table 7 Observed frequencies (cm−1) for (h2-O2)XeO3 obtained after irradiation of XeO4 at 365 nm in various matrices.a

Ne Ar Kr F2 B3LYP CCSD(T) Assignment

864.0 856.8 836.9 878.4 ν9(h2-16O2)Xe16O3

859.1
852.4 856 858 835.9 870.8 ν1(h2-16O2)Xe16O3860.4

822.4
817.0 836.5 ν9(h2-18O2)Xe18O3

818.7 827.9 ν1(h2-18O2)Xe18O3

aData from Ref. 233.

Fig. 78 The IR spectra of XeO4 in a neon matrix, (a) XeO4 deposition at 3.5 K for 45 min, (b) photolysis at 365 nm for 105 min, and (c) annealed to
11 K. Reproduced with permission from Vent-Schmidt, T.; Goettel, J. T.; Schrobilgen, G. J.; Riedel, S. Chem. Eur. J. 2015, 21, 11244–11252.
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characterized by spectroscopic methods and quantum-chemical calculations.234 Molecules were identified by comparison with
frequency trends for related compounds, isotope distributions, and theoretical calculations of their vibrational frequencies.

1.08.7.1 Xenon and krypton hydrides

Among the most numerous compounds that have been isolated in low-temperature matrices are the xenon hydrides, HXeY. The
standard procedure used for the matrix isolation of these species is photodissociation of the HY precursor and subsequent thermal
mobilization of H atoms in noble-gas matrices, according to Eq. (91).

H + Ng + Y / HNgY (91)

The HNgY molecules characteristically form strong [Ng–H]+ Y− ion-pairs that have intense ν(Ng-H) stretching vibrations
(�1000 km mol−1 and higher), which enable easy detection by IR absorption spectroscopy. The [Ng–H]+ cation bond is mainly
covalent and the interaction between [Ng–H]+ and the Y− is primarily electrostatic.

The HXeY molecules (Y ¼ Cl, Br, I), which are thus far the most studied, have linear geometries that are expected to give rise to
three bands in their IR spectra. However, only the H-Xe/D-Xe stretching bands could be observed in their IR spectra, whereas the
ν(Xe-Y) and d(HXeY)/d(DXeY) bands were not in the observable range. The ν(Xe-H/D) frequency decreases over the series
Cl > Br > I: HXeCl (1648 cm−1) > HXeBr (1504 cm−1) > HXeI (1193 cm−1) > DXeCl (1198 cm−1) > DXeBr (1100 cm−1) > DXeI
(893 cm−1).

In many cases and in the earliest studies of matrix-isolated HNgY molecules, their characterization was carried out in Ng
matrices, where the Ngmatrix atom is the same as in HNgY.235 In order to study environmental effects, the HNgY series of molecules
was subsequently isolated in “foreign”matrices that were comprised of a different noble gas,235 or in molecular matrices such as N2

or CO2.
235 The HNgY molecules are sensitive probes of local environment owing to their relatively weak bonds and large dipole

moments. Although HXeCl, HXeBr, and HXeI and their deuterated analogues have been prepared and characterized in noble-gas
matrices; the predicted HXeF molecule still awaits experimental detection.

More recent matrix-isolation studies have been carried out for HXeCl,236 HXeBr,237 HXeI,235 as well as HXeH235 for comparison.
The Xe–H stretching frequencies of HXeCl and HXeBr vary with the noble-gas matrix, ν(Ne) < ν(Xe) < ν(Kr) < ν(Ar) (Table 8),
which is a non-monotonic function of the dielectric constant of the matrix noble gas, 2.22 (Xe), 1.88 (Kr), 1.66 (Ar), and 1.24
(Ne). This contrasts with the classical order observed for HY: ν(Xe) < ν(Kr) < ν(Ar) < ν(Ne). In the case of HXeI, the frequency order
is ν(Xe) < ν(Kr) z ν(Ar). Thus far, it has not been possible to isolate HXeI in a Nematrix. The Xe–H stretching band of HXeBr shows
large blue shifts in CO2 and N2 matrices compared to noble-gas matrices.238 The dielectric constants of solid CO2 (1.39) and N2

(1.37, extrapolated from the data for liquid N2) are substantially less than that of Xe (2.22). Thus, the environmental effects on
the H–Xe bond in CO2 and N2 matrices are presumably due to dipole–quadrupole and higher order electrostatic interactions.
The frequency shift of HXeH in a Xe matrix versus a N2 matrix is much smaller when compared with HXeBr. The weak environ-
mental effect on HXeH is accounted for by the absence of a dipole moment for this molecule. In the process of studying monomeric
H(D)XeCl in Ne matrices and HXeBr in a N2 matrix, the HXeCl���HCl (1720 cm−1), DXeCl���DCl (1251 cm−1), and HXeBr���HBr
(1663 cm−1) complexes were also identified. As previously observed for other HXeY complexes, the ν(Xe-H) band occurs at higher
frequency than in the HXeY. The blue shifts are attributed to enhancement of [H–Ng]+ Y− ion-pair character by complexation.

New data have also been obtained for the krypton analogue, HKrCl, in Ar236 and Kr236,239 matrices. The Kr-H stretching
frequency order for HKrCl is ν(Ar) (1483 cm−1) > ν(Kr) (1476 cm−1), in accordance with the calculated frequencies: ν(Ar)
(1593 cm−1) > ν(Kr) (1582 cm−1). The latter frequency occurs at a much lower frequency than for HKrF in a Kr matrix
(1950 cm−1).240

Table 8 Experimental ν(Xe-H) frequencies (cm−1) of noble-gas hydrides and their N2 and H2O complexes in different matrices.

Ne Ar Kr Xe N2 CO2 Kr Xe Xe

HXeCl 1612 1675 1664 1648 HXeCl���N2 1657 HXeCl���H2O 1711–1730
HXeBr 1453 1541 1527 1504 1625 1646 HXeBr���N2 1516 HXeBr���H2O 1569–1605
HXeCCH 1453 1531 1519 1486 1530
HXeI – 1238 1239 1193 HXeI���H2O 1267–1332
HXeH 1203 1192 1166 1175

HKrF 1950
HKrCl 1483 1476 HKrCl���N2 1509
HKrCCH 1257
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The stabilities of HXeY (Y ¼ Cl, Br, I) molecules make them suitable for studies that assess matrix effects, namely, correlations
between bond strength and the complexation shift. Numerous matrix-isolated HXeY���X complexes have been formed that provide
a variety of new van der Waals complexes, i.e., HXeCl���H2O,241,242 HXeBr���H2O,241 HXeBr���CO2,

243 HXeI���H2O,241

HXeI���HCCH,244 HXeI���HCl,244 HXeI���HBr,245 HXeI���HI.245 The formation of a HNgY���X complex usually entails photodissoci-
ation of the HY���X complex in a noble-gas matrix followed by a thermal annealing-induced reaction (Eq. 92).

H + Ng + ðY⋯XÞ / HNgY⋯X (92)

For HXeY���H2O complexes (Y ¼ Cl, Br, and I),241 the precursors are the HY���H2O complexes that are photolyzed by irradiation at
193 nm to form an H atom and Y���H2O in a Xe matrix. Annealing above 35 K mobilizes the H atoms, and the reaction
H + Xe + (Y���H2O) yields the corresponding HXeY���H2O complex. In all cases, the IR spectra show extensive splitting of the
ν(Xe-H) stretching bands. The Xe-H stretching bands of the HXeY���H2O complexes occur at 1710.6 and 1730.3 cm−1 (Cl),
1568.8, 1573.6, 1577.0, 1595.3, and 1605.0 cm−1 (Br), and 1267.0, 1280.0, and 1331.6 cm−1 (I). The monomer-to-complex shifts
increase in the order I > Br > Cl, consistent with a significant increase in the complexation effect for more weakly bound molecules.
Calculations show that the most stable structures for the HXeY���H2O complexes are planar with bent (HO)H���Y–Xe angles
(Fig. 80). Using this model, the calculated H-Xe stretching frequency shifts increase from Cl to I, in accordance with experiment.

The thermal decomposition of HXeCl���H2O in a Xe matrix has also been investigated.242 The identification of HCl���H2O as
a decomposition product showed that the decomposition channel is a unimolecular, two-body decomposition, in agreement
with theoretical predictions.

The HXeBr���CO2 complex was formed by photolysis of HBr���CO2 trapped in a Xe matrix followed by thermal mobilization of
its H-atom.243 The Xe-H stretch of HXeBr���CO2 was observed at 1557 cm−1, 53 cm−1 higher than that of the HXeBr monomer. The
high-frequency shift of HXeBr���CO2 is greater than that of HXeBr���N2 where the Xe-H stretch was observed at 1515.5 and
1520 cm−1 (shifts of 11.5 and 16 cm−1, respectively),238 indicating that quadrupole moments play a significant role in stabilizing
the Xe–H bond. Parallel and linear structures were found computationally, where the parallel structure was found to be more stable
(Fig. 81). An important finding from this study is the formation of HXeBr in CO2 ice,

243 which is the first observation of a noble-gas
hydride in a molecular solid. Deuterated DXeBr was also formed to confirm the assignment of the Xe-H stretching frequency. The

Fig. 80 The structure (Cs symmetry, planar) of the HXeY���H2O complex. Reproduced with permission from Tsuge, M.; Berski, S.; Räsänen, M.;
Latajka, Z.; Khriachtchev, L. J. Chem. Phys. 2014, 140, 044323.

Fig. 81 The structure of the parallel HXeBr���CO2 complex (CCSD(T)/aug-cc-pVTZ-PP), bond lengths are in Å. The values in parentheses show the
effect of the complex formation relative to free HXeBr and CO2 optimized at the same level of theory. Reproduced with permission from Tsuge M.,
Berski S., Stachowski R., Räsänen M., Latajka Z., Khriachtchev L. J. Phys. Chem., 2012, 116, 4510–4517.
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Xe-H/D stretching frequencies of HXeBr and DXeBr in CO2 matrices are 1646 and 1200 cm−1, respectively, with a ν(Xe-H)/ν(Xe-D)
ratio of 1.372. The large matrix-induced shift difference between CO2 and Ne matrices (�200 cm−1) indicates a significant degree of
Xe–H bond stabilization by the CO2matrix molecules. The HXeBr molecule is stable in a CO2matrix, well above the cryogenic limit
of at least 100 K, i.e., under conditions that may occur in nature.

The HXeI���HY (Y ¼ Cl,244 Br,245 I)245 complexes were obtained by irradiation and annealing of HI/HY/Xe matrices containing
varying ratios of HI andHY. The use of different HI/HY ratios revealed concentration dependencies in the HXe and HY regions of the
IR spectra, i.e., the relative amounts of HI and HY were correlated with the intensities of new bands, allowing their assignments to
HXeI���HY complexes. Six new bands were assigned to HXeI���HCl bands at 1287, 1304, 1348 cm−1, which are shifted by +94, +111,
and +155 cm−1 from the HXeI monomer bands and bands at 2501, 2586, and 2651 cm−1, which are shifted by −337, −252,
and −187 cm−1 from the Q branch of monomeric HCl.244 Similar complexation shifts were observed for HXeI���HBr (1281.0,
1302.7, 1349.9 and 2254.2 and 2141.5 cm−1) and HXeI���HCl (1230.4, 1268.0, 1289.2 and 2048.0 cm−1).245 In all cases, the exper-
imental complexation shifts were best reproduced using a model in which the structure is stabilized by an H---I hydrogen bond
(Fig. 82). Irradiation and annealing of HI/HCCH/Xe matrices resulted in a new band at 1242 cm−1 that was assigned to ν(Xe-H)
of HXeI���HCCH.244

The xenon hydrides, HXeH and HXeSH, have been shown to be remarkably stable, if not the most stable xenon hydrides ob-
tained thus far by matrix-isolation techniques.246,247 Comparative studies of the photoinduced transformations of HXeH and
HXeSH excited at different frequencies have been reported.248 The latter hydrides and their isotopologues formed upon annealing
of the X-ray irradiated samples containing H2S/HDS/D2S in solid xenon. The decompositions of HXeSH and HXeH and their iso-
topologues (HXeSH(D), DXeSH(D), DXeH, DXeD) were studied by irradiation in the IR and visible regions of the spectrum.248

Aside fromHXeSH, HXeOBr is the only xenon hydride presently known in which Xe is bonded to a Group 16 atom.249 The latter
compound was formed in a Xe matrix (8.5 K) by UV irradiation (193 nm) of a HBr/N2O mixture, followed by thermal annealing.
Deuteration experiments supported the vibrational assignments and molecular structure, based on the Xe-H/Xe-D stretching
frequency ratio (1.374). The ν(Xe-H) stretching frequency of HXeOBr was observed at 1634 cm−1, which is 56 cm−1 higher than
ν(Xe-H) of HXeOH (1577.6 cm−1).250 Upon deuteration of the precursor, HBr, the corresponding ν(Xe-D) band of DXeOBr was
observed at 1190 cm−1. The experiments showed the thermal stability of HXeOBr is greater than that of HXeOH in Xe matrices.249

Thus far, attempts to prepare HXeOCl have been unsuccessful.249

Another emerging family of hydrides are the organoxenon and organokrypton hydrides. The HXeCCH complex was originally
formed in Ar,251 Kr,252 and Xe,253 matrices by irradiation of H2C2/Ng, and has also been studied in N2 (1534.8, 1529.5,
1507.1 cm−1) and Ne (1452.8 cm−1) matrices (Table 9).237 The vibrational spectra of HXeCCH in different noble-gas matrices
reveal a frequency shift trend for the Xe-H stretching frequencies that is similar to that of HXeBr, i.e., ν(Ne) < ν(Xe) < ν(Kr) < ν(Ar).
A subsequent paper254 showed that in order to reproduce these experimental trends, a more realistic model of the matrix environ-
ments is needed.

The krypton analogue, HKrCCH, was obtained by irradiation of C2H2 in a Kr matrix (7–30 K).239 Its formation was accompa-
nied by the appearance of three new bands in the IR spectrum (1242, 1250, 1257 cm−1) which were assigned to Kr-H stretches. The
van der Waals HKrCCH���HCCH complex also formed in a Kr matrix at ca. 40 K presumably by attachment of mobile acetylene
molecules to HKrCCH monomers formed during annealing at ca. 30 K (Fig. 83).255 An analogous mechanism was previously
proposed for the formation of HXeCCH���HCCH in a Xe matrix.256 The complex was identified in a Kr matrix by two Kr-H stretching
bands at 1316.5 and 1305 cm−1. The monomer-to-complex shift for the Kr-H stretching band (ca. +60 cm−1) is significantly greater
than that previously reported for HXeCCH���HCCH in a Xe matrix (ca. +25 cm−1). The spectral shifts are well reproduced by
quantum-chemical calculations using a bent conformer.

More recently, the first CO2 complex of a krypton hydride, HKrCCH���CO2, was obtained by the annealing-induced reaction
H + Kr + CCH���CO2 in a Kr matrix, where the CCH���CO2 complex was generated by UV photolysis of propiolic acid
(HCCCOOH).257 The H-Kr stretching frequency of HKrCCH���CO2 (1316 cm−1) is shifted to higher frequency by 74 cm−1 with
respect to the most intense Kr-H stretching band of the HKrCCH monomer (1242 cm−1). The high-frequency shift indicates stabi-
lization of the Kr–H bond upon complexation, which is characteristic of noble-gas hydride complexes. This spectral shift is

Fig. 82 The most stable structure for the HXeI���HY complexes (Y ¼ Br and I; MP2(full)/def2-TZVPPD and CCSD(T)/def2-TZVPPD). Reproduced
with permission from Tsuge, M.; Berski, S.; Räsänen, M.; Latajka, Z.; Khriachtchev, L. J. Chem. Phys. 2013, 138, 104314.
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significantly greater than that of HXeCCH���CO2 (+6 cm−1).258 The spectral shifts are well reproduced by the calculations using the
near-parallel conformation depicted in Fig. 84.

A new class of Ng hydrides, HKrCCCl and HXeCCCl, has been formed by UV photolysis at 193 nm followed by thermal anneal-
ing of HCCCl/Ng matrices (Ng ¼ Kr and Xe).259 The ν(Xe-H(D)) stretching frequencies of HNgCCCl (Kr: 1306, 1315 cm−1; Xe:
1550, 1569 cm−1) and DNgCCCl (Kr: 970, 980 cm−1; Xe: 1122, 1135 cm−1) are higher than those of the related H(D)NgCCH
hydrides. The H/D frequency ratio for the Kr–H/D stretch of H/DKrCCCl (1.344) is less than that of H/DKrCCF (1.370),260 whereas
the H/D frequency ratio of the Xe–H/D stretching mode of H/DXeCCCl (1.380) is equal to that of H/DXeCCF (1.380).260 The
experimental assignments were also supported by following the changes in C^C stretching frequencies from HCCCl to HNgCCCl,
decreased by −35 cm−1 (Kr) and −25 cm−1 (Xe), respectively, upon formation of HNgCCCl. Although the ν(C-Cl) stretching
frequencies were predicted to occur at ca. 800 cm−1, no experimental values were reported.

The cyanodiacetylene derivatives, HNgC5N (Ng ¼ Kr, Xe), were synthesized and characterized by IR spectroscopy,261 and are the
largest molecules among the known noble-gas hydrides formed and identified thus far by matrix-isolation IR spectroscopy; fol-
lowed by HNgC4H (Ng ¼ Kr, Xe).262 The cyanodiacetylene derivatives were synthesized by either UV laser photolysis of solid
noble-gase matrices that have been doped with cyanodiacetylene (HC5N), or by passage of electrical discharges through appropriate
gas mixtures, followed by the cryogenic trapping of products. Spectral assignments are based on theoretical calculations for
HNgC5N and comparisons of the calculated frequencies with those of the known HNgC3N (Ng ¼ Kr, Xe) derivatives.263 The

Fig. 83 The optimized structure of the HKrCCH���HCCH complex. Willmann, K.; Vent-Schmidt, T.; Räsänen, M.; Riedel, S.; Khriachtchev, L. RSC Adv.

2015, 5, 35783–35791.

Table 9 Experimental H-Xe stretching frequencies (cm−1) of HXeBr and HXeCCH isotopologues in different matrices.a,b,c

HXeBr DXeBr H/D ratio c HXeCCHd HXe13C13CH DXeCCD H/D ratio c

Ne 1453 1064.1 1.365 1452.8
1450.9
1448.8
1446.8
1444.2

1452.8
1450.9
1448.7
1446.8
1444.4

1053.9
1052.5
1051.0

1.378

Ar 1541(+88) . . 1531.3(+78.5)
1517.4
1482.2
1479.9

. . .

Kr 1527(+74) . . 1518.7(+65.9)
1505.6
1498.3

. . .

Xe 1504(+51) 1100 1.367 1486.4(+33.6)
1480.7

1486.5
1480.9

1077.5 1.379

N2 1641
1625(+172)
1620
1614

1184 1.372 1534.8
1529.5(+76.7)
1507

1535.0
1529.8
1507

1113.0
1108.6
1093.4

1.379

CO2 1646(+193) 1200 1.372 . . . .

aFrom reference 237 and references therein.
bThe strongest bands are indicated by bold.
cThe shifts, ν(X)−ν(Ne) (X ¼ Ar, Kr, Xe, N2, and CO2, were calculated for the strongest bands and shown in parentheses.
dFrequency ratio ν(H)−ν(Xe)/ν(D)−ν(Xe).
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observation of the IR bands, ν1(C-N) (Kr: 2235, 2231.5, 2237.0 cm−1; Xe: 2230.5, 2228.1 cm−1), ν4(Ng-H) (Kr: 1550.0, 1548.1,
1546.7, and 1539.2 cm−1; Xe: 1622 cm−1) and ν7(C-C) (Kr: 649.7 cm−1; Xe: 648.9 cm−1) were key to the final structural assignments;
although the assignment of ν7 was tentative. The frequencies, ν1 and ν7, agree with those of the parent HC5N molecule.

The xenon hydrides, HXeCC and HXeCCXeH, are unusual because they provide the only examples of open-shell noble-gas
hydride complexes and of a neutral molecule with two noble-gas atoms, respectively.252 Their complexes with acetylene,
HXeCC⋯HCCH and HXeCCXeH⋯HCCH, were prepared by photolysis (250 nm) and annealing (55–65 K) of HCCH/Xe matrices
(Fig. 85).264 The H-Xe asymmetric stretch of HXeCCXeH⋯HCCH has bands at 1309.9/1312.3 cm−1 that are blue-shifted by ca
17 cm−1 with respect to the strongest bands of HXeCCXeH monomer (1305.8, 1300.9, 1294.3 cm−1). The H-Xe stretching bands
of HXeCC⋯HCCH at 1521.6, 1512.8, and 1498.9 cm−1 are also shifted by up to +44, +35, and +21 cm−1 with respect to the stron-
gest HXeCC monomer bands (1477.7, 1478.3, 1474.7 cm−1). The observed blue shifts indicate H–Xe bond stabilization upon
complexation, a characteristic of noble-gas hydrides, and were well reproduced by calculations using bent structures.

The compound, C6H5C^CXeH, is the first aromatic noble-gas hydride and the first halogen-free aromatic noble-gas compound
(Fig. 86).265 Themolecule was formed by photolysis (250 nm) of matrix-isolated phenylacetylene (C6H5C^CH) in a Xematrix and
subsequent thermal mobilization of H atoms at ca. 40 K. The hydride was identified by IR spectroscopy and deuterium substitution
experiments, which aided its vibrational assignments. The bands at 1503.7, 1500.6, 1494.8, 1490.2, 1484.1, and 1479.0 cm−1 were
assigned to the Xe-H stretch of C6H5C^CXeH; the corresponding Xe-D stretching frequencies of C6D5C^CXeD occurred at 1088.6,
1083.3, 1078.2, and 1072.0 cm−1, giving a H/D frequency ratio of 1.381 (calculated for the most intense bands at 1503.7 and
1088.6 cm−1). Bands at 636.3 and 631.7 cm−1 were tentatively assigned to the in-plane and out-of-plane d(C-Xe-H) bends. Bands

Fig. 85 The most stable optimized structures of (A) HXeCC���HCCH and (B) HXeCCXeH���HCCH (CCSD/cc-pVTZ-PP). Reproduced with permission
from Duarte, L.; Khriachtchev, L. RSC Adv. 2017, 7, 813–820.

Fig. 84 The optimized structure of HKrCCH���CO2 obtained at the CCSD(T)/L2a_3 (MP2/L2a_3) levels of theory. The bond lengths are in Å.
Ryazantsev, S. V.; Tyurin, D. A.; Nuzhdin, K. B.; Feldman, V. I.; Khriachtchev, L. Phys. Chem. Chem. Phys. 2019, 21, 3656–3661.
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at 1462, 759 and 510 cm−1 were confidently assigned to ring modes, i.e., ν(C-C)ring + ν(Xe-H) and d(C-C-C), with the deuterated
analogue, ν(C-C)ring + ν(Xe-D), observed at 1057 cm−1.

1.08.7.2 bis-Noble-gas hydrides

Although the bis-noble-gas hydrides [NgHNg]+ have been previously reported,266–269 a new approach has been used for their
syntheses in which electron bombardment was applied during the deposition of Xe, Kr, or Xe/Kr mixtures in the matrix hosts,
p-H2, n-H2, and n-D2 at 3.2 K.270 As in previous studies, characterization relied on IR spectroscopy and the observation of the anti-
symmetric stretching band ν3, [ν(Ng-H) − ν(Ng-H)], and its combination band with the symmetric ν1, [ν(Ng-H) + ν(Ng-H)], stretch-
ing mode to give [ν(Ng-H) + ν(Ng-H)] + [ν(Ng-H) − ν(Ng-H)]. Bands assigned to [XeHXe]+ (847.0, 972.1 cm−1) and [KrHKr]+

(871.1, 974.0 cm−1) were observed in solid p-H2 that were slightly shifted and broadened in solid n-H2 (Xe: 844.7, 965.3 cm−1;
Kr: 871.1, 974.9 cm−1). The latter frequencies are in agreement with previously reported values for [XeHXe]+ and [KrHKr]+ in solid
Xe, Kr, and Ar,266–269 and the calculated frequencies of ν3 and ν1 for both gas-phase species (Xe: 726, 132 cm−1; Kr: 919, 203 cm−1).
Replacement of n-H2 by n-D2 resulted in shifts for the ν3 lines of [XeHXe]+ (602.4 cm−1) and [KrHKr]+ (648.8 cm−1). The H/D
isotopic ratios of [XeHXe]+ (1.402) and [KrHKr]+ (1.343) are also in agreement with the calculated values.

Although evidence for the mixed [KrHXe]+ cation had been reported,268,269 it was subsequently questioned.271 A more recent
study has reported the first confirmed synthesis of [KrHXe]+,270 by subjecting a mixture of Xe and Kr in p-H2 to electron bombard-
ment during deposition. An broad band was observed at 1284 cm−1 that was assigned to ν3, [ν(Kr-H) − ν(Xe-H)], of [KrHXe]+

(Fig. 87); this band shifted to 1280 cm−1 in solid n-H2. High-frequency shifts of the ν3 band of [KrHXe]+ relative to those of
[XeHXe]+ and [KrHKr]+ were reproduced by the calculations (1279 cm−1). The corresponding band for [KrDXe]+ was observed at
954 cm−1 in an n-D2 matrix that was predicted to occur at 916 cm−1.

The matrix-isolation shifts of the [XeHXe]+ and [KrHKr]+ bands in solid p-H2 are less than those of [XeHXe]+ in solid Xe and
[KrHKr]+ in solid Kr. The preparation of the mixed noble-gas cation, [KrHXe]+, demonstrates the advantages of using electron
bombardment and p-H2 as a matrix host. Failure to form the lighter H-bridged bis-argon cation, [ArHAr]+, is attributed to the
low proton affinity of Ar (371 kJ mol−1),272 which is notably less than that of H2 (424 kJ mol−1).272

1.08.7.3 Noble-gas insertion compounds

A new class of noble-gas insertion compounds having the general formula XNgY, where X and Y are two different electronegative
atoms/groups, has emerged and is represented by the halogenated series, HalNgCN (Hal ¼ F, Cl and Br, Ng ¼ Kr and Xe). The
FXeCN, FXeNC, and FKrCN molecules were prepared by UV photolysis of FCN in Xe and Kr matrices with subsequent thermal

Fig. 86 The optimized structure of C6H5CCXeH (M06-2X/aug-cc-pVTZ-PP). The bond lengths (Å) are in black and the NPA atomic charges are in
red. Reproduced with permission from Duarte, L.; Khriachtchev, L. Sci. Rep. 2017, 7, 3130.
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annealing.273 The FCN precursor was generated by microwave discharge of a gaseous (FCN)3/Ng mixture. The ClXeCN, ClXeNC,
and BrXeCN molecules were generated by photolysis at 193 nm and thermal annealing of ClCN and BrCN in a Xe matrix
(Fig. 88).274

In the case of FNgCN, three characteristic bands were assigned to ν(C-N), ν(Ng-F), and ν(Ng-C), Xe: 2159, 487, 366 cm−1 and Kr:
2158, 505, 357 cm−1, respectively; whereas only two bands were observed for FXeNC (2041, 517 cm−1), where ν(Xe-N) was pre-
dicted at 355 cm−1. Only two bands were observed for ClXeCN and BrXeCN (Cl: 2145, 319 cm−1; Br: 2139, 297 cm−1), and for
ClXeNC (2030, 343 cm−1). The 297 cm−1 band was assigned to ν(Xe-C), whereas the bands at 319 and 343 cm−1 were assigned
to the asymmetrically coupled, [ν(Xe-Cl) − ν(Xe-C/Xe-N)], stretches. Assignments of the Cl and Br spectra were also aided by
measurement of the13C/12C isotopic shifts for the C^N stretching modes. All frequencies and isotopic shifts were very well repro-
duced by calculations.

The ν(C-N) frequency increases with the electronegativity of the halogen atom in HalXeCN and HalXeNC which both exhibit
strong charge transfer character, where the positive Ng atom charge increases from Kr to Xe, and the Hal atom and the CN group
carry negative charges.

Following these studies, a new series of neutral noble-gas insertion compounds with halocarbenes, FNgCX (Ng ¼ Kr, and Xe;
X ¼ F, Cl, Br, and I) were predicted by ab initio quantum-chemical calculations, and their structures (Fig. 89), stabilities, charge
distributions, harmonic vibrational frequencies, and topological properties were investigated.275 Unlike XNgY (Y ¼ CN), the FNgCF
molecules have planar geometries with Cs symmetry in the minimum energy state, whereas their transition states are non-planar
bent structures with C1 symmetry. The calculated bond lengths, energetics, vibrational frequencies, and force constants suggest
the Ng–F bonds are primarily ionic with small amounts of covalent character, whereas the Ng–C bonds are predominantly covalent.
Furthermore, Mulliken population, NBO, and QTAIM analyses indicate that the predicted species are best described by the ionic
formulation, F−[NgCX]+.

Fig. 88 The optimized structures (MP2/aug-cc-pVTZ and B3LYP/aug-cc-pVTZ) of the HalNgCN isomers (Hal ¼ Cl and Br; Ng ¼ Kr and Xe).
Reproduced with permission from Arppe, T.; Khriachtchev, L.; Lignell, A.; Domanskaya, A. V.; Räsänen, M. Inorg. Chem. 2012, 51, 4398–4402.

Fig. 87 The experimental infrared spectrum of a mixture of Xe and Kr in p-H2 showing the asymmetric Ng-H-Ng stretching bands of [XeHXe]+,
[KrHKr]+, and [KrHXe]+. Reproduced with permission from Tsuge, M.; Kalinowski, J.; Gerber, R. B.; Lee, Y.-P. J. Phys. Chem. 2015, 119, 2651–2660.
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Both FKrCF and FXeCF were formed at cryogenic temperatures by reaction of mobile F atoms and trapped CF fragments in solid
Kr and Xe matrices.276 The CF fragments were generated by X-ray radiolysis of CH2F2 in their respective matrices. Radiolysis of
CH2F2/Ar did not yield FArCF, a result supported by calculations. The ν(C-F) stretching bands were observed for FXeCF
(1239.6 cm−1) and FKrCF (1300.5 cm−1) but only the ν(Kr-F) band was observed at 438.6 cm−1. The ν(Xe-F) band of FXeCF,
although expected to be rather intense, was not observed and was predicted at a lower frequency (428.9 cm−1). The agreement
between experimental and calculated frequencies was very good at all levels of theory.

The observation of HKrH and HXeF indicated that hydrogen atoms were also trapped in Kr and Xematrices after annealing of the
irradiated CH2F2/Xe and CH2F2/Kr samples; however there was no evidence for HKrCF or HXeCF.

1.08.7.4 Gold complexes

The noble-gas fluoride compounds, Ar–AuF,277 Kr–AuF,278 and Xe–AuF279 have been reported, but Ne–AuF280–282 has only been
studied computationally.

A more recent study reports the products of laser-ablated Au atoms with F2 in excess Ar and Ne during co-deposition of Au atoms
with a F2/Ne or F2/Ar mixture on a CsI window at 4 K.283,284 Along with other gold fluoride species, such as AuF2 and AuF5, the IR
spectrum also showed bands that were assigned to the ν(Au-F) stretches of Ne-AuF (567.2 cm−1) and Ar-AuF (575.1 cm−1) (Fig. 90).
These assignments were supported by calculations (Ne: 558.5 cm−1; Ar: 580.7 cm−1) and were also based on fluorine concentration
dependencies, which confirmed that only one Ng atom was coordinated to an AuF group. This finding was also supported by calcu-
lations, which showed that only one Ng atom can strongly coordinate to AuF to form a linear molecule. The binding energy of Ar–
AuF (38.5 kJ mol−1) is greater than that of Ne–AuF (8.8 kJ mol−1), with both Ar–Au and Ne–Au being less covalent.

1.08.7.5 Beryllium complexes

The first Ng–Be donor-acceptor complexes Ng–BeO (Ng ¼ Ar, Kr, Xe) were formed by use of pulsed-laser ablation matrix-isolation
spectroscopy.285 A considerable number of theoretical investigations of various Ng–BeY complexes ensued (e.g., Y ¼ O,285–288

S,287,289 Se,287 Te,287 CO3,
288 SO4).

288 The studies showed that the Ng–BeY bonds are mainly charge-induced dipole interactions
(donor-acceptor interactions). There are several reports of calculated frequencies for the ν(Ng-Be) and d(NgBeY) vibrational modes
that show these bands are expected to occur well below the observable frequency range for matrix-isolation IR spectroscopy, i.e.,
Ng–BeO (Ng ¼ Ar, Kr, Xe): ν(Ng-Be); 284, 256, 241 cm−1 and d(NgBeO); 187, 180, 175 cm−1 286; Ar–BeS: ν(Ar-Be); 233.3 cm−1

and d(ArBeS); 147.1 cm−1 289; Ng–BeSO4 (Ng ¼ Ar, Kr, Xe): ν(Ng-Be); 184.13, 146.42, 132.14 cm−1.288 Characterization of Ng–
BeY complexes is completely reliant on the vibrational frequencies of the BeY group, where Y can be an atom or a polyatomic
moiety; hence the importance of using isotopic substitution within the group in support of vibrational assignments, e.g., the first
experimental evidence for Ng–BeO was supported by 16O/18O isotopic labeling.285

Fig. 90 The optimized structures of the Ne–AuF and Ar–AuF complexes (CCSD(T)/aug-cc-pVTZ and CCSD(T)/aug-cc-pVQZ). For comparison, the
Au–F bond length in AuF is 1.938 Å. Reproduced with permission from Wang, X.; Andrews, L.; Willmann, K.; Brosi, F.; Riedel, S. Chem. Eur. J. 2013,
19, 1397–1409.

Fig. 89 The geometries of FKrCF and FXeCF (MP2/L2a_3; bond lengths are in Å; bond angles are in degrees). Reproduced with permission from
Sosulin, I. S.; Tyurin, D. A.; Feldman, V. I. Chem. Phys. Lett. 2020, 744, 137, 211.
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Matrix-isolation IR spectroscopy also provided evidence for Ng–BeCO3 (Ng ¼ Ne, Ar, Kr, Xe),290 Ng–BeS,291 and Ng–BeSO2.
292

The Ne–BeCO3 complex (Fig. 91) was prepared in a Ne matrix by co-deposition of laser-evaporated beryllium atoms with CO/O2

mixtures in excess Ne at 4 K.290 Doping with the heavier noble-gas atoms argon, krypton, and xenon yielded the series of Ng–BeCO3

(Ng ¼ Ar, Kr, Xe) complexes. Isotopically enriched 13CO, C18O and 18O2 were used to aid in the vibrational assignments. The
authors note it is more important to reproduce isotopic frequency shifts than precise vibrational frequencies because the latter
are more dependent on the level of theory. Thus, the calculated red shifts of ν(C-O), [ν(C-O) – ν(C-O)] + [ν(Be-O) – ν(Be-O)],
and [ν(Be-O) + ν(Be-O)] modes, and the blue shifts of d(CO3)umb, d(OBeO), and d(OCO) modes are within 5 cm−1 of the exper-
imental values. The ν(Ng-Be) bands were not detected due to their very low intensities and frequencies: 211, 198, 162, and 146 cm−1

(Ng ¼ Ne, Ar, Kr, Xe, calculated at the CCSD(T)/cc-pVTZ level of theory). Calculations at other levels of theory gave the same trends
for the Ng-Be stretching modes of Ng–BeO and Ng–BeCO3 (He > Ne > Ar > Kr > Xe), which correlate with the mass of the noble-
gas atom. The ν(Ng-Be) frequency of Ng–BeO for a given atom Ng is always higher than that of Ng–BeCO3. The bonding of Ng–
BeCO3 was compared with that of Ng–BeO. The Ng–Be bonds of Ng–BeCO3 are slightly longer and weaker than those of Ng–BeO.
The energy decomposition analyses for the Ng–Be bonds indicate that the attractive interactions mainly arise from the Ng / BeCO3

and Ng / BeO s-donation.
Laser-ablated beryllium atoms react with H2S to form Ng–BeS (Ng ¼ He, Ne, Ar) in solid noble-gas matrices which were char-

acterized by matrix-IR spectroscopy by use of D2S, H2
34S, and H2

32S + H2
34S mixtures.291 The BeS2 molecule was also identified.

Evidence for Ng–BeS (Ng ¼ He, Ne, Ar) is solely based on the observation of significant shifts of the asymmetric stretching
band, ν(Be-S) – ν(Ng-Be), when changing matrices and upon isotopic substitution. Bands involving Ng could not be observed
because they are expected to occur at very low frequencies.289 Calculations reproduced frequency changes (i.e., shifts to higher
or lower frequencies) that occur upon going from Ne to Xe.

The Ng–BeSO2 (Ng ¼ Ne, Ar, Kr, Xe) complexes were prepared by reaction of laser-evaporated beryllium atoms with SO2 in low-
temperature noble-gas matrices (Fig. 92).292 When doped with heavier noble-gas atoms, the guest (Ar, Kr, Xe) atom displaces Ne to
form more stable noble-gas complexes. Isotopically labeled S18O2, S

16,18O2, S
16O2, and

34SO2 were also used to substantiate vibra-
tional assignments. Significant frequency shifts were observed upon changing matrices, implying that not all absorptions are attrib-
utable to isolated Be(h2-O2S), but coupling of noble-gas atoms must also be taken into account. Quantum-chemical calculations
confirmed the presence of the Be(h2-O2S) group and that a single Ng atom is bound to Be by reproducing the frequency changes that
occur upon going from Ne to Xe. Many of the key mode frequencies that involve the Be(h2-O2S) group decrease in the order: [ν(Be-
O) – ν(Be-O)] > [ν(Be-O) + ν(Be-O)] > [ν(S-O) + ν(S-O)] > d(OBeO) > [ν(S-O) – ν(S-O)] > d(OSO). The calculated frequencies
of ν(Ng–Be) stretches were not reported. Quantum-chemical calculations demonstrate that the Ng–Be bonds of Ng–BeSO2 can

Fig. 92 The optimized structure for Kr–BeSO2 (B3LYP/6-311++g(3df,3pd) and BPW91/6-311++g(3df,3pd)). Reproduced with permission from Yu
W., Liu X., Xu B., Xing X., Wang X. J. Phys. Chem. A, 2016, 120, 8590–9598.

Fig. 91 The optimized geometry (M06-2X/def2-TZVPP, MP2/cc-pVTZ and CCSD(T)/cc-pVTZ) of Ng–BeCO3. Reproduced with permission from
Zhang, Q.; Chen, M.; Zhou, M.; Andrada, D. M.; Frenking, G. J. Phys. Chem. A 2015, 119, 2543–2552.
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be formed through a combination of electron-donation and ion-induced dipole interactions. The WBI (Wiberg bond index) values
of Ng–Be bonds and LOL (localized orbital locator) profile indicate that the Ng–Be bonds exhibit gradual increases in covalent char-
acter when descending Group 18 from Ne to Xe.

1.08.7.6 Xenon van der Waals complexes with aromatic rings

The interaction of Xe with aromatic rings has given rise to another class of noble-gas species. These complexes are best described as
van der Waals molecules owing to their weak Xe⋯ring interactions, where the calculated Xe���C distances are at or greater than the
sum of van der Waals radii of Xe (2.16) and C (1.70) ¼ 3.86 Å.102

The phenol���Xe complex293 was formed by interaction of phenol molecules with xenon (1:1) in a Ne matrix. The theoretically
most stable 1:1 structure is the p-complex, where the Xe atom is located above the aromatic ring with a small shift towards the
hydroxyl oxygen atom. However, the complex exhibits no spectroscopic features in its IR spectrum, making its characterization
more challenging. The formation of the phenol���Xe complex is mainly based on comparisons with experimental data for the
phenol���N2 complex and from xenon concentration dependencies. The formation of polyxenon complexes, phenol���Xen, was
also reported in the same study.293 These findings are in accordance with a prior study which also concluded that phenol forms
p-complexes with noble-gas atoms.294

The toluene���Xe and p-cresol���Xe complexes295 were subsequently studied in Ne matrices. In contrast with phenol���Xe, both
aromatic complexes have a methyl group that serves as an indicator of p-complex formation. The vibrational analyses were aided
by use of toluene-d3 and p-cresol-d3. The deuterated molecules have simpler spectra in their methyl stretching regions compared to
the spectra of the non-deuterated complexes, leading to distinguishable spectral shifts in the toluene���Xe and p-cresol���Xe
complexes, thus providing spectroscopic fingerprints that confirm their p-structures.

1.08.8 High-pressure noble-gas chemistry

High-pressure noble-gas chemistry is a relatively new and growing field. Early calculations11,296 suggested that high-pressure condi-
tions up to hundreds of GPa allow the formation of unique compounds and bonding motifs that would otherwise be inaccessible.
In addition to their intrinsic interest, high-pressure species have important implications in Nature because they are suggestive of
processes that occur in the interiors of Earth, outer planets, and other celestial bodies.

A large number of such compounds have been theoretically predicted but only a few have been formed and experimentally char-
acterized. In most instances, the syntheses are made possible by use of diamond-anvil cell (DAC) techniques,297 the technology
used to investigate the noble-gas chemistry at ultra-high pressures. The most common characterization methods are single-
crystal synchrotron X-ray diffraction and laser Raman spectroscopy.

1.08.8.1 Helium compounds

A recent significant achievement in the field of high-pressure noble-gas chemistry has been the synthesis of Na2He,298 the first ther-
modynamically stable helium compound.

The compound was formed by loading Na into a He medium in a laser-heated DAC and compressed up to 155 GPa. The crystal
structure of Na2He is a fluorite-type structure that is stable at pressures >113 GPa (Fig. 93). It was shown that the presence of He

Fig. 93 The crystal structure of Na2He at 300 GPa is depicted as a ball-and-stick representation (pink and grey atoms represent Na and He,
respectively). Reproduced with permission from Dong, X.; Oganov, A. R.; Goncharov, A. F.; Stavrou, E.; Lobanov, S.; et al. Nat. Chem. 2017, 9,
440–445.
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atoms results in significant electron localization, which renders this material an insulator. The phase is an electride, with electron
pairs localized in the interstices that form eight-center, two-electron bonds within empty Na8 cubes. The existence of Na2HeO is also
predicted to form at pressures above 15 GPa with a similar structure.

The formation of the As4O6�2He clathrate was detected when an arsenolite (As4O6) crystal, immersed in helium, was
compressed between 0 and 30 GPa in a DAC.299 Starting at 3 GPa, weak additional reflections appeared in the X-ray diffraction
pattern, which increased in intensity with pressure, to reach 10–15% of the main reflections at 29.83 GPa. The new reflections
were associated with a As4O6⋯He clathrate in which the large octahedral interstitial holes of As4O6 are occupied by He atoms.
It was shown that As4O6�2He is only formed on the surface of the arsenolite crystal, and that the He permeation depth increases
with pressure.

1.08.8.2 Neon compounds

The existence of the van der Waals insertion compound, (N2)6Ne7, was established while studying the binary phase diagram of N2-
Ne mixtures at 296 K in a DAC.300 The compound was obtained by compressing the N2-Ne mixture above 9.6 GPa, where it is in
equilibrium in the solid phase with solid Ne and/or solid N2. By decreasing the pressure below the two eutectic points, the final
component solids melted and a pure compound was stabilized. A single crystal was grown from a small grain of (N2)6Ne7 at its
melting point. The structure of (N2)6Ne7 was solved by single-crystal synchrotron X-ray diffraction (Fig. 94). The N2 molecules
form the guest lattice, which hosts the Ne atoms. This insertion compound may be viewed as a clathrate with the centers of the
N2 molecules forming distorted dodecahedron cages, each enclosing 14 Ne atoms. The (N2)6Ne7 compound is the first van der
Waals clathrate that is organized by quadrupole-quadrupole interactions, one of the anisotropic components of van der Waals
interactions.

1.08.8.3 Argon, xenon, and krypton compounds

Many recent high-pressure studies have geological implications as their underlying motivation. For example, one such investigation
has focused on the stabilities of Xe compounds of O, the most abundant element in the Earth’s mantle, while others focus on recur-
ring questions concerned with the composition of the Earth’s core, for example, how much Ar and Xe are present in the Earth’s core
and what is the reactivity of Ar and Xe with major constituents of the Earth’s core such as Fe and Ni?

Several xenon oxides are well characterized and have been observed at low or ordinary pressures, e.g., XeO2,
214 XeO3,

213 and
XeO4.

227 Using a DAC at above 80 GPa, it was possible to directly combine xenon and oxygen to form Xe2O5 under oxygen-rich
conditions and Xe3O2 under oxygen-poor conditions (Fig. 95).

301 In contrast with other known xenon oxides, the Xe atoms adopt
mixed oxidation states of 0 and +4 in Xe3O2, and +4 and +6 in Xe2O5, and combine with the O atoms to form extended networks
that incorporate oxygen-sharing XeO4 squares, and Xe2O5 also incorporates oxygen-sharing XeO5 square pyramids.

Earlier calculations predicted the formation of stable Xe-Fe and Xe-Ni compounds under high-pressure.302 The most stable were
XeFe3 and XeNi3, which were shown to be stable at the pressures and temperatures found in the Earth’s core. The formation of XeNi3
was attained in a subsequent study.303 It required a further study to confirm both predictions when high-pressure experiments were
conducted in a laser-heated DAC on Xe-Fe/Ni mixtures at thermodynamic conditions representative of the Earth’s core.304 Using
in situ synchrotron X-ray diffraction and Raman spectroscopy, both XeNi3 (�150 GPa/1500 K) and XeFe3 (�220 GPa/2000 K)

Fig. 94 The crystal structure of (N2)6Ne7 where neon and nitrogen are represented by black and blue spheres, respectively, and the black dashed
lines join the centers of adjacent N2 molecules. The unit cell is viewed along the c-axis ([001]). Reproduced with permission from Plisson, T.; Weck,
G.; Loubeyre, P. Phys. Rev. Lett. 2014, 113, 025702.
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were identified. The predicted crystal structures of Xe-Fe/Ni compounds are distinct from the structures of elemental Xe, Fe, and Ni
under the same thermodynamic conditions, suggesting that the formation mechanism of these compounds goes beyond simple
element substitution. From a chemical point of view, it is significant that Xe can be oxidized by Fe or Ni under high pressure, as
shown by the large calculated charge transfer from Xe to Fe/Ni in these compounds. A more recent development is the synthesis
of ArNi above 140 GPa by laser heating (T > 1500 K).305 ArNi is an intermetallic Laves phase, with no bonding but significant elec-
tron transfer between Ar and Ni atoms.

The binary systems, Ng-H2 (Ng ¼ Ar, Kr, Xe) have been investigated at high pressures and shown to form the van der Waals
compounds: Ar(H2)2 (at 4.3 GPa306 and stable to at least 358 GPa307), Kr(H2)4 (at 5.3 GPa and stable to at least 50 GPa),308

and Xe(H2)8 (at 4.8 GPa and stable to at least 255 GPa).309 Raman and/or infrared spectroscopy have shown that hydrogen is
present as freely rotating molecular H2 in these compounds, with no indication of H-noble-gas bonding.

High-pressure experiments were conducted at ambient temperature on the binary Xe-N2 system,310,311 at pressures as high as ca.
70 GPa by use of a DAC. High-pressure, in situ synchrotron X-ray diffraction, and Raman spectroscopy were used to monitor struc-
tural transitions. A Laves phase was obtained for the van der Waals compound Xe(N2)2 at pressures greater than 4.4 GPa.310 Further
compression results in transition to a tetragonal Xe(N2)2-II phase at 14 GPa.311 The latter phase appears to be stable to at least
180 GPa even when heated above 2000 K. Raman spectroscopy indicates a significant weakening of the N^N bond of the dinitro-
gen molecule above 60 GPa. Visible and mid-infrared transmission measurements suggest metallization of the compound at
ca.100 GPa.

Fig. 95 Structures of stable xenon oxides at 83 GPa: (A) Xe2O5 and (B) Xe3O2. Xenon atoms are shown in blue and oxygen atoms in red. The
oxygen atoms have an oxidation state of −2, and the darker shade of red indicates an oxygen atom that bonds to one xenon atom. The oxidation
states of the xenon atoms are indicated by different shades of blue. The lightest blue shade indicates an oxidation state of 0, the medium shade +4
and the darkest blue shade +6. The xenon atoms in Xe2O5 and Xe3O2 exist in two different oxidation states within each structure, +4 and +6 in
Xe2O5 and 0 and +4 in Xe3O2. Reproduced with permission from Dewaele, A.; Worth, N.; Pickard, C. J.; Needs, R. J.; Pascarelli, S. Nat. Chem. 2016,
8, 784–790.
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The effects of high pressure on the crystal structure of XeF2 were investigated,
312 which solved a long-lasting high-pressure struc-

tural controversy.313–315 Systematic high-pressure DAC studies were carried out by use of Raman and UV-VIS absorption spectros-
copies (up to 82 Gpa) and synchrotron X-ray diffraction (up to 86 GPa). DFT calculations were also employed to support the
experimental data. It was shown that the tetragonal I4/mmm structure of XeF2 at ambient temperature remained stable up to
28 GPa, where it transformed to the orthorhombic Immm structure. Above 59 GPa, XeF2 formed an orthorhombic Pnma structure.
As the pressure increased, all the Raman bands shifted to higher frequencies, indicating enhanced interactions among atoms. The
frequency of the symmetric stretching mode changed linearly upon compression. Additional bands appeared as the pressure
increased, consistent with symmetry lowering of XeF2 (Fig. 96). The Pnma structure features bent XeF2 molecules (Fig. 97), with
non-equivalent Xe–F bond lengths. It is noteworthy that the same high-pressure Pnma phase was expected above 105314 and
110 GPa315 in earlier theoretical studies. The authors associate the pressure differences with the use of non-hydrostatic conditions
in their experiments.312 The high-pressure X-ray diffraction results rule out the decomposition of XeF2 into Xe2F and XeF4 at high
pressures that was predicted earlier.315 The optical band gap of XeF2 at 82 GPa is 1.83 eV, with an estimated metallic pressure at
152 GPa.

Fig. 97 (A) The crystal structure of the ambient-pressure polymorph of XeF2 (I4/mmm). Blue/red spheres indicate Xe/F atoms. (B) The crystal
structure of XeF2 (Pnma) at 105 GPa. Blue spheres indicate Xe atoms, and red/green spheres indicate F1 and F2 atoms, respectively. Reproduced
with permission from Kurzydłowski, D.; Zaleski-Ejgierd, P.; Grochala, W.; Hoffmann, R., Inorg. Chem. 2011, 50, 3832–3840.

Fig. 96 Several Gaussian peak fittings for the Raman spectra of XeF2 at (A) 28 GPa and (B) 59 GPa. The Raman spectra of I4/mmm, Immm and
Pnma are black, red and blue, respectively. Reproduced with permission from Wu, G.; Huang, X.; Huang, Y.; Pan, L.; Li, F.; Li, X.; Liu, M.; Liu, B.;
Cui, T. J. Phys. Chem. C 2017, 121, 6264–6271.
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1.08.9 Perspective and outlook

Since the discovery of noble-gas reactivity6 by Neil Bartlett 60 years ago, the syntheses and structural characterizations of a diverse
range of noble-gas compounds at the very edge of the Periodic Table continue to provide a fascinating and highly challenging topic
in contemporary inorganic chemistry. Noble-gas chemistry continues to provide insights into thermochemistry, bonding relation-
ships, and chemistry beyond the valence octet (hyper-valent behavior) in the context of the Periodic Table. Neil Bartlett’s discovery
of noble-gas reactivity resulted in an outpouring of synthetic and structural work in the field that quickly revealed the true nature of
two of the Group 18 elements, xenon and krypton, and vanquished the octet dogma then prevalent in chemistry textbooks.

The present chapter summarizes only 10 years of progress in noble-gas chemistry and illustrates how noble-gas chemistry
remains a vibrant research field that is rife with a surprising array of interesting new compounds, bonding modalities, rich structural
chemistry, and intriguing synthetic applications. Recent and future research achievements in noble-gas chemistry promise new and
exciting developments in fundamental and applied chemistry that were not dreamt of by Neil Bartlett and fellow researchers in the
formative years of noble-gas chemistry. Future developments in noble-gas chemistry will continue to be intimately tied to
researchers who have the technical skills, curiosity, and creativity to confront this very challenging topic and to those who have
the foresight to support curiosity-driven fundamental research.
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Abstract

The preparation and structures of monocyclic selenoethers containing unbranched saturated or unsaturated hydrocarbon
spacers are reviewed. The main emphasis is in the bonding and intermolecular interactions involving selenium atoms.
Chalcogen bonding plays a role in the crystallization of various selenoethers and their derivatives and the solid-state lattices
generally show columnar stacking of the rings. The resulting infinite cavities in the lattices are not unlike those in zeolites, and
small molecules can be trapped therein.

1.09.1 Introduction

The advent of macrocyclic crown-ethers dates back to late 1960s.1 They have shown extensive utility in many areas of natural science
and have played a significant role in synthetic chemistry, biological activity, crystal engineering, and supramolecular chemistry to
name a few examples. There are numerous reviews on the preparation, structure, properties, and applications of crown-ethers (see
for instance Ref. 2 and references therein).

The progress in the chemistry and utility of crown-ethers has led to rapidly growing interest in the related species containing
macrocycles of heavier chalcogen elements, as reflected by the large number of reviews during the current milennium that describe
the developments in synthetic methods, structural characterization, and coordination chemistry of heterocyclic chalcoge-
noethers.3–16

The complete review of the different aspects of the chemistry of heterocyclic selenoethers is beyond the scope of this chapter, and
this discussion is restricted to monocyclic selenoethers containing unbranched alkane, alkene, and alkyne spacers, and their ions,
adducts, and coordination compounds. Furthermore, the intermolecular interactions of heavy chalcogen heterocycles involve chal-
cogen bonding in the solid state with applications in supramolecular chemistry and crystal engineering,17–22

1.09.2 Saturated selenoethers

1.09.2.1 Synthesis

The identified and characterized heterocyclic selenoethers have been listed in Chart 1. Se(CH2)4 (1) and Se(CH2)5 (2) are the oldest
known selenoethers, and their preparations have already been reported in late 1920s by Morgan and Burstall23,24 requiring the use
of hydrogen selenide, hydrogen gas, and metallic sodium. A more convenient preparation involved the reduction of elemental sele-
nium with sodium hydroxymethylsulfate(IV) and the treatment of the selenide thus formed with au-Br(CH2)mBr (m ¼ 4, 5).25 The
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related hybrid selenoethers 1,4-SeO(CH2)4 and 1,4-SeS(CH2)4 could be prepared invoking the similar methodology. The reaction
of lithium selenide and 1,2-dichloroethane afforded 1,4-Se2(CH2)4 (4).

26 Sodium tetrahydridoborate,27 lithium triethylhydridobo-
rate,28 lithium tetrahydridoaluminate,29 and hydrazine hydratedpotassium hydroxide30 have also been utilized as reducing agents
of elemental chalcogen. The ring size can be controlled by the number of the methylene groups (m) in au-X(CH2)mX.

Monoselenoethers Se(CH2)4 (1), Se(CH2)5 (2), and Se(CH2)6 (3) have been prepared in good yields at the NMR scale by irra-
diating thiohydroxamic esters of n-(benzylseleno)pentanoic, -hexanoic, and -heptanoic acid.31

It was recently observed that macrocyclic 1,15-Se2(CH2)28 (6) is formed upon decomposition of [PtCl2{Se[(CH2)6(CH]

CH)2]2}2], which was synthesized from PtCl2 and Se{(CH2)6(CH]CH2)}2.
32 1,3,5-Se3(CH2)3 (7)

33 was obtained from hydrogen
selenide and formaldehyde, as well as from Na2Se and CH2Cl2.

34 The latter reaction also afforded small amounts of 1,3,5,7-
Se4(CH2)4 (9). The preparation of macrocyclic polyselenoethers 1,5,9-Se3(CH2)9 (8) and 1,5,9,13,17-Se5(CH2)15 (15) is shown
in Scheme 1.35

Diselenolates �Se(CH2)nSe
� (n ¼ 2, 3) are formed by reduction of NCSe(CH2)nSeCN with metallic sodium in liquid ammonia.

Upon treatment with au-Br(CH2)mBr (m ¼ 1–3), mixtures of macrocyclic selenoethers are formed (Eqs. 1–3).36 The methylene
groups in the reactants serve as spacers for the selenium atoms.

�SeðCH2Þ3Se� ���!BrCH2Br

�2Br�
1; 3; 7;9

10
� Se4ðCH2Þ8þ 1;3;7;9;13;15

13
� Se6ðCH2Þ12 (1)

�SeðCH2Þ3Se� �����!BrðCH2Þ3Br
�2Br�

1;5� Se2
5

ðCH2Þ6þ 1;5; 9; 13
12

� Se4ðCH2Þ12þ 1;5;9; 13;17;21
14

� Se6ðCH2Þ18 (2)

�SeðCH2Þ2Se� �����!BrðCH2Þ3Br
�2Br�

1;4;8;11
11

� Se4ðCH2Þ10 (3)

The formation of a few other cyclic selenoethers has also been reported, but their identification and structural characterization
are still incomplete.37–42 The reported preparation of 1,2-Se2(CH2)3 (16)

39,40 is particularly interesting. Its formation was verified
by the following reactions: The product was reduced with NaBH4 followed by the treatment with Br(CH3)3Br, which resulted in the
formation of 1,5-Se2(CH2)6 (5). Two-electron oxidation of 5 by NOPF6 afforded [1,5-Se2(CH2)6][PF6]2.

43 This methodology was

Chart 1 Saturated heterocyclic selenoethers.
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later extended to the preparation of 1,6-Se2(CH2)8 (17) with ca. 3% yield (see Scheme 2).44 The treatment of [Pt2(m-Se)2(PPh3)4]
with the large excess of Br(CH2)4Br afforded 17 with an improved yield.45

Mixed-chalcogen selenoethers 1,4-SeO(CH2)4 and 1,4-SeS(CH2)4 have been prepared by a suitable modification of the reagents
in the methods described above.25 The reduction of selenium in liquid ammonia followed by the reaction with Cl(CH2CH2)
O(CH2CH2)O(CH2CH2)Cl in ethanol under conditions of high dilution afforded 1,4,10,13-tetraoxa-7,16-diselenaoctadecane
Se2O4(CH2)12.

46 A side-product, 1,4-dioxa-7-selena-nonane was obtained as a yellow oil. The treatment of NCSe(CH2)3SeCN
with NaBH4 and Cl(CH2)3SH followed by the reaction with Br(CH2)3Br in the presence of Cs2(CO)3 in DMF at 70 �C afforded
1,5-diselena-9,13-dithiacyclohexadecane.47

1.09.2.2 Molecular structures

The three smallest molecules inChart 1, Se(CH2)4 (1), Se(CH2)5 (2) and Se(CH2)6 (3) are light-yellow liquids at room temperature.
All larger molecules are crystalline solids, and the crystal structures of most of them have been determined by single-crystal X-ray
diffraction techniques (see Fig. 1). Their bond parameters have been summarized in Table 1 and are consistent with the values ex-
pected for single bonds.

The compounds 4 and 7 [Fig. 1(a) and (c)] exhibit chair conformations with the torsional angles spanning 64.69(8)–
73.08(9)�48 and 62.06(2)–69.29(12)�,49 respectively (the motif of the torsional angles in both molecules is þ � þ � þ �). While
the torsional angles in 6 of 62.5(3) and 64.3(3)� involving the SeeC bonds also show values, which are consistent with those of 4
and 7, most torsional angles involving the CeC bonds are approximately 180�.32 Consequently, the molecule is strongly elongated
[see Fig. 1(b)].

Scheme 1 Preparation of 1,5,9-Se3(CH2)9 (8) and 1,5,9,13,17-Se5(CH2)15 (15).35

Scheme 2 Preparation of 1,6-Se2(CH2)8 (17).44
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Fig. 1 Molecular structures of (a) 1,4-Se2(CH2)6 (hydrogen atoms not shown),48 (b) 1,15-Se2(CH2)28,32 (c) 1,3,5-Se3(CH2)3,49 (d) 1,5,9-
Se3(CH2)9,33,47 (e) 1,3,5,7-Se4(CH2)4,50 (f) 1,3,7,9-Se4(CH2)8,36 (g) 1,4,8,11-Se4(CH2)10,36 (h) 1,5,9,13-Se4(CH2)12,36 (i) 1,3,7,9,13,15-
Se6(CH2)12,36,47 and (j) 1,5,9,13,17,21-Se6(CH2)18.36
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The distribution of the torsional angles in all heterocyclic selenoethers in Fig. 1 are shown in Fig. 2.
It can be seen that the torsional angles about the SeeC bonds are generally concentrated near to 60� with smaller distribution

maxima near 90 and 180�. In a similar fashion, those involving the CeC bonds mostly show torsional angles of 180� with a smaller
maximum around 60�. The signs of the torsional angles can be both positive and negative (rotation clockwise of counterclockwise,
respectively). These distribution maxima can be rationalized by electron-pair interactions, as shown in Fig. 3.

The characteristic feature in manymacrocyclic chalcogenoethers is the columnar packing in the solid lattices, as shown for 4, 7, 8,
9, 10, 11, 13, and 14 in Fig. 4. All these species show several Se.Se close contacts, which have been depicted in the figure. These
contacts indicate only weak interactions, since they span a range of 3.457(14)–4.402(9) Å, which are relatively close to the sum of
the van der Waals radii of two selenium atoms (4.0 Å51). The nature of these secondary bonding interactions, which are currently
called also chalcogen bonds, have been discussed in recent reviews.20–22

There are two notable exceptions in the packing of the known selenoethers. While 6 shows similar columnar packing as the sele-
noethers shown in Fig. 4. It has no selenium-selenium close contacts [see Fig. 5(a)].32 The second exception is 12. While there are
Se.Se close contacts of 3.457(14)–3.956(17) Å indicating similar interaction strengths as in the species in Fig. 4, the molecules do
not pack in a columnar fashion in the lattice [see Fig. 5(b)].36 Furthermore, one of the molecules in the asymmetric unit is disor-
dered with the molecules assuming random distribution of two orientations.

1.09.2.3 Adducts and coordination compounds

1.09.2.3.1 General
Cyclic selenoethers form compounds with a number of Lewis acids involving both main group elements and transition metals. In
case of the interaction with non-metal compounds in which the molecular identity of the acid molecule is identifiable, these
compounds are referred as adducts. In case of many main group elements and transition metals, the selenoethers act as ligands

Table 1 Bond parameters in saturated selenoether heterocycles.

Molecule rSeC (Å) rCC (Å) aSe (
�) aC (

�) Ref.

1,4-Se2(CH2)4 (4) 1.985(5), 2.033(5) 1.498(3) 97.86(6) 109.83(7)–110.61(8) 48
1,15-Se2(CH2)28 (6) 1.965(4), 1.968(4) 1.513(5)–1.540(5) 98.1(2) 111.4(3)–115.0(3) 32
1,3,5-Se3(CH2)3 (7) 1.9443(9)–1.9679(13) – 98.113(9)–101.736(6) 114.700(15)–119.017(7) 49
1,5,9-Se3(CH2)9 (8) 1.923(8)–1.963(7) 1.504(11)–1.515(12) 97.4(3)–100.6(3) 109.7(5)–116.6(5) 47
1,3,5,7-Se4(CH2)4 (9) 1.9173(10)–1.9742(10) – 98.113(9)–101.736(6) 114.700(15)–119.017(7) 50
1,3,7,9-Se4(CH2)8 (10) 1.924(13)–1.972(11) 1.480(15)–1.535(16) 91.5(4)–100.1(5) 110.0(5)–114.5(7) 36
1,4,8,11-Se4(CH2)10 (11) 1.958(4)–1.963(4) 1.508(8)–1.512(7) 91.81(18), 99.79(18) 111.2(4)–114.6(3) 36
1,5,9,13-Se4(CH2)12 (12) 1.93(5)–1.98(2) 1.50(10)–1.53(4) 97.2(14)–100.0(14) 111(4)–114(4) 36
1,3,7,9,13,15-Se6(CH2)12 (13) 1.907(6)–1.972(6) 1.503(10)–1.532(8) 94.2(2)–100.4(3) 108.9(4)–118.5(3) 36
1,5,9,13,17,21-Se6(CH2)18 (14) 1.945(8)–1.967(11) 1.471(14)–1.536(12) 96.6(4)–99.0(4) 110.0(8)–118.0(8) 36
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Fig. 2 The distribution of torsional angles in heterocyclic selenoethers (see Fig. 1). The torsional angles about the CeSe bonds are indicated in red
and those involving CeC bonds in blue.
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to a central atom with selenium as a donor. These entities are formally coordination compounds, though in the spirit of A. Werner’s
original terminology they are often called complexes, in particular in inorganic chemistry, even though it is currently well-
established that the principles in bonding of these species are not more complicated than in simple inorganic and organic
compounds. While International Union of Pure and Applied Chemistry (IUPAC) currently discourages the use of the term complex
for coordination entities, it is often rather convenient to use. In the current treatise, the terms “coordination compound,” “coordi-
nation entity,” and “complex” are used interchangeably, as appropriate. It should further be emphasized that the use of the term
complex does not imply that the structure of the compound is not known.

1.09.2.3.2 Se(CH2)4, Se2(CH2)4, and Se3(CH2)3
It has been reported that Se(CH2)4 (1) forms coordination compounds with mercury halogenides HgX2 (X ¼ Cl, Br, I)52,53 and
adducts with elemental iodine.54 It has enabled the elucidation of the molecular structure of Se(CH2)4 by X-ray diffraction, which
has been difficult otherwise, since 1 is liquid at room temperature. The [HgCl2{Se(CH2)4}] moieties are associated into infinite
chains through weak Hg.Cl interactions of 3.164(2) Å [see Fig. 6(a)].52 The crystal structures of [HgX2{Se(CH2)4}2] (X ¼ Br, I)
are mutually rather similar, though the packing of the molecular chains are different [Fig. 6(b) and (c)].53 The bromine and iodine
complexes do not show short Hg.X contacts, but the chains are formed through Se.Hg secondary bonding interactions of
3.773(3)–3.381(2) Å and 3.8195(15)–4.0312(16) Å for [HgBr2{Se(CH2)4}2] and [HgI2{Se(CH2)4}2], respectively.

The coordination of 1 to mercury involves the selenium 4p lone-pair, which is perpendicular to the plane of the two SeeC
bonds. Therefore, the bond parameters of the ligand can be expected to represent those of the free ligand. The SeeC bond lengths
in all three compounds span a narrow range of 1.986(12)–2.007(10) Å and the bond angles aSe ¼ 89.6(4)–90.4(3)�, and
aC ¼ 103.4(5)–122.9(15)�.52,53 While most of the bond angles in the three coordination entities are close to the expected values,
[HgI2{Se(CH2)4}2] shows both the smallest and the highest values. It is suggested to be due to conformational disorder.53

The five-membered Se(CH2)4 ring molecule has significant ring strain, as can be judged from the torsional angles. The tetrahy-
droselenophene ring in [HgCl2{Se(CH2)4}] and the two rings in [HgX2{Se(CH2)4}2] (X ¼ Br, I) show rather similar values of the
torsional angles [sSeC angles span a range of 7.3(7)–19.3(8)� and that of sCC is 33.3(10)–57.5(10)�], The motif of the torsional
angles starting from the selenium atom is (þ � þ � þ � þ).52,53 By contrast, one tetrahydroselenophene ring in [HgI2{-
Se(CH2)4}2] is virtually planar. This is probably also a consequence of crystallographic disorder.

The interaction between Se(CH2)4 and I2, which is shown in Fig. 7(a), is one of the early examples of secondary bonding inter-
actions,54 the term of which was somewhat later coined by Alcock.58 The intermolecular Se.I close contact is observed to be
3.633(3) Å,54 which is significantly shorter than the sum of the van der Waals radii of 4.15 Å.51 The interaction between selenium
and iodine can be represented either by the 4p electron lone-pair orbital overlapping with the s*(I-I) orbital of I2 [see Fig. 8(a)] or
by the interaction of the s-hole at the extension of the IeI bond with the above-mentioned 4p lone-pair of selenium [see Fig. 8(b)].
The exocyclic SeeI bond of 2.762(5) Å54 is only slightly longer than the expected single bond length of 2.50 Å.51 The IeI bond
length of 2.914(4) Å in Se(CH2)4$I2 is significantly longer than the IeI single bond length of 2.716(6) Å in I2

59 and is the conse-
quence of the interactions shown in Fig. 8.

1,4-Se2(CH2)4, 1,3,5-Se3(CH2)3, and the related 1,4-SeO(CH2)4 also form adducts with I2
55–57 and other iodine-containing

species.60–63 Their close Se.I contacts are shown in Fig. 7(b)–(d), and the metrical interatomic distances are presented in Table 2.
They are a consequence of a combination of n2(Se) / s*(I-I) interaction and the electrostatic attraction between the s-hole and
selenium lone pair (see Fig. 8). In addition, these species may also show p*(I-I) / s*(C-Se) interactions. The n2(Se)/ s*(I-I)
interactions should lead to the elongation of the IeI bond, whereas the p*(I-I) / s*(C-Se) interactions should result in the short-
ening of the IeI bond. Since the Se.I distances are close to the sum of van der Waals radii, these effects are not expected to be large.

Fig. 3 The CH bonding pair and selenium lone pair interactions leading to the favorable torsional angles of 60 and 180�. E ¼ Se or CH2. The
torsional angles about the CeSe bonds are indicated in red and those involving CeC bonds in blue.
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It can be seen from Table 2 that like in case of Se(CH2)4$I2, the SeeI bonds in 1,4-Se2(CH2)4$2I2, 1,3,5-Se3(CH2)3$I2, 1,4-
SeO(CH2)4$I2, and 1,4-SeO(CH2)4$ICl are longer than the single bond but well shorter than the sum of van der Waals radii of sele-
nium and iodine. The elongation of the IeI or the IeCl bond is strongly dependent on the strength of the Se-I interaction and is
consistent with the n2(Se) / s*(I-I) charge transfer. This has been discussed in case of a related system involving the iodine adduct
of tert-butyl tellurium diimide dimer.64 The intermolecular Se.I interactions are relatively weak and do not play a significant role in
the molecular parameters.

Tetrahydroselenophene reacts slowly with iodine andmetallic gold in aqueous solution of ethanol to afford a small crop of light
yellow crystals on the surface of the metal.65 These crystals, which have been formulated as [Au{Se(CH2)4}2]n[AuI2]n can be stored
for a short while in air. The molecular structure is shown in Fig. 9. The bond parameters and conformation of the Se(CH2)4 rings are
similar to those found in the I2 adduct and Hg complexes.

[Ag{Se3(CH2)3}2][AsF6]$SO2 was prepared almost quantitatively from 1,3,5-Se3(CH2)3 and AgAsF6 at�196 �C in liquid SO2.
66

The coordination environment around silver in the [Ag{Se3(CH2)3}2]
þ cation is approximately an octahedron. The comparison of

the structure of [Ag{Se3(CH2)3}2]
þ with that of the [Ag2(Se12)]

2þ dication67 is shown in Fig. 10.

 

(A) (B) (C)

(D) (E) (F)

(G) (H)

Fig. 4 Packing of selenoethers in the solid state. (a) 4,48 (b) 7,49 (c) 8,47 (d) 9,50 (e) 10,36 (f) 11,36 (g) 13,36 and (h) 14.36 Selenium atoms are
indicated in red, carbon atoms in gray, and hydrogen in white.
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The AgeSe bond lengths in the [Ag{Se3(CH2)3}2]
þ cation span the range 2.78(1)–3.05(1) Å,66 while those in the [Ag2(Se12)]

2þ

dication show a narrow range of 2.644(1)–2.646(1) Å.67 While [Ag{Se3(CH2)3}2]
þ is a mononuclear distorted octahedron, both

silver atoms in [Ag2(Se12)]
2þ show almost a trigonal planar coordination to three selenium atoms. One Ag is coordinated to the

selenium atoms 1, 5, and 9, and the other to atoms 3, 7, and 11. In addition, there is an AgeAg bond of 2.971(1) Å.
1,4-SeO(CH2)4 reacts readily with transition metal dihalogenides in a suitable organic solvent. The reaction of PdBr2 and 1,4-

SeO(CH2)4 affords trans-[PtBr2{1,4-SeO(CH2)4}] in which the coordination polyhedron is square-planar and the organic ligand is
ligated via the selenium donor.68 The PdeSe and PdeBr bond lengths are 2.430(2) and 2.442(2) Å, respectively, and the BrePdeSe
bond angle is 93.3(1)�.

1.09.2.3.3 Se2(CH2)6
The reaction of MX3 (M ¼ As, Sb, Bi; X ¼ Cl, Br, I) with 1,5-Se2(CH2)6 (5) affords [MX3(5)]n in good yields.69–71 The crystal struc-
tures of [MCl3(5)]n (M ¼ As, Sb) are shown in Fig. 11(a) and (b)72 and that of the bismuth analog in Fig. 11(c).71

The bond lengths and angles involving the 1,5-Se2(CH2)6 (5) rings in [MX3(5)]n (M ¼ As,72 Sb,72 Bi71) are relatively similar
(rSe-C ¼ 1.954(8)–2.053(9) Å, average 1.982 Å; aSe ¼ 97.3(14)–100.4(2)�, average 99.6�; rCC ¼ 1.38(4)–1.65(5) Å, average
1.516 Å) with largest deviations observed in [BiCl3(5)]n,

71 which also shows the least accuracy in the parameters. The

(A)

(B)

Fig. 5 The molecular packing in (a) 632 and (b) 12.36 Selenium atoms are indicated in red, carbon in gray, and hydrogen in white.
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conformations of the 1,5-Se2(CH2)6 rings are somewhat different. In [AsCl3(5)]n and in [SbCl3(5)]n, the ligand assumes a boat-chair
conformation, while in the related BiCl3 species it is in boat-boat conformation [see Fig. 11(a)–(c)].

All three [MCl3(5)]n coordination compounds form continuous quasi-1D assemblies. While the structures look rather similar,
an unexpected irregularity between the three species has been noted.72 Both arsenic and bismuth centers show a rather symmetric

(A)

(B)

(C)

Fig. 6 The crystal structures of (a) [HgCl2{Se(CH2)4}],52 (b) [HgBr2{Se(CH2)4}2],53 and (c) [HgI2{Se(CH2)4}2].53

(B)

(C)

C

Se

I

I

C

Se

Se

C

I

O

(A)

(D)

Fig. 7 The Se.I close contacts in (a) Se(CH2)4$I2,54 (b) 1,4-Se2(CH2)4$2I2,55 (c) 1,3,5-Se3(CH2)3$I2,56 and (d) 1,4-SeO(CH2)4$I2.57
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octahedral coordination environments. The two terminal AseCl bonds are 2.2734(17) and 2.2821(17) Å.72 The bridging AseCl
bonds are expectedly somewhat longer [2.7451(18) and 2.7766(19) Å]. In [BiCl3(5)]n, the corresponding BieCl bonds are
2.50(1)–2.61(1) Å and 2.77(1)–2.95(1) Å,71 respectively. The respective two M-Se distances are 2.7840(7) Å (two bonds of equal
lengths) and 2.977(4)–3.067(4) Å, respectively.71

By contrast, the [SbCl3(5)]n is rather distorted. The SbeCl bonds reproduce the same trend as was observed in [AsCl3(5)]n and
[BiCl3(5)]n [terminal SbeCl bonds show the lengths of 2.438(2) and 2.499(2) Å, and the bridging SbeCl bonds 2.751(2) and
2.881(2)].72 The Sb-Se distances, however, show a marked difference of 2.7839(13) and 3.2904(13) Å.

The explanation of this trend is not clear. It has been suggested that the differences in stereochemical directionality of the pnic-
togen lone pairs may play a role.72 According to the VSEPR model,74 the lone pair can occupy either the s orbital, in which case it is
stereochemically inactive and will result in some elongation of all six bonds in the octahedral coordination, or it can occupy an
orbital with p orbital contribution, in which case it will have stereochemical consequencies. It has been inferred72 that in
[AsCl3(5)]n, the lone-pair is stereochemically inactive, whereas it is thought to be active in [SbCl3(5)]n. The distortion from octa-
hedral geometry would be expected even greater in [BiCl3(5)]n, but the coordination geometry around bismuth resembles more
closely that around arsenic. This has been explained to be due to relativistic effects that stabilize the 6 s electron pair of bismuth.72

The related [GeCl2(5)]n coordination compound was obtained by mixing the 1,4-dioxane solution of GeCl2 with the dichloro-
methane solution of 1,5-Se2(CH2)6 (5).73 The structure of [GeCl2(5)]n is shown in Fig. 11(d). The general features of the crystal
structure are quite similar to those in [MCl3(5)]n. The SeeC and CeC bond lengths are 1.950(6)–1.951(5) and 1.509(7)–
1.510(7) Å, respectively, the bond angle involving selenium as a central atom is 101.8(2)� and those involving carbon atoms
116.2(3)–119.3(3)�.73 The 1,5-Se2(CH2)6 rings show a similar boat-chair conformation as those in [AsCl3(5)]n and [SbCl3(5)]n.
The two symmetry-related GeeSe bonds are 2.8465(8) Å. [GeCl2(5)]n also forms an infinite quasi-one dimensional assembly.
The polymeric strands are linked by weak Ge.Cl interactions of 3.589(2) Å.73

The 1,5-Se2(CH2)6 rings can also coordinate with transition metal centers. Both selenium atoms in the ring act as donors in the
coordination. The known crystal structures are shown in Fig. 12.

(A)

(B)

Fig. 8 (a) The n2(Se) / s*(I-I) interaction in Se(CH2)4$I2. (b) The electrostatic interaction between the s-hole and selenium lone-pair.

Table 2 Interatomic Se-I and I-I distances (Å) and angles (�) in
Se(CH2)4$I2, 1,4-Se2(CH2)4$2I2, 1,3,5-Se3(CH2)3$I2, 1,4-
SeO(CH2)4$I2, and 1,4-SeO(CH2)4$ICl.

Adduct Se-I I-X a Se.I b Ref.

Se(CH2)4$I2 2.762(5) 2.914(4) 3.636(3) 54
1,4-Se2(CH2)4$2I2 2.829(4) 2.870(3) 3.889(4)–4.008(3) 55
1,3,5-Se3(CH2)3$I2 2.734(1) 2.944(1) 3.764(1)–3.950(1) 56
1,4-SeO(CH2)4$I2 2.755(3) 2.955(3) 3.708(3)–4.123(7) 57
1,4-SeO(CH2)4$ICl 2.630(6) 2.731(12) 3.963(5)–3.969(5) 63

aX ¼ I or Cl.
bOnly contacts, which are shorter than the sum of van der Waals radii of selenium and iodine, are
shown.
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[MX(CO)3(5)] (M ¼ Mn, X ¼ Cl, Br, I; M ¼ Re, X ¼ Cl, Br) were prepared in good yields by the reaction of [M(CO)5X] and 1,5-
Se2(CH2)6 by reflux in chloroform.75 The products were characterized by elemental analysis, FAB mass spectrometry, and 1H NMR
spectroscopy. The crystal structures were determined for [MnBr(CO)3(5)] and [ReBr(CO)3(5)] [see Fig. 12(a)].

The two coordination compounds are isomorphic and show the facial arrangement of the three carbonyl ligands. The 1,5-
Se2(CH2)6 ligand coordinates through selenium atoms and shows a similar boat-chair conformation as in [MCl3(5)] (M ¼ As,

Au

I
Se

Fig. 9 Molecular structure of [Au{Se(CH2)4}2]n[AuI2]n.65

(A) (B)

Ag

Ag

Se

Se

C

H

Fig. 10 The structure of (a) [Ag{Se3(CH2)3}2]þ cation66 and (b) [Ag2(Se12)]2þ dication.67
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(C) (D)

As

Se

H

Cl

Sb

Se

C

Bi
Ge

Cl Cl

Cl

Se

Se

C C

C

H H

H

Fig. 11 The crystal structures of (a) [AsCl3(5)]n,72 (b) [SbCl3(5)]n,72 (c) [BiCl3(5)]n,71 and (d) [GeCl2(5)]n.73
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Sb); c.f. Figs. 11(a) and (b) and 12(a). The bond parameters in the 1,5-Se2(CH2)6 rings in [MnBr(CO)3(5)] and [ReBr(CO)3(5)] are
1.956(7)–1.982(6) Å and 1.97(2)–2.00(2) Å, respectively, and the respective bond angles are aSe ¼ 97.1(3)–97.5(3)� and 97.1(7)–
98.1(7)�.75 The MneSe and ReeSe bond lengths are 2.480(1)–2.488(1) Å and 2.607(2)–2.611(2) Å, respectively, which are quite
typical.

The series of [M(CO)4(5)] (M ¼ Cr0, Mo0, W0) was prepared by refluxing [M(CO)4(nbd)] (M ¼ Cr, Mo; nbd ¼ norbornadiene)
or [W(CO)4(TMPA)] (TMPA ¼ N, N, N0, N0-tetramethyl-1,3-diaminopropane) in toluene.75 The products were identified by their
IR, and FAB or ESI mass spectra. The assignment of the spectra and the identification of the coordination compounds were
confirmed by the crystal structure determination of [W(CO)4(5)] [see Fig. 12(b)].

The basic structural features of the 1,5-Se2(CH2)6 ligand are the same as in [MBr(CO)3(5)] (M ¼Mn, Re) that are shown in
Fig. 12(a). The heterocyclic ring shows the boat-chair conformation, and the bond parameters are similar in all complexes.

The trend in the 77Se chemical shifts is shown in Fig. 13.

1.09.2.3.4 Se4(CH2)12 and Se6(CH2)18
Several adducts and coordination compounds with both main group halides and transition metals have been reported for 1,5,9,13-
Se4(CH2)12. The molecule shows remarkable conformational flexibility in these species.

In a similar fashion to the reaction of 1,5-Se2(CH2)6 with arsenic trihalide, the treatment of 1,5,9,13-Se4(CH2)12 (12) with AsCl3
and AsBr3 affords a 1:1 adduct.69 The related reaction with antimony tribromide also yields [SbBr3(12)],

78 as does BiBr3,
71 though

Ag

Se Se

Se

C

C

O
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C
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Fig. 12 Molecular structure of (a) [MBr(CO)3(5)] (M ¼ Mn, Re),75 (b) [W(CO)4(5)],75 (c) [PdCl2(5)],76 and (d) the cation of [Ag(5)2][BF4].77
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Fig. 13 The 77Se chemical shifts in [M(CO)4(5)] (M ¼ Cr, Mo, W) and [MX(CO)3(5)] (M ¼ Mn, Re; X ¼ Cl, Br, I)75 as a function of absolute
electronegativity (in eV).
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the latter reaction has been carried out in acetonitrile. Futhermore, the reaction of GeCl2(dioxane), GeBr2, and GeI2 in dichlorome-
thane with 1,5,9,13-Se4(CH2)12 leads to the formation of [(GeX2)2(12)] (X ¼ Cl, Br, I).73 Their crystal structures have been shown
in Fig. 14.

The treatment of MCl3 (M ¼ Ga, In) in dichloromethane affords ionic [MCl2(12)][MCl4] [see Fig. 15(a)].
79 The reactions were

carried out in the non-coordinating solvent CH2Cl2, but a small amount of acetonitrile was added to improve the solubility of the
starting halides.

The 1,5,9,13-Se4(CH2)12 ring has also been reported to coordinate with different transition metal centers [see two examples in
Fig. 15(b) and (c)]. The coordination compounds are generally prepared from appropriate halogenides {[Ru(DMF)6]Cl3,

80 CoX2

(X ¼ Cl, Br), MX3 (M ¼ Rh, X ¼ Cl; M ¼ Ir, X ¼ Cl, Br),81 and MCl2 (M ¼ Pd, Pt)}82–84 and Cu(OTf)n (n ¼ 1, 2; OTf ¼ CF3SO3,
triflate)85,86 and Hg(CN)2.

86 The reactions are carried out in a polar solvent. The crystallization of the products is generally accom-
plished by utilizing a suitable bulky and non-coordinating counter-anion, such as PF6

�, BF4
�, and BPh4

�.81–83

The bond parameters of the 1,5,9,13-Se4(CH2)12 ring are very similar in all adducts and coordination compounds, as shown in
Table 3. They are also very similar to those of the free molecules (see Table 1). As shown in Fig. 16, the torsional angles are mainly
grouped near to 60� and 180� in the similar fashion as in the case of free heterocyclic selenoether molecules (c.f. Fig. 2). The differ-
ences in the torsional angles about the individual bonds lead to remarkable differences in the conformations of 1,5,9,13-Se4(CH2)12
ring and consequently in the shape of the molecules.

The conformational differences are specially notable in the case of the main group adducts. It can be seen in Fig. 14 that the
halogenides MXn (M ¼ a Group 14 or 15 element, X ¼ Cl, Br, I) are bonded to the selenium atoms of the 1,5,9,13-Se4(CH2)12
ring on the outside and the conformation and the shape of the molecule is apparently dependent on the packing effects in the solid
lattice. Some of the molecules are rather symmetric, while the others show elongation. The convenient way to judge the ring geom-
etry is to consider the distance between the selenium atoms 1 and 9 on one hand, and selenium atoms 5 and 13 on the other. This
comparison has also been presented in Table 3.

The situation in the metal complexes of 1,5,9,13-Se4(CH2)12 is much more restricted, as exemplified in Fig. 15. All metal centers
show octahedral coordination. The ligand is tetraligated through donation from the selenium 4p lone-pair electrons. The two other
ligands can be in cis-positions [see Fig. 15(b)] or in trans positions [see Fig. 15(c)]. The latter arrangement is more common and
forces the four selenium atoms to be almost coplanar with the metal center and the CSeC planes are almost perpendicular to
the metal-selenium bond. One of the consequences is that the distances between the selenium atoms 1,9 and 5,13 are nearly iden-
tical. Virtually all torsional angles about the CeSe bonds are close to 180� (see Fig. 16).

(A) (B)

(C) (D) (E)

Fig. 14 Crystal structures of (a) [MX3(12)] (M ¼ As, X ¼ Cl, Br; M ¼ Sb; X ¼ Br),69 (b) [BiCl3(12)],70 (c) [(GeCl2)2(12)],73 (d) [(GeBr2)2(12)],73 and
(e) [(GeI2)2(12)]$(GeI4),73 Selenium is indicated in red, carbon in gray, and hydrogen in white.

Syntheses and molecular structures of cyclic selenoethers and their derivatives 539



The 1,5,9,13,17,21-Se6(CH2)18 (14) ring behaves in an analogous manner to the smaller selenoether heterocycles. The direct
reaction with AsCl3 in dichloromethane generated the [(AsCl3)4(14)],

87 and the reaction with PdCl2 in acetonitrile followed by
the anion change with NaBF4 afforded [Pd2Cl2(14)][BF4]2.

82 The molecular structures of both species are shown in Fig. 17.

1.09.2.3.5 Crown-ether analogs
1,4,10,13-tetraoxa-7,16-diselenaoctadecane Se2O4(C2H4)6 is a crown-ether analog in which two oxygen atoms have been replaced
by selenium atoms.46 In addition to oxygen, selenium that is a soft donor has also been shown to coordinate with alkali metals,88

some alkaline earth metals,89,90 and rare-earth elements.91,92 The ligand encompasses the central atom in a similar fashion to

(C)(B)

(A)

Se
Se

Se

C
C

C

H
H

H
Cl In

Ru Rh

Fig. 15 Examples of the molecular structures of main group and transition metals coordinated to 1,5,9,13-Se4(CH2)12. (a) [[InCl2(12)][InCl4],79 (b)
cis-[RuCl2(12)]þ cation,80 (c) trans-[RhCl2(12)]þ cation.81

Table 3 Bond parameters in adducts and complexes of saturated selenoether heterocycles.

Complex rSeC (Å) rCC (Å) aSe (
�) aC (

�) dSe.Se(1) (Å)
a dSe.Se(2) (Å)

b Ref.

[AsCl3(12)] 1.94(2)–1.97(11) 1.51(18)–1.56(17) 99.0(5)–99.8(6) 108.5(7)–113.2(8) 7.7471(17) 7.796(2) 69
[AsBr3(12)] 1.965(11)–1.974(6) 1.512(11)–1.528(10) 99.0(3)–100.4(3) 109.2(5)–114.1(5) 7.6752(12) 7.9594(10) 69
[SbBr3(12)] 1.945(12)–1.972(9) 1.509(15)–1.535(16) 99.3(4)–99.5(4) 110.5(7)–113.9(7) 7.776(2) 7.798(2) 78
[BiBr3(12)] 1.93(2)–1.985(18) 1.38(3)–1.58(3) 99.4(5)–99.7(8) 110.3(11)–125.7(19) 6.108(3) 6.863(3) 72
[(GeCl2)2(12)] 1.960(3)–1.971(3) 1.522(4)–1.523(4) 99.58(12) 108.5(19)–114(2) 5.5105(6) 5.5105(6) 73
[(GeBr2)2(12)] 1.960(6) 1.510(9)–1.527(10) 98.2(3)–100.0(2) 108.9(5)–114.4(6) 4.6557(16) 7.747(3) 73
[(GeI2)2(12)] 1.939(12)–1.98(3) 1.524(18)–1.539(14) 92.1(9)–98.7(6) 107.5(8)–124.8(18) 6.616(2) 6.616(2) 73

[GaCl2(12)][GaCl4] 1.960(5)–1.9675(5) 1.502(8)–1.525(7) 94.7(2)–97.3(2) 111.8(3)–117.1(4) 5.1937(9) 5.2191(10) 79
[[InCl2(12)][InCl4] 1.950(11)–1.987(9) 1.499(17)–1.522(16) 96.5(4)–97.7(5) 111.0(8)–117.7(10) 5.4379(17) 5.4786(19) 79
[RuCl(PPh3)(12)]þ 1.93(4)–2.04(5) 1.28(8)–1.54(5) 86.4(18)–92(2) 107(2)–130(4) 4.961(4) 4.976(4) 80
[CoBr2(12)]þ 1.941(13)–1.978(12) 1.523(17)–1.528(17) 92.7(5)–94.0(5) 112.2(8)–116.1(10) 4.785(2) 4.805(2) 81
[RhCl2(12)]þ 1.939(8)–1.968(8) 1.467(10)–1.5094(11) 94.6(3)–95.0(3) 111.9(5)–116.9(7) 4.912(2) 4.922(2) 81
[IrBr2(12)]þ 1.91(3)–1.98(2) 1.44(3)–1.55(4) 95.5(11)–96.7(12) 109.8(16)–117(2) 4.929(4) 4.931(4) 81
[Pd(12)]2þ 1.936(12)–1.959(10) 1.452(15)–1.550(16) 93.2(4)–98.6(5) 110.8(7)–119.3(6) 4.854(15) 4.85(2) 82,83
[Pt(12)]2þ 1.92(3)–1.94(2) 1.46(4)–1.52(3) 94.5(10)–96.0(11) 112(2)–117.1(15) 4.834(4) 4.840(4) 84
[CuII(12)]2þ 1.897(4)–1.974(7) 1.555(6)–1.529(11) 93.3(3)–95.61(17) 110.5(5)–114.7(6) 4.8190(12) 4.9185(16) 85
[CuI(12)] þ 1.863(6)–1.930(6) 1.506(6)–1.532(11) 98.4(3)–103.8(4) 109.0(7)–118.6(4) 3.8366(16) 3.9819(13) 86
[Hg(CN)2(12)] 1.905(11)–1.949(13) 1.462(16)–1.553(18) 96.1(5)–96.9(5) 111.6(7)–117.1(8) 6.227(2) 8.867(2) 86

aThe Se-Se distance from the selenium atoms in formal positions 1 and 9.
bThe Se-Se distance from the selenium atoms in formal positions 5 and 13.
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crown-ether ligands, as exemplified by the cations in [Na{Se2O4(C2H4)6}][B{C6H3Me2-3,5}4], [Ca{Se2O4(C2H4)6}](I)2, and [Sr
{Se2O4(C2H4)6}(OH2)3](I)2 [see Fig. 18(a)–(c), respectively].

1,4,10,13-tetraoxa-7,16-diselenaoctadecane has also been shown to coordinate to a soft platinum center.46 The complex was
made by treating Se2O4(C2H4)6 with [PtX2(NCMe)2] (X ¼ Cl, Br). Platinum expectedly coordinates via selenium atoms forming
a transannular Se-Pt-Se fragment. Some antimony and lead salts have also reacted with Se2O4(C2H4)6.

93,94 The antimony salt
was prepared by stirring the ligand with SbCl3 in acetonitrile. The treatment of the ligand with PbX2 (X ¼ BF4

�, PF6
� or NO3

�)
affords [Pb(L)][X]2 (L ¼ Se2O4(C2H4)6). The Pb-O distances span a range of 2.584(5)–2.717(4), 2.543(4)–2.664(3), and
2.777(8)–2.929(8) Å, respectively.94 The corresponding respective Pb-Se distances are 3.1820(14), 3.173(1), and 3.174(2) Å.
The unprecedent interactions between the weakly-coordinating counter anions and lead was also observed (see Fig. 19). The
stronger Pb2þ .(O2NO)� interaction compared to Pb2þ .(F2BF2)

� and Pb2þ .(F2PF2)
� seems to result in somewhat longer

Pb-O distances between the central atom and the heterocyclic ligand, though the trend is hardly statistically significant.

1.09.2.4 Cyclic selenoether cations

The treatment of 1,5-Se2(CH2)6 (5) with two equivalents of GaCl3 in anhydrous dichloromethane followed by brief air oxidation
and recrystallization at low temperature affords red crystals of [(5)Cl][GaCl4]$CH2Cl2 and yellow crystals of [(5)2][GaCl4]2.
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Fig. 16 The distribution of torsional angles in the adducts and coordination compounds of 12 listed in Table 3.
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Fig. 17 Molecular structures of (a) [(AsCl3)4(14)]87 and (b) [Pd2Cl2(14)]2þ cation.82
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structures of the cations are shown in Fig. 20(a) and (b). The dissolution of [Cu(12)][OTf]2 (OTf ¼ CF3SO3) in the (1/1) mixture of
CH2Cl2/CH3CN followed by cooling, yielded yellow crystals of (12)[OTf]2.

85 The structure of the cation is shown in Fig. 20(c).
The bond parameters within the ring cations show quite normal single bond values [rSeC ¼ 1.945(11)–1.981(3) Å;

aSe ¼ 88.99(6)–101.93(9)�].79,85 The presence of transannular bonds in the cations are typical secondary bonding interactions
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Fig. 18 Molecular structures of (a) [Na{Se2O4(C2H4)6}]þ,88 (b) [Ca{Se2O4(C2H4)6}](I)2,89 and (c) [Sr{Se2O4(C2H4)6}(OH2)3]2þ.89
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Fig. 19 [Pb(L)][X]2 [L ¼ Se2O4(C2H4)6]; (a) X ¼ BF4�, (b) X ¼ PF6�, (c) X ¼ NO3
�.94
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Fig. 20 The structure of (a) the [(5)Cl]þ cation,79 (b) the [(5)2]2þ cation,79 and (c) the (12)2þ cation.85
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and can be rationalized by considering both the intramolecular donor-acceptor behavior and the electrostatic attraction between the
s-hole and the selenium lone pair. This is exemplified for the [{1,5-Se2(CH2)6}Cl]

þ cation in Fig. 21.
The Se.Se contact of 2.5229(4) Å79 is significantly shorter than the sum of the van der Waals radii of two selenium atoms

(4.00 Å51). The SeeCl bond distance of 2.5346(6) Å79 is significantly elongated from the single bond (the sum of the covalent radii
of selenium and chlorine is 2.16 Å51) indicating the intramolecular charge transfer. A similar interactions have been observed for
ClSe[N(tBu)Se]nCl (n ¼ 2–3)95 and have resulted in the Se.Se distances of 2.891(10) Å (n ¼ 2) and 3.36297(17)–3.3445(9)
(n ¼ 3)96 and a similar elongation of the bonds opposite to this interaction.

The [{1,5-Se2(CH2)6}2]
2þ dication shows both endo- and exocyclic secondary bonding interactions [2.891(1) and 2.6662(7) Å,

respectively79]. The interactions are depicted in Fig. 22.
The net effect of the orbital overlap is the weakly attractive Se.Se interaction and explain the observed contact distances. The

transannular bonds in the [1,5,9,13-Se4(CH2)12]
2þ dication can be explained in the similar fashion to the 3c-4e bonding involving

the 4p lone-pair orbitals of selenium atoms. A related bonding arrangement is found in both cyclic Se8
2þ and Te8

2þ cations.97–99

The systematic study of the electrochemical and chemical oxidation of 1,5-E1E2(CH2)6 (E1, E2 ¼ S, Se, Te) showed that all chal-
cogenoethers may undergo reversible two-electron oxidation with inverted potentials to afford [1,5-E1E2(CH2)6]

2þ.100 On the other
hand, one-electron oxidative dimerization of the starting chalcogenoethers also takes place (see Scheme 3). The X-ray crystal struc-
ture of [S{(CH2)3}2Se-Se{(CH2)3}2S]

2þ exhibits the dimeric dication showing the exocyclic Se.Se inter-ring interaction. It was
concluded that the relative strengths of the dicationic interactions follow the three trends: Te.Te > Se.Se > S.S, Se.Se > Se.S,
and Te.Te > Te.S.100

1.09.3 Unsaturated selenoethers

1.09.3.1 Selenoethers with alkene spacers

The smallest known heterocycle containing the alkene spacer is selenophene Se(CH)4, which is commercially available. It is a light-
yellow liquid in room temperature. Its molecular structure has been determined by microwave spectroscopy101,102 and NMR spec-
troscopy in liquid crystal media.103 This crystal structure has been compared to the crystal structure of 2,20-biselenophene104 in
Fig. 23.

Fig. 21 The donation of the 4p lone pair of selenium to the antibonding s*(Se-Cl) orbital.

Fig. 22 The transannular (endo) and inter-ring (exo) interactions in the [{1,5-Se2(CH2)6}2]2þ dication.
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The structural parameters of the microwave determinations of gaseous selenophene101,102 agree well with those extracted
from the crystal structure determination of 2,20-biselenophene.104 The ab initio and DFT computations of selenophene and
2,20-biselenophene also reproduce the experimental bond parameters.105 While the computations in vacuum at most level of

Scheme 3 Oxidation of 1,5-E1E2(CH2)6 (E1 ¼ S, Se; E2 ¼ Se).100
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Fig. 23 The structure of gaseous selenophene101 and the crystal structure of 2,20-biselenophene.104

Chart 2 Sen(HC]CH)n heterocycles.
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theory predict an anti-gauche conformation to lie at lowest energy, in the solid state the packing effects lead to a planar anti
conformation.

The heterocyclic selenoethers containing ethylene spacers have been listed in Chart 2.
All heterocycles 18–23 are prepared by the equimolar reaction of sodium selenide with cis-dichloroethene.106,107 15-crown-5

was used as a catalyst, and it played a significant role in the product distribution, as shown in Fig. 24.
When the reaction was carried out without the catalyst, only traces of Se6(HC]CH)6 (20) and Se7(HC]CH)7 (21) were formed

(see Fig. 24).107 With the introduction of 15-crown-5, the total yield increased significantly and new heterocycles (18, 19, 22, and
23) were observed in the reactionmixture. At the same time the total yield increased significantly. The optimumwas inferred to be at
the level of 0.1 eqv. of 15-crown-5.107

The molecular structures of 19–22, which have been determined by single crystal X-ray diffraction, are shown in Fig. 25.
The SeeC bonds in 19–22 span a length of 1.88(2)–1.94(2) Å, the C]C bond lengths are 1.28(3)–1.33(2) Å, and the bond

angles aSe ¼ 94.6(8)–102.0(8), aC ¼ 120.6(14)–128.0(16)�.106,107 All selenium atoms in each molecule are in cis-positions with
respect to the double bonds and therefore the torsional angles about the C]C bonds are close to 0�. The torsional angles about
the SeeC bonds show a clear distribution maximum in the range 160–180� in a similar fashion as in the saturated selenoethers
(see Fig. 2).

The rigid ethylene groups restrict the possibility for different conformations. It can interestingly be seen that all Sen(HC]CH)n
molecules have a shape of a flat bowl (see Fig. 26). They all show weak Se.Se secondary bonding interactions of 3.963(3)–
4.175(9) Å,106,107 but contrary to the saturated selenoethers, their presence does not lead to tubular packing.

The crystal structures of Se2(HC]CH)2 (18) and Se9(HC]CH)9 (23) are not known, but these species have been identified and
characterized by 1H, 13C, and 77Se NMR spectroscopy and elemental analyses. The correlation of 1H, 13C, and 77Se chemical shifts
has been shown in Fig. 27. It can be seen that with the exception of the smallest member of the series, Se2(HC]CH)2 (18), there is
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Fig. 24 The product distribution of the selenoether heterocycles Sen(HC]CH)n (18–23) as determined from the reaction solution by 1H NMR
spectroscopy.107
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Fig. 25 The molecular structures of (a) Se5(HC]CH)5 (19),106 (b) Se6(HC]CH)6 (20),106 (c) Se7(HC]CH)7 (21),107 and (d) Se8(HC]CH)8 (22).107
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a monotonous relationship between the three chemical shifts and the ring size. The trend has been explained to be due to the
increased electron density in ethylene, as the ring size grows.107

The lightest member of the series, Se2(HC]CH)2 (18) is a light-yellow liquid with the boiling point of 142 �C.107 It was iden-
tified and characterized with a number of spectroscopic techniques and exhibited a reasonable elemental composition. The treat-
ment of one or two equivalents of 18 with Ag(OOCCF3) in acetone afforded crystalline products [Ag{Se2(HC]CH)2}](OOCCF3)
and [Ag{Se2(HC]CH)2}2](OOCCF3). The crystal structure of the latter complex is shown in Fig. 28.

The complex [Ag(18)2](OOCCF3) is a quasi-1D-polymeric arrangement with one Se2(HC]CH)2 ligand bridging two adjacent
silver centers.107 The other one is a chelating ligand. The SeeC bonds show the lengths of 1.878(11)–1.931(9) Å, the C]C bonds
range 1.290(17)–1.343(16) Å, the bond angles are aSe ¼ 96.8(4)–98.8(5)� and aC ¼ 120.0(9)–125.1(9)�, and the torsional angles
sSeC ¼ 38.6(11)–44.1(11)�. Both ligand molecules show the boat conformation with sCC virtually 0� (the motif of the torsional
angles from one of the selenium atoms is þ � � þ � �).

(A) (B)

(C) (D)

Fig. 26 The intermolecular Se.Se contacts in (a) 19,106 (b) 20,106 (c) 21,107 and (d) 22.107 Selenium atoms are depicted in red, carbon in gray,
and hydrogen in white.
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Fig. 27 The dependence of the 1H, 13C, and 77Se chemical shifts on the ring size of Sen(HC]CH)n.107
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Fig. 28 The quasi-1D structure of [Ag{Se2(HC]CH)2}2](OOCCF3).107

(A) (B) (C)

Fig. 29 Structures of (a) [Ag{Se5(HC]CH)5}](OOCCF3),106 (b) [Ag5{Se6(HC]CH)6}3](OOCCF3)5,106 (c) [Ag2{Se8(HC]CH)8}](OOCCF3)2.107

Scheme 4 Preparation of [PtR2{Se(CH2)6(CH]CH)(CH2)6}2] {R ¼ Cl (24), Ph (25)} as intermediates in the formation of 1,15-Se2(CH2)28.32
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Fig. 30 Crystal structures of (a) [PtCl2{Se(CH2)6(CH]CH)(CH2)6}2] (24), and (b) [PtPh2{Se(CH2)6(CH]CH)(CH2)6}2] (25).32
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Chart 3 Cyclic di-, tetra-, and hexaselena diynes, tetraynes, and hexaynes.
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In spite of the rigid C]C bonds, the larger Sen(HC]CH)n rings are flexible and can engulf a metal center in a similar fashion to
crown-ethers, as exemplified by [Agm{Sen(HC]CH)n}][OOCCF3]m (see Fig. 29), which were prepared by treating the appropriate
unsaturated selenoether with Ag(OOCCF3) in acetone.106,107 The larger rings lead to polynuclear complex entities. All bond param-
eters are similar to those in the free ligands (rSeC ¼ 1.73(3)–1.96(2), rCC ¼ 1.266(10)–1.38(4) Å, aSe ¼ 94.0(4)–100.5(4)� and
aC ¼ 120.3(15)–129(3)�).106,107

The crystalline lattice of [Ag5(20)3](OOCCF3)5, is a solid solution of two complex entities: A dinuclear [Ag2(20)](OOCCF3)2
and a trinuclear [Ag3(20)2](OOCCF3)3.

106,107 The latter complex consists of a dinuclear [Ag2(20)](OOCCF3)2 and a mononuclear
[Ag(20)](OOCCF3). The Se6(HC]CH)6 ring in the dinuclear complex is a bridging ligand with one selenium atom shared by the
two Ag centers. It was observed that in solution, the 1H NMR spectrum exhibited only one resonance. This was inferred to indicate
rapid interconversion between the [Ag3(20)2](OOCCF3)3 and [Ag(20)](OOCCF3).

107

In addition to the formation of 1,15-Se2(CH2)28 (6), the reaction of PtCl2 with two equivalents of Se{(CH2)6CH]CH2}2
afforded two platinum complexes containing macrocyclic unsaturated selenoether ligands (see Scheme 4).32

The crystal structures of 24 and 25 are shown in Fig. 30.
In the solid state, both complexes 24 and 25 show the presence of trans-isomers with respect to both C]C double bonds.

Furthermore, the two CSeC planes are mutually in the anti-conformation.32 The 13C{1H} NMR spectra recorded in C6H5Br at

(A) (B)

(C)
(D)

(E)
(F)

(G)

Fig. 31 The solid lattices in (a) 1,4,7,10-Se4-2,8-(C2)2(C2H4)2 (27), (b) 1,4,8,11-Se4-2,9-(C2)2(C3H6)2 (30), (c) 1,4,9,12-Se4-2,10-(C2)2(C4H8)2 (32),
(d) 1,4,10,13-Se4-2,11-(C2)2(C5H10)2 (33), (e) 1,4,7,10-Se4-2,8-(C2)2(C2H4)(C4H8) (28), (f) 1,4,7,10-Se4-2,8-(C2)2(C2H4)(C5H10) (29), (g) 1,4,8,11-
Se4-2,9-(C2)2(C3H6)(C5H10) (31).109
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elevated temperatures indicated interconversion between the syn- and anti-isomers. The asymmetric unit in 24 [see Fig. 30(a)]
contains two independent complexes. The conformations of the heterocyclic ligands differed by their anti/gauche sequences.

It was unexpectedly found32 that the attempts to hydrogenate C]C double bonds resulted in the detachment of the macrocyclic
ligand from the complex and the isolation of the free macrocycle 1,15-Se2(CH2)28 (6), as shown in Scheme 4.

(A)

(B)

Scheme 5 Preparation of (a) cyclic diselena diynes108 and (b) tetraselena diynes.109,110

Scheme 6 Preparation of cyclic tetraselena tetraynes and hexaselena hexaynes.111,112
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Table 4 Bond parameters in tetra- and hexaselena di-, tetra-, and hexaynes.

Complex rSeC (Å) rCC (Å) rC h C (Å) aSe (
�) aC (

�) a Ref.

1,4-Se2-5,12-(C2)2(CH2)7 (26) 1.834(8)–
2.032(14)

1.337(19)–
1.47(3)

1.185(12) 92.8(7)–99.3(6) 115.3(8)–
135.0(11)

108

1,4,7,10-Se4-2,8-(C2)2(C2H4)2 (27) 1.836(3)–
1.977(3)

1.528(6) 1.204(5) 95.45(16) 100.6(2) 109

1,4,7,10-Se4-2,8-(C2)2(C2H4)(C4H8) (28) 1.821(6)–
1.969(5)

1.462(8)–
1.535(9)

1.200(8)–
1.204(8)

96.0(3)–101.1(3) 112.0(4)–114.9(4) 109

1,4,7,10-Se4-2,8-(C2)2(C2H4)(C5H10) (29) 1.830(6)–
1.984(9)

1.506(8)–
1.524(7)

1.191(7)–
1.192(8)

97.2(2)–98.4(2) 111.9(4)–114.5(4) 109

1,4,8,11-Se4-2,9-(C2)2(C3H6)2 (30) 1.836(3)–
1.971(3)

1.518(4)–
1.518(4)

1.196(3) 97.93(11)–
98.24(10)

110.01(19)–
112.66(16)

110

1,4,8,11-Se4-2,9-(C2)2(C3H6)(C5H10) (31) 1.828(9)–
1.962(9)

1.392(19)–
1.520(11)

1.206(13) 97.1(5)–98.9(4) 111.5(5)–119.7(7) 109

1,4,9,12-Se4-2,10-(C2)2(C4H8)2 (32) 1.815(8)–
1.977(7)

1.392(19)–
1.534(9)

1.194(10)–
1.206(13)

96.3(3)–98.9(4) 110.3(5)–119.7(7) 109

1,4,10,13-Se4-2,11-(C2)2(C5H10)2 (33) 1.821(5)–
1.961(5)

1.506(7)–
1.534(7)

1.208(7) 97.7(2)–98.6(2) 111.7(4)–114.6(4) 110

1,6,9,14-Se4-2,4,10,12-(C2)4(C2H42)2 (34) 1.829(9)–
1.979(10)

1.370(12)–
1.478(15)

1.184(18)–
1.201(12)

94.0(4)–95.1(4) 111.4(7)–111.6(7) 111

1,6,10,15-Se4-2,4,11,13-(C2)4(C3H6)2 (35) 1.830(4)–
1.977(5)

1.392(7)–
1.519(6)

1.197(7) 96.9(2)–97.9(2) 110.3(3)–112.0(4) 111

1,6,11,16-Se4-2,4,12,14-(C2)4(C4H8)2 (36) 1.822(7)–
1.984(8)

1.399(10)–
1.511(8)

1.178(10) 95.2(3)–96.0(3) 112.5(6)–116.0(6) 111

1,6,12,17-Se4-2,4,13,15-(C2)4(C5H10)2 (37) 1.826(3)–
1.959(3)

1.369(5)–
1.529(4)

1.198(4) 97.65(13)–
98.00(13)

111.4(2)–113.8(2) 111

1,6,11,16,21,26-Se6-2,4,12,14,22,24-
(C2)6(C4H8)3 (38)

1.820(12)–
2.016(13)

1.333(11)–
1.587(17)

1.171(11)–
1.208(12)

94.0(3)–100.1(4) 102.6(9)–114.7(7) 111

1,6,12,17,23,28-Se6-2,4,13,15,24,26-
(C2)6(C5H10)3 (39)

1.781(15)–
1.988(9)

1.335(19)–
1.570(8)

1.17(2)–1.22(2) 92.1(8)–99.2(4) 109.6(7)–122(2) 111,112

aThe bond angles have only been reported for -CH2- carbon atoms.

(A) (B)

Fig. 32 Two examples of the guest molecules in the channels of 1,6,12,17,23,28-Se6-2,4,13,15,24,26-(C2)6(C5H10)3 (39). (a) 39 thiophene (trigonal
space group R-3), (b) 39 mesitylene (triclinic space group P-1).111 Top: view along the crystallographic a axis. Bottom: crystallographic a axis toward
left. The guest molecules together with their van der Waals surfaces have been indicated in green.
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1.09.3.2 Selenoethers with alkyne spacers

Gleiter and co-workers have reported the syntheses, structures, and properties of a large number of selenoethers containing alkyne
moieties (for a review, see Ref. 21). They can be divided into three classes depending on the nature of the spacer: diynes contain two
eC^Ce units in the ring, tetraynes contain two conjugated eC^CeC^Cemoieties, and hexaynes contain three eC^CeC^Ce
moieties in the ring molecule (see Chart 3).

They are prepared by lithiating alkynes and treating them with selenonitriles, as shown for diynes in Scheme 5.
The related reaction scheme has been used for the preparation of tetra- and hexaselena tetra- and hexaynes, as shown in

Scheme 6.
The SeeC^CeSe and SeeC^CeC^CeSe backbones are virtually linear. The selected bond lengths and bond angles are pre-

sented in Table 4.
Like in the case of saturated selenoethers, the di- and tetraselena diynes 26–33 are linked together by weak intermolecular

selenium-selenium interactions, which lead to a tendency toward tubular packing, as exemplified for tetraselena diynes 27–33
in Fig. 31. However, only the lattices of 30 [Fig. 31(b)], 33 [Fig. 31(d)], and 31 [Fig. 31(g)] show clear channels throughout the
lattices. The shortest intermolecular Se.Se contacts in different molecules span a range of 3.5822(8)–3.9617(9) Å.109,110

Whereas 1,6,9,14-Se4-2,4,10,12-(C2)4(C2H4)2 (34), 1,6,10,15-Se4-2,4,11,13-(C2)4(C3H6)2 (35), and 1,6,12,17-Se4-2,4,13,15-
(C2)4(C5H10)2 (37) also show short Se.Se contacts of 3.8955(15)–4.1181(16), 3.8179(8)–4.267(8), and 3.8858(5)–4.1614(4),
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Fig. 33 The dependence of the size of the solvent accessible volume on the angle f, which is the angle between the medium plane of the 39
macrocycle and the virtually linear SeCCCCSe unit.111 The trigonal space group R-3 is indicated in blue, the triclinic space group P-1 in red.
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respectively, it is only 37 that exhibits columnal packing.111 Interestingly, there are no Se.Se interactions in the lattice of 1,6,11,16-
Se4-2,4,12,14-(C2)4(C4H8)2 (36), but the molecules are linked together through Se.H hydrogen bonds.109

The channels in 1,6,12,17-Se4-2,4,13,15-(C2)4(C5H10)2 (37) 1,6,11,16,21,26-Se6-2,4,12,14,22,24-(C2)6(C4H8)3 (38) and
1,6,12,17,23,28-Se6-2,4,13,15,24,26-(C2)6(C5H10)3 (39) are wide enough that they can accommodate guest molecules.111 This
is exemplified by inclusion of thiophene or mesitylene in the channels of 39 (see Fig. 32a and b, respectively).

A detailed study of the effect of twelve different guest molecules on the lattice of 39 has been summarized in Fig. 33.111 The
solvent accessible volume of the crystal correlates with angle f between the mean medium plane of the macrocycle 39 and the virtu-
ally linear SeCCCCSe units. It was shown that on the other hand this angle correlates with the C^CSeC torsional angles. It was
concluded that C^CeSeeC unit acts as a hinge allowing the ring and thus the cavity diameter to expand, when the size of the guest
molecule increases. As shown in Fig. 33, in case of the smaller guest molecules the material crystallizes in a trigonal space group R-3
forcing the guest molecule to be disordered. While the packing of the macrocyclic ring remains unchanged, the larger guest mole-
cules force the lowering of the symmetry to a triclinic space group P-1. As a consequence, the orientation of the guest is fixed and the
crystal structure is ordered. The intermolecular Se.Se contacts between the ring molecules in 39 are unaffected by the identity of the
guest.

The effect of the guest molecules in 1,6,11,16,21,26-Se6-2,4,12,14,22,24-(C2)6(C4H8)3 (38) is even more dramatic, as depicted
in Fig. 34, in which the crystal structures of 38$hexane and 38$toluene have been compared. It can be seen that the guest molecule
has an impact on the conformation of the host molecule.111 38$hexane crystallizes in the orthorhombic space group Fdd2 and
shows the AAA stacking arrangement. By contrast, the 38 rings in 38$toluene display the ABCD stacking.

The reaction of 1,4,7,10-Se4-2,8-(C2)2(C2H6)(C3H6) (40) or 1,4,9,12-Se4-2,10-(C2)2(C4H8)2 (32) with [Co2(CO)12] afford
complexes, in which the selenamacrocycle acts as a bridging ligand between Co2C2 tetrahedra (see Fig. 35).113 Both
[{Co2(CO)5}2(40)] and [{Co2(CO)6}2(32)] are disordered with the CnH2n chains assuming two orientations. Both ligands are
coordinated to cobalt via h2 mode from the two C^C bonds in the heterocycle involving an electron pair in one of the p-orbitals
of both triple bonds. As a consequence, the CC bond length is extended from ca. 1.2 Å (see Table 4) virtually to a double bond
length of 1.350(4) and 1.339(8) Å in case of [{Co2(CO)5}2(40)] and [{Co2(CO)6}2(32)], respectively, and the ligand is bent
away from the central atom [the CCSe bond angles span a range of 134.4(2)–142.4(4)�]. Upon crystallization of
[{Co2(CO)5}2(40)], two moles of CO are liberated, and the vacant coordination cite is filled by the formation of a transannular
CoeSe bond of 2.3645(6) Å.113

(A) (B)

Fig. 34 The host-guest arrangement of 1,6,11,16,21,26-Se6-2,4,12,14,22,24-(C2)6(C4H8)3 (38) with (a) n-hexane (space group Fdd2) and
(b) toluene (space group P-1).111
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Fig. 35 Crystal structures of (a) [{Co2(CO)5}2(40)] and (b) [{Co2(CO)6}2(32)].113
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1.09.4 Summary

While the first reports of the preparation of heterocyclic selenoethers date back to late 1920s, it was only with the advent of modern
instrumental analytical techniques and development of synthetic methodologies that more systematic information about the struc-
tures and properties of these species has been obtained. Though the total volume of research literature on cyclic selenoethers is still
smaller than that of crown ethers and cyclic thioethers, selenoethers have shown a rapidly increasing number of adducts and metal
complexes despite the commonly held belief that heavy chalcogenoethers are relatively weak s-donors and therefore have only
a weak ligating propensity (for more detailed discussion, see for instance Refs. 3, 7, 8).

This chapter was concerned with monocyclic selenoethers containing unbranched saturated or unsaturated hydrocarbon spacers.
The main emphasis was in bonding and intermolecular interactions involving selenium atoms. Interestingly, the solid-state lattices
generally show columnar stacking of the rings resulting in infinite cavities in the lattices, which are not unlike those in zeolites. It has
been demonstrated that in some cases small molecules can be trapped in the cavities of the solid lattices. Chalcogen bonding plays
a role in the crystallization of various selenoethers and their derivatives, though the main importance of these interactions is only
seen in case of related telluroether analogs.
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Abstract

This chapter demonstrates an overview of diiron complexes containing diselenato and ditellurato linkers which mimic the H
cluster of [FeFe]-hydrogenase. The emphasis is on the significant role of incorporation of the selenium/tellurium atom into
the synthetic H cluster. These synthetic models tolerate direct comparison with those of dithiolato model analogues for their
catalytic activity to generate H2 in the presence of a proton source. A seemingly logic conclusion indicates that the
replacement of the two sulfur atoms with heavier chalcogens improves the electron density of the iron cores and hence
increases their catalytic activity.

1.10.1 Introduction

Nowadays, climate change is considered one of the greatest environmental challenges, and the concern about it raises year by year
by the scientific community. Therefore, the decarbonization strategy, which is defined as the method of lowering the amount of
carbon, mainly CO2, is one of the aims that countries around the world have planned in the coming decades. To obtain this, it
is a desideratum to replace the current fossil fuels with more eco-friendly alternative, such as green hydrogen owing to its clean
cold combustion in fuel cells.1–3 Consequently this triggered new developments in production of hydrogen and many researchers
have reported studies on this process.4–8 A high purity of hydrogen can be produced by water electrolysis, which is one of the clean-
est ways as it produces only oxygen besides the hydrogen.9 However, the efficient but expensive, platinum is still used as a catalyst
for this method and hence restricts the widespread adoption of hydrogen economy.10 Accordingly, many researchers have been
done their work related to design a cheap, efficient (low overpotential and high catalytic activity) and robust catalyst to substitute
platinum.

In contrast to present industrial method, great attention has been driven to enzymes called hydrogenases, which are known to
serve as highly active catalysts for the reversible oxidation of hydrogen in nature.11–16 These enzymes are categorized according
to the metal composition of their active center into three major families: (i) [Fe]-hydrogenases, (ii) [FeFe]-hydrogenases and
(iii) [NiFe]-hydrogenases.11–16 A subclass of the latter, which is known as [NiFeSe]-enzymes incorporate a selenocysteine bounded
to the Ni in place of one of the terminal cysteine residue of the typical [NiFe]-hydrogenase.17 Among these different classes, [FeFe]-
hydrogenase is considered to have the strongest catalytic ability for hydrogen formation, in which it can produce 9000 molecules of
hydrogen per second under optimum condition.14,18 Based on that, considerable attention has been paid on this type of hydrog-
enases as alternative biological catalysts to the commonly used platinum one. The topology of the active site of [FeFe]-hydrogenase,
the so-called H-cluster, which is responsible for the catalytic process has been resolved in the late twentieth century by the groups of
Peters and Fontecilla-Camps.19,20 Crystallographic and spectroscopic studies have confirmed that this H-cluster contains two Fe
centers which is coordinated by three carbon monoxides (CO), two cyanides (CN) and a bridging azadithiolate (ADT) ligand as
shown in Fig. 1.19,21–24 Furthermore, one of the two Fe centers is bound to a Fe4S4 ferredoxin cluster via a cysteinyl residue. It is
worth mentioning that the molecular structure of the H-cluster shows a unique feature in which one iron core is rotated with respect
to the other iron unit making one CO ligand to be in bridging position between the two iron atoms (Fig. 1). This feature provides
a vacant site to which hydrogenic species like a proton is proposed to bind during the catalytic process.25 The significant of the NH
moiety of the ADT linker is to act as an internal basic site that bind a proton as well as serves as a proton relay to the vacant site via
agostic interaction.26,27
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Over the past few decades, several model complexes that mimic the natural archetype have been synthesized and their
electrocatalytic activity toward hydrogen production is well reported in the literature.16 The diversity of these synthetic approaches
could help to understand the enzymatic mechanism of the H-cluster and give the chance to design effective and durable catalysts.
Fig. 2 illustrates the major modifications of [FeFe]-hydrogenase mimicking complexes, which is focused on three aspects as follows:
(i) alteration the dithiolate linker of the synthetic H-cluster mimics, (ii) the replacement of the m-S of diiron dithiolato models by
m-Se or m-Te atoms and (iii) substitution of one or more of the CO ligands with a stronger s-donor, such as phosphane or
phosphite ligands.

Reviewing the literature, one can find an enormous number of publications regarding these aspects within the past 20 years,
Therefore, this chapter briefly draws out some of salient features of the synthetic approaches containing the 3rd and 4th row chal-
cogen atoms, selenium and tellurium, as an alternative of sulfur. Additionally, this chapter depicts the distinct properties of such
[FeFe]-hydrogenase mimicking complexes, relative to those of sulfur analogues.

1.10.2 Synthetic complexes with aliphatic diselenolate linkers

1.10.2.1 General

While the literature is very rich with articles concerning the diiron dithiolato complexes that mimic the butterfly [Fe2S2] subcluster of
the H-cluster,30 the heavier analogues, including selenium and tellurium, are sparsely known. Nowadays, much concern has been
expressed in exploring the important role of selenium in the biological processes.31 This is because the selenium element improves
the chemical reactivity of the enzymatic reactions in comparison to that of sulfur analogues.31 Therefore, we and others are giving
close and thoughtful attention to model complexes having the heavier chalcogens like Se or Te as a substitute of S atom.32 With this
in mind, we decided to emphasize recent work in this area for the purpose of giving the reader an overview of the significant role of
substituting Se or Te in lieu of S atom in [FeFe]-hydrogenase mimicking complexes.

1.10.2.2 Hexacarbonyl complexes

The synthesis of diiron hexacarbonyl complexes containing diselenolato, and ditellurolato linkers can be achieved through several
pathways. For example, the reaction of electrophiles such as organic halides with the in situ generated [Fe2(CO)6{m-(LiE)2}] (E ]

Se, Te), which is produced by reduction of [Fe2(CO)6{m-E2}] by 2 equiv. of [LiHBEt3] (“Super Hydride”), afforded the

Fig. 1 Structure of the H-cluster of [FeFe]-hydrogenase.

Fig. 2 Possible modifications of the synthetic approaches.28–30
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corresponding hydrogenase mimics (Scheme 1).32–35 However, this method is efficient for cases in which the corresponding
organo-selenium or tellurium compounds that possess diselenides or ditellurides bonds are not easily available.36

Otherwise, compounds containing diselenides or ditellurides bonds can be reacted with [Fe3(CO)12] under reflux conditions to
provide the analogous hydrogenase mimics in easier way and better yields as shown in Scheme 1.36 Overall, the presence of heavier
chalcogenolato ligands in such hydrogenase mimics enhance the electron density at the iron cores, and hence influence their reac-
tivity as well as the redox properties.

In 2008, Peng and co-workers have reported for the first time the synthesis of [FeFe]-hydrogenase H-cluster mimic mediated by
N-substituted selenium-bridged with the general formula [Fe2(CO)6{m-(SeCH2)2 NC6H4R}] (R]4eNO2, H, 4eCH3) as shown in
Scheme 2.37

In their study, the influence of substituting Se atoms as an alternative of S atoms on the electrochemical properties as well as the
electrocatalytic activity for proton reduction was evaluated using IR spectroscopy and cyclic voltammetry. As a result, it has been
found that complexes containing diselenolato linkers show a small shift (ca. 9 cm�1) of their CO stretching bands to lower wave-
numbers in the IR spectra compared to those of sulfur analogues. However, these complexes showed the same reduction potentials
but slightly higher electrocatalytic activity for proton reduction when it is compared with those of the corresponding sulfur
analogues.37 During the same period, similar conclusion has been reported by Weigand and co-workers, in which they could obtain
a water-soluble [FeFe]-hydrogenase mimics mediated by sugar residue with a [Fe2E2] (E ]S, Se) core having the general formula
[Fe2(CO)6{m-(ECH2)2CHR}] (E ]S, Se) (R ¼ tetra-O-acetyl-b-D-glucopyranoside) as illustrated in Scheme 3.38

It is worth mentioning that the presence of the sugar residue will enhance the solubility of such models in aqueous system, and
hence water will serve as solvent and as a proton source at the same time.39 The impact of substituting Se atoms as an alternative of S
atoms in their hydrogenase mimics has recognized in the stability of these models in aqueous solution as well as the activity toward
hydrogen formation. Overall, the complex containing diselenolate linker shows higher stability and higher activity for proton reduc-
tion to molecular hydrogen, but at considerably more negative potentials than the corresponding sulfur analogue. This can be

Scheme 1 Synthetic pathways of obtaining hydrogenase mimics.

Scheme 2 The synthetic procedure of [Fe2(CO)6{m-(SeCH2)2NC6H4R}] (R]4eNO2, H, 4eCH3) complexes.
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attributed to the stronger electropositivity of Se atom compared to that of S atom, and hence increases the electron density at the
iron core.38

One year later, the replacement of the m-S of propanedithiolate-based [FeFe]-complex, [Fe2(CO)6{m-(SCH2)2CH2}], by m-Se
atoms has been reported for the first time by Weigand, Song and their co-workers independently as shown in Scheme 4.40,41 In
their study they could also show that the presence of Se atoms in lieu of S atoms of their synthetic approaches improves the activity
toward hydrogen formation in comparison with the corresponding [Fe2(CO)6{m-(SCH2)2CH2}] complex. Moreover, Weigand
group have succeeded to extend their study to obtain the analogous methyl-substituted complex from the reaction of
[Fe3(CO)12] with the in situ generated compound 3-methyl-1,2-diselenolane (Scheme 4).40 This modification might improve
the stability of the resulting complex.42

Within the same research work, Weigand and co-workers also succeeded in replacing the bridgehead Z in the linker
eSeeCHReZeCH2eSee (R ]H; Z ]CH2) by Se atom through the reaction of 1,3,5-triselenane with [Fe3(CO)12] under
reflux condition as exhibited in Scheme 4.40 Once more, the presence of Se atom in the obtaining complexes of their research
work afford higher catalytic activity for proton reduction to hydrogen under electrochemical environments. These results were
supported by photoelectron ionization experiment and DFT computations, which revealed that its reorganization energy is
considerably lower than that for sulfur-analogue, and hence predicts faster electron transfer which in turn causes the high
activity of Se-containing complexes.40

As a continuation of these initial results on the synthetic H-cluster mimics, two new complexes of “closed” and “open” butterfly
[Fe2Se2] cluster have been reported by Song and their co-workers.43 In their study, the oxidative addition of [Fe3(CO)12] with 1,3-
dihydroselenopropane-2-ol compound afforded the “closed” selenium containing complex with the general formula [Fe2(CO)6{m-
(SeCH2)2CH(OH)}] as shown in Scheme 5.

Another synthetic approach can give two types of products (the “closed” and “open” structures) with different yields through the
reaction of the in situ generated [Fe2(CO)6{m-(LiSe)2}] with 1,3-dibromo-2-propanol in THF solution (Scheme 5). The yields of
such type of reaction depends on the different of the molar ratio between the intermediate [Fe2(CO)6{m-(LiSe)2}] and 1,3-
dibromo-2-propanol compound.43 It is worth pointing out that the “open” system adopts three possible stereoisomers: (i)
axial-R/equatorial-Et (ae), (ii) axial-Et/equatorial-R, and (iii) equatorial-Et/equatorial-R (ee) (R ]CH2CH(OH)CH2Br) as shown
in Fig. 3. The axial-Et/axial-R (aa) isomer does not form due to the strong steric repulsions between the two substituents.44,45

The cyclic voltammogram of [Fe2(CO)6{m-(SeCH2)2CH(OH)}] exhibits similar behavior, but at considerably more negative poten-
tials than the corresponding sulfur analogue.

In light of the above-mentioned results, the number of articles that focus on the synthetic mimics of the active site of [FeFe]
hydrogenase containing heavier chalcogen, such as selenium or even tellurium is increased year after year. For example, theWeigand

Scheme 3 Synthetic pathways of obtaining [Fe2(CO)6{m-(ECH2)2CHR}] (E]S, Se) (R ¼ tetra-O-acetyl-b-D-glucopyranoside).

 
Scheme 4 Synthetic pathways of Weigand and Song hydrogenase mimics.40,41
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group has extended their investigation on the influence of the heavier atoms in a series of [FeFe]-hydrogenase model complexes with
the general formula [Fe2(CO)6{m-(ECH2)2C3H4O}] (E]S, Se, Te).46 The main purpose of their study was to demonstrate the basis
for the difference in reorganization energy of [Fe2E2] (E]S, Se, and Te) cores. It has been found that the presence of the oxetane ring
has a remarkable influence on stabilizing the cyclic diselenium and ditellurium precursor compounds, and hence gives the chance to
synthesize the homologous sulfur, selenium, and tellurium series. As described in their article, the complexes [Fe2(CO)6{m-
(ECH2)2C3H4O}] (E ]S, Se, Te) can be obtained by the reaction of equimolar amounts of [Fe3(CO)12] with 2-oxa-6,7-
dithiaspiro[3,4]octane, 2-oxa-6,7-diselenaspiro[3,4]octane or 2-oxa-6,7-ditelluraspiro[3,4]octane, respectively, in boiling THF as
exhibited in Scheme 6.

As a result of this investigation, the electronic effects of substitution from sulfur to selenium to tellurium are small. Moreover, the
ability of these complexes to catalyze the electrochemical reduction of protons to generate dihydrogen was studied using cyclic vol-
tammetry, and the catalytic activity is found to decrease on going from the sulfur to selenium to tellurium complexes. This obser-
vation was also supported by DFT calculations, which show the disability of their anionic species to adopt the rotated structures and
to provide a vacant coordination site. However, the reason behind this performance might be explained in terms of the increase of
the size of the chalcogen atoms ongoing from S to Te and consequently increases the distance between the two iron atoms.47

As a part of the Weigand group ongoing interest in studying the influence of replacing the m-S of the synthetic mimics of the
active site of [FeFe] hydrogenase by heavier chalcogen atoms, mixed (S, Se) and (S, Te) [FeFe]-hydrogenase model complexes

Scheme 5 Synthetic pathways of obtaining the “closed” and “open” structures of the synthetic H-cluster mimics reported by Song et al.43

Fig. 3 Three possible isomers of the “open” system reported by Song et al. (i) axial-R/equatorial-Et (ae), (ii) axial-Et/equatorial-R, and (iii)
equatorial-Et/equatorial-R (ee) (R]CH2CH(OH)CH2Br).

Scheme 6 Synthesis of [Fe2(CO)6{m-(ECH2)2C3H4O}] (E]S, Se, Te) complexes reported by Weigand and co-workers.46
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have been synthesized and characterized in order to compare themwith the much-studied molecule [Fe2(CO)6{m-(SCH2)2CH2}].
48

In this research work only one sulfur atom is replaced either by one selenium atom or by one tellurium atom through the reaction of
1,2-thiaselenolane or 1,2-thiatellurolane with [Fe3(CO)12] as shown in Scheme 7.

The features of the resulting complexes were compared with the corresponding sulfur analogues. As a conclusion of this work,
the presence of only single chalcogen substitutions at the diiron core is also increasing the electron richness at the metal centers and
hence elongate the bond between the two iron atoms as in the case of replacing the two sulfur atoms. This assumption was sup-
ported spectroscopically by noting the red shift of the carbonyl stretching frequencies of the IR spectra as well as lower ionization
energies of these complexes compared to that of [Fe2(CO)6{m-(SCH2)2CH2}]. However, there is no significant enhancement of the
catalysts properties for the hydrogen generation compared to their sulfur counterparts.48

In fact, one should note that all the synthetic approaches mentioned above, which are related to the structure of the H-cluster are
classified as artificial models with abiological linkers. Consequently, complexes mediated by azadithiolate (ADT) linkers can be
classified as bioinspired models.49–64 Along this line, the preparation of [Fe2(ADT)(CO)6]-like models was reported for the first
time by Rauchfuss and co-workers in 2001.49,50,65 Therefore, this triggered new developments in extending the chalcogenide
exchange to the ADT models with selenium by Song and his co-workers.66 Here, the dilithium salt of [Fe2(CO)6{m-Se2}] was gener-
ated via reaction of [Fe2(CO)6{m-Se2}] by 2 equiv. of [LiHBEt3] and afforded the N-functionalized models [Fe2(CO)6{m-
(SeCH2)2NC(O)R}] (R ]Me, Ph, PhCH2O) upon reaction with the corresponding N,N-bis(chloromethyl)amide in THF
from �78 �C to room temperature as illustrated in Scheme 8.

It was further reported that the parent complex [Fe2(CO)6{m-(SeCH2)2NH}] can be obtained through the N-substituted
complex [Fe2(CO)6{m-(SeCH2)2NC(O)PhCH2O}] as a precursor by using the N-deprotecting method.66,67 The reaction of this

precursor with BF3•OEt2/Me2S reagent in CH2Cl2 solution afforded [Fe2(CO)6{m-(SeCH2)2NH}] complex.66 Consequently, the
latter can be used as a precursor to get the N-functionalized models [Fe2(CO)6{m-(SeCH2)2NC(O)R}] (R ]Me, Ph, PhCH2O)
in high yields (Scheme 9) compared to the method involving the reaction of [Fe2(CO)6{m-(LiSe)2}] with the respective N,N-bis(-
chloromethyl)amide compounds as described in Scheme 8.66

In 2013, the Liu group has investigated the bioactivity of the [Fe2(CO)6{m-(SeCH2)2CH(OH)}] (SFOH) and [Fe2(CO)6{m-
(SeCH2)2CH(OOCCH3)}] (SFOA) complexes as an antioxidant against radical-induced oxidation of DNA.68 As a result, the
aliphatic hydroxyl group in [Fe2Se2] cluster was the antioxidant group of SFOH in protecting DNA against 2,20-azobis(2-
amidinopropane hydrochloride) (AAPH)-induced oxidation as shown in Scheme 10.

Scheme 7 Synthetic pathway of obtaining the mixed (S, Se) and (S, Te) [FeFe]-hydrogenase model complexes.48

Scheme 8 Synthetic pathway to the N-functionalized models [Fe2(CO)6{m-(SeCH2)2NC(O)R}] (R]Me, Ph, PhCH2O) reported by Song et al.66
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Harb et al. has also reported the incorporation of a sulfur or a selenium atom instead of CH2 at the bridgehead linker of
[Fe2(CO)6{m-(SeCH2)2CH2}] complex to examine the influence of the central sulfur and selenium atoms in such complexes.40,69

It is worth noting that the central sulfur/selenium atom has the same number of electrons as the actual active sites head group NH,
both units are isolobal to each other. The results of this study were supported by different methods such as, gas-phase photoelectron
spectroscopy, DFT calculations and cyclic voltammetry to get insight into the features of these hydrogenase mimics. The reaction of
bis(selenocyanatomethyl)sulfane with [Fe3(CO)12] in refluxing THF afforded the [Fe2(CO)6{m-(SeCH2)2S}] complex, while the
reaction of 1,3,5-triselenane with [Fe3(CO)12] in boiling THF afforded the [Fe2(CO)6{m-(SeCH2)2Se}] complex as shown in
Scheme 11.40,69

Scheme 9 Synthetic pathways toward [Fe2(CO)6{m-(SeCH2)2NH}] and [Fe2(CO)6{m-(SeCH2)2NC(O)R}] (R]Me, Ph, PhCH2O) complexes.66

Scheme 10 Synthesis of [Fe2(CO)6{m-(SeCH2)2CH(OH)}] (SFOH) and [Fe2(CO)6{m-(SeCH2)2CH(OOCCH3)}] (SFOA) complexes.68
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As a result, significant consequences for the physical and electrochemical properties of their synthetic approaches have been ob-
tained based on gas-phase photoelectron spectroscopy, DFT calculations and cyclic voltammetry experiments.40,69 They have found
that the influence of the central sulfur or selenium atoms at the bridgehead linker of [Fe2(CO)6{m-(SeCH2)2E}] (E ]S, Se) has
considerable impacts on the stabilization of the cations of these complexes as indicated by the photoelectron spectra, cyclic voltam-
mograms, and computations.40,69 While the HOMO of [Fe2(CO)6{m-(SeCH2)2CH2}] complex is primarily the sFeeFe bond, the
HOMO of [Fe2(CO)6{m-(SeCH2)2E}] (E]S, Se) complexes is primarily the bridgehead Sulfur/selenium lone pair with some delo-
calization to the bimetallic core according to the computations data. This results in structural changes of the cations compared to the
neutral molecule, where one [Fe(CO)3] unit is rotated with respect to the other iron unit making one CO ligand to be in a semi-
bridging position between the two iron atoms. This behavior is comparable to the structure of the active site of the natural arche-
type. Moreover, the positive charge of this cation is stabilized by the lone pair of the bridgehead atom that bend toward the resulting
vacant site of the rotated Fe atom.69

Another remarkable effect of this alteration was also detected in the redox features of the obtaining complexes. Since the first
reduction event of [Fe2(CO)6{m-(SeCH2)2CH2}] is reported to be a one-electron process,40,41 the reductions of [Fe2(CO)6{m-
(SeCH2)2E}] (E ]S, Se) occur after two-electrons processes with potential inversion. The nature of the transfer of these two-
electrons is assigned to an intervening chemical process of an ECEmechanism (E ¼ electrochemical process, C ¼ chemical process).
In this chemical process, one [Fe(CO)3] unit rotates to put one CO ligand in a bridging position, followed by cleavage of one FeeSe
bond.70 Accordingly, the lone pair of the bridgehead atom is withdrawn away from the iron to minimize the electron-electron
repulsions.

Along this line, Song and co-workers have also reported a comparison study between diiron oxadiselenolate (ODSe) complex
and the known diiron thiodiselenolate (TDSe) complex as models for the active site of [FeFe]-hydrogenases.71 Here, the synthesis of
diiron-ODSe complex was reported for the first time by the oxidative addition of HSeCH2OCH2SeH compound with [Fe3(CO)12] in
boiling THF to afford the target complex with the general formula [Fe2(CO)6{m-(SeCH2)2O}]. As a result, it has been found that the
catalytic activity of hydrogen formation of [Fe2(CO)6{m-(SeCH2)2O}] is slightly higher than that of [Fe2(CO)6{m-(SeCH2)2S}].
Moreover, this study also showed that the catalytic activity of both diiron-ODSe and diiron-TDSe complexes is slightly lower
than that of their sulfur analogues.

The Weigand group could provide another option to alter the bridgehead atom of [Fe2(CO)6{m-(SCH2)2C(Me2)}]
72,73 by

silicon atom together with the replacement of the m-S atoms by m-Se or m-Te atoms.74 In previous work, it has been reported
that the presence of the central silicon atom at the bridgehead linker of [Fe2(CO)6{m-(SCH2)2Si(Me2)}] is found to have a signif-
icant influence on increasing the electron density at the m-S-atoms due to the repulsive interaction of the s(SieC) and 3p(S)
orbitals (filled-filled interaction).75 Therefore, it is worth investigating the influence of presence the silicon atom at the bridge-
head linker instead of carbon atom together with the replacement of m-S by heavier chalcogen, such as selenium and tellurium
atoms. In this study, the reaction of bis(chloromethyl)dimethylsilane with the in situ generated sodium diselenide, which is
produced from the reaction of selenium and sodium borohydride in absolute ethanol, afforded the compound 4,4-dimethyl-
1,2,4-diselenasilolane (Scheme 12). Consequently, the reaction of the latter with equimolar amount of [Fe3(CO)12] in boiling
toluene generated the corresponding hydrogenase mimics with the general formula [Fe2(CO)6{m-(SeCH2)2Si(Me2)}] as depicted
in Scheme 12.

On the other hand, the synthesis of [Fe2(CO)6{m-(TeCH2)2Si(Me2)}] complex was carried out in a different route since 4,4-
dimethyl-1,2,4-diselenasilolane could not be obtained using the same method. Upon this, two mol-equivalents of the freshly
prepared potassium tellurocyanate, which is obtained by heating tellurium and potassium cyanide in refluxing dimethyl sulfoxide
(DMSO), were treated with bis(chloromethyl)dimethylsilane to afford the in situ generated 4,4-dimethyl-1,2,4-ditellurasilolane.
The latter was then added immediately to a solution of [Fe3(CO)12] in THF and heated under reflux conditions to generate
[Fe2(CO)6{m-(TeCH2)2Si(Me2)}] as shown in Scheme 12.

By comparing the CO stretching vibration modes of the obtained complexes with those of the sulfur analogue [Fe2(CO)6{m-
(SCH2)2Si(Me2)}], it was found that the CO vibrations are shifted to smaller frequencies on going from S to Se to Te. This indicates
that the electron density on the iron center is increased by the heavier Se- and Te-homologues. However, the cyclic voltammograms
of these complexes do not show any differences in the reduction potentials suggesting similar energies for the LUMO orbitals.
Furthermore, the catalytic activity of hydrogen production by using acetic acid as a source of protons decreases on going from S
to Se to Te despite the increase of the electron density on the iron center. The reason behind this performance might be explained

Scheme 11 Synthetic pathways of obtaining [Fe2(CO)6{m-(SeCH2)2S}] and [Fe2(CO)6{m-(SeCH2)2Se}] complexes reported by Harb et al.40,69
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in terms of increasing the size of the chalcogen atoms ongoing from S to Te and consequently the distance between the two iron
atoms increases, which results in the disability of these complexes to form the rotated structure and offer a vacant site for proton-
ation as reported in the literature.46

Likewise, Abul-Futouh et al. have reported a study that concerns about the impact of substituting the central atom, E, in
complexes containing [m-(SCH2)2ER2] linkers with the series of group 14 atoms going from C to Sn on the electron richness of
the [Fe2S2] core.

76 As a result, they have found that the electron density of the [Fe2S2] core increases upon going from C to Sn in
[Fe2(CO)6{m-(SCH2)2EMe2}] (E ]C, Si, Ge and Sn) complexes. This can be explained in terms of increasing orbital interaction
between the s(C-E) bond and the sulfur lone pair p orbital and hence the sulfur character in the HOMO enhances down the series.
In a comparable approach, Abul-Futouh et al. have succeeded in obtaining complex that mimics the structure of the active site of
[FeFe]-hydrogenase which contains a Sn atom at the bridgehead linker with the replacement of m-S donor atoms by m-Se atoms.77

The aim of this study is to investigate the protonation reactions of these mimicking complexes in the presence of strong and
moderate acids, respectively. Here, the reaction of bis(iodomethyl)dimethylstannane with the in situ generated sodium diselenide,
which is produced from the reaction of selenium and sodium borohydride in absolute ethanol, afforded the compound 4,4-
dimethyl-1,2,4-diselenastannolane (Scheme 13). Subsequently, the reaction of the latter with equimolar amount of [Fe3(CO)12]
in boiling THF afforded the corresponding hydrogenase mimics with the general formula [Fe2(CO)6{m-(SeCH2)2Sn(Me2)}] as
depicted in Scheme 13.

In fact, one should consider the impact of an existing internal basic site of the synthetic H-cluster mimics that could be proton-
ated in the presence of a Brønsted acid which is a crucial step in the catalytic cycle. In general, protonation of the bimetallic hex-
acarbonyl complexes may occur at different positions as shown in Fig. 4, with the consideration of the strength and amount of
the acid added. While protonation at the m-S is very difficult owing to its low basicity, protonation at the bridgehead atom/group
in [Fe2(CO)6{m-(SCH2)2E}] complexes is possible only when E ]NR or PhP]O are treated with strong acids such as HBF4$Et2O,
HOTf and HClO4 as reported in the literature.52,78–82

On the other hand, protonation at the FeeFe core of diiron dithiolato hexacarbonyl complexes cannot be occurred by acids
weaker than or similar to HBF4$Et2O. One exceptional case had been reported by Heinekey, Chiang and their co-workers in which
they could develop a method to protonate [Fe2(CO)6{m-(xdt)}][B(C6F5)4] (xdt ¼ pdt (propanedithiolato), edt (ethanedithiolato)

Scheme 12 Synthetic pathways of obtaining [Fe2(CO)6{m-(ECH2)2Si(Me2)}] (E]Se, Te) complexes.74

Scheme 13 Synthetic pathways of obtaining [Fe2(CO)6{m-(SeCH2)2Sn(Me2)}] complex reported by Abul-Futouh et al.77
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and bdt (benzenedithiolato)) model complexes at the FeeFe core using HCl in the presence of the very strong Lewis acid
[[SiEt3](B(C6F5)4)].

83–85 Having this in mind, the ability of diiron diselenolato hexacarbonyl complexes toward protonation has
not been previously tested before. Therefore, Abul-Futouh et al. has investigated the ability of [Fe2(CO)6{m-(SeCH2)2E(Me2)}]
(E ]C, Sn) complexes toward protonation upon addition of strong and moderate acids.77 This study has answered two inquiries,
which are: (i) does the presence of m-Se atoms improves the protonation process? or (ii) does the presence of the Sn atom at the
bridgehead linker together with the m-Se atoms enhance the electron density at the iron cores and hence facilitate the protonation
process? Overall, it has been found that the presence of the Sn atom together with the m-Se atoms in [Fe2(CO)6{m-
(SeCH2)2Sn(Me2)}] enhance the basicity of the iron cores to be protonated across the FeeFe core by using moderate (CF3CO2H)
and strong (HBF4$Et2O) acids, while in the absence of the Sn atom in [Fe2(CO)6{m-(SeCH2)2C(Me2)}] protonation reactions are
possible only in the case of rather strong acids as clarified in Scheme 14. This outcome contrasts with the corresponding sulfur
analogues, which are not basic enough to form the m-hydride (m-H) between the two iron cores by using excess HBF4$Et2O as
described in the literature.83–85

To shed light into the influence of substituents at the bridgehead carbon of the linker in the active center of the [FeFe]-
hydrogenase mimics, the Weigand group had reported synthetic models mediated by [m-(ECH2)2C(CH2OH)2] (E ]S, Se)
linkers.86 This alteration provides direct comparison regarding the steric interaction between the bulky bridgehead groups and
the apical CO with their analogues [m-(SCH2)2CR

1R2] (R1/R2 ¼Me/Me, Et/Et, Bu/Et)72 toward the redox features. The synthetic
procedures of precursors (1,2-dithiolane-4,4diyl)dimethanol and (1,2-diselenolane-4,4diyl)dimethanol needed for the synthesis
of the target complexes were prepared as described in Scheme 15.87,88 Accordingly, these precursors were reacted with
[Fe3(CO)12] in hot toluene solution to generate the corresponding hydrogenase mimics having the general formula
[Fe2(CO)6{m-(ECH2)2C(CH2OH)2}] (E ]S, Se) as presented in Scheme 15. Cyclic voltammetry experiment was carried out to
investigate the influence of the CH2OH moiety on the mechanism of the cathodic process and the reduction potentials of the
model complexes.

The conclusion that derived from this study states that the existence of sterically demanding groups, such as CH2OH at the
bridgehead of the synthetic approaches results in the torsion angle, which is identified by the apical CO across the FeeFe core. More-
over, this CH2OH moiety causes a change in the number of electrons transferred of the cathodic process as well as lowering the
reduction potential values compared to that of their analogues [m-(SCH2)2CR

1R2] (R1/R2 ¼Me/Me, Et/Et, Bu/Et) linkers. This
was explained due to the formation of the rotated structure during the cathodic process, which involves an interaction between
the OH group and the iron or the sulfur atom via the formation of hydrogen bonding.86 Furthermore, the replacement of sulfur
by selenium in these synthetic approaches results in an elongation of the FeeFe bond, smaller CO wavenumbers and a higher over-
potential concerning the catalytic reduction of AcOH.

Fig. 4 Possible protonation positions of [Fe2(CO)6{m-(SCH2)2E}] complexes.

Scheme 14 Summary scheme for the protonation processes reported by Abul-Futouh et al.77
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Darensbourg and co-workers have reported a study which is supported by computational studies to explore the relationship
between the increased length of the bridging dithiolate linkers and the formation of the rotated structure.89 Overall, it has been
found that increasing the linker length causes a reduction in energy between the none-rotated and rotated structures. This can be
explained due to the steric interaction between a methylene carbon and the apical CO on one of the Fe centers and hence facilitates
the formation of a rotated structure. Moreover, they have found that the stability of the rotated form is enhanced through an agostic
interaction between the hydrogen atom at the bridgehead methylene carbon and the vacant site that generated in the rotated
structure.

Having this in mind, Harb et al. have reported a study to explore the effect of replacing the m-S by Se atom together with the
systematic increase of the carbon atoms of the linker of [FeFe]-hydrogenase synthetic models having the general formula
[Fe2(CO)6{m-(SeCH2)2(CH2)n}] (n ¼ 1–8).90,91 In this study, the reaction of cyclic alkane diselenide or NCSe(CH2)nSeCN
(n ¼ 2–9) compounds with equimolar amount of [Fe3(CO)12] in refluxing THF afforded the desired complexes as shown in
Scheme 16.

Scheme 15 Synthetic pathways of preparing [Fe2(CO)6{m-(ECH2)2C(CH2OH)2}] (E]S, Se) complexes reported by Weigand group.86
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As a result, it has been found that the incorporation of selenium into the butterfly core causes a decrease in the stretching vibra-
tion bands of carbonyl ligands compared to that of sulfur analogues. However, it has been noticed that increasing the length of the
linker does not dramatically affect the carbonyl frequencies as indicated by the experimental observations and computations. Once
more, substitution of selenium instead of sulfur in such models results in elongation of the FeeFe bond due to the increased size of
selenium versus sulfur. Additionally, the quantum chemical calculations indicate the occurrence of structural rearrangements of the
cations of these models, in which one [Fe(CO)3] unit rotates and a semibridging CO forms to assist stabilize the positive charge,
especially in the case of [Fe2(CO)6{m-(SeCH2)2(CH2)n}] (n ¼ 2, 3). Further stabilization of this cation has been found through an
agostic interaction between the vacant site on the rotated Fe center and the CH2 moiety in the Se-to-Se linker.90,91 Moreover, it has
been found that the reduction potential values of these complexes decreases as the linker length increases.90,91

1.10.3 Synthetic complexes with aromatic diselenolate linkers

1.10.3.1 General

One of the major limitations of [FeFe]-hydrogenase mimicking complexes mediated by aliphatic dichalcogenate linkers mentioned
above is that their cyclic voltammograms are less reversible and exhibit high negative reduction potentials.92 This limitation restricts
their ability to act as utilizable electrocatalysts for hydrogen formation. Interestingly, it has been found that the presence of aromatic
dichalcogenate linkers in lieu of the aliphatic onesmakes the diiron complexes more robust and readily reducible. Even though such
type of architectural complexes did not identically resemble the structure of the H-cluster, it is still worthy to focus on this series of
complexes due to several points as follows: (i) the stability of their backbone has a significant role in the improvement of the
stability of the reduced species, (ii) the reversibility of their redox waves in cyclic voltammograms makes it convenient for mech-
anistic study of the catalytic cycle, and (iii) their reduction potentials values can be controlled through appropriate chemical adjust-
ment of the backbone, for example the presence of electron-withdrawing substituents results in a shift of the reduction potential to
less negative value.

For instance, it has been figured out that the reduction of complexes containing 1,2-benzenedithiolato ligands and its derivatives
occurred via transfer of two electrons at the same applied potential owing to potential inversion of the two reduction steps,70,93,94 in
contrast to the propanedithiolate analogue whose primary reduction step is described to occur via an irreversible one-electron reac-
tion.95 This can be explained due to the delocalization of electrons over the phenyl ring that improves the stability of the reduced
species. On the basis of these findings, the following section will introduce procedures and protocols that address recent work in this
area for the purpose of giving the reader an overview of the significant role of substituting Se in lieu of S atom in [FeFe]-hydrogenase
mimicking complexes mediated by aromatic linkers.

1.10.3.2 General aspects for the structures and syntheses of iron mimetic complexes with aromatic diselenolate linkers

The synthetic diiron complex containing the 1,2-benzenedithioalto ligand is considered as the first example that mimics the H-
cluster with an aromatic dithiolate linker. That opened a new research area to develop more sophisticated models bearing different
aromatic bridging linkages, which are prepared to modulate the structures of the diiron subsite. For example, the incorporation of
a naphthalene-1,8-dithiolato ligand into the synthetic models of [FeFe]-hydrogenase also enhanced the stability of the reduced
species to proceed via two sequential reversible one-electron steps.96–98

In light of the above-mentioned considerations, Grainger and co-workers have investigated the influence of alteration the naph-
thalene skeleton of the diiron subsite by introducing electron-donating groups, such as 3,8-di-tert-butyl, and 2,7-dimethoxy into its
backbone, incorporation of selenium instead of sulfur, and increasing the degree of conjugation in the aromatic backbone on the
catalytic activity toward hydrogen formation.99 Here the oxidative insertion of [Fe3(CO)12] into the SeeSe bonds of naphtho[1,8-
cd][1,2]diselenole, 3,8-dimethoxynaphtho[1,8-cd][1,2]diselenole, 3,8-di-tert-butylnaphtho[1,8-cd][1,2]diselenole, and
phenanthrol[1,10-cd][1,2]diselenole precursors afforded the desired complexes as shown in Scheme 17. Since selenium is less elec-
tronegative than sulfur, the iron centers that is coordinated to the selenium-based ligands are more electron rich and hence the
n(CO) vibration bands will be shifted to smaller wavenumbers as indicated by the IR data obtained for their synthetic approaches.

Scheme 16 Synthetic pathway of obtaining [Fe2(CO)6{m-(SeCH2)2(CH2)n}] (n ¼ 1–8) complexes reported by Harb et al.90,91
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Moreover, the electron-donating substituents at the naphthalene ring cause a bathochromic shift of the carbonyl stretching vibra-
tions compared to that in sulfur analogues.

Based on the electrochemical studies, the naphthalene as well as phenanthrene-based diselenide ligands have a significant role in
enhancing the stability of the reduced species compared to that of the aliphatic backbones. Moreover, another benefit of these alter-
ations was observed for the reduction potentials of these complexes in which it is shifted to less negative potential compared to that
of the corresponding aliphatic dithiolate analogues. The catalytic activity toward hydrogen production was found to be more effi-
cient in diselenolate-based models.

One year later, the same group was successful in obtaining a synthetic H-cluster mimic mediated by peri-substituted naphthalene
diselenides linker with imine/amine-substituent at the naphthalene ring.98 It is well known that the nitrogen-containing linker can
offer a basic site suitable for protonation under acidic conditions.100 Therefore, the synthetic approaches obtained by Grainger
group were tested to figure out if the amino and imino groups can be protonated under acidic conditions by applying cyclic vol-
tammetry experiment.98 In addition, they have extended their synthetic strategy to prepare a molecular dyad containing a tetraphe-
nylporphyrinato zinc as a potential photosensitizer.98 Here, the synthetic procedures of the precursors needed for the preparation of
the desired complexes are illustrated in Scheme 17. These precursors were then treated with equimolar amount of [Fe3(CO)12] in
boiling toluene to afford the imine/amine-substituted naphthalene-based [FeFe] complexes as shown in Scheme 18.98

As a result of the cyclic voltammetry experiment, it has been reported that the amino and imino groups can be protonated upon
addition of pTsOH acid. Moreover, it has been found that the diselenolate bridged [FeFe]-complexes are more efficient catalysts for
proton reduction compared to these of the sulfur analogues. Unfortunately, the synthesis of the selenium-containing molecular
dyad could not be obtained due to the degradation of the desired complex during the synthetic process.98

Another strategy to optimize the properties of the naphthalene skeleton is by introducing an imide group into its backbone. This
modification offered additional stability to the monoanionic species as reported by Wasielewski group and others.101–103 On the
basis of this finding, Abul-Futouh et al. have reported the first time the preparation of naphthalene mono-imide diselenolate deriv-
atives.104 These derivatives were used as proligands for the synthesis of new models that mimics the structure of the H-cluster in an
attempt to investigate their electrochemical and fluorescence properties.104 Moreover, they were successful in modifying the naph-
thalenemono-imide diselenolate backbone by incorporation of two halogen atoms at the ortho-position to the two selenium atoms,
and hence provides further fine-tunning of the reduction potentials of the corresponding complexes. As illustrated in Scheme 19,
Abul-Futouh model complexes were obtained by the reaction of the naphthalene mono-imide diselenolate compounds with
[Fe3(CO)12] in THF under reflux conditions. Overall, it has been found that the presence of the imide functionality enhances
the chemical stability of the mono- and di-reduced species as demonstrated by their voltammetric profiles. Thus, the incorporation
of bromine substituents at the 2- and 7-positions of the naphthalene skeleton caused a fine-tuning of the reduction potential. In
addition, the main reduction peaks were shifted to less negative value compared to that of their sulfur analogues.

The photophysical properties of the obtained complexes were examined by means of steady state absorption and emission spec-
troscopy. The potential of these complexes to directly transfer a photo-excited electron from the chromophore toward the [FeFe]
moiety was confirmed by quantum chemical calculations.

Scheme 17 Reaction pathways of obtaining iron mimetic complexes with aromatic diselenolate linkers reported by Grainger and co-workers.99
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Scheme 18 Synthetic pathways of obtaining the imine/amine-substituted naphthalene-based [FeFe] complexes.98

Scheme 19 Synthetic pathways of obtaining diiron complexes mediated by naphthalene mono-imide diselenolate linkers reported by Abul-Futouh
et al.104
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1.10.4 Summary

In summary, we herein shade light on the development of diiron complexes with heavier chalcogens, including selenium and tellu-
rium instead of sulfur as the molecular mimics of the H-cluster of [FeFe]-hydrogenase. As it is shown, substitution of selenium or
tellurium in lieu of sulfur atoms in [FeFe]-hydrogenase mimicking complexes results in an enhancement of the catalytic activity of
these model complexes. This could be explained due to the stronger donor ability of selenium or tellurium donor atoms in compar-
ison to sulfur and hence the electron density at the FeeFe core is increased. There is no doubt that there are some limitations about
this conclusion owing to the disability of the anions of complexes containing heavier chalcogens to form the rotated structure. To
overcome this issue, researchers made some alterations of the nature of the bridging linkers, such as increasing the length of the
bridging diselenolato ligands or incorporation of aromatic ligands into the synthetic models of [FeFe]-hydrogenases. Moreover,
we have also shown that the presence of m-Se instead of m-S atoms enhances the basicity of the iron cores to form the m-hydride
between the two iron cores in the presence of a source of proton. In addition, the incorporation of aromatic linkers into the synthetic
approaches has found to have a myriad of benefits such enhancement the stability of the catalytic intermediates and lowering their
reduction potential to less negative values.
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Abstract

Secondary bonding, the supramolecular interaction in which a heavy main-group element acts as an electrophilic center
despite having its primary valences already satisfied, is generating strong interest in current literature. Recent studies have
greatly expanded the variety of known examples and demonstrated applications of these interactions. Experimental work in
this area is often supported by computational investigations with a wide variety of tools. The purpose of this article is to
facilitate the interpretation of the information provided by each method and aid in the comparison and integration of results
from dissimilar techniques. The discussion includes methods to model structure, evaluate and analyze interaction energies,
and dissect the factors that contribute to the stabilization of these interactions.

1.11.1 Introduction

As X-ray diffraction became a routine tool for the characterization of inorganic compounds, it soon became apparent that many
crystal structures of compounds of the heavy p-block elements display features that conflict with the simple but very successful Lewis
Octet and Valence-Shell Electron Pair Repulsion models of bonding and structure. Frequently, the heavy atoms are found in close
proximity to other atoms in electron rich centers, at distances that are intermediate between the sums of the van der Waals radii and
covalent radii. In many cases a short contact of this type would subtend a nearly straight angle with another bond of the heavy atom.
N. W. Alcock1 proposed the term “secondary bond” to designate this feature and distinguish it from the “primary bonds” that define
a molecular species (see an example in Fig. 1).

Fig. 1 Secondary bonding interactions (SBIs) in the crystal structure of (SeOCl2)5.NMe4Cl.2 Data from Hermodsson, Y.; Kjekshus, A.; Santesson, J.;
Holmberg, P.; Eriksson, G.; Blinc, R.; Pau�sak, S.; Ehrenberg, L.; Dumanovi�c, J. Acta Chem. Scand. 1967, 21, 1328–1342. SeOCl2 molecules and Cl�

anions are organized in [(SeOCl2)10Cl2]2� clusters. The longer Se/Cl (2.93–3.60 Å) and Se/O (2.82–3.14 Å) distances correspond to SBIs (Cf.
SrcovSe-Cl ¼ 2.15 Å, SrvdWSe-Cl ¼ 3.65 Å, SrcovSe-O ¼ 1.89 Å, SrvdWSe-O ¼ 3.42 Å), specifically chalcogen bonds. Cl/Cl halogen bonds connect
neighboring clusters, which are not shown for clarity.
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Interest in secondary bonding grew slowly during the late 20th century but was greatly invigorated by demonstrations of its
applications (e.g., in crystal engineering) and the formal definitions of halogen (XB) and chalcogen bonds (ChB) by the IUPAC:

“A halogen bond occurs when there is evidence of a net attractive interaction between an electrophilic region associated with a halogen atom in a molecular entity and
a nucleophilic region in another, or the same, molecular entity.”3

“(A) chalcogen bond (is a) net attractive interaction between an electrophilic region associated with a chalcogen atom in a molecular entity and a nucleophilic region in
another, or the same, molecular entity.”4

Analogous names have been proposed for the cases in which the electrophilic centers belong to other p-block elements5 and
even covalent d-block species.6,7

A number of computational studies have been dedicated to this phenomenon. Initial research was constrained by the inherent
inability of early methods to model heavy atoms with sufficient accuracy; consequently, its conclusions should be treated with great
caution. Currently available methods and computational infrastructure have enabled a good understanding of the factors that stabi-
lize this type of supramolecular interaction and current literature always includes computational investigations as part of the char-
acterization of SBIs. Computational modeling is especially valuable to examine systems in solution or gas phase for which
a structural determination might be difficult if not impossible. This overview includes commonly used methodologies with selected
examples from literature. Full theoretical details of each model are beyond the scope of this chapter, but comprehensive introduc-
tions are available in Cramer’s book.8

1.11.2 Structure

The quality of any computational model must be assessed by its ability to reproduce experimental observations. In this regard, the
primary observable of SBIs in a crystal structure are the interatomic distances and angles. Accurate measurements of the electron
distribution are possible, but charge density measurements are far from routine as they require high-resolution X-ray diffraction
measurements at low temperature. Modern quantum mechanical methods are capable of reproducing structures with good accu-
racy, but deviations of ca. 0.2 Å for SBIs are not unusual. Density Functional Theory (DFT) calculations are preferred for expediency;
within this family, GGA (e.g., PW91, PBE) and meta GGA (e.g., MO6L) functionals are adequate. Hybrid functionals (e.g., PEB0,
B3LYP) are in principle more accurate but less so than MP2 and coupled-cluster calculations. In the example in Fig. 2 (((H)(NC)
Te/TeH2)

9 the potential energy profiles show that the HF method is unable to model distance and energy and, although the
popular DFT hybrid functional B3LYP is adequate for calculation of the chalcogen bond distance, it underestimates the interaction
energy. The MP2 calculations approach the coupled cluster CCSD(T) surface in this case. Further Symmetry Adapted Perturbation
Theory (SAPT) calculations for this and closely related systems indicate that dispersion is a major component of the interaction
energy.10 However, the most accurate methods are only viable for small molecules. In any case, DFT calculations must include rela-
tivistic effects and be corrected for dispersion; Grimme’s D3 scheme being the dominant approach. Such corrections are good esti-
mates of but not the actual dispersion contributions. Periodic boundaries are necessary when modeling infinite chains and lattices
(Fig. 3).

1.11.3 Energy

The strength of an SBI is usually gauged by the magnitude of the corresponding binding energy. This involves comparing the ener-
gies of the equilibrium structures of the individual molecules and their aggregate or “supermolecule”. The immediate result of calcu-
lating these two stationary points of the system is the electronic energy. Supplemental vibrational calculations provide the
corresponding enthalpy, entropy and Gibbs free energy at a given temperature. A detailed calculation would take into consideration
the structural changes, however small, that the constituting molecules undergo upon association; their contribution is termed the
“preparation energy”. It should be noted that the calculation of the aggregate artificially decreases the energy of the system due to the
basis set superposition error (BSSE), which can be estimated with a counterpoise (CP) correction. The BSSE is especially important
for small molecules.

Energy decomposition analyses (EDA). To facilitate interpretation, electronic interaction energies often are parsed into components
that have chemical significance. Amongst the most common approaches is the Morokuma14 scheme, which splits the energy into
four components (Eq. 1).

Einteraction ¼ Eelectrostatic þ Epolarization þ Eexchange þ Echargetransfer (1)
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• Electrostatic, i.e., the coulombic interaction between molecules without any mixing of their molecular orbitals.
• Polarization, resulting from the mixing of occupied and empty orbitals within each molecule in response to the total electric

field.
• Exchange (Pauli or steric) repulsion, from the interaction between occupied molecular orbitals.
• Charge Transfer, from the mixing of occupied and empty molecular orbitals between molecules with the concomitant delo-

calization of electrons.

The Ziegler-Rauk15,16 method keeps Morokuma’s electrostatic and exchange components and regards their combination as the
“total steric interaction” in a “transition-state” in which the system has the final equilibrium geometry, but their electronic densities

Fig. 2 Potential energy surface (PES) calculated for the NC-Te/Te chalcogen bond between HTeCN and H2Te with several computational
methods.9 Adapted for clarity with permission from Bleiholder, C.; Werz, D. B.; Köppel, H.; Gleiter, R. J. Am. Chem. Soc. 2006, 128, 2666–2674.
Copyright 2006 American Chemical Society.

Fig. 3 Potential energy surface (ADF, PW91, all electron TZP ZORA) calculated for the in-plane deformation of a dimer of 1,2,5-telluradiazole.11

Adapted with permission from Cozzolino, A. F.; Vargas-Baca, I.; Mansour, S.; Mahmoudkhani, A. H. J. Am. Chem. Soc. 2005, 127, 3184–3190.
Copyright 2005 American Chemical Society. The steep potential profiles show that the square ring formed by a pair of antiparallel Te/N chalcogen
bonds (i.e., the now ubiquitous [Ch-N]2 supramolecular synthon12,13) is a very robust structural unit.
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are not allowed to relax. Polarization and charge transfer are treated as a single orbital interaction contribution. A recent update to
this scheme includes corrections to the energy due to dispersion.

The natural energy decomposition analysis (NEDA)17 is, an alternative approach based on the Natural Bond Orbital method of
orbital localization, considers four components:

- Deformation from the cost of distortion of the wave function of the fragments in the supermolecule.
- Electrostatic from the interaction between deformed fragments.
- Charge Transfer, due to the transfer of electrons from donor to acceptor orbitals of the deformed fragments.
- The basis set superposition error.

Whatever the EDA scheme, the contributing terms are not really independent of each other. Relaxation of the electron density of the
building blocks necessarily changes their internal electric multipoles and the electrostatic interaction between them; variations in
the composition of the molecular orbitals does impact the exchange interaction. The components extracted from an energy decom-
position analysis are thus path properties,18 comparison of values only makes sense within the same EDA approach. Nevertheless,
these analyses are valuable as they permit identifying traits and trends useful for chemists to understand and make use of these
supramolecular interactions.

Electrostatic potential maps. The electrostatic contribution to an SBI originates in the sharing of electrons between atoms linked by
covalent primary bonds. Localization of electron density in the internuclear region takes place at the expense of the antipodal
regions of space, the depletion of electron density creates a positive potential even in the case of a homo-diatomic molecules
such as I2. Such electrophilic areas are usually visualized with maps of electrostatic potential on the isodensity surface of a molecule.
Such surfaces are usually calculated at a 10�3 a.u. of density (Fig. 4) but, in some cases, different values might be necessary to iden-
tify the electrophilic zones.

Although the term “sigma hole” is routinely used to refer to the electrophilic patch on the surface of a molecules, the maximum
of potential (Vmax) is coincident with the minimum of electron density (rmin) only when the heavy atom has one “primary bond”.
In the case of l2 chalcogen atoms, Vmax can be significantly displaced from Vmax and rmin, especially when highly electronegative
groups are bonded.20 The sigma holes are often invoked in literature to justify the apparent directionality of SBIs. However, steric
repulsion cannot be ignored and the observed geometries result from the balance of all contributions.21

Solvation. In first instance quantum mechanical calculations assume that the interacting molecules are in gas phase. The effect of
a condensed liquid phase can be examined with models of solvation. The solvent is in first instance modelled as a continuum that
interacts electrostatically with the solute molecule inserted in a cavity. At the root of the solvation models is the electrostatic poten-
tial that arises from the charge density and dielectric constant of the medium. The properties of the medium account for the average
that results from the thermal motion of solvent molecules. The details of the cavity construction and the specific properties used to
model the medium define the difference between solvation methods. One of the most common approaches is the Polarized
Continuum Medium (PCM or MST, after Miertus, Scrocco, and Tomasi)22 method, which provides very good estimates of the
free energies for chalcogen bonding between anions and an amine with benzochalcogenadiazoles.23 While PCM treats the medium
as a dielectric, it is more efficient to assume the opposite, as in the conductor-like screening model (COSMO). In that case, the
energy is calculated assuming that the medium is a conductor, so that the charge distribution at the surface of the cavity is an image
of the solute’s; the energy terms are then scaled by ( 3þ 1)/( 3þ x), where 3is the dielectric constant and x is an empirical factor.
Solvation effects on the stability of chalcogen bonds can be dramatic. While gas-phase calculations for the dimers of N-methyl ben-
zochalcogenadiazolium cations (Fig. 5)24 imply that all three dimmers would be unstable, the stabilizing effect of solvation in

Fig. 4 Electrostatic potential (AMS SCM, PBE, all-electron TZ2P ZORA) maps of an isotellurazole N-oxide.19 (A) Contour plot in the heterocyclic
plane and isodensity contour at 10�3 a.u. (B) and (C) two perspectives of the map plotted on the surface of the 10�3 a.u. isodensity offer. Panels
b and c are adapted from Ho, P. C.; Szydlowski, P.; Sinclair, J.; Elder, P. J. W.; Kübel, J.; Gendy, C.; Lee, L. M.; Jenkins, H.; Britten, J. F.; Morim, D.
R.; Vargas-Baca, I. Nat. Commun. 2016, 7, 11299 under a CC BY 4.0 license. The scales are chosen to facilitate the location of the maximum and
minimum of potential.
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acetonitrile is enough to overcome electrostatic repulsion and permit dimerization by a pair of Te/N chalcogen bonds. The more
anodic reduction potential measured in DMSO for the tellurium congener suggests that such dimer does exist in solution.

1.11.4 Electron density analysis

The distribution of electrons in space is key to interpret bonding. The most common approaches in the analysis of SBIs are based on
topological analysis and localization descriptors.

Atoms in Molecules (AIM). The topological analysis of the average spatial distribution of electron density (r(r)) of a molecule or
crystal is at the core of Bader’s theory of atoms in molecules.25 Here, the molecular structure is defined by the stationary points of
r(r) and the gradient (Vr(r)) lines that connect them. The electron density is maximum at the position of the atomic nuclei and
bonds are characterized by lines of maximum density or bond paths. The point of minimum electron density along the path is desig-
nated as the bond critical point (BCP). The classification of stationary points is easily extended to ring and cage critical points (Fig. 6).
The Laplacian (V2r(r)) identifies the regions of space where the electron density is concentrated or depleted, thus providing a map
that locates the electron pairs that are central to the Lewis bonding and VSEPR structural models. Secondary bonding is interpreted
by AIM just like any other bond, by locating the bp and BCP. The AIM analysis is applicable not only to calculated but to exper-
imental charge densities.27 There is some correlation between the density at the (rBCP) (or the Laplacian) and the secondary
bonding energy for homologous series of compounds (Fig. 7). However, AIM is often criticized because it can find bond paths
between any close neighbors, even the hydrogen atoms in a hydrocarbon crystal. On the other hand, the space grid must be carefully
chosen to find BCPs when Vr(r) along the SBI bp is small.

Fig. 5 Calculated free energy profile (Gaussian, B3LYP, 6-31G(d,p) (E ¼ S) or 6-31G(d,p)/SDB-cc-pVTZ (E ¼ Se, Te), PCM) for the dimerization of
N-methyl-benzochalcogenadiazolyl cations in acetonitrile solution.24 Reproduced with permission from Risto, M.; Reed, R. W.; Robertson, C. M.;
Oilunkaniemi, R.; Laitinen, R. S.; Oakley, R. T. Chem. Commun. 2008, 3278–3280. Copyright 2008 Royal Society of Chemistry.

Fig. 6 Electron density map (ADF, B3LYP-D3, all-electron TZ2P ZORA) calculated for the dianionic trimer of benzotelluradiazole.26 Adapted with
permission form Dmitriev, A. A.; Pushkarevsky, N.; Smolentsev, A. I.; Vargas-Baca, I.; Gritsan, N. P.; Beckmann, J.; Zibarev, A. V. Chem. Commun.
2020, 56, 1113–1116. Copyright 2020 Royal Society of Chemistry. Isodensity surfaces are plotted within the range 0.01–0.15 a.u. and clipped off at
the average plane of the tellurium atoms. Atom sphere models, bond paths (white rods) and critical points (red spheres for bonds and green spheres
for rings) are overlaid for clarity. The asymmetry of the structure is likely related to a second-order Jan-Teller distortion resulting from electron
delocalization over the pi manifold of the trimer, and packing in the crystal. The correlation between electron density at the critical point and bond
distance is apparent in the Te/N chalcogen bonds.
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The electron localization function (ELF, h) originally proposed by Becke and Edgecombe29 is based on the probability density for
a pair of electrons with the same spin. Savin30 reformulated the definition based on the Pauli kinetic energy density of noninter-
acting electrons to enable its application with DFT as:

h rð Þ ¼ 1=
�
1þcs

2 rð Þ� (2)

Where:

cs rð Þ ¼ Ds rð Þ=Ds
0 rð Þ (3)

Ds rð Þ ¼ ss rð Þ� 1=4
�ðVrs rð ÞÞ2=rs rð Þ� (4)

is the fermionic contribution to the kinetic energy in the molecule;

Ds
0 rð Þ ¼ 3=5

�
6p2�2=3 ðVrs rð ÞÞ5=3 (5)

is the fermionic contribution to the kinetic energy in the uniform electron gas with rs(r); rs is the spin density; and s s is the kinetic
energy density.

ELF measures the likelihood or finding an electron in the vicinity of a reference electron with the same spin at any point in space.
It is a measurement of the extent of localization of the reference electron, and provides a method for mapping electron pair prob-
ability in space. Possible values of ELF range from zero to one. In the homogeneous electron gas, ELF takes a 0.5 value. ELF
approaches the maximum in space regions occupied by bonding and lone pairs; and the minimum for regions between two electron
shells.30 The ELF provides an intuitive visualization of the regions of space occupied by core, bonding and lone pairs of electrons.
Sigma holes (Fig. 8) and their interactions with electron pairs are also identifiable. In the Fig. 9 example, the smaller volume of the
Sb basins close to Te suggests electron depletion from the pnictogen. On the basis of these features, the interaction was interpreted as
a case of chalcogen bonding. However, the apparent volume decrease in the volume of the localization domain on the interacting
tellurium atoms suggests a degree of backdonation into Sb.32

The Electron Localizability Indicator (ELI) is an alternative approach to ELF that is based on restricted populations. The space is
divided in microcells with volumes chosen so that the integral of a calculated control property is the same in each microcell and
can be compared with a calculated sampling property. ELI-D35,36 is the ELI variant for electrons with the same spin. For electrons
with s spin, ELI-D is:

gD
s rð Þ ¼ rs rð ÞVD rð Þ (6)

As with the ELF, the topological analysis of the electron pair density by ELI-D identifies core, bonding, and lone-pair basins.
Integration quantifies the electron density in each basin.

Noncovalent Interaction index (NCI).37,38 This approach is also based on the electron density and its reduced (dimensionless)
derivatives. Here the areas of noncovalent interaction are characterized by:

Fig. 7 Correlation of the calculated chalcogen-bond interaction energy (ADF, PW91, all-electron TZP ZORA) between chalcogenadiazoles and
solvent molecules (benzene, dimethyl sulfoxide and pyridine) with the electron density at the bond critical point and its laplacian.28 Reprinted from
Cozzolino, A. F.; Elder, P. J. W.; Lee, L. M.; Vargas-Baca, I. Can. J. Chem. 2013, 91, 338–347. Energy values follow the order
thiadiazole < selenadiazole < telluradiazole. The three lowest energies correspond to the interaction with benzene. Binding energies to pyridine are
slightly larger than those of DMSO.
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Fig. 8 Comparison of experimental (A) and calculated (B, Gaussian, B3LYP/aug-cc-pVTZ(-PP)) structures of the acetonitrile adduct of the Xe2O2þ

cation ([AsF6]� salt) and ELF isosurface at h(r) ¼ 0.54.31 Reprinted with permission from DeBackere, J. R.; Bortolus, M. R.; Schrobilgen, G.
J. Angew. Chem. Int. Ed. 2016, 55, 11917–11920. Copyright 2016 John Wiley and Sons. The sigma holes are clearly visible in the Xe valence basins
(dark gray).

Fig. 9 ELF analysis of the Te/Sb interactions observed in the crystal structures of two stibanyl telluranes.32 Adapted with permission from
Gomila, R. M.; Frontera, A. J. Organomet. Chem. 2021, 954–955, 122092. Copyright 2021 Elsevier. The compounds are identified by their CSD codes:
MOGDAP (Et2Sb-TeEt)33 and ZIDSUC (Et2Sb-Te-SbEt2).34 Model dimers were calculated using DFT (PBE0-D3/def2-TZVP). (A) and (B) map the ELF in
a plane, which permits visualizing the lone pairs of electrons (LP) and the sigma holes. In this map, the Sb LP is oriented toward the Te sigma hole.
(C) and (D) displays electron localization domains as blue isosurfaces (h ¼ 0.83) with volume values (V(E), Å3) of the valence basins of Sb and Te.
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- small values of r(r) and is reduced gradient.

s ¼ ½
�
3 p2��1=3

Vr rð Þ r rð Þ�4=3 (7)

- a curvature of r(r) characterized by a negative to small positive second eigenvalue of the Hessian (l2).
- a strictly negative l2 is characteristic of hydrogen bonding,
- slightly positive l2 corresponds to van der Waals interactions.

Thus a mapping of l2, on the NCI surface identifies steric repulsion (l2 > 0), van-der-Waals like (l2 z 0), and attractive (l2 < 0)
interactions. For large systems, the analysis can be approximated using promolecular electron densities, i.e., the spherically-averaged
densities of the constituting atoms (Fig. 10).

Although different, AIM, NCI, ELF and ELI-D descriptors are useful complementary tools for the description and analysis of SBIs
Fig. 11.

Hirshfeld surfaces. This method to characterize the interaction between molecular entities in a crystal is based on the analysis of
electron density. The region of space occupied by a molecule is defined as the area in which the contribution to the electron density

Fig. 10 Scatter plots of spro versus rpro(r) multiplied by sign(l2(r)) and NCI isosurfaces and s for the I.N halogen bonds between pyridyl group and
iodobenzenes on graphite surfaces.39 Reprinted with permission from Zhang, S.; Lu, Y.; Zhang, Y.; Peng, C.; Liu, H. J. Phys. Chem. C 2017, 121,
4451–4461. Copyright 2017 American Chemical Society. The large green isosurfaces denote the p-stacking interaction between molecules and
isosurfaces and contrast with the blue surfaces from the halogen bond and the red areas of repulsion. The points corresponding each of these
interaction types are identified in the scatter plots.
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from the promolecule to the procrystal is greater than that of any other molecule, and is defined by the ratio of the densities being
greater than 0.5.

w rð Þ ¼ rpromolecule=rprocrystal (8)

The volume occupied by a molecule is thus delimited by the isosurface of w(r) ¼ 0.5, the Hirshfeld surface -called so because the
approach to construct it follows Hirshfeld’s stockholder partitioning method for atoms in a molecule.41 The promolecular and pro-
crystal densities are evaluated as the sums of the densities of the constituting atoms. For convenience, these are taken from literature
data.42–45 Several functions of distance and curvature can be mapped on the Hirschfeld surface, the normalized distance (dnorm)
being one of the most useful (Fig. 12).

dnorm ¼
��

di þ ri
vdW

�
=ri

vdW
�
þ
��

de þ revdW
�
=revdW

�
(9)

Where di and de are, respectively, the distances from any point to the nearest internal and external nuclei; rvdW are the corre-
sponding sums of van der Waals radii. This visual tool provides a convenient means to identify meaningful intermolecular contacts
Fig. 12.

Fig. 11 Computational analysis of the Te/O intramolecular interaction in the structure of 8-methoxynaphthyltellurium trichloride.40 (A) The QTAIM
analysis clearly identifies a bond path and a BCP between tellurium and oxygen. (B) the NCI isosurface (s(r) ¼ 0.5), (C) The ELI-D isosurface
(Y ¼ 1.3), and (D) ELI-D distribution mapped on relevant ELI-D basins. ELI-D and NCI show complementary spatial distribution suggesting a clear
separation of covalent and non-covalent bonding contributions. Reprinted with permission from Wohltmann, W.; Mostaghimi, F.; Bolsinger, J.; Lork,
E.; Mebs, S.; Beckmann, J. Inorg. Chim. Acta 2018, 475, 73–82. Copyright 2018 Elsevier.

580 Computational modeling and characterization of secondary bonding in compounds of late p-block elements



1.11.5 Polarization and charge transfer

An inherent limitation of the EDA schemes in Section 1.11.3 is that the polarization term includes both the intramolecular reor-
ganization of electron density and any intermolecular charge transfer between interacting molecules. The latter is of particular
interest because it quantifies the degree of covalency of the secondary interactions, assuming that the electrons are shared between
the interacting molecular fragments.

The straightforward approach to assess covalency analyses orbital mixing between molecular fragments, evaluates molecular
orbital populations and charge changes in the molecular fragments, which can be graphically presented as plots of deformation
densities. Comparisons are only possible between systems calculated with the same method as results depend markedly on basis
set, and functional or HF level.47 Charges based on electron densities, e.g., Hirshfeld, are less influenced by the basis set than pop-
ulation based values, e.g., Mülliken, Natural Population Analysis (NPA). Calculations for symmetrical dimers are problematic but
can be approached by the Constrained Space Orbital Variation (CSOV) method.48

Alternatively, the covalency of an SBI can be gauged from localized molecular orbitals and derived bond orders. The Natural
Bond Orbitals (NBO)49 approach is the most common of the methods to transform a set of delocalized molecular orbitals into
an equivalent set of one- and two-center functions with maximum electron density. Other approaches include the Boys-Foster
method,50 which minimizes the extension of the orbitals about their center of gravity. NBO yields orbital energies that can be inter-
preted as the covalent contribution to the SBI. NPA charges are also derived from the population analysis of NBOs (Fig. 13).

ETS-NOCV. Natural orbitals of chemical valence (NOCVs)52,53 are derived by partitioning of the deformation density. The analysis
is based on the interaction between molecular fragments, with each NOCV being an eigenvector of the deformation density matrix
(DR) calculated from the combination of fragment orbitals (l1) into the wavefunction (jI).

DP ji ¼ ni jI; jI ¼ rl1 l2/lnr (10)

Fig. 12 Hirshfeld surfaces of iodoethynyl-substituted benzochalcogenadiazoles.46 Reprinted from Alfuth, J.; Zadykowicz, B.; Wicher, B.;
Kazimierczuk, K.; Poło�nski, T.; Olszewska, T. Cryst. Growth Des. 2022, 22, 1299–1311 under a CC BY 4.0 license. The chalcogen is sulfur in panels A–
C, and selenium in D–E. The isosurfaces are mapped with the value of dnorm, the color scale is adjusted to facilitate interpretation; blue regions are
points beyond the van der Waals surface while the red spots correspond to contacts shorter than the sum of van der Waals radii, chalcogen and
halogen bonds in this case. Selected neighboring molecules forming close contacts are shown along with the values of calculated (HF, 3-21G)
interaction energies between the molecules.
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Here the total deformation density is a sum of complementary pairs (j-j, jj) corresponding to the eigenvalues nj and n� j ¼ �nj.

Dr rð Þ ¼ S Drj rð Þ ¼ S nj

�
�j2�j rð Þþj2

j rð Þ
�

(11)

The deformation density from each of these pairs has a well-defined contribution to the Ziegler-Rauk total orbital interaction and
its graphical representation usually correlates with the interaction of fragment orbitals and allows the distinction between electron
donor-acceptor interactions and polarization. For instance, in Fig. 14, NOCV deformation densities arising from the donation of an
oxygen lone pair into the s*Te-N orbital are characterized by the electron density increase in the space between the oxygen and
tellurium atoms.

1.11.6 Multimolecular systems

Full quantum mechanical calculations of large systems are challenging even with DFT methods. It is therefore necessary to employ
tools that simplify the modeling of structures and their evolution over time.

Molecular mechanics is a very approximate method that is concerned with the energy of a molecular system that results from devi-
ation of structural parameters from their ideal values for a given combination of elements. This strain or distortion energy is eval-
uated with classical functions, the combination of which is the force field.

For example, in the AMBER54 force field:

Estrain ¼ EBondStretch þ EAngleBending þ ETorsion þ EvanderWaals þ EElectrostatic (12)

Where each contribution takes the form:

EBondStretch ¼ Kr
�
r� req

�2 (13)

EAngleBending ¼ Kq

�
q� qeq

�2 (14)

Fig. 13 Comparison of the NBO and Boys-Foster localized molecular orbitals (0.03 a.u. isosurfaces) calculated for pairs of iso-tellurazolium N-
phenoxides linked by Te/O chalcogen bonding.51 Reprinted with permission from Ho, P. C.; Tomassetti, V.; Britten, J. F.; Vargas-Baca, I. Inorg.
Chem. 2021, 60, 16726–16733. Copyright 2021 American Chemical Society. While the results are comparable, the Boys-Forster method provides
better localization for the dimer of the meta isomer.
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ETorsion ¼
X

n
½ Vi ð1þ cosðnfi�giÞÞ (15)

EvanderWaals ¼ 3ij

h�
rij

eq=rij
�12 � 2

�
rij

eq=rij
�6
i

(16)

EElectrostatic ¼ fij qi qj=
�
4 p 30 rij

�
(17)

These are gross approximations to the potential energy surface. Other force-fields seek better accuracy with more realistic func-
tions. For example, the stretching potential could include anharmonic terms or be replaced with a Morse curve. In any case, the
parameters (e.g., force constants and weighing coefficients) are obtained by fitting to experimental data sets or high-quality
quantum calculations, and are specific for each element and the nature and spatial arrangement of its close neighbors in the struc-
ture. Therefore, modeling secondary bonding requires custom force fields or at least custom parameters. A properly parameterized
force field is capable of accounting for molecular distortions that result from intermolecular association (Fig. 15).

Molecular dynamics. Beyond the static picture from a geometry optimization, molecular dynamics models the properties of a large
system (i.e., a big molecule, a crystal, or an ensemble of molecules) as it evolves in time. The key is to simulate the trajectory with
a model that permits predicting the next point. Knowledge of all the position and momenta of all particles and their interaction
potentials allows such prediction for a large ensemble in the absence of an external force. Secondary bonding in this case is one
of the contributions to the intermolecular potential. The calculations can be carried out based on quantum methods or with force
fields, with their intrinsic limitations. Although less accurate, force fields allow simulations spanning longer times.

Applications of molecular dynamics to secondary bonding are still limited, but notable investigations begin to reveal significant
details of these interactions in solid and liquid phase Fig. 16.

Fig. 14 Deformation densities (0.002 a.u. isosurfaces) of the top two ETS-NOCV contributions to the orbital interaction stabilizing the Te/O
chalcogen bonds in the iso-tellurazolium N-phenoxide dimers.51 Reprinted with permission from Ho, P. C.; Tomassetti, V.; Britten, J. F.; Vargas-Baca,
I. Inorg. Chem. 2021, 60, 16726–16733. Copyright 2021 American Chemical Society. Energy contributions in kJ mol�1. Blue and red identify the
regions of electron concentration and depletion, respectively.
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1.11.7 Conclusion

A number of computational tools are now available for the identification and characterization of secondary bonding, based on
interatomic distances, electron density, and energy. Methods that produce visual results are particularly useful to chemists because
they can be readily interpreted in term of well-established concepts of molecular structure. Energy decomposition analyses provide
deep understanding of the factors that contribute to the stabilization of these interactions and can suggest strategies to influence
their strength. Most investigations have been concerned with structure and thermodynamics, but the application of methods for
the calculation of spectroscopic and macroscopic electronic properties will likely enable new applications of secondary bonding.
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Jas S. Warda, Khai-Nghi Truonga, Mate Erdélyib, and Kari Rissanena, a Department of Chemistry, University of Jyvaskyla,
Jyväskylä, Finland; and b Department of Chemistry - BMC, Uppsala University, Uppsala, Sweden

© 2023 Elsevier Ltd. All rights reserved.

1.12.1 Introduction 586
1.12.2 Halogen(I) complexes in the solid-state 588
1.12.2.1 Preamble 588
1.12.2.2 Aromatic iodine(I) [L–I–L]þ complexes 588
1.12.2.3 Aromatic bromine(I) [L–Br–L]þ complexes 589
1.12.2.4 Alkyl iodine(I) [L–X–L]þ complexes 589
1.12.2.5 Multi-halogen(I) ion structures (discrete, supramolecular, XOF) 590
1.12.2.6 Nucleophilic iodine(I) interactions (NIIs) 592
1.12.3 Other halogen(I) ion complexes 593
1.12.3.1 Anionic [N–I–O]� complexes 593
1.12.3.2 Anionic [O–I–O]� complexes 593
1.12.3.3 Cationic [S–X–S]þ complexes 594
1.12.4 Halogen(I) ion complexes in solution 595
1.12.5 Outlook 598
References 600

Abstract

Halogen bonding occurs between a positive region of a polarized halogen (X), most commonly with an iodine or bromine
atom. The polarization, caused by an electron withdrawing group (R), induces electron deficiency onto the halogen atom,
creating an electropositive region known as a s-hole. This s-hole then interacts with electron-rich nucleophiles (such as Lewis
bases, B) forming a linear R–X$$$B halogen bond. When an electron is completely removed from a halogen, a halogen (I) ion
(Xþ) is formed. A halogen(I) ion itself is highly reactive, but can be ‘trapped’ in between two Lewis bases creating a [L–X–L]þ

3-center, 4-electron halogen bond between the halogen(I) ion and two donor atoms of the Lewis bases (typically nitrogen).
Halogen(I) complexes form a special family manifesting a strong halogen bond, which demonstrate good stability in both
the solution and solid-states. An overview of the current state of halogen bonding of halogen(I) ion complexes is included, as
well as the many advancements made to those fields in recent years.

1.12.1 Introduction

Halogen bonding (XB) has become one of the most studied supramolecular interactions, as indicated by a rapid increase in the
number of related publications since 2007.1–4 The halogen bond has been recently defined to occur between a positive region
of the electrostatic surface potential of a halogen acting as the electrophilic entity and a nucleophile.5

In a halogen bonded complex, R–X$$$Y, where X is a halogen and R–X is defined as the halogen bond donor, with Y as the
halogen bond acceptor, the interatomic distance between X and Y is shorter than the sum of the Van der Waals radii of the involved
X and Y atoms. Due to the X$$$Y interaction, the covalent R–X bond becomes lengthened relative to the R–X bond length in a non-
interacting molecule. The halogen bond is directional, with the R–X$$$Y bond angle being typically close to 180�. The interaction
has originally been described as a charge-transfer bond,6 later marketed as a s-hole interaction. The latter being simple and easy to
visualize has drivenmuch of the progress over the past decade, however, the s-hole concept and the purely electrostatic nature of the
interaction in general has lately been challenged,7–18 indicating the need for further fundamental studies.

With still continuing debate about its true nature,11,19,20 halogen bonding is frequently used as the non-covalent interaction to
construct supramolecular complexes. Due to the similarity of the bonding geometries and directionality, its kinship with hydrogen
bonding is more than evident. Halogen bonding has been successfully applied to control the self-assembly of a multitude of host-
guest systems, from porous, magnetic and phosphorescent materials, liquid-crystals, ion-pair recognition, biomolecules and chem-
ical separations.1,2 Crystal engineering,1–4,21 the birthplace of halogen bonding, coined the directionality, specificity, and high
strength, resulting in complex structures with appealing architectures. Due to the demand of very precise design principles, hollow
capsular molecular assemblies solely based on halogen bonding have only recently been prepared.22,23 Due to its nature, halogen
bonding is more directional than hydrogen bonding,24 yet it is much more sensitive to the external forces in solution and has there-
fore been demonstrated mostly in the solid-state.25–28
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When an electron is removed from the halogen atom, it becomes a positively charged halogen(I), or halenium, ion Xþ (X ¼ I, Br
or Cl). This can be considered as an extremely polarized halogen and a strong XB donor.29 However, the reactivity of the free hal-
ogen(I) ion prohibits its effective use as such. By applying suitable Lewis bases, a halogen(I) ion can be trapped into a [L–X–L]þ

(L ¼ suitable Lewis base) complex that exhibits a three-center, four-electron (3c-4e) bond.30 First of these complexes, namely
the [bis(pyridine) iodine(I)] complex with a [N–I–N]þ 3c-4e bond, was reported in the 1960s by Hassel et al.,31 Crichton
et al.,32,33 and Hague et al.34 The three-center halogen bond of halogen(I) ions has attracted a lot of attention, especially within
the halogen bonding community and has recently been reviewed.29,35 Barluenga’s reagent,36 [bis(pyridine)iodine(I)]þ tetrafluoro-
borate, is a mild iodine atom transfer reagent and an oxidant. It is a stable white solid that is soluble in both organic and, to a lesser
extent, in aqueous solutions (it rapidly decomposes).37

Conventional halogen bonds are established through the attractive interaction of a Lewis base with the s-hole of a halogen,
which in turn corresponds to the anti-bonding orbital of the covalent bond of the halogen atom. This interaction is typically
weak, and does not cause an extensive shortening of the interatomic distance of the atoms involved. A halogen bond is significantly
strengthened by increasing the positive charge of the halogen, which is most efficiently achieved by its oxidation to halogen(I),
Xþ.29,35 This has been observed to have a preference for simultaneous interaction with two Lewis bases, resulting in a halogen
bonded halogen(I) ion, that is a halonium [L–X–L]þ complex.38 Here the halogen(I) forms halogen bonds to the Lewis bases
(L), though without the participation of the s-hole. The valence shell of the central halogen(I) ion, Xþ, has s2p4 electron configu-
ration and its p-orbitals are occupied in the spin paired px

2py
2pz

0 arrangement, induced by the electrostatic field of the interacting
Lewis bases. The two lobes of its empty pz

0 orbital carry the charge and hence the halogen bond is in this case formed by charge
transfer from the Lewis bases to this empty pz orbital. Therewith it is a p-hole rather than a s-hole interaction (Fig. 1). The resulting
complex possesses remarkably short donor$$$acceptor distances [RXB ¼ 0.65–0.69, RXB ¼ the X$$$B distance divided by the sum of
the van der Walls radii of X and B] and unusual strength (typically 80–180 kJ/mol). The interaction has been shown to be partly
electrostatic and partly covalent, with the extent of contribution of these being strongly dependent on the type of the halogen
involved and dispersion forces having a negligible contribution.34

The unusual interaction strength is explained by the formation of a 3c-4e bond that involves the two electron donor Lewis bases
and the electron acceptor halogen(I), and by an efficient charge transfer when aromatic Lewis bases, such as pyridine, are
involved.29,35,39 As a result of the charge transfer, the positive charge of the halogen(I) ion is distributed over the aromatic rings
leaving only a 10–50% partial charge on the halogen(I). This efficient charge transfer and the consequent “loss of charge” on
the halogen(I) makes the close packing (RXB < 1.0) of halogen(I)s embedded into [bis(heteroaryl)halogen(I)]þmoieties straightfor-
ward.40 It should also be noted that the coplanar geometry of the aromatic rings, observed in crystals, is a transition state in solution,
whereas that with perpendicular pyridine rings corresponds to the global energy minimum.41 Despite undergoing rapid association-
dissociation equilibria (Fig. 2), the iodine(I) and bromine(I) complexes are stable in the solid-state for extended periods, and also
in solution in the absence of nucleophiles, such as moisture, for hours or sometimes even for days.42

Chlorine(I) and fluorine(I) complexes could so far only be studied at low temperature in solution,39 and their solid-state struc-
tures have not yet been reported. It should be noted that in contrast to the heavier halogens that form symmetric geometric arrange-
ments with equally long and strong Lewis base halogen(I) bonds, fluorine shows a strong preference to the conventional
asymmetric arrangement, that is L–X$$$L.

It is important to emphasize here that the bonding situation of the halogen bond complexes of halogen(I) ions can be inter-
preted in various ways,35 but they should not be described as classical coordination complexes of Xþ, with six valence electrons,
and two Lewis bases L: Xþ: L. Despite some similarities, the behavior of halogen(I) complexes toward counter-ions, excess of Lewis
bases and solvents is different from that of metal complexes,43,44 they may prefer different aggregation states and geometrical
arrangements,45 and show vastly different behavior.46

Fig. 1 The surface electrostatic potential of the [bis(pyridine)iodine(I)]þ complex. The antiparallel p-holes of iodine(I) (blue), corresponding to its
empty pz orbital, are separated by an equator of neutral charge (yellow), which corresponds to the filled px and py orbitals. Each p-hole interacts with
the nonbonding electron pair of a pyridine nitrogen. The surface was computed on a 0.008 a.u. contour of the electronic density for visualization.
Color ranges, in kJ/mol, are as follows: red, less than 350, yellow between 350 and 390, green between 390 and 470, light blue between 470 and
490, and blue greater than 490.35
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1.12.2 Halogen(I) complexes in the solid-state

1.12.2.1 Preamble

Halogen(I) complexes (also known as halonium complexes), [L–X–L]þ (X ¼ Cl, Br, I), are the instances of when a halogen atom has
been terminally ionized to a formally cationic state, Xþ,29,47 and then by necessity stabilized by a pair of Lewis bases (L). These
complexes were first reported in the 1960s,31–33 and popularized by Barluenga from the 1990s onwards due to the myriad of
organic transformations he demonstrated, including the electrophilic iodination of unactivated arenes, the promotion of C–C
and C–X bond formation, and the selective direct iodination of peptides.48–50 This utility certainly prompted renewed interest
in halogen(I) complexes, though other recent advances (vide infra) have now also helped reinvigorate the field.

The [bis(ligand)halogen(I)]þ complexes can be straightforwardly prepared (Fig. 3) via cation exchange from their respective 2-
coordinate silver(I) complexes, which is more reliable due to the strong driving force for the reaction from the precipitation of the
AgX side product.29 The direct use of elemental iodine (I2) in the formation of the [L–I–L]þ iodine(I) complex is restricted to only
very strong Lewis bases like DMAP (Fig. 3, route A).

1.12.2.2 Aromatic iodine(I) [L–I–L]D complexes

The largest sub-group of [bis(ligand)halogen(I)]þ complexes is the [bis(ligand)iodine(I)]þ complexes, owing to the fact that their
stability is in the order: [L–I–L]þ > [L–Br–L]þ > > [L–Cl–L]þ. The [bis(ligand)halogen(I)]þ complexes are most commonly
comprised of N-heterocyclic ligands (Fig. 4), with a [N–I–N]þ 3e-4c bond, with derivatives of pyridine being the dominant motif.
These complexes should be prepared in dry solvents (to avoid water protonating the Lewis bases) and commonly display reasonable
stability as solids, with some examples such as [bis(pyridine)iodine(I)]BF4 (Barluenga’s reagent) even being available commercially.

The stability of these iodine(I) complexes has permitted extensive solid-state examples to be reported, enabling a thorough inter-
rogation of their structural features. All reported discrete [bis(ligand)iodine(I)]þ complexes have Iþ–N bond lengths that lie within
the narrow range of 2.23(1)–2.316(6) Å.51 Steric and electronic effects only do marginally influence the solid-state Iþ–N bond
lengths,52 though these do provide major contributions to electron distribution, bond strength and reactivity (Fig. 5). For example,
if [bis(pyridine)iodine(I)]þ (Iþ–N ¼ 2.238(3)–2.268(3) Å;51 average ¼ 2.256 Å) is taken as a baseline for comparison, then the
more Lewis basic 4-aminopyridine (4-NH2py) would be expected to form shorter and stronger I–N bonds in [bis(4-
aminopyridine)iodine(I)]þ, which has been observed (Iþ–N ¼ 2.228(9)-2.269(4) Å;51 average ¼ 2.245 Å). Similarly, the more
sterically bulky 2,4,6-trimethylpyridine (2,4,6-Me3py), which would be expected to demonstrate longer Iþ–N bonds in
[bis(2,4,6-trimethylpyridine)iodine(I)]þ due to the steric hindrance of the two ortho-methyl groups with the Iþ, also follows the pre-
dicted trend (Iþ–N ¼ 2.266(3)-2.311(3) Å;51 average ¼ 2.288 Å).52 Overall, the influence of steric and electronic effects on the Iþ–
N bond strengths are incomparably larger than on the Iþ–N bond length, indicating that interaction strength should be carefully
interpreted in terms of bond strength.52

The halogen bonding of [bis(ligand)halogen(I)]þ complexes also ensures that an almost perfect 2-coordinate linear geometry,
with 180� N–Iþ–N angles, is found in all reported instances. The largest deviation of the linear geometry was reported for [bis(4-
trifluoromethylpyridine)iodine(I)]þ with a N–Iþ–N angle of 175.2(2)�.52 It should be noted that halonium complexes have been
reported with a myriad of anions, though there have been no reports of interactions between the halonium ions and their anions,43

making the identity of the anions themselves trivial (other than with respect to solubility and packing effects upon crystallization),
and therefore require no further discussion herein.

N X N N X N

Fig. 2 [Bis(pyridine)halogen(I)]þ complexes undergo rapid association-dissociation equilibria in solution, with the life-time of the complex being
dependent on the electron density of the pyridine involved, and typically being <5 s.

Fig. 3 The synthetic methods to prepare [bis(ligand)halogen(I)]þ complexes, either directly (route A) or via cation exchange from their respective
silver(I) salts (route B) using pyridine as an example (An ¼ anion).
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1.12.2.3 Aromatic bromine(I) [L–Br–L]D complexes

The increased reactivity/diminished stability of bromine-based halogen(I) ions (vide supra), also known as bromonium ions,
compared to their iodine(I) analogues is immediately apparent, with far fewer examples of [bis(ligand)bromine(I)]þ complexes
appearing in the literature. Once again, the largest sub-group of [bis(ligand)bromine(I)]þ complexes are those comprised of N-
heterocyclic ligands such as substituted pyridines, with Brþ–N bond lengths within the range of 2.049(2)–2.144(6) Å,51 and N–

Brþ–N angles all lying in the range 176.2(2)–180� (that is a symmetry-enforced, exact 180�),51 with one exception: [bis(3-
methylpyridine)bromine(I)]þ with a N–Brþ–N angle of 173.89� (no esd available).55 The longest Brþ–N bond length of that range
was reported for [bis(2,4,6-trimethylpyridine)bromine(I)]þ,54 and the shortest for [bis(pyridine)bromine(I)]þ (the bromonium
analogue of Barluenga’s [bis(pyridine)iodine(I)]þ reagent),56 which is significant because of the absence of bromine(I) complexes
being reported with electron poor ligands (such as those reported for iodine(I) ions, e.g. [bis(4-trifluoromethylpyridine)
iodine(I)]þ),52 which would be expected to produce weaker and longer Brþ–N bond lengths, again reinforcing their need for
stronger Lewis bases to offset their reduced stability when compared to iodine (I) complexes. It should be noted that the actual
longest Brþ–N bond length of 2.1862 Å (no esd available) was not included in this range because it is from a room temperature
data collection reported in 1975,57 and therefore might not be appropriate to compare to other modern, low temperature data
collections.

1.12.2.4 Alkyl iodine(I) [L–X–L]D complexes

In comparison to the relatively common occurrence of [bis(ligand)iodine(I)]þ and [bis(ligand)bromine(I)]þ complexes comprised
of N-heterocyclic ligands (e.g., substituted pyridines), halogen(I) complexes incorporating amines as the stabilizing ligands are
extremely rare, such that the confirmed solid-state examples can be summarized as having one of three ligand architectures as
the coordinating group: quinuclidine,58–60 DABCO (1,4-diazabicyclo[2.2.2]octane),61,62 or hexamethylenetetramine
(Fig. 6).63,64 Computational calculations have been implemented to explore the origins of the imbalance of halogen(I) ions
predominantly comprised of aromatic N-heterocyclic Lewis bases, and confirmed that while the tertiary amine based [bis(ligand)

Fig. 4 Some examples of the aromatic N-heterocyclic ligands used to synthesize [bis(ligand)halogen(I)]þ complexes.

2.228(9) 2.228(9)

2.252(3) 2.252(3)

2.282(3) 2.311(3)

Fig. 5 A comparison of the Iþ–N bond lengths of three [bis(ligand)iodine(I)]þ complexes representing the subtle effects caused by electronic and
steric factors (left; all distances in Å), and their respective spacefill representations (right) (counter-ions omitted for clarity).43,53,54
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iodine(I)]þ complexes lack the potential favorable p-stabilization of their N-heterocyclic analogues, the resulting tertiary amine
iodonium complexes still generally enjoy the same stability as their aromatic counterparts.60 Solid-state examples of [bis(ligand)
halogen(I)]þ complexes based on tertiary amines are few (currently<10), with bond length ranges of 2.268–2.319 Å (no esds avail-
able) for Iþ–N and 2.1202–2.1572 Å (no esds available) for Brþ–N.51 These ranges overlap at the longer end of the ranges previ-
ously discussed for aromatic N-heterocyclic examples of [bis(ligand)halogen(I)]þ complexes (and for the alkyl Brþ–N slightly
exceeds it), which is to be expected given the slightly larger steric bulk of the tertiary amines and the aforementioned lack of p-stabi-
lization with the halogen(I) ions.

As a number of the reported examples of tertiary amine [bis(ligand)halogen(I)]þ complexes were synthesized unintentionally,
a recent study sought to deliberately expand this group beyond the known bicyclic examples using the monocyclic analogue 1-
ethylpiperidine (1-Etpip).60 While this study revealed that formation of the desired [bis(ligand)iodine(I)]þ ion, [I(1-Etpip)2]

þ,
could be achieved, the resulting complex was incredibly reactive and decomposed within minutes. This was in stark contrast to
the [bis(ligand)halogen(I)]þ complexes (with either iodine(I) or bromine(I) ions) that incorporated bicyclic tertiary amines, which
tolerated isolation/recrystallization, permitting their analysis in solution and in the solid-state.

1.12.2.5 Multi-halogen(I) ion structures (discrete, supramolecular, XOF)

There are noteworthy instances of where the consistency of [bis(ligand)halogen(I)]þ ion formation with aromatic N-heterocyclic
Lewis bases, via their respective silver(I) complexes, have been deftly utilized to construct advanced architectures. Such architectures
can be accessed through appropriate ligand design, with an excellent example being the first example of an iodine(I) ion based helix
reported in 2019 (Fig. 7).40 The unique helical form has no apparent effect on the Iþ–N bond lengths, with the values (2.253(4)–
2.302(4) Å) being within the range observed for discrete iodine (I) complexes incorporating the parent pyridine as the stabilizing
Lewis bases (vide supra), though the helix does induce a close proximity between the two Iþ centers of 3.887(1) Å. This close prox-
imity, which is closer than the Van der Waals radii of two iodine atoms (3.96 Å), is rarely observed in the solid-state. Given the fact
that most of the positive charge in such [bis(pyridine)halogen(I)]þ complexes is transferred into the aromatic Lewis bases,39 the
iodine(I) carries only a partial charge and hence there is barely any repulsion experienced between the iodine(I) centers. In lack
of electrostatic repulsion, the helix is thus stabilized by the strong 3c-4e halogen bonds along with the efficient hydrophobic packing

2.293(4) 2.302(4)

2.130(1) 2.130(1)

2.30 2.31

Fig. 6 Examples of the three coordinating motifs that comprise all reported solid-state examples of [bis(ligand)halogen(I)]þ complexes
incorporating tertiary amines (left; all distances in Å), and their respective spacefill representations (right) (counter-ions omitted for clarity). The solid-
state structure of [bis(hexamethylenetetramine)iodine(I)]þ published in 1975 did not include hydrogen atoms, which have been included here in ideal
positions (as per modern convention, though without refinement due to lack of available reflection data) to give a true representation of the steric
considerations, and ESDs for the bond lengths were also not available.60,63,64
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of the aromatic rings. Unsurprisingly, the electron rich [bis(4-dimethylaminopyridine)iodine(I)]þ complex packs with an even
shorter 3.7774(19) Å, Iþ$$$Iþ distance.65

The reliability of [bis(ligand)halogen(I)]þ formation, with its high degree of (linear) directionality and reproducible bonding
characteristics, makes it an ideal candidate as a self-assembling process toward supramolecular architectures,29 though this has
only been achieved recently. The theme of using the same coordinating ligand motifs as previously discussed, e.g., pyridine and
DABCO, incorporated into appropriately rigid molecular backbones has enabled the manufacture of halogen(I)-based supramolec-
ular cages (Fig. 8),66,67 Subtle changes, such as using synthons based on either meta- or para-connected pyridyl groups has even
permitted a Stang-type methodology to be implemented in the generation of different supramolecular compositions,68 with solvent
dependent rearrangements also being observed in such systems, and being attributed to factors such as micro-solvation and entropic
considerations.69 These methodologies have also been applied toward the manufacture of polymeric halogen(I) species, described
as halogen-bonded organic frameworks (XOFs),70 which pushes the field of study beyond the discrete complexes into the context of
organic molecular frameworks, further opening up the potential of halogen(I) complexes.

N

N

N

N
I

Ph

Ph

I

Fig. 7 The solid-state structure of the first reported example of a halogen(I) ion helix, which contains two iodine(I) centers in close proximity
(counter-ions omitted and ligand simplified for clarity).40

Fig. 8 Some examples of supramolecular architectures constructed from iodine(I) ions (counter-ions omitted for clarity).66,67
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1.12.2.6 Nucleophilic iodine(I) interactions (NIIs)

Given their 50þ years of history in the literature there are, unsurprisingly, few uses of halogen(I) complexes that does not involve
them being consumed in organic transformations as reagents; this can be directly related to the inherent reactivity of halogen(I)
complexes dictating, or perhaps more accurately, limiting their potential uses. In 2021, some examples of a new type of intermolec-
ular Iþ$$$Agþ contact was observed in the solid-state,47,71,72 and in one case also unambiguously proved in solution by isothermal
microcalorimetry (ITC).47

The short Iþ$$$Agþ contact can also be described as new intermolecular interaction, now referred to as a Nucleophilic Iodonium
Interaction (NII),72 which involves the iodine(I) center acting as a nucleophile toward an appropriate electrophile, which in all
instances reported to date has been a Agþ metal center of a 4- or 2-coordinate complex. Defining this interaction is troublesome
despite the visual similarities to Agþ$$$Agþ argentophilic interactions frequently observed in the solid-state structures of Ag-
complexes. Computational calculations based on the solid-state structures manifesting short Iþ$$$Agþ contacts show that the iodine
(I) ions are acting as nucleophiles, with no retrodonation from the silver(I) metal centers, and quite strong Iþ$$$Agþ interaction
energies.47 Due to the elusive nature of this interaction, to date only three examples have been confirmed in the solid-state by
X-ray diffraction (Fig. 9), with Iþ$$$Agþ distances of 3.5184(7) Å,72 3.4608(3) Å,47 and the current shortest of 3.4043(4) Å,71 which
are clearly shorter than the sum of the van der Walls radii of an iodine and a silver atom (3.70 Å).

The NII solid-state complexes can be isolated from the straightforward dissolution of compatible pairs of 2-coordinate [L–I–L]þ

and [L–Ag–L]þ complexes in a 1:1 ratio despite the fast ligand exchange in solution.72 Bipyridine-based 3-coordinate silver(I) [bpy–
Ag–L]þ complexes (Fig. 10) can also be used to create NIIs as the resulting 4-coordinate Ag-complexes [bpy–Ag–bpy]þ are unreac-
tive toward elemental iodine, and the Iþ only permits a linear 2-coordinate geometry.47,71

N N
N N
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Fig. 9 The three solid-state examples of Nucleophilic Iodine(I) Interactions (NIIs, represented by dashed red lines) in chronological order (all
distances in Å; counter-ions omitted for clarity; bidentate ligands simplified).47,71,72
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1.12.3 Other halogen(I) ion complexes

1.12.3.1 Anionic [N–I–O]L complexes

A small number of N–I–O XB complexes have been hitherto reported in solid-state. Most of the complexes are neutral, though one
structure consists ofN-iodosuccinimide-acetate anion with tetrabutyl ammonium as the counter-cation. It should be noted that the
formally neutral N–I–O compounds will be left out from this discussion. Guzmán Santiago et al.73 reported the structure [Bu4N]
[(C4H4O2N)I(OCOCH3)], which was obtained from the reaction of N-iodosuccinimide with tetrabutylammonium acetate
(Fig. 11). The N–I–O angle with ca. 174� and N$$$O distance with ca. 4.46 Å are similar to the neutral hypoiodites reported by
Hartl and Hedrich,74,75,76 however, the distances are reversed with N–I shorter than the I–O bond. Similar behavior has been
observed for the structures of N-iodosaccharin monohydrate and N-iodosaccharin tetrahydrofuran solvate.77 The solvates are
more weakly bound to NISac resulting in a longer N$$$O (4.538(3), 4.584(3) Å) and I–O (2.443(4), 2.512(2) Å) distance. The
N–I bond lengths are in both structures ca. 2.08 Å with almost linear N–I–O geometry (ca. 178�).

1.12.3.2 Anionic [O–I–O]L complexes

Solid-state structures of the corresponding O-acceptor [O–I–O] XB complexes have been reported much later than the previously
described N–I–O complexes. In 2015, Martínez and Muñiz have used [Bu4N[bis(m-chlorobenzoate)iodine(I)] as iodine reagent in
organic synthesis (Fig. 12).78 It has been synthesized from the commercially available hypervalent reagent PhI(mCBA)2 and tetra-
butylammonium iodide in chloroform. The I–O distance in the homoleptic [bis(mCBA)I]� core is ca. 2.195 Å (comparable to the
neutral N–I–O hypoiodites)74,75 with an O$$$O distance of 4.390(3) Å and an almost linear coordination geometry (178.24(9)�).
Several other anionic dioxoiodane complexes, [R–COO–I–OOC–R]�, using different benzoate derivatives were reported later by
Muñiz et al.79
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Fig. 10 The synthetic routes to prepare NII complexes via 2- or 3-coordinate silver(I) complexes.71,72

Fig. 11 The solid-state structure of the first reported example of an anionic O–I–N complex (left; all distances in Å), and its respective spacefill
representation (right) (second crystallographic independent O–I–N complex and counter-ions omitted for clarity).73
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Recently, those [bis(acyloxy)iodine(I)]� anions have been used for preparation of interlocked molecules with macrocyclic bam-
busuril anion receptors (Fig. 13).80 The bond lengths and angles of the O–I–O complexes are similar to the earlier described [Bu4N]
[I(mCBA)2].

1.12.3.3 Cationic [S–X–S]D complexes

Lin and Hope reported the first X-ray structure of [S–X–S]þ systems.81 The compound [bis(SC(NH2)2)I]
þI� was formed from an

equimolar reaction of thiourea and iodine in methylene chloride. The S–I bond length is 2.629(3) Å with an S$$$S distance of
5.258(5) Å. A search in the Cambridge Structural Database (CSD) resulted in 13more hits.82–91 Using different S-containing ligands
or having different counter ions (mostly polyiodides) in the structure can slightly change the coordination geometries of those [S–
X–S]þ systems. The biggest deviation from [bis(SC(NH2)I]I has been found in [bis(MBZIM)I]I3$[bis(MBZIM)I] (MBZIM ¼ N-meth-
ylbenzothiazole-2-thione; Fig. 14, bottom).86 The structure comprises two components: one molecular diiodine adduct and one
ionic adduct. The structure of the neutral diiodine adduct consists of a thione ligand bonded to one of the iodine atoms through
sulfur with an S–I distance of 2.670(4) Å. The I–I bond distance is 2.887(2) Å, which is elongated (compared to uncoordinated I–I:
ca. 2.73 Å) owing to the formation of the SeI bond. The structure of the ionic adduct comprises two residues: one cationic complex
containing the linear [S–I–S]þ linkage, and a I3

� counter-anion. The S–I–S interactions are asymmetric with one S–I distance clearly
shorter than the other one with an angle of 171.33(12)� and a S$$$S distance of 5.283(5) Å. To the best of our knowledge, these
bond distances represent the shortest and longest as well as the largest deviation from linearity among all S–X–S compounds.

Fig. 12 Ball-and-stick model of the anionic O–I–O complex [Bu4N[I(mCBA)2] (left, all distances in Å) and its respective spacefill representation
(right; counter-ion omitted for clarity).78

Fig. 13 Side and top view of the X-ray structure of an interlocked system (solvent molecules, counter-ions and atom sites of disorder with minor
occupancies omitted for clarity).80
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1.12.4 Halogen(I) ion complexes in solution

The halogen bonds of halogen(I) ions are among the strongest known secondary interactions,29 whose observation has triggered
investigations toward understanding their properties. These fundamental studies began in 2010 and have primarily been carried
out by solution spectroscopic techniques, and subsequently corroborated by computational calculations.41,92

The smallest halogen, fluorine(I), has been shown to prefer conventional halogen bonds, Lþ–F$$$L, with a distinct short and
strong covalent L–F bond and a second, weaker and longer, L$$$F halogen bond.39 The positive charge of the complex is located
on the ligand, L, covalently bound to fluorine. This bond resembles conventional halogen bonds, and thus acts through a s-
hole. Fluorine-centered halogen bonds are uncommon and only form with a fluorine that is directly attached to a strongly electron
withdrawing functionality, such as a pyridine nitrogen that augments its s-hole. The existence of the complex has been demon-
strated by diffusion NMR spectroscopy through detection of a slower diffusion rate for the N-fluoropyridinium ion in the presence
of pyridine (D ¼ 41 � 10�10 m2/s), than in its absence (D ¼ 120 � 10�10 m2/s), with the rate becoming more similar to that of
pyridine (D ¼ 46 � 10�10 m2/s).39 The complex is stable at�35 �C in solution, but quickly decomposes at ambient temperature.39

The protonated form of this complex,N-fluoropyridinium pyridinium tetrafluoroborate trifluorohydroxyborate, has beenmarketed
under the name 1-fluoropyridinium heptafluorodiborate pyridine as a fluorinating agent for synthetic chemistry. It is stabilized by
protonation of the pyridine not covalently bound to fluorine, which is thereby deactivated for electrophilic fluorine(I) approach.

The corresponding [bis(pyridine)chlorine(I)]þ complex was stable at �80 �C in a dichloromethane solution,39 allowing the
confirmation of its existence by relaxation studies (Fig. 15). Hence the protons close to the chlorine(I) ion were observed to relax
quickly (T1 ¼ 0.08 s), much quicker than the static pyridine and L1-triflate (T1 ¼ 1.61 s and 1.49 s, respectively) or the dynamic
[bis(pyridine)proton complex]þ (T1 ¼ 0.90 s). As a consequence of rapid relaxation, only 1H,13C but not 1H,15N HMBC could
be observed for this complex.

Iodine(I) and bromine(I) form 3c-4e bonds, [L$$$X$$$L]þ, that behave comparably to chlorine(I) complexes in solution. These
complexes are stable as dichloromethane and acetonitrile solutions at ambient temperature, with the bromine(I) complexes being
significantly more moisture sensitive.41,92 These complexes are centrosymmetric, as shown by isotropic perturbation of equilibrium
measurements using NMR,35,41,92 and retain their symmetry also in the solid-state.35 While they are stable in solution, they are in
a dynamic equilibrium involving quick association – dissociation equilibria.92 The properties of such complexes have initially been
studied using monodentate ligands, though this is not recommended as the dynamic equilibrium may result in data that is easy to

Fig. 14 Comparison of two [S–I–S]þ complexes: {I[SC(NH2)2]2}I (top),81 {[(MBZIM)2I]I3}$[(MBZIM)$I2] (bottom),86 and their respective spacefill
representations (right; all distances in Å, counter-ions and non S–I–S complexes omitted for clarity).
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misinterpret. The investigation of analogous bidentate systems, such as those shown in Fig. 16 is recommended as these are entro-
pically favored and suffer less from chemical exchange processes.29,91,93

Besides the fundamental nature of the interaction (vide supra), the factors influencing the symmetry of these 3-center, 4-electron
bonds have been initially studied. Solvent polarity has been shown to be unable to desymmetrize the centrosymmetric complex,
however, does influence counter-ion coordination that in turn is expected to, at least partly, explain the solvent dependent reactivity
of [bis(pyridine)halogen(I)]þ complexes, such as Barluenga’s reagent.46 Counter-ions have been shown to pack asymmetrically in
the solid-state, but not have any desymmetrizing effect on the [N–X–N]þ bond itself.43 An important difference of the behavior of
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Fig. 15 The longitudinal spin–lattice (T1) relaxation rate of H-2 as measured by inversion-recovery experiment at �80 �C in CD2Cl2 solution and
visualized by plotting signal intensity vs. time. The data points of bis(pyridine)chlorine(I) triflate are in black (T1 ¼ 0.08 s), those of bis(pyridine)
silver(I) triflate in green (T1 ¼ 1.49 s), those of pyridine in red (T1 ¼ 1.61 s), and those of the [bis(pyridine)proton]þ complex in yellow
(T1 ¼ 0.90 s).39
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Fig. 16 [Bis(pyridine)iodine]þ and geometrically restrained [1,2-bis((pyridine-2-ylethynyl)benzene)iodine]þ complexes were used as model systems
for assessment of the nature and geometry on the [N–I–N]þ halogen bond. The bis(pyridine)-type complex (left) is involved into dynamic
association-dissociation equilibrium, resulting in ligand scrambling. The 1,2-diethynylbenzene backbone of the complex in the middle is entropically
favored and does not suffer from ligand scrambling. It inhibits pyridine rotation around the N–I–N axis and therefore imposes slight strain in the N–I
bonds, though still allowing a geometrically optimal [N–I–N]þ distance. The flexible analogue on the right does not suffer from strain, though
remains to provide the entropic advantage that prevents ligand scrambling.92,93,95
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halogen(I) to silver(I) complexes has been observed with silver(I) preferring to coordinate anions and form argentophilic interac-
tions, which the [N–X–N]þ complexes are not capable of due to the lack of empty orbitals that could act as a Lewis acid. This differ-
ence has been further corroborated by studies of bidentate systems that allow the formation of both monomeric and dimeric
complexes (Fig. 17).45 Diffusion NMR studies, supported by computational calculations and X-ray crystallography, indicated
that silver(I) forms dimers or polymers with the 3,30-di(pyridin-2-yl)-1,10-binaphthalene ligand, whereas iodine(I) prefers to
form monomeric ones.

The electron density of the Lewis base has been demonstrated to not have a major influence on the geometry of the [N–I–N]þ

complexes, but it does on the strength of the bonds when the electron density is increased or decreased in a symmetric way,52 that is
on both coordinating Lewis bases (Fig. 18). The more electron poor systems show weaker halogen bonding, and accordingly higher
reactivity in halogen(I) transfer reactions.

Asymmetric variation of the electron density induces asymmetric halogen bonds as confirmed in solution by NMR spectros-
copy,93 and in the solid-state by X-ray crystallography.65 The asymmetry of the bond is indicated by the magnitude of the coordi-
nation shifts of the nitrogen atoms involved in the bond formation (Table 1). Hence, the Dd15Ncoord of the nitrogen atoms of the
asymmetric system, possessing a methyl and a trifluoromethyl substituted pyridine, are �10 ppm larger vs smaller when compared
to the systems possessing two CH3 or two CF3 groups on their pyridine rings, respectively. This suggests that the d15N of the nitrogen
atoms of the asymmetric complex differ not only because of their different electron densities, but also due to the formation of N–I
bonds of different strength and length. The Dd15Ncoords indicate that the iodine(I) of this complex is closer to the more electron-rich
nitrogen of the 4-CH3 substituted pyridine ring as compared to that of the less electron-rich, 4-CF3 substituted pyridine. These exper-
imental findings were corroborated by computational calculations. A recent follow up study confirmed these observations by X-ray
crystallographic analysis of analogous asymmetric bis(pyridine) complexes (Fig. 19).65

As [bis(pyridine)halogen(I)]þ complexes suffer from ligand scrambling, the backbone of bidentate ligands play an important
role with respect to the geometry and stability of the complexes. The backbone of the [1,2-bis((pyridine-2-ylethynyl)benzene)
iodine]þ complexes (Fig. 20) introduces some strain, slightly weakening the [N–X–N]þ halogen bond yet allowing comparable
N–X bond lengths to that observed for [bis(pyridine)halogen(I)]þ analogues.91 The nitrogen-nitrogen distance plays a pivotal

Fig. 17 The halogen bond complex of the bidentate ligand 3,30-di(pyridin-2-yl)-1,10-binaphthalene (left) and the analogous coordinative bond
complex of silver(I) (right) prefer different geometries in solution and in the solid-state. Diffusion NMR shows a counter-ion dependence for the
structure of the silver(I) complex, whereas the geometry of the iodine(I) complex appears unaffected.45
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Fig. 18 A systematic alteration of the electron density of the [N–I–N]þ halogen bond was achieved by variation of the substituents of pyridines,
resulting in complexes with an increasing electron density in the order NO2 < CF3 < H < F < Me < OMe < NMe2.52 The symmetric alteration of the
electron density did not influence the geometry, but did influence the strength of the [N–I–N]þ halogen bonds. An asymmetric Lewis base, in
contrast, induces asymmetry in the [N–I–N]þ halogen bonds.94
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role for the stability of such complexes and has been shown to be optimal at 4.5 Å for the [N–I–N]þ bonds, with ligands enforcing
a nitrogen–nitrogen distance larger than 4.8 Å being expected to be asymmetric.94 In practice, the latter turned out to be an unstable
arrangement that prefers to rearrange into a dimeric species. The 3,30-di(pyridin-2-yl)-1,10-binaphthalene offering rNN � 4.7 Å
(Fig. 17) is just on the limit to allow formation of stable [N–I–N]þ complexes.45 A non-restrained bis(pyridine) ligand has recently
been introduced (Fig. 16), which provides entropic advantages without enforcing a too short or too long nitrogen–nitrogen distance
that could weaken the complex.95 The similar coordination strength of iodine(I) to this ligand to that of pyridine in a [bis(pyridine)
halogen(I)]þ complex has been confirmed by its 15N NMR coordination shift (Table 2).

A photoswitchable analogue possessing an enediyne backbone has also been studied recently (Fig. 20). In contrast to a metal
coordination bond, an [N–I–N]þ bond allows cis to trans photoisomerization, even if at a lower rate than the ligand itself would
photoisomerize at. The trans enediyne complex of iodine(I) is unstable and quickly converts into a protonated complex, making the
photoisomerization monodirectional.46

1.12.5 Outlook

Halogen(I) ion complexes offer a versatile family of halogen-bonded complexes that still capture the attention of researchers to this
day. The special feature of halogen(I) complexes is the 3c-4e [L–X–L]þ bond (X ¼ halogen and L ¼ Lewis base). The 3c-4e bond

Table 1 The 15N NMR chemical shifts and coordination shifts (ppm) of the
iodine(I) complexes of symmetric and asymmetric [N-I-N]þ
complexes, and those of the corresponding Lewis bases (all values
in ppm).93

Structure R/R’ d15Ncompl d15Nlig Dd15Ncoord

CH3/CH3 �170.3 �69.2 �101.1

CH3
CF3

�183.1
�145.1

�71.8
�53.7

�111.3
�91.4

CF3/CF3a �156.7 �53.4 �103.3

Fig. 19 The solid-state structure of an unrestrained asymmetric iodine(I) [L1–I–L2]þ complex (counter-ion omitted for clarity).65
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between the halogen and the Lewis bases has two sides: it simultaneously possesses a strong halogen bond, while at the same time
still being chemically reactive, such that the complexes eagerly transfer their Xþ cation, thus making them useful as halogenating
reagents. The most iconic halogen(I) complex, [bis(pyridine)iodine(I)]BF4 (Barluenga’s reagent), enjoys widespread use as
a mild iodination reagent and oxidant in organic syntheses. The halogen(I) complexes form a special family of reactive halogen-
bonded complexes, and even to date remain scarcely studied in comparison to other non-covalent interactions. Even though asym-
metric halogen(I) ion complexes have been reported in the solid-state, if unrestrained they are prone to rapid ligand exchange.
Through careful ligand design, restrained asymmetric mono- or multi-halogen(I) ion complexes have already been reported, though
their reactivities as reagents are yet to be explored. Interesting future targets might include halogen(I) ions that are part of optically
pure complexes, which might show unprecedented enantioselectivities and reactivities when implemented in organic transforma-
tions. Even farther in the future are the halogen(I) ion rotaxanes and catenanes, ambitiously built upon already known supramo-
lecular advancements incorporating halogen(I) ions, which could act as recyclable reagents due to the fact that the Iþ binding of the
Lewis bases are spatially tied together, and therefore such species cannot dissociate as readily (if at all), as observed for the discrete
halogen(I) complexes that dominate the known literature at present. The slew of advancements made in recent years in the field of

Table 2 The 15N Chemical shift (d15Ncomplex) and coordination shift

(Dd15Ncoord) of the complexes shown in Fig. 16, and of the

corresponding free ligands ðd15Nligand) (all values in ppm).95

Structure d15Ncomplex d15Nligand Dd15Ncoord
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I

�175.1 �67.0 �108.1
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�163.6 �64.5 �99.1
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�173.6 �65.5 �108.1
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N N

N
hv

I+ I+

Fig. 20 An enediyne ligand was used to evaluate whether halogen bonding can modulate photoisomerization.46
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halogen(I) chemistry is truly remarkable, both in their scope and impact, highlighting that more extensive expeditions should
follow these previous forays and continue to reveal as-of-yet unimagined treasures.
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Abstract

Chalcogen bonding has developed to become a crucial platform for numerous types of chemistry. While solid-state chemists
apply such interactions to design and engineer crystals, chalcogen contacts are used in solution to establish powerful catalytic
transformations and to track anion processes. In addition to the mentioned fields, this book chapter provides an insight into
the nature of this phenomenon by presenting theoretical considerations.

1.13.1 Introduction

The behavior of molecules in solution and especially in the solid state strongly depends on their interactions with other molecules.
Most molecules are not completely uniform in their appearance, but they are polarized to some extent. Parts with electron-
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withdrawing groups or electronegative elements commonly show a surplus of negative charge whereas electropositive elements
show a surplus of positive charge. As long as no salts comprising of positively or negatively charged entities are formed resulting
in a very strong interaction, the interaction of these parts is much weaker, but not negligible. The most important weak interaction
is hydrogen bonding where positively polarized hydrogen atoms interact with negatively polarized atoms such as oxygen and
nitrogen.1 Water’s nature, the structure of ice, the structure and elasticity of cellulose, and also numerous other biological
phenomena can be traced back to this kind of bonding. In recent times other types of bonding have captured the interest of chem-
ists. It was found that close interactions between halogen atoms, but also of halogen atoms with other electron donors, show
a certain directionality and can be used for supramolecular architecture and catalytic applications.2 The same holds true for the inter-
action of chalcogen atoms with other chalcogen atoms, but also the interaction of chalcogen atoms with other electron donors.
Originally, this type of interaction was termed “chalcogen-chalcogen interactions” whereas in the recent decade the shorter,
more concise term “chalcogen bonding”din analogy to hydrogen and halogen bondingdincreasingly entered the field.3 Simulta-
neously, the term chalcogen bonding goes further and includes also other circumstances, e.g., the interactions of Lewis-acidic chal-
cogens with pnictogens. In a very simplified view the attraction can be understood by the interaction of filled p-orbitals of donating
atoms (Lewis bases) with unoccupied s* orbitals of chalcogen-based Lewis acids resulting in a certain directionality (Fig. 1). More
intensive computations have revealed that this picture is too simplistic to explain the overall interaction energies (see Section
1.13.6).

The following chapter provides an overview of chalcogen bonding in various different situations such as solid-state chemistry,
supramolecular chemistry, and catalysis, and provides at the end some theoretical insights explaining the strength and directionality
of this type of interaction.

1.13.2 Chalcogen bonding in the solid state

1.13.2.1 Chalcogen-chalcogen interactions

Noncovalent chalcogen-chalcogen interactions are displayed widely in sulfur, selenium, and tellurium containing compounds.
Although these bonds are considerably weaker than a covalent chalcogen-chalcogen bond, they are important in the formation
of many structures of organochalcogen molecules. Supramolecular assemblies containing chalcogen bonding form macrocycles,
helices, columnar structures, chains, and many other types of structure. Examples of supramolecular assemblies of sulfur,4 sele-
nium,5 and tellurium6 compounds are given in Figs. 2 and 3. While in this section, solid-state investigations will be discussed,
high level quantum chemical calculations have been applied to further understand these interactions (see Section 1.13.6).

1.13.2.1.1 Linear systems with chalcogen centers
Linear systems with chalcogen centers provide a variety of structures in the solid state with the length of the carbon system, along
with the chalcogen atom present having an effect upon the supramolecular systems formed. Methylchalcogen units capping the
ends of carbon rods were used as model systems to study the interactions between chalcogen centers in the early 2000’s and their
relatively simple, although low-yielding, synthesis has allowed a variety of chain lengths to be investigated for sulfur, selenium and
tellurium.6,7 The sulfur-capped systems were found to be oils, however the selenium and tellurium systems were solids which could
be subjected to X-ray crystallographic analysis.

Acetylene-based systems form crystals with highly complex structures and very large cells, therefore most work has been carried
out on di-, tri- and tetrayne compounds. In Fig. 3, the side view (Left) and top view (Right) of the tellurium containing diyne system
is shown. A triple helix is formed by the C2 symmetric diyne rods, which are connected by short Te/Te interactions to neighboring
helices. Inside the channels residual electron density due to the n-hexane molecules from recrystallization is v`isible.

Triyne systems containing selenium were isolated as oils, however the tellurium triyne afforded crystals for analysis. The rhom-
bohedric arrangement of the piles formed are depicted in Fig. 4 (Top). Elongating the rod to a tetrayne system provided solids for

 

Fig. 1 Directional bonding of Lewis base (Y) with a chalcogen-based Lewis acid by np / s*Ch-C interaction.
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Fig. 2 Solid-state structures of C16S8 (“sulflower,” Top) and a hexaselenacyclohexane with toluene embedded in the channels (Bottom). From
Chernichenko, K. Y.; Sumerin, V. V.; Shpanchenko, R. V.; Balenkova, E. S.; Nenajdenko, V. G. “Sulflower”: A New Form of Carbon Sulfide. Angew.
Chem. Int. Ed. 2006, 45, 7367–7370; Werz, D. B.; Gleiter, R.; Rominger, F. Cyclic Tetra- and Hexaynes Containing 1,4-Donor-Substituted Butadiyne
Units: Synthesis and Supramolecular Organization. J. Org. Chem. 2004, 69, 2945–2952.

Fig. 3 Side view (Left) and top view (Right) of 2,7-ditellura-3,5-octadiyne (top view shows residual electron density in the channels due to
disordered n-hexane molecules). From Werz, D. B.; Gleiter, R.; Rominger, F. Tellurium-Capped Carbon Rods: Syntheses and Electronic and Structural
Properties. Organometallics 2003, 22, 843–849.
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both the selenium and tellurium compounds. In these examples the piles formed are arranged in rectangles (Fig. 4, Bottom), with
both chalcogens providing very similar (but not isomorphous) structures. Space saving is observed in all these structures, as the
methyl groups of one molecule fill the spaces left by methyl groups in the neighboring pile.

1.13.2.1.2 Cyclic systems with chalcogen centers
Cyclic systems containing chalcogen centers are generally prone to self-organization which leads to columnar structures. Chalcogen-
chalcogen distances in these examples are usually slightly shorter than the sum of their van der Waals radii. 1-Thiacyclododeca-3,10-
diyne forms a rather flat ring, because of the alkyne units being joined at one end by a CH2eSeCH2 bridge, and at the other with
a pentamethylene bridge.8 The flatness of the rings formed allows effective stacking, and the sulfur center of one ring of one stack is
connected to two sulfur centers of neighboring rings in another stack by a close contact (Fig. 5).9

Further examples of alkane chain linked chalcogen centers forming columnar structures are the selenium coronands (Fig. 6).
These compounds may be synthesized by a straightforward reaction of the bis-sodium salts of propene-1,3-bis(selenolate), or
ethane-1,2-bis(selenolate) with a,u-dibromoalkanes.10

Single crystal X-ray investigations into the structures of these selenium coronands showed intermolecular Se/Se close-contacts
linking the rings. Columnar structures with Se/Se interactions between neighboring stacks were observed similarly to those found
in 1-thiacyclododeca-3,10-diyne.11 The arrangements in the solid state of two of these coronands are shown in Fig. 7.

Laitinen and co-workers presented seven tellurium-containing macrocycles, in work similar to the above mentioned selenium
coronands.12 Having successfully synthesized and identified these seven macrocycles, they were also able to obtain X-ray crystallo-
graphic data for all of the reported compounds. Each of the structures displayed Te/Te close contacts forming columnar structures,

Fig. 4 Top views of the solid-state structures of a methyltelluride capped triyne (Top) and a methylselenide capped tetrayne (Bottom). From Werz, D.
B.; Gleiter, R.; Rominger, F. Tellurium-Capped Carbon Rods: Syntheses and Electronic and Structural Properties. Organometallics 2003, 22, 843–849.

Fig. 5 Molecular structure of 1-thiacyclododeca-3,10-diyne and top view of the solid-state stacks formed. Hydrogen atoms are omitted for clarity.
From Gleiter, R.; Classen, J.; Rausch, B. J.; Oeser, T.; Rominger, F. Interaction of cyclic thiadiynes with CpCo(COD)dselectivity and reactivity.
J. Organomet. Chem. 2002, 641, 3–8.

Chalcogen bonding in supramolecular structures, anion recognition, and catalysis 605



with interactions between neighboring columns. In 1,7,13,19-Te4(CH2)20, 1,8,15,22-Te4(CH2)20, and 1,9,17,25-Te4(CH2)20, it was
observed that the coordination of each tellurium atom is expanded from two to six, with four secondary bonding interactions. A
quasi-octahedral bonding sphere is therefore formed. This phenomenon was exclusive to the molecules containing four tellurium
atoms (Fig. 8).

By replacing some CH2 groups with doubly or triply bonded carbon centers, the rigidity of large ring systems can be increased. In
order to synthesize these molecules, one must use trimethylsilyl acetylene as a starting material, and following lithiation and reac-
tion with a,u-dichalcogenocyanoalkanes, the a,u-bis(trimethylsilylalkynechalcogeno)alkanes are formed. Treatment with NaOH
yields the terminal diynes, and this is followed by lithiation and reaction with a further a,u-dichalcogenocyanoalkane to give
the ring-closed products.13 This synthesis applies to both the sulfur and selenium containing compounds.14 The tetrachalcogena-
diynes formed in this sequence can subsequently be reduced with diisobutylaluminium hydride (DIBALH) to the tetrachalcogena-
dienes (Scheme 1).15

Torsional angles between the two alkyne linkers in the tetrachalcogenadiynes define the conformations adopted by these ring
systems. When the number of methylene bridges in the alkane chains (m, n) are both odd, there is usually an angle of 0� between
the triple bonds, which results in a chair conformation being adopted. Conversely, when one or both alkane chains has an even
number of methylene bridges, the angle is >0�, and a twist conformation is adopted. A combination of steric and electronic factors
are involved in the geometries of these rings, with the 3p (S) or 4p (Se) lone pairs interacting through the p-system and preferring
a perpendicular position. This has been supported by B3LYP/6-31G* calculations.13

The rectangular structure seen in the sulfur-containing (5,5) diyne system (Fig. 9) is rather flat, and the positions of the sulfur
atoms at the four corners means they are located ideally to interact with the sulfur centers of a molecule in a neighboring
column.9 The diene system also shows close contact of sulfur pairs between neighboring columns. These diene systems contain

 

Fig. 6 Molecular structures of various selenium coronands.

Fig. 7 Plot of the columnar arrangements of two selenium coronands. Broken lines indicate Se/Se distances less than 4 Å. Hydrogen atoms are
omitted for clarity. From Werz, D. B.; Rausch, B. J.; Gleiter, R. Self-Organization of Cyclic Selenaethers to Yield Columnar Structures. Tetrahedron Lett.
2002, 43, 5767–5769.
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cis-configurations at the double bonds, and the SeCH]CHeS linkage is almost planar. Another common feature is the tendency
to adopt a conformation in which the two double bonds are anti with respect to each other (Fig. 10).

By adding other units to the chains between the rigid triply bonded chalcogen units of these types of molecules, variations can be
synthesized. [6.6]Cyclophanes were synthesized by the group of Gleiter in 2009 (o-, m-, and p-) and single crystals were obtained.16

These rings were also found to stack upon one another. Remarkably, only one SeeC^CeSe unit from each molecule takes part in
strong intermolecular interactions, leading to cyclophanes alternating on both sides of a one-dimensional thread of
/SeeC^CeSe/ chains, and weaker interactions connecting parallel strings. A variety of other linkers have also been investigated
and shown to have structures containing non-covalent chalcogen close contacts (Fig. 11).17

Inclusion of guest molecules in the cavities of all the above mentioned tubular structures is not possible, as the cavities were all
found to be far too small. Larger spaces could however be provided by enlarging the ring structures. Three types of enlargements
were envisioned and performed successfully, and their products are shown in Fig. 12.

As a side product of the synthesis of the original teterachalcogenadiynes, the first systems (Fig. 12, Left) were successfully synthe-
sized. In the relatively short system (n ¼ 3), the cavity could be measured with a tube diameter of 6 Å.18 Upon extending the linker
to a hexyl chain, the potential cavity collapsed to yield T-shaped molecules stacked in columns (Fig. 13). This T-shape is favored
because of intertubular S/S interactions forming which dictate the structure.19

During the synthesis of the family of molecules shown on the right of Fig. 12, not only were the cyclic bis(diynes) formed, but
also the cyclohexaynes.5 In the solid state, all the tetraynes adopted a chair conformation. For larger systems (n ¼ 5), channel-like

Fig. 8 Solid-state structures of 1,8-Te2(CH2)12 (Top Right), 1,5,9-Te3(CH2)9 (Top Left), 1,8,15-Te3(CH2)18 (Middle) and 1,7,13,19-Te4(CH2)20 (Bottom
Left: side view, Bottom Right: top view). From Rodewald, M.; Rautiainen, J. M.; Niksch, T.; Görls, H.; Oilunkaniemi, R.; Weigand, W.; Laitinen, R. S.
Chalcogen Bonding Interactions in Telluroether Heterocycles [Te(CH2)m]n (n¼1-4; m¼3-7). Chem. Eur. J. 2020, 26, 13806–13818.

 

Scheme 1 Reduction of cyclic tetrachalcogenadiynes to cyclic tetrachalcogenadienes.
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structures were obtained, and the enlarged rectangular cavities featuring chalcogen atoms on the edges are once again rather flat. The
crystal structure of the sulfur system (n ¼ 5) is shown in Fig. 14, and is seen to contain one molecule of toluene per two cycloocta-
tetrayne units, which sits in the channel formed by the cyclic molecules.

When the hexaselenacyclohexane systems were synthesized, it was noted that two modifications of the n ¼ 4 molecule are
observed, depending upon the solvent used for recrystallization. By using n-hexane, a structure containing disordered n-hexane
molecules in the channels of AAA stackedmolecules is obtained (Fig. 15, Top). These stacks show only a few interactions with neigh-
boring stacks. By recrystallizing from toluene, a different modification is found, with toluene molecules in the channels, but the
stacks formed are ABAB stacks. This modification contains more interactions between neighboring stacks, with Se/Se interactions
of considerably shorter length than the sum of the van der Waals radii.

Using the hexaselenacyclohexane with n ¼ 5, a systematic study was carried out to inspect the solid-state behavior when guest
molecules are included (aliphatic, aromatic, electron-rich and electron-poor molecules).5 Results showed that while all these

Fig. 9 Columnar structures of a sulfur-containing (5,5) diyne system (Top) and (6,6) diene system (Bottom). Hydrogen atoms are omitted for clarity.
From Werz, D. B.; Staeb, T. H.; Benisch, C.; Rausch, B. J.; Rominger, F.; Gleiter, R. Self-Organization of Chalcogen-Containing Cyclic Alkynes and
Alkenes to Yield Columnar Structures. Org. Lett. 2002, 4, 339–342.

Fig. 10 Columnar structure of a selenium-containing (3,3) diyne system. Hydrogen atoms are omitted for clarity. From Werz, D. B.; Staeb, T. H.;
Benisch, C.; Rausch, B. J.; Rominger, F.; Gleiter, R. Self-organization of Chalcogen-Containing Cyclic Alkynes and Alkenes to Yield Columnar
Structures. Org. Lett. 2002, 4, 339–342.
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structures have very similar primitive unit cells, the tubes are widened, and the larger the guest molecule, the greater the widening of
the tube. Another difference is the angle between the medium plane of the macrocycle and the SeeC^CeSe units. This angle
becomes smaller with larger guest molecules, which in turn makes the diameter of the rings larger. An example of this is the compar-
ison between the modification containing toluene and the modification containing a larger mesitylene group (Fig. 16). These find-
ings revealed that these ring systems are in fact rather flexible, and therefore it has been suggested that such species should be known
as elastic cycles.5

Fig. 11 Threaded arrangement in the solid state of a [6.6]cyclophane. Hydrogen atoms are omitted for clarity. From Lari, A.; Gleiter, R.; Rominger,
F. Supramolecular Organization Based on van der Waals Forces: Syntheses and Solid State Structures of Isomeric [6.6]Cyclophanes with 2,5-
Diselenahex-3-yne Bridges. Eur. J. Org. Chem. 2009, 2267–2274.
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Fig. 12 Systems with enlarged cavities.

Fig. 13 Top view of the columnar structure of a T-shaped hexathiatriyne system with hexyl chain linkers. Hydrogen atoms are omitted for clarity.
From Gleiter, R.; Werz, D. B. Elastic Cycles as Flexible Hosts: How Tubes Built by Cyclic Chalcogenaalkynes Individually Host Their Guests. Chem.
Lett. 2005, 34, 126–131.
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1.13.2.1.3 Chalcogens in aromatic systems
In the solid state, aromatic compounds have a tendency to form staggered structures, with the main driving force for stacking
coming from p-p interactions between the aromatic molecules.20 It has, however, been shown that in some cases chalcogen-
containing aromatic compounds can form self-organized structures through chalcogen-chalcogen interactions. One such example
is the oligothiophene shown in Fig. 17.21 Nine non-linearly connected units of oligothiophene come together and, according to
density functional theory (DFT) calculations, the aromatic core of this molecule is not planar. Because of steric repulsion, it instead
adopts a C3-symmetric propeller shape. Upon synthesis and crystallization, it was observed that this compound self-assembles into
a hexagonal columnar liquid crystalline mesophase. It was then confirmed that along the axis of the columns, a triple-helical geom-
etry is adopted. Three intermolecular S/S interactions occur in a stacked dimer, as shown in Fig. 17 (Middle). A schematic repre-
sentation of the helical columnar assembly for the core of this molecule is shown in Fig. 17 (Right).

1.13.2.1.4 Other systems
A Cambridge Structural Database (CSD) search in 2018 by Frontera and Bauza revealed that trisulfide and triselenide compounds
are also capable of chalcogen bonding interactions.22 From the 123 trisulfide and 36 triselenide compounds they found, 10 trisul-
fides and 8 triselenides had crystal structures in which the packing is dictated by chalcogen-chalcogen interactions. Fig. 18 shows
the two patterns that emerge in the solid state of these molecules, anti- and syn-conformations. In the anti-structures (Fig. 18, Top),

Fig. 14 Columnar structures (Left) and side view (Right) of the cyclooctatetrayne system (Ch ¼ S, n ¼ 5) including toluene as guest. Hydrogen
atoms are omitted for clarity. From Werz, D. B.; Gleiter, R.; Rominger, F. Cyclic Tetra- and Hexaynes Containing 1,4-Donor-Substituted Butadiyne
Units: Synthesis and Supramolecular Organization. J. Org. Chem. 2004, 69, 2945–2952.

Fig. 15 Tubular structures of two modifications of a hexaselenacyclohexane (n ¼ 4) top view at right and side view at left. The upper modification
was obtained by recrystallization from n-hexane, and the lower modification from toluene. Hydrogen atoms are omitted for clarity. From Benisch, C.;
Bethke, S.; Gleiter, R.; Oeser, T.; Pritzkow, H.; Rominger, F. Syntheses and Structural Properties of Cyclic Tetrathiadiynes. Eur. J. Org. Chem. 2000,
2479–2488.
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one-dimensional infinite columns form in an “arrow-like” interaction.23,24 In the syn-conformation, double chalcogen bonds are
observed, providing a completely different solid-state structure.25,26 This structure is dominated by zig-zag dimers which self-
assemble. An in-depth computational study was also completed on the four molecules we show here, to better analyze the ener-
getic and geometric parameters of the structural patterns.

The group of Prabusankar oxidized mesoionic selones using copper(II) salts in 2020.27,28 Colored products were observed, with
different counterions providing different colors. Upon crystallization, the benzyl-substituted products with BF�4 and ClO�

4 counter-
ions form tetraselenide salts, however the mesityl substituted product forms only a diselenide salt. The synthetic routes to these
products are given in Scheme 2.

Tetraselenide salts with BF�4 and ClO�
4 counterions were isostructural, and can be considered as dimerized diselenides, with

Se/Se chalcogen bonds holding the dimer together (Fig. 19). A distorted square planar geometry is observed in the tetraselenide
core, with a semi-trans orientation of the heterocyclic groups. No such chalcogen-chalcogen interactions are observed in the mesityl-
substituted products.

Fourmigué et al. expanded on Gleiter’s 2002 work with methyl-capped tellurodiynes (Fig. 20) by investigating the ability of
arene-expanded chalcogen-capped diynes to form co-crystals with Lewis bases utilizing chalcogen bonding interactions.29 These

Fig. 16 Side view (Left) and top view (Right) of the hexaselenacyclohexane molecule (n ¼ 5) including toluene (Top) and mesitylene (Bottom),
showing larger cavities in the case of mesitylene. Hydrogen atoms are omitted for clarity. From Werz, D. B.; Gleiter, R.; Rominger, F. Cyclic Tetra-
and Hexaynes Containing 1,4-Donor-Substituted Butadiyne Units: Synthesis and Supramolecular Organization. J. Org. Chem. 2004, 69, 2945–2952.

Fig. 17 A fused oligothiophene (R ¼ C12H25); chemical structure (Left), schematic illustration of a stacked dimer (Middle) schematic illustration of
the triple-helical geometry of the columnar assembly of the core structure (R ¼ H), formed by multiple S/S contacts (Right). Reprinted with
permission from Xiao, Q.; Sakurai, T.; Fukino, T.; Akaike, K.; Honsho, Y.; Saeki, A.; Seki, S.; Kato, K.; Takata, M.; Aida, T. Propeller-Shaped Fused
Oligothiophenes: A Remarkable Effect of the Topology of Sulfur Atoms on Columnar Stacking. J. Am. Chem. Soc. 2013, 135, 18268–18271. Copyright
2013 American Chemical Society.
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Fig. 18 Structures of Se3/S3 compounds (Top) in the anti-conformation, (Bottom) in the syn-conformation. Boukebbous, K.; Laifa, E. A.; Mallmann,
A. de; Taoufik, M. Diethyl 2,20-(trisulfane-1,3-diyl)dibenzoate. IUCrData 2016, 1; Arnold, A. P.; Cavell, K. J.; Edwards, A. J.; Hoskins, B. F.; Peacock,
E. J. Preparation and X-Ray Crystal-Structure of 4,40-Triselenobis(pent-3-en-2-one). Aust. J. Chem. 1988, 41, 1601; Kimura, T.; Yomogita, A.;
Matsutani, T.; Suzuki, T.; Tanaka, I.; Kawai, Y.; Takaguchi, Y.; Wakahara, T.; Akasaka, T. Preparation of Phthalocyanines with Eight Benzylchalcogeno
Substituents from 5,6-Dibromo-4,7-Diethylbenzo[1,2,3]trichalcogenoles. J. Org. Chem. 2004, 69, 4716–4723; Chenard, B. L.; Harlow, R. L.; Johnson,
A. L.; Vladuchick, S. A. Synthesis, Structure, and Properties of Pentathiepins. J. Am. Chem. Soc. 1985, 107, 3871–3879.

 
Scheme 2 Oxidation of mesoionic selones. From Vaddamanu, M.; Prabusankar, G. Chalcogen Bonding Induced Tetraselenides from Twisted
Diselenides. Eur. J. Inorg. Chem. 2020, 2403–2407.

Fig. 19 The solid-state structure of a dimerized oxidized mesoionic selone.27 BF�4 or ClO�
4 counterion and hydrogen atoms are omitted for clarity.

From Vaddamanu, M.; Prabusankar, G. Chalcogen Bonding Induced Tetraselenides from Twisted Diselenides. Eur. J. Inorg. Chem. 2020, 2403–2407.
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molecules were shown to form tetrahedral centers through chalcogen bonding interactions when no Lewis base was present
(Fig. 20), with a helical organization of the molecules.

While investigating the interactions with Lewis bases, they found that the strength and directionality of chalcogen bonds formed
by their selenium- and tellurium-containing molecules were comparable to those of the halogen bonds formed by the equivalent
iodinated molecules (Fig. 21). This was not only true with 4,40-bipyridine (bipy), but also with 1,4-di(pyridine-4-yl)piperazine
(bipy-pip)30 which has a stronger Lewis base character.

1.13.2.2 Chalcogen-pnictogen interactions

Chalcogen-pnictogen interactions are also widespread in solid-state structures, particularly chalcogen-nitrogen interactions. Organic
chalcogenocyanates,31 benzochalcogenazoles32 and benzochalcogenadiazoles33 have been particularly popular for studies. In all
these examples, chalcogen bonding has a profound effect upon the structure in the crystal.

1.13.2.2.1 Chalcogenocyanates
Thio-, seleno- and telluracyanates all display chalcogen-nitrogen interactions in the solid state. Selenocyanates are the most widely
studied of these, with over 30 crystal structures available in the Cambridge Crystallographic Data Centre (CCDC),34 and are there-
fore the main focus of this chapter. Even the simple diselenocyanate molecule shows chalcogen bonding Se/N interactions, with

Fig. 20 (Top) A tetrahedral motif formed by Se/Se interactions in a selenium-capped expanded diyne. (Bottom) Solid-state arrangement showing
the helical organization of molecules (one of six helices shown in green), with two other molecules inserted inside the channels (red and black).
Reproduced with permission from Dhaka, A.; Jeannin, O.; Jeon, I.-R.; Aubert, E.; Espinosa, E.; Fourmigué, M. Activating Chalcogen Bonding (ChB) in
Alkylseleno/Alkyltelluroacetylenes Toward Chalcogen Bonding Directionality Control. Angew. Chem. Int. Ed. 2020, 59, 23583–23587. Copyright 2020
Wiley-VCH.

Fig. 21 Solid-state structures of 1:1 co-crystals with bipy: (Top) iodine-capped, (Middle) selenium-capped, (Bottom) tellurium-capped. From Dhaka,
A.; Jeannin, O.; Jeon, I.-R.; Aubert, E.; Espinosa, E.; Fourmigué, M. Activating Chalcogen Bonding (ChB) in Alkylseleno/Alkyltelluroacetylenes Toward
Chalcogen Bonding Directionality Control. Angew. Chem. Int. Ed. 2020, 59, 23583–23587.
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both s-holes used on both selenium atoms.35 These structures showed short and highly directional interactions, and the co-crystal
with PhNMe3

þBr� showed short Se/N and Se/Br interactions with strong linearity.36

Organic selenocyanates show highly ordered crystal structures because of Se/N interactions, and a great variety of interesting
solid-state structures have been reported with various carbon backbones. Electron-withdrawing groups enhance the chalcogen
bonding capabilities of chalcogen atoms by making the s-holes more electron-poor. This explains the particularly strong chalcogen
bonding interactions observed in selenocyanates, regardless of the poor electron-donating properties of the lone pair on nitrogen.

Linear Se/N contacts in aromatic selenocyanates lead to the formation of chain-like patterns, with recurrent /Se(R)
eCN/Se(R)eCN/ motifs. Addition of stronger electron-withdrawing substituents to the aromatic group results in a stronger
chalcogen bond, because of the enhancement of the s-holes on selenium. A series of these one-dimensional structures is shown
in Fig. 22.37–39

Benzylic selenocyanates display similar one-dimensional chain-like motifs and are easily synthesized from benzyl halides and
potassium selenocyanate.16,40–42 This simple preparation has allowed many examples to be reported and their structures character-
ized. Recurrent chain motifs of Se/N chalcogen bonded molecules have been reported for benzylselenocyanate, as well as ortho-,
meta-, and para-bis(selenocyanato)xylene (Fig. 23). Both selenocyanate moieties in the bis-selenocyanates take part in chalcogen
bonding interactions, in the same direction for the ortho-substitution pattern, and in opposing directions along the chain in the
meta- and para- examples.

3-Selenocyanatopyridine is a particularly interesting example, where the pyridinyl nitrogen atom engages in the chalcogen bond,
rather than the nitrile nitrogen atom.43 This example perfectly demonstrates that the nitrile N-atom can easily be displaced from the
chalcogen bond by an atom with stronger Lewis basicity. Because of the chalcogen bond now being from the selenocyanate to the 3-
position of the next molecule, the chains formed are no longer linear, and demonstrate the strong directionality of chalcogen
bonding (Fig. 24).

Fourmigué and co-workers presented the structures of several tris- and tetrakis(selenocyanato)arenes in 2018.31 These structures,
similarly to the mono- and bis(selenocyanates), also show chain-like motifs in their solid-state structures. However, the existence of
more selenocyanate groups in various orientations means that the structures often contain chalcogen bonding interactions in two
dimensions, thereby linking the one-dimensional chain structures. 1,3,5-Tris(selenocyanatomethyl)benzene (Fig. 25) contains two
strong Se/N interactions which allow the formation of infinite chains in the a direction of the crystal.31 These chains are connected
along the b direction through a weaker chalcogen bond between the third selenocyanate groups of the molecules in adjacent chains.

1,3,5-Tris(selenocyanatomethyl)-2,4,6-trimethylbenzene shows a more complex structure (Fig. 26).31 Two Se/N interactions
are formed from each molecule in the [1,-1,0] direction, with a third disordered Se atommaking a very short Se/Se contact linking
chains. This Se/Se interaction between chains causes one nitrogen atom not to be engaged in a chalcogen bonding contact.

Crystallographic analysis of 1,2,4,5-tetrakis(selenocyanatomethyl)benzene showed the formation of layers (Fig. 27).31 These
layers are held together by strong Se/N interactions involving two of the selenocyanate groups. Interconnection of the layers occurs

Fig. 22 One dimensional chain structures of (Top) phenylselenocyanate, (Middle) pentafluorophenylselenocyanate, (Bottom) 2,4,6-
tris(trifluoromethyl)phenylselenocyanate. From Barnes, N. A.; Godfrey, S. M.; Halton, R. T.A.; Mushtaq, I.; Parsons, S.; Pritchard, R. G.; Sadler, M. A
Comparison of the Solid-State Structures of a Series of Phenylseleno-Halogen and Pseudohalogen Compounds, PhSeX (X¼Cl, CN, SCN). Polyhedron
2007, 26, 1053–1060; Klapötke, T. M.; Krumm, B.; Polborn, K. Synthesis, Chemistry, and Characterization of Perfluoroaromatic Selenium Derivatives.
Eur. J. Inorg. Chem. 1999, 1359–1366; Klapötke, T. M.; Krumm, B.; Mayer, P.; Piotrowski, H.; Vogt, M. Z. Anorg. Allg. Chem. 2003, 629, 1117–1123.
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Fig. 23 Chain-like structures of (Top) benzylselenocyanate (hydrogen atoms omitted for clarity) and the different substitution patterns of
bis(selenocyanato)xylenes, (Upper Middle) ortho-, (Lower Middle) meta-, (Bottom) para-. From Lari, A.; Gleiter, R.; Rominger, F. Supramolecular
Organization Based on van der Waals Forces: Syntheses and Solid State Structures of Isomeric [6.6]Cyclophanes with 2,5-Diselenahex-3-yne Bridges.
Eur. J. Org. Chem. 2009, 2267–2274; Huynh, H-T.; Jeannin, O.; Fourmigué, M. Organic Selenocyanates as Strong and Directional Chalcogen Bond
Donors for Crystal Engineering. Chem. Commun. 2017, 53, 8467–8469; Maartmann-Moe, K.; Sanderud, K. A.; Songstad, J.; Sillanpää, R.; Fernholt, L.;
Rømming, C. The Crystal Structure of 4-Nitrobenzyl Tellurocyanate, 4-Nitrobenzyl Selenocyanate, 4-Nitrobenzyl Thiocyanate and Benzyl
Selenocyanate. Acta Chem. Scand. 1984, 38a, 187–200; McWhinnie, S. L. W.; Brooks, A. B.; Abrahams, I. aa’-Diselenocyanato-ortho-xylene. Acta
Cryst. C 1998, 54, 126–128.

Fig. 24 Non-linear chain-like structure of 3-selenocyanatopyridine displaying chalcogen bonds from Se to the pyridinyl nitrogen atom. From Dunne,
S. J.; Summers, L. A.; Nagy-Felsobuki, E. I. von; Mackay, M. F. 3-Selenocyanatopyridine. Acta Cryst. C 1994, 50, 971–974.

Fig. 25 Structure of 1,3,5-tris(selenocyanatomethyl)benzene in the solid state. (Top) Infinite chains in the a direction, (Bottom) b direction contacts
connecting the chains. Jeannin, O.; Huynh, H.-T.; Riel, A. M. S.; Fourmigué, M. Chalcogen Bonding Interactions in Organic Selenocyanates: From
Cooperativity to Chelation. New J. Chem. 2018, 42, 10502–10509.
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through weaker chalcogen bonding interactions by the other two selenocyanate groups and further weak interactions from the sele-
nium atoms involved in the layer formation.

Co-crystallization of these tris- and tetrakis(selenocyanates) with solvent molecules afford very different structures to those of the
pure crystals.31 Se/N interactions are still a key part of the structures, however Se/O interactions also play a part now. In the case
of 1,3,5-tris(selenocyanatomethyl)-2,4,6-trimethylbenzene$DMF (DMF ¼ dimethylformamide), the structure now contains three
short Se/N interactions running parallel to each other to form infinite chains, with each molecule having a single weak Se/O
interaction to a solvent molecule. The EtOAc co-crystal of the same molecule shows that the infinite chains previously displayed
(Fig. 28) are now made up of segments of three distinct interactions. 1,2,4,5-Tetrakis(selenocyanatomethyl)benzene$(DMF)2
shows only Se/O interactions between the selenocyanate and the carbonyl oxygen of DMF, this is possible because of the attractive
chelating system that is formed by the two adjacent selenocyanate groups.

Extension of the carbon chain between the aromatic group and selenocyanate gives rise to interesting bis(selenocyanato)
compounds.44 In the solid-state, the anti-compound displays chalcogen bonding by which eachmolecule contains chalcogen bonds
to four other molecules. One selenium atom donates two chalcogen bonds, the shorter of which is the prolongation of the SeeCN
bond. The N-atom of the same selenocyanate group receives a chalcogen bond from a thirdmolecule. The final chalcogen bond is an
Se/Se interaction from the second selenium atom to a fourth molecule. This contrasts the far simpler chain-like structures shown
in Fig. 29 for the bis(selenocyanato)-xylylenes. The syn-congener however displays a much simpler chain-like structure more similar
to those mentioned above, although the intermolecular distances are larger, and linearity is decreased. Co-crystallization of the anti-
congener with 4,40-biypridine showed a trimolecular adduct with a 2:1 stoichiometry as (anti)2(bipy). Two anti-molecules form
chalcogen bonds to each nitrogen of a bipy molecule, while one selenium is in close contact to the N-atom of a nearby selenocya-
nate, and the other forms an Se/Se contact to a further selenocyanate molecule.

Intramolecular chalcogen bonds are also known in selenocyanates, as shown in Fig. 30.41,45,46 These come in the form of Se/O
and Se/N contacts in most cases. Similar intramolecular chalcogen bonds can be seen in some diselenide molecules with nearby
amine or imine groups, and are also shown in Fig. 30.45,47

1.13.2.2.2 Benzochalcogenazoles and benzochalcogenadiazoles
1,3-Benzochalcogenazoles are relevant as bioactive compounds and molecular materials.48,49 As such, their properties have been
thoroughly studied. Intramolecular chalcogen bonding is often important in locking the conformation of some residues, and there-
fore is a key component of any bioactivity.50

Intermolecular chalcogen bonds are also often present in benzochalcogenazoles, with the azole nitrogen acting as the acceptor.
Fig. 31 shows chains formed by chalcogen bonding in thio-, selena- and telluradiazoles.51–53 The ability of all three of these mole-
cules to form similar interactions (3.21–3.36 Å chalcogen bond length, 161–174� CeCh/N angle) shows the reliability of the

Fig. 26 Structure of 1,3,5-tris(selenocyanatomethyl)-2,4,6-trimethylbenzene showing the disordered selenocyanate groups. From Jeannin, O.;
Huynh, H.-T.; Riel, A. M. S.; Fourmigué, M. Chalcogen Bonding Interactions in Organic Selenocyanates: From Cooperativity to Chelation. New J.

Chem. 2018, 42, 10502–10509.

Fig. 27 Structure of the layers of 1,2,4,5-tetrakis(selenocyanatomethyl)benzene. Jeannin, O.; Huynh, H.-T.; Riel, A. M. S.; Fourmigué, M. Chalcogen
Bonding Interactions in Organic Selenocyanates: From Cooperativity to Chelation. New J. Chem. 2018, 42, 10502–10509.
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chalcogen/N supramolecular synthon with such small changes although both the chalcogen atom and C2 substituent are
changed.

Benzochalcogenadiazoles have also been heavily investigated in recent years, with a particularly noteworthy addition to the liter-
ature made by Diederich et al. in 2019.33 These molecules display, with very few exceptions, 2S-2N square interactions54,55 in
dimeric or polymeric systems. By exchanging the substituents on the benzochalcogenadiazole, the solid-state structure may be
modified, and in some cases other interactions can be seen having an effect on the crystal packing. The availability of all four posi-
tions 4–7 on the benzo ring allows the possibility of systematic substitutions to investigate many different trends and interactions.

Considering firstly the unsubstituted 2,1,3-benzochalcogenadiazoles (O, S, Se, Te), only the tellurium containing compound
shows highly aligned, short 2Te-2N square interactions.56 In contrast to this, the S57,58 and Se59 containing molecules form very
similar distorted squares. Cozzolino and co-workers postulated that while the steric demands of the benzo-tail were too high in
the sulfur and selenium compounds, the strength of the Te/N interactions outweighed these sterics.60 When the chalcogen
atom is oxygen, square interactions do not occur, with a structure of head-tail columns preferred.57

Extensive study of substituted benzothiadiazoles58,61–64 unearthed several interesting trends, most notable of which is that
a large majority of these compounds display square interactions with close S/N contacts.33 The S/N thiazole contacts stabilize
the squares, however the broad range of substituents that continued to allow this interaction in the solid-state also indicates that
these substituents have more of an effect upon dimerization than simply adjusting the polarization. Symmetrically substituted 5,6-
dimethyl and 5,6-difluorobenzothiadiazole display this very clearly in their crystal structures (Fig. 32) with F/F interactions in the
latter being a key part of the structure. These tail/ tail interactions allow the formation of Teflon-like ribbons in the difluoro
compound, and close F/H contacts63 (not shown) afford further stabilization.

Unsymmetrically substituted benzothiadiazoles can show either an anti-square or syn-square interaction, where anti-square is
preferred in almost all cases (Fig. 33). Somewhat surprisingly, the electron-withdrawing or -donating nature of the substituents
appears to have no effect upon this orientation or in fact the chalcogen bonding in the squares.53 An example of this phenomenon
is shown in the cases of dimers of the 5-methyl and 5-nitro substituted compounds.61 Although the electronic properties of CH3 and

Fig. 28 Solid-state structures of solvent co-crystals. (Top) 1,3,5-Tris(selenocyanatomethyl)-2,4,6-trimethylbenzene$DMF. (Middle) 1,3,5-
Tris(selenocyanatomethyl)-2,4,6-trimethylbenzene$EtOAc (including disorder at EtOAc molecules). (Bottom) 1,2,4,5-Tetrakis(selenocyanatomethyl)
benzene$(DMF)2. From Jeannin, O.; Huynh, H.-T.; Riel, A. M. S.; Fourmigué, M. Chalcogen Bonding Interactions in Organic Selenocyanates: From
Cooperativity to Chelation. New J. Chem. 2018, 42, 10502–10509.
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Fig. 29 Solid-state structures of (Top) the anti-congener, (Middle) the syn-congener and (Bottom) (anti)2(bipy). Only the major components of
disordered SeCN groups are shown. From Huynh, H-T.; Jeannin, O.; Aubert, E.; Espinosa, E.; Fourmigué, M. Chalcogen Bonding Interactions in
Chelating, Chiral Bis(selenocyanates). New J. Chem. 2021, 45, 76–84.

Fig. 30 Intramolecular chalcogen-pnictogen interactions in selenocyanates and diselenides.

618 Chalcogen bonding in supramolecular structures, anion recognition, and catalysis



NO2 substituents are profoundly different, their average chalcogen bond lengths are 3.09 Å and 3.14 Å respectively, and their
average angles are all within 7� of each other.

The two exceptions to this anti-orientation are 4-CHO- and 4,5,7-trifluorobenzothiadiazole (Fig. 34).62 These are both rare
examples of square-ribbon complexes of benzothiadiazoles, which contain square interactions repeating from the thiazole edges.65

In the 4,5,7-trifluoro case there are also F/F interactions which further stabilize the structure. It has been proposed that such ribbon
structures could find applications in supramolecular wiring.48,51,60

Further study of this class of molecules showed that the members bearing heavier halogens appear to display halogen bonding
which outcompetes the chalcogen bonding interactions.66 When this effect is exaggerated by addition of an electron-withdrawing
substituent next to the heavier halogen (such as 5-fluoro-4-iodo- substitution) it is possible to completely suppress the S/N square
interactions. This also holds true for 5,6-dihalogenated compounds (F, Br or F, I combinations). 4,7-Dihalogenated compounds (Br,
Br and I, I), display at least two Br/Br or I/ I interactions per monomer that are below the sum of the van der Waals radii, with no
S/N square interactions.

Fig. 31 Chain-like structures of (Top) 2-(1H-pyrrol-1-yl)-1,3-benzothiazole, (Middle) 2-phenyl-1,3-benzoselenazole, (Bottom) 2-isobutyl-1,3-
benzotellurazole. From Kremer, A.; Fermi, A.; Biot, N.; Wouters, J.; Bonifazi, D. Supramolecular Wiring of Benzo-1,3-Chalcogenazoles Through
Programmed Chalcogen Bonding Interactions. Chem. Eur. J. 2016, 22, 5665–5675; Hedidi, M.; Bentabed-Ababsa, G.; Derdour, A.; Roisnel, T.; Dorcet,
V.; Chevallier, F.; Picot, L.; Thiéry, V.; Mongin, F. Synthesis of C,N0-linked Bis-Heterocycles Using a Deprotometalation-Iodination-N-Arylation
Sequence and Evaluation of Their Antiproliferative Activity in Melanoma Cells. Bioorg. Med. Chem. 2014, 22, 3498–3507; Cozzolino, A. F.; Vargas-
Baca, I. Parametrization of a Force Field for Te–N Secondary Bonding Interactions and Its Application in the Design of Supramolecular Structures
Based on Heterocyclic Building Blocks. Cryst. Growth Des. 2011, 11, 668–677.

Fig. 32 S/N square interactions in symmetric 5,6-substituted benzothiadiazoles. (Top) 5,6-Dimethylbenzothiadiazole, (Bottom) 5,6-
difluorobenzothiadiazole. From Ams, M. R.; Trapp, N.; Schwab, A.; Mili�c, J. V.; Diederich, F. Chalcogen Bonding “2S-2N Squares” versus Competing
Interactions: Exploring the Recognition Properties of Sulfur. Chem. Eur. J. 2019, 25, 323–333.
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Benzotelluradiazole has been shown to form Te/N squares in a rather specialized system.67 A central, neutral benzotelluradia-
zole molecule shows chalcogen bonding to two benzotelluradiazolidyl radicals, which in turn show N/K coordination (Fig. 35).
This trimer is unusual in its lack of planarity, caused by the delocalization of the charge over the p-orbital manifold of the three
benzotelluradiazoles, meaning a more symmetrical structure would distort and be easily deformed in the lattice by packing
interactions.

1.13.2.3 Chalcogen-halogen interactions

Taylor and Vargas-Baca expanded the field of chalcogen bonding to include chalcogen-halogen interactions.33,55,60,68–72 The solid-
state structures of Vargas-Baca’s N-alkylated cationic benzo-selenodiazonium compounds crystallized with iodide or triiodide
anions are dominated by the Se/ I chalcogen bonding interactions (see Fig. 36).55 The cationic nature of these compounds was

 

Fig. 33 anti-Square interactions in benzothiadiazoles. From Ams, M. R.; Trapp, N.; Schwab, A.; Mili�c, J. V.; Diederich, F. Chalcogen Bonding “2S-2N
Squares” versus Competing Interactions: Exploring the Recognition Properties of Sulfur. Chem. Eur. J. 2019, 25, 323–333. Bashirov, D. A.; Sukhikh,
T. S.; Kuratieva, N. V.; Chulanova, E. A.; Yushina, I. V.; Gritsan, N. P.; Konchenko, S. N.; Zibarev, A. V. Novel Applications of Functionalized 2,1,3-
Benzothiadiazoles for Coordination Chemistry and Crystal Engineering. RSC Adv. 2014, 4, 28309.

Fig. 34 syn-Square interactions in 4-CHO and 4,5,7-trifluorobenzothiadiazole displaying formation of square-ribbon complexes. From Ams, M. R.;
Trapp, N.; Schwab, A.; Mili�c, J. V.; Diederich, F. Chalcogen Bonding “2S-2N Squares” versus Competing Interactions: Exploring the Recognition
Properties of Sulfur. Chem. Eur. J. 2019, 25, 323–333. Makarov, A. G.; Selikhova, N. Y.; Makarov, A. Y.; Malkov, V. S.; Bagryanskaya, I. Y.; Gatilov, Y.
V.; Knyazev, A. S.; Slizhov, Y. G.; Zibarev, A. V. New Fluorinated 1,2-Diaminoarenes, Quinoxalines, 2,1,3-Arenothia(selena)diazoles and Related
Compounds. J. Fluor. Chem. 2014, 165, 123–131.
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required to enhance the electron deficiency of the Se atoms, allowing efficient interactions with the electron-rich anions. In all struc-
tures, the geometry showed the influence of both Se s-holes, as the anion binding occurs along elongations of both SeeN bonds.
The alkyl substituent at nitrogen was found to have a significant impact upon the structure due to its steric influence. While a methyl
group allowed formation of iodide-bridged dimers, the N-isopropyl compound formed infinite [SeI]N chains.

Bonifazi et al. in 2020 published a rare example of chalcogen-halogen interactions in neutral compounds.70 These chalcogen
bonding examples were observed in the crystal structure alongside halogen bonding interactions forming supramolecular polymers
for crystal engineering applications. While aiming to form multi-component supramolecular polymers using chalcogenazolopyri-
dine (CGP) based scaffolds, the crystal structure of one such tellurium containing scaffold displayed non-covalent Te/ I interac-
tions along with N/ I interactions (see Fig. 37, Top). When analyzing the structures of another CGP based scaffold in a 1:1
co-crystal with 1,4-diiodotetrafluorobenzene (DITFB) the same interaction was discovered forming a zig-zag shaped chain in the
crystal (Fig. 37, Bottom). Co-crystals (1:2) of this CGP with DITFB showed Te/ I interactions once again, although a larger network
was formed rather than chains. Finally, a Te/F interaction was observed in a 2:1 benzochalcogenazole/DITFB co-crystal.

Further discussion of chalcogen bonding with halide anions can be found in Section 1.13.4.1 (Anion Binding and Recognition),
as the importance of these interactions is far greater in solution for further applications.

1.13.2.4 Other chalcogen interactions

Chalcogen bonding as a phenomenon also extends to several other special cases outside of chalcogen-chalcogen, -pnictogen and
-halogen interactions. These include radical-radical chalcogen bonding, heavier chalcogen-oxygen interactions, and chalcogen-
hydrogen interactions.

Fig. 35 X-ray of [K(18-C-6)(THF)]2[(C6H4N2Te)3] in (Top) top view, (Bottom) side view. From Puskarevsky, N. A.; Smolentsev, A. I.; Dmitriev, A. A.;
Vargas-Baca, I.; Gritsan, N. P.; Beckmann, J.; Zibarev, A. V. Bis(2,1,3-benzotelluradiazolidyl)2,1,3-Benzotelluradiazole: A Pair of Radical Anions
Coupled by TeN Chalcogen Bonding. Chem. Commun. 2020, 56, 1113–1116.

Fig. 36 X-ray crystal structures of the N-alkylated cationic benzo-selenodiazonium compounds with iodide. Hydrogen atoms are omitted for clarity.
From Lee, L. M.; Corless, V. B.; Tran, M.; Jenkins, H.; Britten, J. F.; Vargas-Baca, I. Synthetic, Structural, and Computational Investigations of N-Alkyl
Benzo-2,1,3-Selenadiazolium Iodides and Their Supramolecular Aggregates. Dalton Trans. 2016, 45, 3285–3293.
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1.13.2.4.1 Radicals
Stable open-shell compounds, such as those displayed in Fig. 38, are often a key part of developing materials with wide ranging
magnetic and conductive properties. Most work in this field has been carried out with sulfur and selenium containing compounds,
because of the instability of the tellurium analogs. Intermolecular interactions (chalcogen bonding and particularly p-stacking) are
somewhat favorable to electron mobility; dimerization and Peierls distortions on the other hand are detrimental to the electrical
conductivity.

Fig. 37 X-ray crystal structures of (Top) a crystallized CGP based scaffold and (Bottom) a 1:1 co-crystal of a CGP based scaffold with DITFB. From
Biot, N.; Bonifazi, D. Concurring Chalcogen- and Halogen-Bonding Interactions in Supramolecular Polymers for Crystal Engineering Applications.
Chem. Eur. J. 2020, 26, 2904–2913.

Fig. 38 (Top) Structures of dichalcogenazolyl and dichalcogenadiazolyl radical heterocycles. (Bottom) X-ray crystal structure of the dithiadiazolyl
radicals showing the spiral arrangement. Iodine atoms are located along the center but are omitted for clarity. From Beldjoudi, Y.; Nascimento, M. A.;
Cho, Y. J.; Yu, H.; Aziz, H.; Tonouchi, D.; Eguchi, K.; Matsushita, M. M.; Awaga, K.; Osorio-Roman, I.; Constantinides, C. P.; Rawson, J. M.
Multifunctional Dithiadiazolyl Radicals: Fluorescence, Electroluminescence, and Photoconducting Behavior in Pyren-10-yl-dithiadiazolyl. J. Am. Chem.
Soc. 2018, 140, 6260–6270.
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Radical chalcogen bonding interactions act in similar ways to the other forms of chalcogen bonds, in that they may also occur
between two chalcogens, a chalcogen and a pnictogen, or a chalcogen and a halogen. A particularly interesting structural motif
resulting from these interactions is observed in Fig. 38,73 in which a nitrogen atom of the heterocycle acts as the chalcogen
bond acceptor. These dithiadiazolyl radicals form a spiral column in a hexagonal phase doped with iodine (located along the center
of the spiral).

Radical chalcogen bonding interactions can also occur in non-aromatic compounds.74 Ar-CNChChN structures have been
shown to form radical-radical co-crystals with stable radical molecules such as (2,2,6,6-tetramethylpiperidin-1-yl)oxyl (TEMPO)
and methylbenzodithiazolyl (MBDTA) (Fig. 39).75 In these X-ray structures the chalcogen-pnictogen radical interactions can be
seen for the MBDTA containing co-crystal, with both molecules dimerizing and forming tetramers after radical-radical chalcogen
bonds form between the N-atoms of MBDTA and both sulfur atoms of the Ar-CNSSN molecules. In the case of the TEMPO con-
taining structures, a chalcogen-oxygen interaction is observed with the O-atom of the TEMPO interacting with the four chalcogen
atoms of the p-stacked Ar-CNChChN dimers.

1.13.2.4.2 Chalcogen-oxygen interactions
While the reader will recognize that oxygen itself is a member of the chalcogens, we consider these interactions separately as they
have a distinct chalcogen bond donor and acceptor. Oxygen itself acts almost exclusively as a chalcogen bond acceptor, with only
few special cases of its acting as a donor. The particular interest of these Ch/O interactions is largely due to the strength of inter-
action between selenium or tellurium and oxygen, the possibility to combine chalcogen bonding effects with other interactions
which the highly electronegative oxygen atom can take part in, and the prevalence of oxygen in a great variety of interesting mole-
cules. Their potential utility in the template-free formation of macrocycles could also have a significant impact on the ease of forma-
tion of molecules which potentially have useful properties similar to those of crown ethers, tetrapyrroles, calixarenes and
cyclodextrins.

Selenium-oxygen interactions were found to occur both intra- and intermolecularly by Fourmigué et al. in 2018.31 Fig. 40 shows
the structures of two intramolecular examples, in which the stability of the internal chalcogen bond allows the molecules to remain
planar despite steric constraints.76 Se/O distances here are very short, and the SeeCN bond is elongated by the selective activation
of one s-hole site on the Se atom by the nitrile group.

4-Nitrobenzylselenocyanate shows a particularly interesting example of intermolecular Se/O chalcogen bonding (Fig. 40).41

Tetrameric structures are observed in which the oxygen atoms of the nitrile groups are each involved in a chalcogen bond with the

Fig. 39 X-ray crystal structures of Ar-CNChChN dimers with (Top) MBDTA, Ch ¼ S and (Bottom) TEMPO Ch ¼ S (Left), Se (Right). From
Nascimento, M. A.; Heyer, E.; Clarke, J. J.; Cowley, H. J.; Alberola, A.; Stephaniuk, N.; Rawson, J. M. On the Design of Radical-Radical Cocrystals.
Angew. Chem. Int. Ed. 2019, 58, 1371–1375.

Fig. 40 X-ray crystal structure of 4-nitrobenzylselenocyanate tetramers. Hydrogen atoms are omitted for clarity. From Maartmann-Moe, K.;
Sanderud, K. A.; Songstad, J.; Sillanpää, R.; Fernholt, L.; Rømming, C. The Crystal Structure of 4-Nitrobenzyl Tellurocyanate, 4-Nitrobenzyl
Selenocyanate, 4-Nitrobenzyl Thiocyanate and Benzyl Selenocyanate. Acta Chem. Scand. 1984, 38a, 187–200.
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selenium atom of another molecule, and each selenium forms two Se/O contacts to different molecules demonstrating that the
two s-holes are involved in separate chalcogen bonding interactions. Their interaction strengths here are different, the stronger
interaction at 180� to the selenocyanate group provides the shortest Se/O distance, whereas the weaker interaction at 180� to
the para-nitrobenzyl group gives a longer Se/O contact. Both of these contacts are still significantly shorter than the sum of the
van der Waals radii.

Te/O connections have also been reported, and led to the aforementioned proposal for macrocyclic structures. Iso-tellurazole-
N-oxides provide the basis for this work by the group of Vargas-Baca (Fig. 41).77,78 Upon crystallization from various solvent
systems, they obtained a variety of different supramolecular structures (Fig. 41) which highlight the versatility of these Te/O inter-
actions and their potential for a wide range of macrocyclic applications. Benzene allowed access to infinite spiral chains coiling in
alternating directions. Non-solvated crystals from chloroform, or layering acetonitrile over dichloromethane provided tetrameric
macrocycles with two distinct Te/Te transannular distances, and a chair-like conformation. Crystallization from tetrahydrofuran
(THF) yielded crystals with a hexameric macrocycle crystallizing around THF molecules. Packing in this case forms a hexagonal

Fig. 41 X-ray crystal structures of supramolecular structures formed by association of an iso-tellurazole-N-oxide (Top Left) from benzene, (Top
Right) from MeCN/CH2Cl2 or CHCl3, (Middle) from THF, and (Bottom) with a Pd(II) salt.77 Hydrogen atoms are omitted for clarity. From Ho, P. C.;
Szydlowski, P.; Sinclair, J.; Elder, P. J. W.; Kübel, J.; Gendy, C.; Lee, L. M.; Jenkins, H.; Britten, J. F.; Morim, D. R.; Vargas-Baca, I. Supramolecular
Macrocycles Reversibly Assembled by Te(/)O Chalcogen Bonding. Nat. Commun. 2016, 7, 11299.
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lattice and all Te/Te distances are the same. Loss of solvent over time causes the crystals to become opaque, as the disordered THF
molecules leave the macrocycle cavities. Use of dichloromethane/hexane mixtures also formed hexamers, however the solvent here
occupies voids external to two crystallographically distinct macrocycles. Distortion of the macrocycles due to packing presents the
interesting case of three different transannular Te/Te distances in each ring (i.e., six distinct Te/Te distances).

Addition of a transition-metal ion (Pd2þ) gives rise to a complex of 1:4 stoichiometry. The crystal structure in this case shows
a boat conformation of the tetrameric aggregate, with the central palladium ion exhibiting a square planar coordination geometry.
PdeTe distances are comparable to those measured for anionic tellurium ligand complexes.

An example of oxygen taking part as both donor and acceptor was demonstrated in 2020 by White et al. when they obtained
experimental evidence of the interactions in an o-nitro-O-aryl oxime.79 A close intramolecular O/O contact is present, and by
a combination of crystal structure analysis and computation, it was possible to conclude that the interaction taking place is consis-
tent with the charge transfer model of chalcogen bonding. Fig. 42 shows some examples of o-nitro-O-aryl compounds which display
these interactions.

1.13.2.4.3 Chalcogen-hydrogen interactions
As early as 1994, Tomoda and Iwaoka observed Se/H interactions in the solid-state structures of a diselenocin.80 These contacts
could be seen in the crystal structure of both the chair conformation and boat conformation of their molecules (Fig. 43), with
exchange processes occurring in solution. At the time, these observations were tentatively described to be similar in nature to those
of O/H hydrogen bonding interactions. Confirmation of the interaction was obtained by NMR studies in which the spin-spin
coupling between the selenium and the nearby benzylic hydrogen was determined. Only one of the benzylic hydrogen atoms
showed satellites from 77Se (natural abundance 7.6%), and the peaks observed could be assigned to direct spin-spin coupling,
due to the observed 1JSe/H coupling constants being far larger in comparison to those of the 2JSe/H coupling of selenoanisoles.
The value of the coupling constant 1JSe/H was observed to be greater in the boat conformation than the chair for this molecule,
and using spin decoupling experiments further detailed information regarding the bonding and interactions was gathered.

This first example of chalcogen-hydrogen interactions was later followed by an intermolecular example in 2019. Xu et al.
observed that the solid-state structure of dibenzotellurophene not only shows close Te/Te contacts indicative of strong chalcogen
bonding, but also Te/H interactions (Fig. 44).81 The dibenzotellurophenes developed in this work were of further interest because
they displayed room temperature phosphorescence leading to a great many potential applications.

1.13.3 Self-assembly by chalcogen interactions

Chalcogen interactions have emerged as a powerful tool for supramolecular self-assembly. Compared to hydrogen bond acceptors
the chalcogen derivatives are often superior in regards to anion binding strength and selectivity. The careful design of chalcogen
containing subunits can lead to unique supramolecular architectures that are useful for nanotechnological applications.82,83

1.13.3.1 Capsules

Chalcogen-bonded supramolecular capsules which result from dimerization of 2,1,3-benzochalcogenadiazoles through Ch/N
square interactions were a major research area of the Diederich group (Fig. 45).33,71 These molecules were later embedded into
resorcin[4]arene-based cavitands, so that they appeared at the top of each half capsule. The decoration of the bottom of these
half capsules with alkyl chains led to improved solubility in organic solvents and made crystallization possible. In the crystal,
remarkable contrasts between the tellurium and the sulfur variants were displayed which can be explained by the difference in

 

Fig. 42 Examples of White’s o-nitro-O-aryl compounds which display O/O interactions. From Fellowes, T.; Harris, B. L.; White, J. M. Experimental
Evidence of Chalcogen Bonding at Oxygen. Chem. Commun. 2020, 56, 3313–3316.
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association strength between S/N and Te/N interactions. While the tellurium based capsule was assembled in a highly linear
manner showing 16 close Te/N contacts in the crystal, a time-dependent transformation from a kinked to a linear species was
observed in solution. The sulfur containing congener showed a kinked and shifted capsule assembly in the crystal. The thermody-
namically more stable species was generally present in the solid state. Additionally, a benzene molecule was trapped deep inside
every half capsule in the obtained crystal structures. The capsule formation and the transformation between species was solvent
and concentration dependent. Association constants for the dimerization of cavitands were determined by electrospray ionization
mass spectrometry (ESI-MS) titration.

Based on the work from the Diederich group, Yu et al. developed Se-based cavitands, which assembled water-stable containers
(Fig. 46).72,84 Chalcogen bonding in water is rarely observed, which might be explained by the competition between hydrogen and
chalcogen bonding events.85 Investigations on the binding properties of guests were carried out via 1H NMR experiments in D2O.
These studies revealed differences for hydrophobic and amphiphilic guests and showed host-guest stoichiometries of 1:1, 2:2 or 2:1
after supramolecular assembly. While small guests such as hexane isomers favored the formation of 2:2 complexes, larger guests
(e.g., cyclodecane) assembled 1:1 type host-guest adducts. Guests bearing long linear chains (n-dodecane or amides) led to 2:1
dimeric capsular complexes that appeared to be stable for up to 2 weeks. Other interactions such as hydrophobic forces,
hydrogen-bonding attractions, polarizability or magnetic anisotropy that influence the stability of these structures were further
explored experimentally and by computational calculations.

1.13.3.2 Polymers and materials

The Yan lab reported the first assembly of supramolecular architecture in solution by chalcogen bonding interactions in 2018.86

Combining a quasi-calix[4]chalcogenadiazole as a multi-side donor with a pyridine-N-oxide acceptor led to the assembly of supra-
molecular amphiphiles in aqueous solution (Fig. 47). Variation of the chalcogen atoms opens access to a variety of architectures
because of the difference in strength of the formed chalcogen bonds. While the self-assembly of the selenium based donors delivers
nanofibers with uniform radial diameters, the tellurium analog assembles to spherical micelles. As observed by transmission elec-
tron microscopy, the micelles displayed sizes of 40 to 130 nm. Further, the membrane thickness was tested by small-angle X-ray
scattering and the character of the chalcogen bonding interactions was investigated by NMR and UV–vis spectroscopy, mass spec-
trometry and isothermal titration calorimetry. The disassembly of the micelles was favored at low pH values or by the addition of
halide anions.

The same research group applied the previously described chalcogen bonding strategy to form supramolecular polymers. While
calix[4]chalcogenadiazoles linked by a tetraethylene glycol motif were used as the monomeric chalcogen acceptors, 4,40-decyl-
bispyridine N-oxide acted as the double headed chalcogen bond donor (Fig. 48).87 Mixing both monomers in aqueous media
resulted in the organization of polymer arrays via end-to-end Ch/O contacts. The self-assembly of the supramolecular polymers
led to the formation of hydrogel fibers which again could be disassembled by the addition of halide anions. Due to different

Fig. 43 Solid-state structure of the diselenocin showing Se/H interactions in the chair (Left) and boat (Right) conformations. From Iwaoka, M.;
Tomoda, S. First Observation of a C-H/Se “Hydrogen Bond”. J. Am. Chem. Soc. 1994, 116, 4463–4464.

Fig. 44 X-ray of dibenzotellurophene showing Te/Te and Te/H interactions. From Jiang, M.; Guo, J.; Liu, B.; Tan, Q.; Xu, B. Synthesis of
Tellurium-Containing p-Extended Aromatics with Room-Temperature Phosphorescence. Org. Lett. 2019, 21, 8328–8333.
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Fig. 45 A dimeric molecular capsule formed by attractive S/N or Te/N interactions. (Top) Crystal structures of a capsule containing Ch ¼ S and
R ¼ C11H23 (Left), its shifted capsule assembly (Middle, R ¼ C6H13) and a half capsule inheriting benzene (top view, Right). (Bottom) Crystal
structures of the linear assembly of a Ch ¼ Te and R ¼ C6H13 containing capsule (Left) and a half capsule inheriting benzene (top view, Right). From
Ams, M. R.; Trapp, N.; Schwab, A.; Mili�c, J. V.; Diederich, F. Chalcogen Bonding “2S-2N Squares” versus Competing Interactions: Exploring the
Recognition Properties of Sulfur. Chem. Eur. J. 2019, 25, 323–333. Riwar, L.-J.; Trapp, N.; Root, K.; Zenobi, R.; Diederich, F. Supramolecular
Capsules: Strong versus Weak Chalcogen Bonding. Angew. Chem. Int. Ed. 2018, 57, 17259–17264.

  

Fig. 46 Host-guest cavitands and capsules bonded by chalcogen interactions. From Rahman, F.-U.; Tzeli, D.; Petsalakis, I. D.; Theodorakopoulos,
G.; Ballester, P.; Rebek, J.; Yu, Y. Chalcogen Bonding and Hydrophobic Effects Force Molecules into Small Spaces. J. Am. Chem. Soc. 2020, 142,
5876–5883. Zhu, Y-J.; Gao, Y.; Tang, M-M.; Rebek, J.; Yu, Y. Dimeric Capsules Self-Assembled Through Halogen and Chalcogen Bonding. Chem.
Commun. 2021, 57, 1543–1549.
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Fig. 47 Self-assembly of supra-amphiphiles in solution via chalcogen-chalcogen contacts. Reprinted with permission from Chen, L.; Xiang, J.;
Zhao, Y.; Yan, Q. Reversible Self-Assembly of Supramolecular Vesicles and Nanofibers Driven by Chalcogen Bonding Interactions. J. Am. Chem. Soc.
2018, 140, 7079–7082. Copyright 2018 American Chemical Society.

Fig. 48 Supramolecular polymers and their assembly to hydrogel fibers in solution by chalcogen-chalcogen interactions. Reprinted with permission
from Zeng, R.; Gong, Z.; Yan, Q. Chalcogen Bonding Supramolecular Polymers. J. Org. Chem. 2020, 85, 8397–8404. Copyright 2020 American
Chemical Society.
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chalcogen bond strength, the properties of the formed polymers are dependent on the chalcogen atoms in the monomeric units.
Based on this study new perspectives on chalcogen bonding assisted supramolecular material engineering will become available.

In another project, Yan et al. exploited chalcogen contacts to form different classes of partner polymers (Fig. 49).87 This poly-
merization strategy was enabled by the decoration of polymers with either bromochalcogenobenzene units for chalcogen bond
donation or pyridine N-oxide sites for chalcogen bond acceptance. This substitution allows the polymers to form non-covalent
donor-acceptor complexes and to assemble in a tubular (for tellurium) or spherical manner (for selenium). The resulting geometries
are again a consequence of the difference in chalcogen bonding strength between Se/O and Te/O contacts. Interestingly, when
selenium and tellurium containing donor polymers were mixed in this process, a variety of morphologies became accessible upon
variation of the ratio of monomeric chalcogen bond donors. The morphological transition of the polymeric structures from nano-
spheres to nanotubes was explored via transition electron microscopy.

Bonifazi and co-workers developed a protocol for the supramolecular assembly of chalcogen-bonded nanoribbons in the
crystal.88 Decisive for the ribbon formation was the choice of substituents in the 2- and 5-positions of the chalcogenazolo
[5,4-b]pyridine subunits (Fig. 50). Depending on the steric and electronic properties which lead to homo- and hetero-
repulsive events different solid-state structures are obtained. Substitution by CF3 in the 2-position led to the formation of
desired head-to-tail hydrogen and chalcogen bonded nanoribbons when combined with Me, Cl or oxazole residues in the
5-position. While a kinked supramolecular ribbon was obtained from the 5-iodo-substituted TeeCF3 congener, sterically
demanding groups (e.g., phenyl or thienyl) favored a wiring organization in the solid state. Crystal design through cooperative
hydrogen and chalcogen bonding events is considered to be very important for applications in sensing and optoelectronic
research.

Fig. 49 Supramolecular formation of partner polymers in solution by chalcogen bonding. (Top) Principle of the polymer formation. (Bottom)
Structural outcome based on the mixing ratio of monomers. Reprinted with permission from Zeng, R.; Gong, Z.; Chen, L.; Yan, Q. Solution Self-
Assembly of Chalcogen Bonding Polymer Partners. ACS Macro Lett. 2020, 9, 1102–1107. Copyright 2020 American Chemical Society.
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1.13.4 Chalcogen-anion coordination

1.13.4.1 Anion binding and recognition

Chalcogen containing diazoles are well-established structures for research on anion binding in solution (Fig. 51). Investigations by
the group of Zibarev on association constants of nitrile-substituted tellura- and selenadiazole by optical absorbance spectroscopy
revealed higher anion affinities for heavier, less electronegative chalcogens.89 While binding of thiophenolate, iodide, thiocyanate
and selenocyanate anions was possible with telluradiazole, only binding of thiophenolate to selenadiazole was detected.90 The
results also clearly showed the solvent dependency of such interactions.

Taylor et al. published a study about the anion binding abilities of benzotelluradiazoles in 2015.68 Even unsubstituted benzene
systems showed association constants of 970 M�1 for chloride anions when measured via absorbance spectroscopy. Attaching
electron-withdrawing groups like nitriles or fluorine atoms to the benzene core enhances the affinity for anion binding drastically
(38,000 M�1/130,000 M�1). When measuring the constants in THF, addition of tetrabutylammonium chloride favored a red-shift
in the wavelength of maximum optical absorbance. Interestingly, benzoselenadiazoles only interacted weakly with chloride anions.
These experimentally discovered trends were confirmed by additional quantum-chemical calculations in THF solvent models.

Fig. 50 Supramolecular formation of nanoribbons in the crystal. Formations in the crystal: (Top) Kinked ribbon arrangements of *2-I and 5-CF3-
substituted tellurazolopyridines and (Upper Middle) columnar orientation. Wire supramolecular arrangements of (Lower Middle) 2-Cl- and 5-phenyl-
substituted tellurazolopyridines and (Bottom) 2-Cl- and 5-thienyl-substituted tellurazolopyridines. From Biot, N.; Romito, D.; Bonifazi, D.
Substituent-Controlled Tailoring of Chalcogen-Bonded Supramolecular Nanoribbons in the Solid State. Cryst. Growth Des. 2021, 21, 536–543.
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As part of an extensive study on chalcogen, pnictogen and halogen bond catalysts the group of Matile determined the association
constant of the perfluorinated structures via 19F NMR spectroscopy (Fig. 51).91 In addition to higher catalytic activity, larger
complex formation constants were observed for the tellurium containing catalyst.

The very first example of chalcogen bonded anion recognition was reported by Gabbai et al. in 2010 by using mixed
bidentate 1,8-boron-chalcogenium-naphthalenes (Fig. 52).92 UV spectroscopy revealed association constants of 750 M�1

for fluoride anions in methanol for the more active tellurium and boron based donor. Additionally, binding to fluoride
was found to be very selective, since other anions remained unbound. Further evidence for the binding event taking place
was collected via 19F and 125Te NMR spectroscopy and X-ray diffraction analysis. In the crystal of the fluoride complex
a directional chalcogen bond (d ¼ 2.506 Å, F-Te-CPh angle 174.0�) was observed. Analogous studies on the weaker sulfur
containing donor showed related chalcogen bond values (d ¼ 2.548 Å, F-S-CPh angle 176.6�), but no Se/F bonding was
detected via UV spectroscopy.

Since selenocyanates are known to interact with Lewis bases in the crystal, the group of Fourmigué tested bis(selenocyanate) for
anion recognition purposes.40,93 While this donor is able to build complexes with Ph4P

þCl� and Ph4P
þBr� by a two-point inter-

action with the halide in the solid state, binding of chloride anions in solution is possible (Ka ¼ 150 M�1) as explored by NMR
spectroscopic titration.

Taylor et al. designed chalcogen bond donors based on the tellurophene motif (Fig. 52).94 Particularly bidentate alkynylene-
linked bis(tellurophene) showed a large association constant of 2300 M�1 for chloride anions in THF. Monodentate donors bearing
this motif showed significantly lower constants in comparison. Computational work on the alkynylene-bridged version uncovered
that the chloride anion engages both tellurium atoms (d ¼ 3.23 Å, F-Te-C angle 170�). However, these studies made it clear that the
previously described monodentate donors from the Taylor group exhibit better probabilities for anion recognition.

Searching for efficient bidentate donors, Matile and co-workers developed substituted benzodiselenazoles which additionally
show catalytic activity (Fig. 52).95 Spectroscopic investigations revealed superb association constants, with 91,000 M�1 being
the highest when interacting with chloride anions in THF. As expected, lower affinities for chloride anions were obtained when
less electron-withdrawing groups were installed on the donor skeleton.

Beer et al. synthesized macrocyclic chalcogen bond donors bearing two charged methylselenotriazolium groups for anion
binding purposes (Fig. 53).96 Investigations on the macrocycle containing a phenyl bridge showed good binding to heavier halo-
gens, which arises most likely from favorable interactions and due to lower solvation energies compared to lighter halogens
(Ka ¼ 1200–1500 M�1 in acetone d6/D2O). Computational investigations shed light on the influence of the methylseleno-
substituents. Macrocycles not bearing this substitution pattern showed, for instance, a higher binding affinity for bromide anions
than iodide anions. Additionally, the phenyl bridgedmacrocycle was applied for the synthesis of a rotaxane which was also explored
in regard to anion recognition properties. N-Methylpyridinium bridged chalcogenotriazoles were further utilized to compare the
thermodynamics of anion recognition probabilities of tellurium- and selenium-based donors. For the methyltelluro-substituted
derivative, association constants of up to 650 M�1 (in MeCN) were found for halide anions. While these constants displayed
high solvent dependence, compounds without chalcogen bond donors exhibited a lower affinity for all tested anions. Studies
on the entropies and enthalpies of such interactions were undertaken by the utilization of van’t Hoff plots. The enthalpic term
was found to primarily contribute to the interactions with anions for the tellurium species in MeCN, hence leading to the observed
anion selectivity. Contrary to this, due to desolvation of the host and guest species during the binding process, the driving force of
anion binding for the selenium containing molecules turned out to be entropy.

Fig. 51 Monodentate chalcogen donors for anion binding. From Benz, S.; Poblador-Bahamonde, A. I.; Low-Ders, N.; Matile, S. Catalysis with
Pnictogen, Chalcogen, and Halogen Bonds. Angew. Chem. Int. Ed. 2018, 57, 5408–5412.
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1.13.4.2 Anion transport

The dithienothiophene (DTT) scaffold was heavily exploited by the Matile group for functional supramolecular chemistry
(Fig. 54).97 Especially in terms of anion recognition and anion transport, molecules based on the DTT motif show superb proper-
ties.82 Complexation of halides becomes possible due to the chelation of the anions to two sulfur atoms. The non-oxidized DTT and
its oxidized relatives show interaction energies of over 20 kcal mol�1 when engaged with chloride anions in the gas phase. These

Fig. 52 Bidentate chalcogen donors for anion binding.44 Crystal structures of bidentate selenocyanates coordinating to halides (side view, front
view and dimeric coordination). From Huynh, H-T.; Jeannin, O.; Aubert, E.; Espinosa, E.; Fourmigué, M. Chalcogen Bonding Interactions in Chelating,
Chiral Bis(selenocyanates). New J. Chem. 2021, 45, 76–84. Benz, S.; Macchione, M.; Verolet, Q.; Mareda, J.; Sakai, N.; Matile, S. Anion Transport
with Chalcogen Bonds. J. Am. Chem. Soc. 2016, 138, 9093–9096. Garrett, G. E.; Carrera, E. I.; Seferos, D. I.; Taylor, M. S. Anion Recognition by
a Bidentate Chalcogen Bond Donor. Chem. Commun. 2016, 52, 9881–9884.
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energies usually increase with higher sulfur oxidation states. Additionally, the electron-withdrawing character in thep-system can be
manipulated by substituents on the outer thiophenes (e.g., aldehydes, cyanides) which leads to stronger bonds. Extended structures
of three oxidized DTT subunits with deep s-holes were found to be suitable molecules for anion transport across lipid bilayers. The
anion can hop from one recognition site to the next and therefore transport across such membranes is possible in a chalcogen
bonding cascade. Conductance experiments supported the formation of dynamic bundles from the preferred trimer amphiphiles.
Other trimeric derivatives and dimers that contained DTT units of lower sulfur oxidation states displayed no transport properties.
Investigation of the EC50 values (effective concentration required to reach 50% of maximal activity) revealed values for the controls
that are more than an order of magnitude (EC50 ¼ 280 nM) above the values for the active species.

Fig. 53 (Top) Charged chalcogen donors for anion binding. (Middle) Computational structure of an N-Me-pyridinium-bridged donor. (Bottom) X-ray
structure of a charged macrocyclic donor bearing a phenyl bridge. From Lim, J. Y. C.; Marques, I.; Thompson, A. L.; Christensen, K. E.; Félix, V.;
Beer, P. D. Chalcogen Bonding Macrocycles and [2]Rotaxanes for Anion Recognition. J. Am. Chem. Soc. 2017, 139, 3122–3133. Lim, J. Y. C.;
Marques, I.; Félix, V.; Beer, P. D. Chiral Halogen and Chalcogen Bonding Receptors for Discrimination of Stereo- and Geometric Dicarboxylate
Isomers in Aqueous Media. Chem. Commun. 2018, 54, 10851–10854.
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1.13.4.3 Other examples of halide coordination

In addition to the described work from Sections 1.13.4.1 and 1.13.4.2 other molecular designs have been used for halide coordi-
nation. Cyclic telluroxanes were used to capture bromide or form sandwich-complexes with iodide anions (Fig. 55).98 Carboranes
decorated with alkylchalcogeno substituents were utilized for such purposes by Jeon et al. in 2021.99

1.13.5 Chalcogen bonding in catalysis and synthesis

1.13.5.1 Synthesis and structure rigidification by intramolecular chalcogen bonding

The rigidification of organochalcogen compounds is possible by the formation of five- and six-membered rings via attractive intra-
molecular chalcogen interactions with Lewis basic atoms. The group of Singh utilized non-covalent Se/Te/N bonding to rigidify
Se- or Te-substituted azobenzenes (Scheme 3).100

For synthetic purposes, strategies exploiting chiral Se- and S-containing catalysts are most used. Pioneering work by Tomoda
et al. covered a methoxy-selenylation of (E)-methylstyrenes catalyzed by a chiral diselenide (Scheme 3).101 The active species is
rigidified by a 1,5-Se/N contact that allows transfer of the chiral information and the synthesis of the anti-substituted products
exclusively. After proving the applicability of this concept for synthesis, Wirth102 (1995) and Tiecco103 (2002) exploited different
catalysts for the conversion of styrenes to ethers or lactones (Scheme 3). In both examples the active species are formed from chiral
diselenides, which differentiate by the chalcogen atoms responsible for the fixation of the reagent (Wirth: Se/O, Tiecco: Se/S).
After addition to the olefin, the selenium containing species is cleaved off oxidatively or by radicals and the desired reaction prod-
ucts are released enantioselectively. With an enantiomeric excess up to 88% andmoderate yields (33–70%)Wirth’s reagents showed
better performance than Tiecco’s counterparts.

1.13.5.2 Lewis base catalysis by transient chalcogen bonding interactions

In synthesis, chalcogen-containing compounds can act as Lewis base catalysts for the activation of other reagents via transient non-
covalent chalcogen bonding.104 Yeung utilized this concept for a chloroamidation of substituted olefins (Scheme 4).105 The
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selenium catalyst is first employed to activate the electrophilic chlorine source (NCS) via a Se/Cl interaction, which subsequently
leads to the formation of a chloronium ion from the olefin in situ. This cationic species is again stabilized by the Lewis base catalyst
before ring opening to the final products occurs.

In 2018 Zhao et al. made use of a chiral selenium organocatalyst to difunctionalize olefins with SCF3 electrophiles and various
nucleophiles.106 Crucial for the reaction to proceed stereoselectively is the transient Se/S interaction between the catalyst and the
in situ formed thiiranium cation. This species is additionally stabilized by N/H bonding between the NTf2 anion and the organo-
catalyst. Especially for the enantiocontrolled functionalization of alkenes such strategies imply high potential without demand for
any assisting directing group.

1.13.5.3 Catalysis by intermolecular chalcogen bonding

The utilization of Lewis acid catalysts for organic transformations via intermolecular chalcogen bonding has recently been a rapidly
growing field with high potential, in contrast to its intramolecular counterpart (see Section 1.13.5.1).107

The groups of Matile and Huber applied different types of chalcogen bonding organocatalysts for similar reactions (Scheme 5).
While Matile’s chalcogen bonding ligands are based on the previously introduced DTT or the benzodiselenazole motif,108–110 Hub-
er’s cations contain bis-(benzimidazolium) and bis-(triazolium)benzene structures.111 However, all of these chalcogen bonding
donors undergo intermolecular chalcogen-chalcogen interactions with Lewis basic atoms to activate molecules for organic transfor-
mations. First, catalytic systems A or D were used for the transfer hydrogenation of a quinolone (Scheme 5A).108,112 The bidentate
ligands form a complex with the nitrogen through two non-covalent Ch/N interactions, resulting in the transfer of electron density
to the chalcogen via s-holes. While both catalysts facilitate the formation of the tetrahydroquinoline product in excellent yields,
a significantly lower catalyst loading is required for Huber’s catalyst A.

Bidentate tellurium ligands of type B were employed by the Huber group for nitro-Michael reactions between an electron-rich
indole and a nitro olefin (Scheme 5B).113 Efficient catalysis is exclusively processed through the bonding of the oxygen atoms of the
nitro group with tellurium, whereas analogous sulfur and selenium containing catalysts have no noteworthy effect. Additionally,
telluro ligand B shows a major improvement in the acceleration of the reaction upon thiourea catalysts in comparable systems.

The activation of carbon-chloride bonds to synthesize ester functionalized isochromanes was achieved by Huber and co-workers
using bis-(benzimidazolium) ligands of type B (Scheme 5C).114 Similar to the recently discussed nitro-Michael reaction, the tellu-
rium based catalysts exhibited strong activity in contrast to other analogous ligands containing other chalcogens in this benchmark

Fig. 55 (Top Left) A Te12O16 telluroxane ring with trapped bromide in the crystal. (Top Right) Crystal structure of a methylseleno-substituted
dodecacarborane that coordinates to a bromide anion. (Bottom) Crystal structure of a sandwich-complex between a dicationic organotelluroxane
macrocycle adduct with iodide. From Chandrasekhar, V.; Thirumoorthi, R. Halide-Capped Tellurium-Containing Macrocycles. Inorg. Chem. 2009, 48,
10330–10337. Citeau, H.; Kirschbaum, K.; Conrad, O.; Giolando, D. M. A Novel Cage Organotellurate(IV) Macrocyclic Host Encapsulating a Bromide
Anion Guest: Li(THF)4(PriTe)12O16Br4(Li(THF)Br)4)Br.2THF. Chem. Commun. 2001, 2006–2007; Beau, M.; Lee, S.; Kim, S.; Han, W.-S.; Jeannin, O.;
Fourmigué, M.; Aubert, E.; Espinosa, E.; Jeon, I.-R. Strong s-Hole Activation on Icosahedral Carborane Derivatives for a Directional Halide
Recognition. Angew. Chem. Int. Ed. 2021, 60, 366–370.
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reaction. Additionally, syn-isomers of type B catalysts showed higher activity than corresponding anti-isomers because of bidentate
binding being possible. Matile et al. reported the same reaction with perfluorinated chalcogen bonding donors as part of a general
study involving pnictogen bonding catalysis.91 The determined yield of 48% after 55 h was significantly worse than the yield (83%)
achieved with Huber’s system.

Scheme 3 (Top) Rigidification of structures via intramolecular CheN bonding. (Middle) Utilization of rigidification by CheN bonding in synthetic
transformations. (Bottom) Utilization of rigidification by SeeO and SeeS bonds in synthetic transformations.
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Scheme 5 Activation of carbonyls by dual chalcogen-chalcogen bonding catalysis. Crystal structure of a type E catalyst with CHCl3 (Left) and
computationally calculated activation mode of the bidentate tellurium ligand B2 for the nitro-Michael reaction (Right). From Lenardão, E. J.; Feijó, J. d.
O.; Thurow, S.; Perin, G.; Jacob, R. G.; Silveira, C. C. Selenonium Ionic Liquid as Efficient Catalyst for the Baylis–Hillman Reaction. Tetrahedron Lett.
2009, 50, 5215–5217. He, X.; Wang, X.; Tse, Y.-L. S.; Ke, Z.; Yeung, Y.-Y. Applications of Selenonium Cations as Lewis Acids in Organocatalytic
Reactions. Angew. Chem. Int. Ed. 2018, 57, 12869–12873; Benz, S.; López-Andarias, J.; Mareda, J.; Sakai, N.; Matile, S. Catalysis with Chalcogen
Bonds. Angew. Chem. Int. Ed. 2017, 56, 812–815; Benz, S.; Mareda, J.; Besnard, C.; Sakai, N.; Matile, S. Catalysis with Chalcogen Bonds: Neutral
Benzodiselenazole Scaffolds with High-Precision Selenium Donors of Variable Strength. Chem. Sci. 2017, 8, 8164–8169; Benz, S.; Besnard, C.; Matile,
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A benchmark reaction for testing the efficiency of cationic chalcogen bonding catalysts is the Ritter-type solvolysis (Scheme 5D).
This simple reaction, which was already used by Huber and Matile to investigate their catalytic systems of type A and E, allows the
formation ofN-benzhydryl acetamide from benzhydryl bromide in wet CD3CN.110,115 Crucial and rate-limiting is the formation of
the carbocation resulting from elimination of the bromide by chalcogen bonding activation. Since the eliminated bromide is able to
deactivate the catalyst, catalysts for this reaction are generally used in stoichiometric amounts. Hence, the tested structure acts
formally as an activator of the solvolysis. Kinetic parameters such as reaction rates and the rate acceleration are further determined
by a set of time-based and concentration-dependent solvolysis reactions.

Scheme 6 Reactions catalyzed by intermolecular chalcogen-chalcogen interactions. Crystal structure of a type A catalyst with CCl4 (Left) and
calculated computation of the activation mode of the Rauhut-Currier reaction (Right). From Wang, W.; Zhu, H.; Liu, S.; Zhao, Z.; Zhang, L.; Hao, J.;
Wang, Y. Chalcogen-Chalcogen Bonding Catalysis Enables Assembly of Discrete Molecules. J. Am. Chem. Soc. 2019, 141, 9175–9179. Wang, W.;
Zhu, H.; Feng, L.; Yu, Q.; Hao, J.; Zhu, R.; Wang, Y. Dual Chalcogen-Chalcogen Bonding Catalysis. J. Am. Chem. Soc. 2020, 142, 3117–3124.

=
S. Chalcogen Bonding Catalysis: From Neutral to Cationic Benzodiselenazole Scaffolds. Helv. Chim. Acta 2018, 101, e1800075; Vogel, L.; Wonner, P.;
Huber, S. M. Chalcogen Bonding: An Overview. Angew. Chem. Int. Ed. 2019, 58, 1880–1891; Wonner, P.; Steinke, T.; Huber, S. M. Activation of Quinolines
by Cationic Chalcogen Bond Donors. Synlett 2019, 30, 1673–1678; Wonner, P.; Dreger, A.; Vogel, L.; Engelage, E.; Huber, S. M. Chalcogen Bonding
Catalysis of a Nitro-Michael Reaction. Angew. Chem. Int. Ed. 2019, 58, 16923–16927; Steinke, T.; Wonner, P.; Engelage, E.; Huber, S. M. Catalytic
Activation of a Carbon–Chloride Bond by Dicationic Tellurium-Based Chalcogen Bond Donors. Synthesis 2021, 53, 2043–2050; Wonner, P.; Vogel, L.;
Düser, M.; Gomes, L.; Kniep, F.; Mallick, B.; Werz, D. B.; Huber, S. M. Carbon-Halogen Bond Activation by Selenium-Based Chalcogen Bonding. Angew.
Chem. Int. Ed. 2017, 56, 12009–12012.
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Wang and co-workers rationally designed catalysts that assemble discrete molecules by intermolecular Ch/O interactions.116

Selenium based catalyst A was applied for the synthesis of fused tricyclic molecules (30 examples, up to 81% yield, Scheme 6A) by
a cascade reaction between substituted indoles and three units of b-ketoaldehydes. Other bidentate systems that also favor this reac-
tion are based on bidentate phosphine ligands such as XantPhos and ([1,10-binaphthalene]-2,20-diyl)bis(diphenylphosphane)
(BINAP) (see B and crystals). Through consecutive chalcogen bonding interactions the reaction intermediates are activated for
the next step of the cascade. The enamine species resulting from the condensation of the indole and the b-ketoaldehyde, which
was successfully isolated, undergoes a Michael addition with another b-ketoaldehyde unit. After the third and final activation by
chalcogen-chalcogen bonding an aldol condensation takes places, followed by an uncatalyzed cyclization to give the final products.
Work from the Wang group in 2020 dealt with the new concept of dual chalcogen-chalcogen bonding catalysis (Scheme 6B). Exper-
imental and quantum chemical investigation revealed that the activation of a pair of functional groups within one molecule by
bidentate ligands is possible. Catalyst B enabled a Rauhut-Currier reaction by the activation of a double a,b-unsaturated ketone
in 65% yield. Cyclization only occurs in the presence of catalytic amounts of methanol, while higher methanol concentrations
lead to the inhibition of the catalytic system. When the cyclized product further reacted with B, a bicyclic ketone was accessed
via an aldol condensation (42%). A one-pot process to form the final product in 65% yield was achieved under adjusted reaction
conditions.

1.13.5.4 Isothiourea catalysis

Nature utilizes non-covalent S/O contacts frequently to stabilize certain protein conformations.117 These attractive interactions
were also exploited in many organocatalytic transformations.118 Chiral isothiourea catalysts for such purposes were first developed
by Birman based on the tetramisole skeleton (Fig. 56).119 Further development led to the bulkier and more efficient class of ben-
zotetramisole (BTM) and HyperBTM catalysts. Decisive for the catalytic activity is a non-covalent 1,5-S/O interaction after initial
acylation of the nucleophilic catalyst. Due to a smaller dispersion contribution, the energy gain from an S/O interaction is in
general smaller than from equivalent contacts between heavier chalcogens. However, negatively charged oxygen atoms (e.g., eno-
lates) show increased donor properties leading to enhanced chalcogen-chalcogen attraction.

The group of Smith showed the potential of isothiourea catalysis in a variety of stereoselective organic reactions. Scheme 7
depicts the enantioselective Michael addition of dihydropyrazol-5-ones with a,b-unsaturated p-nitrophenyl esters.120 The initial
acylation step of the HyperBTM catalyst A proceeds very easily because of the excellently stabilized p-nitrophenolate. The confor-
mation of the resulting intermediate B is fixed by an O/S interaction, giving rise to facial selectivity of the p-system. Steric
hindrance between the reacting substrate and the phenyl residues of the isothiourea catalyst cause attack of the nucleophile to occur
exclusively from the front. Transition state stabilization may also occur through CeH/O interactions. Following protonation of
enolate C and elimination of the catalyst, which closes the catalytic cycle, the addition product is obtained in excellent diastereo-
meric ratios, and even better enantiomeric ratios.

Furthermore, Smith and co-workers successfully applied isothiourea catalysis to sequentially desymmetrize biaryl phenols
(Scheme 8).121 This reaction delivers axially chiral phenols which are frequently found in nature and are valuable building blocks
for catalysts and ligands. Depending on the substituent pattern of the biaryl, HyperBTM or BTM facilitated the desired reaction best,
leading to a library of 14 acylated products with excellent enantiomeric ratios (er up to 98:2). Extensive experimental studies gave
evidence for an initial enantioselective desymmetrization followed by a chiroablative kinetic resolution taking place. Additionally,
computational calculations clarified the importance of the 1,5-S/O interaction in the key acyl intermediate (see computational
model) for the atroposelective acylation and the high enantiocontrol of this strategy.

Another work by Smith features the enantioselective formation of perfluoroalkyl-substituted b-lactones from symmetric anhy-
drides and fluorine-rich ketones via isothiourea catalyzed (2 þ 2) cycloaddition (Scheme 9).122 Initial addition of HyperBTM to the
anhydride leads to the acylated catalyst and acetate ion pair. Next, the (Z)-ammonium enolate which shows the rigidifying and
stabilizing 1,5-S/O contact is favorably formed by basic deprotonation. This key intermediate reacts from the depicted arrange-
ment in a concerted asynchronous (2 þ 2)-cycloaddition with fluorinated ketones. Intensive computational and kinetic isotopic
effect studies suggested that the concerted (2 þ 2)-mechanism is favored over a potential aldol-lactonization sequence. In

Fig. 56 Tetramisole based isothiourea catalysts and decisive 1,5-S/O interaction.
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Scheme 8 (Top) Desymmetrization/kinetic resolution sequence of biaryl phenols using isothiourea catalysis. (Bottom) Crystal structure of the
interaction between a biaryl phenol and the HyperBTM catalyst. From Munday, E. S.; Grove, M. A.; Feoktistova, T.; Brueckner, A. C.; Walden, D. M.;
Young, C. M.; Slawin, A. M. Z.; Campbell, A. D.; Cheong, P. H.-Y.; Smith, A. D. Isothiourea-Catalyzed Atropselective Acylation of Biaryl Phenols via
Sequential Desymmetrization/Kinetic Resolution. Angew. Chem. Int. Ed. 2020, 59, 7897–7905.

Scheme 7 Michael addition utilizing isothiourea catalysis; the interaction shown in red is decisive in fixing the conformation.
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conclusion, 37 examples of b-lactones with excellent yields (up to 94%) and stereochemical outcomes (dr up to 95:5, er up to 99:1)
were synthesized by applying this organocatalytic strategy.

Tricyclic b-lactones from keto acids via a HyperBTM catalyzed aldol-lactonization sequence were already accessed enantioselec-
tively by Romo and co-workers in 2010 (Scheme 10).123 The enantiocontrol of this method arises from structure rigidification by an
nO / s*C-S chalcogen interaction within the depicted ammonium enolate. However, if LiCl was used as an additive, chelation of
the sulfur to the formed lithium enolate becomes the crucial rigidifying interaction. Under optimized, lithium-containing condi-
tions excellent yields and high stereocontrol were achieved. Additionally, a small library of bicyclic b-lactones was synthesized.

1.13.5.5 Special chalcogen interactions in catalysis

In 2021 Furuta et al. developed a D2-symmetric dirhodium(II) catalyst containing axially chiral paddlewheel ligands for the stereo-
selective synthesis of g-lactones by intramolecular CeH insertion (Scheme 11).124 These ligands, derived from

Scheme 9 HyperBTM catalyzed (2 þ 2)-cycloaddition and computated activation mode thereof. From Barrios Antúnez, D.-J.; Greenhalgh, M. D.;
Brueckner, A. C.; Walden, D. M.; Elías-Rodríguez, P.; Roberts, P.; Young, B. G.; West, T. H.; Slawin, A. M. Z.; Ha-Yeon Cheong, P.; Smith, A. D.
Catalytic Enantioselective Synthesis of Perfluoroalkyl-Substituted b-Lactones Via a Concerted Asynchronous (2 þ 2) Cycloaddition: A Synthetic and
Computational Study. Chem. Sci. 2019, 10, 6162–6173.

Scheme 10 Aldol-lactonization sequence via isothiourea catalysis.
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binaphthothiophene d-amino acid allow conformational control because of S/O interactions which can be observed in the crystal.
Additionally, the chiral ligands provide well-defined uniform environments around the metal centers most likely because of the
chalcogen-chalcogen interactions as indicated by X-ray diffraction. Natural bond orbital analysis revealed overlap between the
oxygen lone pair and the antibonding orbital of the CeS bond (nO / s*C-S), thus confirming the attractive chalcogen contacts
in each ligand. Considering the excellent activity in this model reaction (26 examples, yields up to 99%, ee up to 96%) chalcogen
bonding might become an important tool for the structural design of novel metal-based catalytic systems.

1.13.6 Theoretical and computational studies

Most commonly, chalcogen bonding takes place between closed shell species of zero charge; thus, no strong attractions are expected.
But, as the examples presented above demonstrate, weak non-covalent interactions are also able to play a significant role in the
binding between different molecules. For a description of these interactions, directional forces were suggested. The first qualitative
ideas stem from the 1960s.125,126 Originally, the interaction was rationalized by the overlap of a filled chalcogen p-orbital with
a low-lying s*-orbital of a chalcogen-carbon bond.127 However, this interpretation is based on a single-electron picture and there-
fore incomplete. In-depth theoretical studies in the last 25 years have demonstrated that inclusion of electron correlation is crucial
for a thorough understanding of non-covalent interactions between closed shell species such as divalent chalcogen atoms.125,126,128

Scheme 11 Chalcogen bonding in a dirhodium(II) paddlewheel catalyst facilitates the stereoselective formation of lactones. X-ray structures of
a single ligand bound to the dirhodium center (Right) and of the dirhodium(II) paddlewheel catalyst (Bottom). From Murai, T.; Lu, W.; Kuribayashi, T.;
Morisaki, K.; Ueda, Y.; Hamada, S.; Kobayashi, Y.; Sasamori, T.; Tokitoh, N.; Kawabata, T.; Furuta, T. Conformational Control in Dirhodium(II)
Paddlewheel Catalysts Supported by Chalcogen Bonding Interactions for Stereoselective Intramolecular C–H Insertion Reactions. ACS Catal. 2021, 11,
568–578.
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1.13.6.1 Definition of interaction energy, choice of basis sets and methods

The interaction energy between two closed shell molecules A and B, denoted as Eint, is defined according to Eq. (1).

Eint

�

r;! z
!
;QA;QB

�

¼ EAB

�

r;! z
!
;QA;QB

�

� EAðQAÞ� EBðQBÞ (1)

This equation calculates the interaction energy (Eint) as the difference between the energy of a molecular aggregate EAB and the
separated monomers (EA, EB), where the monomers are in the same internal coordinates QA, QB as in the molecular aggregate. The

relative orientation of the monomers is described by the intermolecular vector r! and the orientational angles z
!

(see Fig. 57).129,130

For such weak interactions it is also important to correct the obtained values for basis set superposition errors; however, according to
the equation, zero-point corrections are not taken into account.

Polarization- or diffuse augmented split-valence triple-z basis sets in combination with electron-correlation methods are
required to obtain reliable results for van der Waals-type interactions.131 In addition, for tellurium-containing compounds
a good effective core potential (ECP) is also needed. Hence, in most cases Dunning’s correlation-consistent basis sets (correlation
consistent polarized valence triple-z, cc-pVTZ, cc-pVTZ-PP, SDB-cc-pVTZ) were chosen for such computations.

Benchmark computations of a TeeTe interaction had shown that the HF level of theory is completely insufficient for even
describing the intermolecular distancesdthe found TeeTe distance was too long. The B3LYP method leads to quite good

 
 

Fig. 57 Definition of the three most important parameters used in Eq. (1). The distance r(X1X2) and the orientation angles u y ; X1X2
��
and

u z ; X2Z
��
, which were used to characterize the optimized geometries of the molecules R-X1-R and R-X2-Z, are shown. Reprinted with permission

from Bleiholder, C.; Werz, D. B.; Köppel, H.; Gleiter, R. Theoretical Investigations on Chalcogen-Chalcogen Interactions: What Makes These
Nonbonded Interactions Bonding? J. Am. Chem. Soc. 2006, 128, 2666–2674. Copyright 2006 American Chemical Society.
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geometries, but is unable to recover much of the interaction energy. The B3LYP-D3, M06-2X, MP2 and B2PLYPD methods overes-
timate the interaction energy. However, the extent of the deviation from the coupled cluster single, double and perturbative triple
(CCSD(T)) energy is small (Fig. 58). A comparison shows that the use of a smaller basis set for MP2 calculations leads to an energy
curve which matches almost perfectly the CCSD(T) curve using the highest basis set (compare MP2/bs2 with CCSD(T)/bs1 in
Fig. 58).

In addition, special attention needs to be paid to the flatness of a van der Waals potential energy surface. Therefore, the conver-
gence criteria during geometry optimizations have to be set rather tightly to reach the minima as closely as possible.

1.13.6.2 Model systems

1.13.6.2.1 Interaction energies and potential energy surfaces
Much of the early solid-state work in chalcogen bonding has used alkyne-substituted chalcogens acting as acceptor units. Therefore,
the model systems from OeTe as depicted in Fig. 59 were in the focus, where dimethylsubstituted chalcogen units act as donors. As
mentioned above, the interaction of both units can be qualitatively described as a p-s* interaction. A look into the literature shows
that this assumption is not always justified. Gas phase studies on the dimer of dimethylether by molecular beam Fourier transform
microwave and free jet millimeter wave absorption spectroscopies132 revealed a Cs symmetrical geometry with the two monomers
bound by three weak CeH/O hydrogen bonds as shown in Fig. 60. As a result a similar geometry as anticipated from a p-s* type
interaction emerges. For comparison we show in this figure the structure of the dimer of dimethyltellurium which will be discussed
later. High level ab initio calculations show that there is no CeH/Te interaction possible for geometric reasons. The Cs symmetrical
structure of the dimer of dimethyltellurium is due to a non-covalent interaction between the Te centers and can be described by a p-
s* interaction of the 5p lone pair of the lower Te center with the s* orbital of the TeeMe bond.5

In Table 1 the calculated interaction energies Eint, MP2
cc � pVTZ, ECP, the equilibrium distances r(X1X2), and the orientation angles,

u, are given. As anticipated, one finds for O that the calculated bond distance between the oxygen centers (3.52 Å) is considerably
longer than the van der Waals distance of two oxygen centers (2.8 Å).3,6 For S to Te the value for r(X1X2) is smaller than the cor-
responding sum of the van der Waals radii of S (3.7 Å), Se (4.0 Å) and Te (4.4 Å).133 The values calculated for the orientation angles
u y;X1X2

��
and u z;X2Z

��
are close to those expected for a p-s* interaction. The deviation from an ideal geometric arrangement for

a p-s* interaction [u z;X2Z
�
z0�

�
, u y;X1X2

�
z90�

�
] can be ascribed to steric effects.

The interaction energies shown in Table 1 reveal an increase from O to Te. In Fig. 61 the potential energy profiles at the MP2/cc-
pVTZ-ECP level of theory for OeTe are plotted. It can be seen that the energyminima increase only slightly between O, S, and Se, but
considerably for Te. The trends from this discussion, documented in Fig. 61 and Table 1, are in qualitative agreement with the inter-
action model shown in Fig. 1. According to this qualitative model the interaction should increase with decreasing energy difference
between the p donor orbital and the s* (X2-C) acceptor orbital.20 The energy of the donor orbital increases in the series
O / S/ Se / Te as exemplified by the first ionization energies of Me2X (X ¼ O, S, Se, Te) obtained by photoelectron spectros-
copy.134 The energy of the acceptor s* orbital of the XeC^CH bond should decrease. More recent computations also corroborate
this view.135

Fig. 59 Dimeric homonuclear model systems from OeTe with one alkyne unit as acceptor group in the upper part.

Fig. 60 Minimum geometries of two dimethylethers (Left) and two dimethyltellurides (Right). Reprinted with permission from Bleiholder, C.; Werz,
D. B.; Köppel, H.; Gleiter, R. Theoretical Investigations on Chalcogen-Chalcogen Interactions: What Makes These Nonbonded Interactions Bonding?
J. Am. Chem. Soc. 2006, 128, 2666–2674. Copyright 2006 American Chemical Society.
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1.13.6.2.2 Natural bond orbital (NBO) analyses
NBO analysis136 provides an alternative way to characterize a non-covalent interaction in terms of the functional groups involved in
a molecular aggregate. For chemists such an analysis often facilitates ease of understanding. Thus, bonding can be divided into an
amount for hydrogen bonding (between CeH groups and chalcogen atoms) and chalcogen-chalcogen interactions of the two chal-
cogen centers. Mathematically, such NBO analyses are performed by interpreting the sums of the second-order interaction terms of
the NBO program in terms of hydrogen and chalcogen-chalcogen bonding. Table 2 shows the results of these analyses for the four
model systems given above. Whereas the absolute amounts of hydrogen bonding vary only slightly (from 1.8 to 2.8 kcal mol�1),
the values for the chalcogen-chalcogen bonding strongly increase from oxygen to tellurium (from 0.0 to 10.9 kcal mol�1). With the
exception of the oxygen- and sulfur species the hydrogen bonds are weaker than the chalcogen-chalcogen interactions. The parti-
tioning is depicted in Fig. 62. For the heavier chalcogen species (S, Se, Te) the major single intermolecular NBO interaction term

Fig. 61 Interaction energies at the MP2/cc-pVTZ-ECP level of theory of the alkynyl-substituted dimers from O to Te as a function of r(X1X2).

Table 2 Partition of interaction terms of model systems from O to Te as
derived by an NBO second-order perturbation analysis in
chalcogen-chalcogen interactions (Exx) and hydrogen bonding
(EH-bond), the largest matrix element of the perturbation analysis
(Emax) and charge transfer (CT) from donating units MeeX1eMe
to accepting units MeeX2eC^CH is given in 10�3 electrons.
The energies are given in kcal mol�1.

Dimer Exx EH-bond CT

O 0.00 2.81 þ1.80
S 1.82 1.93 þ5.41
Se 4.42 1.75 þ14.02
Te 10.85 1.78 þ37.81

Table 1 Calculated interaction energies Eint, MP2 cc � pVTZ, ECP [kcal mol�1],
intermolecular equilibrium distance r(X1X2) [Å], and the orientation
angles u y ; X1X2

��
and u z ; X2Z

��
[�] of OeTe.

Dimer Eint, MP2
cc � pVTZ, ECP a r(X1X2) b u y ; X1X2

�� b u z ; X2Z
�� b

O �2.58 3.52 103.1 21.2
S �3.23 3.63 102.0 16.8
Se �3.66 3.63 100.0 15.3
Te �4.64 3.76 100.5 13.7

aCorrected for basis set superposition error.
bFor the definition of the parameters, see Fig. 57.
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is of p-s* type. Also of note is the fact that charge transfer (CT) from the donating to the accepting unit is observed: the heavier the
chalcogen involved, the greater the CT.

1.13.6.2.3 s-Hole bonding
Another method to explain the extent of the chalcogen bonding and especially its directionality is the concept of s-hole
bonding.137,138 It is traced back to the electrostatic potential V(r). In atomic units for a set of atomic nuclei and electrons, the elec-
trostatic potential V(r) at spatial position r is given by Eq. (2).

V rð Þ ¼
X

A

ZA

jRA � rj �
Z

rðreÞdre
jre � rj (2)

in which ZA is the charge on nucleus A located at position RA, and r is the electron density at position re. The first positive term
represents the electrostatic potential generated by the atomic nuclei, while the latter negative term accounts for the electrostatic
potential of the electron cloud. The electrostatic potential is a physical observable; thus, it can be obtained either experimentally139

or by computation.137,138

In general, to visualize potential surfaces the surface is drawn with an electron density of 0.001 au and the electrostatic poten-
tial is projected onto it.137,138 In Fig. 63 the molecular electrostatic potential of Me2O, Me2S, Me2Se, Me2Te, MeOeCN,

Fig. 62 Partitioning of hydrogen bonding and chalcogen-chalcogen bonding in model systems O to Te derived from NBO analysis.

Fig. 63 (Top) Calculated (B3LYP/cc-pVTZ(-PP)) molecular electrostatic potential on the 0.001 au electron density isosurface of Me2O, Me2S, Me2Se
and Me2Te. Color scheme spanning between �0.03 (red) to þ0.03 (blue). (Bottom) Calculated (B3LYP/cc-pVTZ(-PP)) molecular electrostatic
potential on the 0.001 au electron density isosurface of MeOeCN, MeSeCN, MeSeeCN and MeTeeCN. Color scheme spanning between �0.04 (red)
to þ0.04 (blue).
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MeSeCN, MeSeeCN and MeTeeCN are compared. In Me2O, the surface of the chalcogen atom is completely negative (Fig. 63).
In the case of the heavier chalcogens S, Se, and Te, the chalcogen atoms show a positive outer region with two local maxima.
These regions with positive electrostatic potential on the outer surface are located along the extensions of the XeC bonds and are
named s-holes.140 The s-holes are most pronounced for Se and Te. This trend can easily be explained by the concept of atomic
orbitals. Since the hybridization becomes more difficult for higher chalcogens than for oxygen, the contribution of the higher
chalcogens to the XeC bonds contain almost pure half-filled p-orbitals. This leads to a lack of electron density in the outer
(uninvolved) orbital lobe. Therefore, the s-holes, the regions of positive electrostatic potential, are located along the extensions
of the XeC bonds.

In addition, the s-holes increase when electron-withdrawing substituents are bonded to the chalcogen atoms (as depicted in
Fig. 63); this effect becomes even more pronounced with decreasing electronegativity and polarizability (from S to Se to Te).
The directionality of the chalcogen bonding in the simple dimeric model systems can be explained as the electrostatic attraction
between a s-hole of the Lewis acidic chalcogen moiety with the lone pair of the donating chalcogen atom. The resulting relative
orientations of the twomolecules are such that the s-hole of the chalcogen atomwith the higher positive outer region (MeeX2eCN)
is approaching a negative region on a lateral side of the other chalcogen atom (Me2X1). This model displays the interaction of an
occupied p-orbital at center X1 and the empty CeX2 s*-orbital (Fig. 63).

1.13.7 Conclusion

Interactions of Lewis acidic chalcogenmoieties with Lewis bases are commonly termed nowadays as chalcogen bonding. The type of
Lewis base can vary greatly: most often chalcogens, halogens or pnictogens are utilized. The term is analogous to the terms hydrogen
bonding and halogen bonding. The effect is of importance for solid-state chemistry, in supramolecular chemistry, and catalysis.
Many chalcogen-rich crystal structures are strongly determined by chalcogen bonding. Capsules can be held together by such attrac-
tive interactions and organocatalysts or ligands used for metal catalysis can be adjusted in their shape. Theoretical investigations
have revealed that the weakest interactions are found between oxygen atoms. Commonly their strengths increase with increasing
atomic number of the chalcogen in the chalcogen-based Lewis acid. The more electron-withdrawing groups are attached to the chal-
cogen Lewis acid, the stronger the interaction. A simplified view considers an orbital overlap between a filled p-orbital of the Lewis
base with a low-lying s*-orbital of the chalcogen-based Lewis acid. Although directionality is somewhat explained by this simple
model, it does not account for the overall interaction energy. More sophisticated computations have revealed that a major part of
the energy gain is the result of dispersive interactions which increase with increasing size of the chalcogen. An alternative theoretical
approach uses the potential energy surfaces of donor and acceptor units. In this case the attractive interaction is explained by filling
electron density from the donor into the s-holes of the acceptor moieties.
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Glossary
Complementarity The spatial and/or chemical matching of the host and guest.
Heteroatomic Involving two or more types of atoms.
Homoatomic Involving one type of atom.
Host-Guest A complex in which the guest molecule is coordinated by the host.
Hydrophobic interactions Non-polar interactions involving organic groups.
Isoelectronic The same number of electrons.
Macrocycle A cyclic macromolecule or macromolecular portion of a molecule.
Non-tiling The geometric inability to form a flat surface using a particular geometric shape.
Receptor An alternative name for a host, but normally with a selective function for a guest.
Reorganization energy The energy for change in molecular arrangement upon coordination.
Templating The ability of a template molecule to direct the formation of a host molecule around it.

Abstract

This review concerns development of the area of p-block element host-guest chemistry since Comprehensive Inorganic
Chemistry II. The focus is largely on the most thermodynamically stable host systems.

1.14.1 Introduction

Host-guest complexes involve the coordination of cationic, anionic or neutral guests within discrete host molecules or supramolec-
ular host assemblies using noncovalent (H-bonding, ionic, van der Waals or hydrophobic) interactions.1 While this definition
provides workable boundaries in the well-established area of organic hosts (like crown ethers, calixarenes and porphyrins),
some reflection on this definition is valuable when extending this concept to host assemblies constructed from elements other
than carbon. This is because many (especially ionic) inorganic hosts or host assemblies do not necessarily have an independent
(“discrete”) existence in the absence of the guest. This is especially the case for s-block host-guest complexes. A case in point is
the series of isostructural cages [{MeE(PPh)3Li4$3thf}4(m4-X)]

� (1) (E ¼ Al, Ga, In; X ¼ Cl, Br) in which four [MeE(PPh)3Li4] units
form as tetrahedral host assembly around Xe anions (Fig. 1A).2 Although there is no doubt that this and related inverse-crown
arrangements of electropositive metals3 like 24 (Fig. 1B) can be described as host-guest complexes, in neither do the host frame-
works ([{MeE(PPh)3Li4$3thf}4] in 1 and [Li2Mg2(TMP)4]

2þ (TMP ¼ 2,2,6,6-tetramethy piperidine) in 2) exist as a separate, func-
tional entities in their own right.

This article builds on the previously review of the host-guest chemistry of p-block systems published in 2013 in Comprehensive
Coordination Chemistry II,5 and mainly focuses on more robust molecular or supramolecular host arrangements. The periodic
increase in effective nuclear charge of the p-block elements brings with it increased covalent character, with the opportunity for
the design of robust host molecules which mirror those found in classical host-guest chemistry based on carbon. It can be seen,
however, that many of the thermodynamic and kinetic principles that govern the inherent stability of classical organic hosts
(like crowns ethers) also extend to p-block metal host systems, so that for a viable p-block host molecule to exists in its own right
the bonding arrangement is most likely to consist of strong bonds, preferably non-polar ones. For this reason, p-block host systems
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have continued to be dominated in the past 7 years by theromodynamically and kinetically stable arrangements of this type, pre-
eminently phosphazanes (PeN) and siloxanes (SieO), as well as some notable, ground-breaking studies of PeP bonded hosts.
Once again, a common theme and motivation in these studies has been the structural relationship to organic host systems and
the often-cited isoelectronic relationships between the archetypal CeC bonded arrangements and inorganic counterparts.

Whereas the historical development of p-block element based host systems has been dominated by structural curiosity, with
many of the host-guest adducts being discovered more by chance than design in previous studies, perhaps the greatest advance
in this area in the past decade or so has been the focus on systematic design, functionality and application. Thus, it appears that
many of the cutting-edge developments in this area now aspire to the same level of complexity as is commonplace in the organic
arena.

1.14.2 Heteroatomic p-block hosts

1.14.2.1 Group 15 host-guest chemistry

The past decade has seen increasing interest in the applications of Group 15 hosts in anion coordination and recognition. In the
areas of PeN bonded phosph(III/V)azane chemistry this has largely involved the development of new H-bond donor host arrange-
ments, while newly introduced receptor molecules based on the heavier Group 15 elements (Sb in particular) take advantage of the
Lewis acidity of the metal centers for anion binding. The general area of inorganic receptor molecules is a developing field which has
been reviewed previously.6

Anion binding and sensing using small H-bond donor organic receptor molecules is a well-established area of research.7 Ureas
and squaramides are some of the most common classes of organic receptors used in this field, which have been applied in anion-
sensing, anion-transport and counterion-catalysis.8 Small molecular p-block counterparts based on a range of functional groups
have recently been introduced, including phosphoramides [R2P(]O)NHR], sulfonamide [RS(]O)2NHR], boronic acids
[RB(OH)2], borinic acids (R2BOH), silanols (R3SiOH), phosphoric acids [RO2P(]O)OH], and phosphonium cations
[(R2N)2P(NHR)2

þ].9

Particularly interesting examples of these are small H-bond receptor molecules based on PeN bonded arrangements. Gale and
coworkers have shown that phosphoric- and thiophosphoric- triamides of the type [(ArNH)3P ¼ E] (E ¼ O, S; Ar ¼ 3,5-
(CF3)2C6H3) (3) are effective new receptors for the recognition and transport of anions (Fig. 2A), showing high values of stability
constants for the formation of 1:2 halides and organic carboxylate complexes in MeCN. The anion transport mechanism through
lipid layers was shown to be similar to that observed for thioureas and squaramides (involving an anion-anion antiport mecha-
nism).9 Goldfuss and coworkers have investigated the air-stable phosph(V)azane dimers [ArNH(E)P(m-NtBu)]2 (E ¼ O (4a),

(A) (B)

Fig. 1 The host-guest complexes (A) 1 and (B) 2. Color code: P (orange), O (red), N (blue), Mg (light blue), Li (magenta).

(A) (B) (C)

Fig. 2 The anion receptor molecules (A) 3, (B) 4a-4c, and (C) 5.
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S (4b), Ar ¼ 3,5-(CF3)2C6H3) (Fig. 2A), whose bidentate H-bond donor arrangements are related to ureas and squaramides.10

Phosph(V)azane 4a binds to Cl� significantly more strongly (with logK ¼ 5.43: K ¼ binding constant) than the corresponding dia-
ryl urea (logK ¼ 4.25) and aryl-squaramide (logK ¼ 5.13) (containing the same 3,5-(CF3)2C6H3 groups). This high anion affinity
makes 4a useful in counterion-catalysis. On the basis of DFT calculations, the lower affinity of the sulfur derivative 4b for Cl� was
explained by the effect of stabilizing ortho-CeH/O]P interactions in the O-analog 4a on the conformation of the dimer, making
the chelating N-H “in-in” conformation (necessary for bifurcated Cl� coordination) more energetically accessible (Fig. 2B). Inter-
estingly, the selenium derivative [ArNH(Se)P(m-NtBu)]2 (4c) was recently found to have a similar binding constant to that of the
oxygen derivative 4a (logK ¼ 5.74 M�1).11 In contrast to 4a, 4c is hydrolytically stable and has been shown to be an excellent
receptor for the transport of Cl� ions through lipid layers under aqueous conditions; the observed order of transport activity being
4c > 4b > 4a, with 4c having a similar activity to that of the corresponding thiourea (containing the same 3,5-(CF3)2C6H3 groups).

Taking a cue from these previous studies, it was found that coordination of the PIII atoms of the dimeric phosph(III)azanes of the
type [(2-py0)NHP(m-NtBu)]2 (where 2-py0 is a substituted or unsubstituted 2-pyridyl group) to transition metal centers can not only
stabilize the PIII frameworks, making the new, receptor complexes hydrolytically stable, but can also be used to “lock” the confor-
mation of the N-H groups into the optimum “in-in” arrangement for anion binding.12 Metal coordination also results in superior
binding constants even compared to selenium oxidation (as in the case of 4c, above). The best receptor of this type [(5-CF3-2-
pyridyl)(Rh(CO)Cl)NHP(m-NtBu)]2 (5) (Fig. 2C) exhibits 2: 1 binding behavior to Cl� ions in DMSO with a binding constant
(K) of ca. 4900 M�1. This compares to a binding constant of ca. 520 M�1 for the best selenium receptor 4c, and is one to two orders
of magnitude higher than the best squaramide and thiourea receptors under the same conditions.

Receptor 5 has similar transport activity through lipid layers under aqueous conditions to the best squaramide transporter re-
ported, even though it has only two rather than four CF3 groups in the aromatic substituents, illustrating that this metal coordina-
tion strategy can outcompete structurally related organic transporters which are commonly used in this area. DFT calculations have
been used to probe the reasons for the enhanced H-bond donor properties of seleno-phosph(V)azanes (like 4c) and metal-
coordinated phosph(III)azanes (like 5). The primary effect of oxidation or metal coordination of the PIII centers is an increase in
back-bonding of the exo-N lone pairs into the s* orbitals of the PeN bonds within the P2N2 ring units, which results directly in
increased polarization of the NeH bonds (Fig. 3). A further strategy for increasing anion binding is the use of charged
phosph(V)azane receptor frameworks like [tBuNH(Se])P(m-NtBu)2P(Me)HNtBu]þ (6), the effect of which on NeH bond polarity
is similar to selenium oxidation and metal coordination, but with the additional effect of increased Coulombic attraction between
the receptor and the anionic guest.13

The applications of cyclodiphosphazanes as building blocks to a range of small-molecular, macrocyclic and polymeric arrange-
ments has been highlighted in a comprehensive recent review.14 Of particular interest in this area are macrocyclic compounds in
which P2N2 ring units are bridged by metals15 and non-metals16 into cyclic arrangements. Recent examples of both types of macro-
cycle illustrate their ability to form host-guest complexes, involving H-bonding and hydrophobic interactions.17,18 For example, the
metal-bridged pentamer [{(PhC^C)P(m-NtBu)}2{Rh(CO)Cl}]5 (7), formed by the reaction of the neutral phosph(III)azane dimer
[(PhC^C)P(m-NtBu)]2 with [Rh(CO)2Cl]2, forms an H-bonded host-guest complex with solvent MeCN molecules above and
below the mean plane of the macrocycle involving the endo-CO O-atoms.17a The N-H bridged pentamer [{P(m-NtBu)}2(NH)]5
(8) has also been shown to have a remarkable tendency for H-bonding of neutral guests within its cavity, resulting largely from
the high polarity of NeH bonds due to the polarity of its PeN bonded core.18d A dramatic demonstration of this is the formation
of a 1:1 host-guest complex with PhC^CH, resulting primarily from highly unusual NeH/p(C^C) bonding ([8 3 PhC^CH]
Fig. 4). The binding host-guest constant is around 55 M�1 in hexane. It is worthwhile noting that this type of host-guest interaction
has not been observed previously for less polar organic macrocycles.

The phosph(III)azane macrocycle 8 can be used to trap guests within its cavity irreversibly. Although the host-guest complex
[8 3 I]� exhibits dynamic behavior in solution (involving coordination and de-coordination of I� ions), oxidation of the PIII atoms
of the core with sulfur, giving the host-guest complex [9 3 I]�, results in the steric blocking of the H-bonding coordination site by
the tBu groups. Such is the extent of this blocking that even reaction with excess MeOTf (Tf ¼ triflate) fails to release the I� ion (as
MeI). Instead, methylation of one of the S-atoms at the periphery occurs to give the neutral species 10 (Fig. 5). The host 9 traps I�

ions more effectively than any organic or metallo-organic halide receptor known (although this is kinetic rather than thermody-
namic in this case).

Turning to Lewis acidic anion receptors, small, molecular boron compounds have dominated this area and have extensive appli-
cations in the important field of optical chemosensing of anions. The use of boron compounds in this area has recently been
reviewed in detail.19 Gabbaï and coworkers have been particularly active in the development of water-stable Lewis acidic Group

Fig. 3 Schematic of the back-bonding interaction in seleno-phosph(V)azanes (like 4c) and metal-coordinated phosph(III)azanes (like 5).

654 Supramolecular chemistry of p-block elements



15, Sb(III) and Sb(V), receptors for fluoride ion sensing, which are compatible with measurement of drinking or even untreated
water.20 Three recent examples of this type of receptor are shown in Fig. 6, which illustrate the principles involved in their design.
The organo-Sb(V) bromide [Ar(Br)SbPh3] (Ar ¼ 3-perylenyl) (11-Br) exhibits weak Sb/Br in the solid state (2.921 Å) and disso-
ciates completely into the free stibonium cation [ArSbPh3]

þ and Br� in acidic solution (Fig. 6A).20e Addition of F� ions results in
a blue shift of the perylene-based absorption bands and a large enhancement in fluorescence intensity in the visible region, stem-
ming from the formation of [Ar(F)SbPh3] (11-F). The pre-receptor 11-Br can be employed in the quantitative measurement of F�

Fig. 4 The host-guest complex [8 3 PhC^CH]. Color code: P (orange), N (blue), C (gray).

Fig. 5 Oxidation of the phosph(III)azane framework of the host-guest complex [83 I]� to the phosph(V)azane framework of complex [93 I]�,
and the result of reaction with MeOTf giving 10. The space-filling diagrams show the blocking of the cavity by the tBu groups.

(A) (B) (C)

Fig. 6 Examples of small-molecule, Lewis acidic receptors developed by Gabbaï and coworkers.
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concentration in drinking water by monitoring the emission band in the visible region at 423 nm. In the Sb(V) 1l-stibaindole
receptor 12 (Fig. 6B), the installation of an electron withdrawing chloranil group lowers the energy of the s*-orbitals of the PheSb
bond sufficiently to allow significant conjugation with the p* system of the heterocyclic C4Sb ring unit and results in a narrow p-p*
gap.20f The s*-p* conjugation can be turned off by the coordination of a F� anion to the pseudo-square-based pyramidal Sb(V)
atom, resulting in a color change that can also be used to measure F� concentration in water quantitatively. The coordination of
a F� anion to the Sb center of the cationic Pd(II)/Sb(V) receptor 13 (Fig. 6C), along the axis of the PdeSb bond, results in
a yellow-to-orange color change.20c DFT calculations suggest that the coordination of F� results in (what can be described by a
valence bond model as) a change from Sb:/Pd to Pd:/Sb donation. The color response of receptor 13 is apparently selective
for F�, with no color change being observed for a range of other anions (including Cl� and Br�).

The encapsulation of neutral guests is a feature of a growing number of ‘metallo-inorganic’ host molecules involving structure-
directing, small PeN bonded ligands. Boomishankar and coworkers have made some particularly exciting contributions to this
emerging field of supramolecular chemistry, which mirrors the classical area of metallo-organic host chemistry (involving
structure-directing organic ligands). The host cage arrangements are derived from [Ph(O])P{NH(3-py)}2]

21 and [E ¼ P(NHR)3]
22

(E ¼ O, S; R ¼ aryl or alkyl) building blocks and a range of transition metals.
Depending on the anion present, the reactions of [Ph(O])P{NH(3-py)}2] ligand (L) with CuIIX2 give polymeric arrangements

(in the case of X ¼ ClO4
�) or discrete molecular arrangements (in the case of NO3

�).21a The latter exhibit interesting host-guest
chemistry, for example, the [Cu4L8]

8þ cation of [Cu4L8$5H2O] [NO3]8 (14a) has a cavitand arrangement that can be viewed as
a metal-ligand analog of a cucurbituril, having a contact surface volume of around 153 Å3. While this cavity is occupied by H2O
molecules in the solid-state structure of the solvate of 14, addition of KNO3 in aqueous media results in the encapsulation of a dis-
torted dodecahedral K(H2O)8

þ cation within the void. Although similar encapsulation using NaNO3 was not observed, analogous
cavitand [M4L8]

8þ cations (14b and 14c, respectively) are also produced with Ni(NO3)2 and Co(NO3)2, which form the full range
of host-guest [M4L8 3 A(H2O)n]

9þ complexes, 15 [A ¼ Li (n ¼ 5), Na (n ¼ 5), K (n ¼ 8), Rb (n ¼ 9), Cs (n ¼ 10)] (Fig. 7).21b The
unprecedentedly high hydration numbers of the alkali metal cations in these species appears to be the combined result of confine-
ment and the hydrophobic nature of the cavities. Interestingly, the ferromagnetic behavior of these host-guest complexes is depen-
dent on the hard-soft characteristics of the alkali metal cation guests, providing the potential for tuning ferromagnetic character.

Neutral tetrahedral clusters of the type [(Pd3L
1)4(X)6] [L]O]P(NR)3

3�, X ¼ oxalate (ox) or anilates (An)], in which [PdL3]
units form the apices, exhibit extensive host-guest chemistry. The first of these to be reported, [(Pd3L (1))4(ox)6] (L1]O]

P(NIPr)3
3�) (16), acts as a selective host for a range of neutral solvents, depending on the size of the guest with respect to the

host cavity (volume 85 Å3) (Fig. 8).22b Thus, the host-guest complexes of 163 CCl4, 163 CHCl3, 163 CH2Cl2 and
163 C5H10 are all readily formed by the interaction of the corresponding solvents with the DMSO complex 16 3 DMSO, while

Fig. 7 Encapsulation of A(H2O)nþ cations by cucurbituril-like arrangement (14), producing 15 (illustrated by the encapsulation of a K(H2O)8þ guest
by the Ni(II) host 14b). Color code: P (yellow), N (blue), O (red), Ni (green), K (purple).

Fig. 8 Formation of host-guest complexes using 16 and 17.
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larger solvents like C7H8, C6H5Cl and C6H5F are too big to be encapsulated (with volumes >100 Å3). Competitive experiments
together with theoretical calculations show that 16 has greatest affinity for benzene over the small chlorinated guests and has poten-
tial in solvent separation. The size selection of hosts in this way (depending on the relative size of the host and guest) is akin to that
found more commonly in related metallo-organic hosts.23

Using the longer connector anilate ligands (An) results in larger cavities in the guests [(Pd3L (1))4(An)6] (17), with cavity
volumes in the range 230–240 Å3).22h In contrast to 16, these cages are now able to encapsulate toluene, o-, m- and p-xylene
and mesitylene, depending on the portal radius of the cages (Fig. 8). Thus, with smaller, unsubstituted An ligands (R ¼ H) which
allow greater access to the cavity, host-guest complexes of toluene, o-,m- and p-xylene and mesitylene are formed, for chloro-anilate
(R ¼ Cl) only toluene, and o-, m- and p-xylene complexes, and for bromo-anilate (R ¼ Br) only the mesitylene complex. Placing
chiral (R- and S-)a-methylbenzylamide groups within the O]P(NR)3

3� anions gives the enantiopure chiral hosts [(Pd3L
*)4(ox)6]

(18) and [(Pd3L
*)4(An)6] (19) which have been shown to be capable of enantioselective separation of racemic mixtures of chiral

epoxides, lactones and ketones by crystallization of 18 and 19 in the presence of the rac[emic analytes.22e,g

1.14.2.2 Group 14 host-guest chemistry

There has been continued development of the coordination chemistry of silicon-based macrocyclic hosts since 2013. Recent prog-
ress in this area has mainly focused on cyclic siloxanes of the type cyclo-[Me2SiO]n

24 and novel hybrid macrocycles in which the C2

units of conventional crown ethers are replaced by disilane Si(Me)2Si(Me)2 units,
25 with very few recent studies concerning isoelec-

tronic SieN bonded macrocycles.26 It has been noted that cyclic siloxanes coordinate metal ions only weakly as a result of the low
Lewis basicity of the donor O-atoms compared to crown ethers. This stems from the presence of lone-pair p(O) / s*(Si-C) hyper-
conjugation interactions which decrease the electron density on the O-atoms,27,28 as well as from repulsion between the electro-
philic Si atoms of the macrocycles and the coordinated ions.24a,27b The presence of SiMe2 connecting groups (as opposed to C2

linkers) also means that the cyclic siloxanes adopt very different conformations to the corresponding crown ethers which can result
in higher reorganization energies of their macrocyclic frameworks upon metal coordination. As a result of this weak coordination
ability, comparatively few metal complexes had been reported previously [containing Liþ,28 Kþ

,
24b,29 Zr4þ30 and Agþ31 coordinated

by [Me2SiO]n, n ¼ 4, 5, 6, 7] (examples of these are shown in Fig. 9).
In earlier work, the cyclic siloxane frameworks were commonly generated serendipitously by in situ reactions of organometallics

with vacuum grease (via nucleophilic attack of polymeric [Me2SiO]n). More recently, however, the research has focused on the coor-
dination chemistry of the pre-formed hosts themselves. A recent report has reinvestigated the coordination of [Me2SiO]n with
Agþ.24a Previously, it had been shown that addition of AgSbF6 in SO2 to a mixture of [Me2SiO]n (n ¼ 3–6) gave the 6-, 7- and
8-membered siloxanes, from which [Ag(MeSiO)7][SbF6] (20) was isolated (the cation of which is shown in Fig. 9C).31 These
ring transformation reactions were assumed to bemetal-induced and result from F� abstraction from the SbF6

� ion, giving amixture
of the most thermodynamically stable rings. By using the Agþ salts of the very weakly coordinating anions Ag[Al(OR)4] and Ag
[FAl(OR)3] (R ¼ C(CF3)3), which have significantly higher F� affinities, these ring transformations are suppressed, allowing the
exclusive isolation of complexes containing the [Ag(MeSiO)6]

þ cation directly from [Me2SiO]6 in SO2. Calculations reveal that
[MeSiO]7 forms more stable complexes with Agþ in the gas and solution phases than [MeSiO]6, supporting the previous proposal
of the thermodynamic selection of 20.

In a further recent study it has been shown that the direct formation of alkaline earth metal complexes of [Me2SiO]n is possible,
even in the presence of strongly coordinating anions.24c It was proposed previously that anion-cation interactions were unfavorable
to complex formation with cyclic siloxanes (bearing in mind the weak coordination ability of cyclic-siloxanes).28 In contrast to this
assertion, direct coordination of MgI2 and CaI2 by [Me2SiO]n (n ¼ 6 and 7,respectively) occurs in a,a,a-trifluorotoluene, giving the
new complexes [MgI2(Me2SiO)6] (21) (Fig. 10) and [CaI2(Me2SiO)7] (22). However, this complexation is extremely slow for SrI2
and only the impure complex could be obtained in low yield in this case. Addition of GaI3 to the SrI2 and BaI2 reactions of

(A) (B) (C)

Fig. 9 Some of the structurally-characterized Liþ, Kþ Agþ complexes of cyclic siloxanes, [Me2SiO]n.
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[Me2SiO]7, however, overcomes this difficulty and results in the ion-paired complexes [Sr(GaI4)2(Me2SiO)7] (23) and [Ba(GaI4)2(-
Me2SiO)7] (24). Theoretical calculations have been used to probe the thermodynamics of these reactions, which indicate that the
difficulty in the complexation of Sr2þ and Ba2þ with [Me2SiO]7 is due to the decrease in the net binding energy of macrocycle to
these salts going down group 2 (which cannot offset the unfavorable effect of lattice energy), making coordination endothermic.
This binding energy is greater for the Sr(GaI4)2 and Be(GaI4)2, so that complexation becomes favorable.

Hybrid disilane macrocycles, introduced recently by von Hänisch and coworkers, are shown in Fig. 11. A major challenge in this
area remains a fully inorganic representative [(SiR2)2O]n, in which all of the C-atoms of the crown arrangement are replaced by
valence-isoelectronic SiR2SiR2 groups.

As a result of the insertion of disilane units instead of the Si(Me2) units of cyclic siloxanes, the distance between the Si atoms and
the coordinated metal ion in these hybrid macrocycles is increased, resulting in far lower metal/Si repulsion, which (as noted
previously) is one of the major factors responsible for the poor coordination ability of cyclic siloxanes compared to organic

Fig. 10 Structure of [MgI2(Me2SiO)6] (21).

Fig. 11 New hybrid disilane macrocycles.
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counterparts. Based on DFT calculations and competitive NMR experiments, it was concluded that the coordination ability of 24
and 27 towards Liþ are similar to directly analogous, fully-organic 12-crown-4.25a This is in spite of the fact that the reorganization
energy of their macrocyclic frameworks (going from the free ligands to the Liþ complexes) are greater. This suggests that p(O) /
s*(Si-C) hyperconjugation interactions, which reduce the Lewis basicity of cyclic siloxanes, are a less important influence in hybrid
systems. The unfavorable reorganization energy is offset by greater electrostatic interactions with the Liþ cations in these complexes,
which is supported by the observation of shorter OeLi bonds with the O-atoms adjacent to the Si atoms in the solid-state structures
compared to the OeLi bonds made with the all-ethylene substituted O-atoms. Further studies of 26 (the constitutional isomer of
27) show that this macrocycle actually has a higher binding energy to Liþ than 12-crown-4.25b This may be partly due to the better
geometric fit of Liþ into the cavity of 26 (which is slightly bigger than in 12-crown-4), but is also the result of the highly Lewis basic
character of the Si–O–Si O-atom. This is mirrored in the large, up-field change in the 29Si NMR chemical shift of the Si atoms in this
fragment upon complexation to Liþ.

Further work in this area has focused mainly on the coordination of alkali and alkaline earth metals.g,25c–e Like the parent all-
carbon crown ethers, size complementarity (matching of the ion with the size of the coordination cavity) is an important factor in
the formation of metal complexes of hybrid disilane crowns, with the involvement of the C–O–C, C–O–Si and Si–O–Si O-atoms
varying depending on the size of the s-block ions involved. The involvement of the C–O–Si and Si–O–Si O-atoms can be readily
assessed by 29Si NMR spectroscopy. For example, in Group 1 and 2 complexes of 29 the Si resonances of both fragments show
marked up-field shifts if involved in metal coordination, which are roughly proportional to the strength of the bonding.25g The
ability of the hybrid macrocycles to coordinate Group 2 metal ions in the presence of strongly coordinating anions (even for the
heavier alkaline earth metals, such as in [(29)SrI2], Fig. 12) illustrates their greater coordination ability over cyclic siloxane macro-
cycles. However, the greater Lewis acidity of Be2þ can result in the decomposition of the hybrid frameworks, as shown by a study of
the coordination of BeCl2 by 24 and 25 which results in extrusion of the Si2 units (via loss of ClSi2Me4Cl and
ClC2H4OSi2Me4Cl).

25h

An extensive series of metal cage compounds containing cyclic and linear silsesquioxanes has been investigated. The cyclic sil-
sesquioxanes of formula [RSi(O)O]n

n� are isoelectronic with cyclic siloxanes (Fig. 13, bottom) and can function as structure-
directing building blocks in these systems.33 The standard method of synthesis involves reaction of RSi(OR)3 with alkali metal
hydroxides (MOH), generating oligomeric [(RSi(O)O)n0M] in situ, followed by reaction with various transition metals. Systematic
synthesis of cage assemblies has so far not been possible in this area, largely as a result of the high ionic character of SieO bonds,
and the resulting tendency for rearrangement of the initially formed oligomers. Ultimately, the cage formed in a particular reaction
depends very much on the metal ions present as well as the presence of anionic or neutral templates. The main focus of studies so far
has been in the use of these cages in the areas of catalysis and magnetism. As a general rule, more condensed cage architectures are
found where smaller (n ¼ 3 and 4) cyclic silsesquioxane ligands are present,34 while as the rings size increases to n ¼ 5 and beyond
more open cages containing large cavities are formed.35,36 The structures of a number of these cages, containing tubular cavitand-
like arrangements, reveal interesting host-guest behavior. Two examples of these are shown in Fig. 13 (33, a Cu(II) host containing
a DMSO guest, and 34, a Ni(II) host containing an OH� guest). So far, however, the host-guest chemistry of this interesting family of
compounds has not been investigated in its own right.

Self-assembly of supramolecular cages using p-block elements is an emerging field of study, which has been highlighted in
a previous review.37 An early example of this is a tetrahedral metallo-organic [Ga4L6]

12� cage (L ¼ an organic dicatecholamide
ligand) which self assembles in the presence of R4N

þ cations.38 This area is a direct parallel to the far more well developed field
of metal-directed self-assembly involving transition metals.23 A related direction is that of transition metal directed self-
assembly using p-block metal based (rather than organic) ligands, which has the ability to build heterometallic arrangements.
The tris(3-pyridyl)-Si and -Sn ligands [MeSi(3-py)3] (35)

39 and [PhSn(3-py)3] (36)
40 are good examples of these, which are readily

prepared by the reactions of the corresponding trihalides (RECl3) with 3-lithio-pyridyl or the turbo Grignard reagent. The host-guest
chemistry of 36 is of particular interest.40 In the presence of transition metal halides containing strongly coordinating anions (such
as Cl�), polymeric structures are formed in which the pyridyl-N atoms of 36 bridge the transition metal ions. However, self-
assembled host-guest complexes can result where more weakly coordinating anions are present. An example is the reaction of

Fig. 12 X-ray structure of [(29)SrI2]. Color code: Ca (green), Si (yellow), O (red), I (purple), C (gray).
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36 with CuPF6, resulting in the host-guest complex 37 shown in Fig. 14A, in which a Cu4Sn4 cubane arrangement encapsulates
a PF6

� anion (a polymeric arrangement is formed in the case of CuI under similar conditions). 1H/19F DOSY NMR studies show
that 37 is intact in MeCN at 228 K, but highly dynamic at room temperature. A related cage (38) is formed in the presence of
Co(BF4)2 (Fig. 14B), in which two BF4

� anions are encapsulated (being H-bonded to two endo-H2O molecules within the cavity).

1.14.2.3 Other systems

A number of other new host systems have been introduced recently that are based onmore exotic p block bonding arrangements. An
interesting example are macrocycles based on Te/O chalgogen bonding41 developed by Vargas-Baca and coworkers.42 Although
there is still some debate concerning the nature of this type of interaction, they are thought to involve a combination of electro-
statics, dispersion forces and n(lone-pair, donor)-s*(chalcogen, acceptor) bonding (the contribution from each component varying
with the element combination involved). These interactions are therefore closely related in origin to H-bonding and can have

                

(A) (B)

Fig. 13 Structures of host-guest complexes of metal-silsesquioxanes, containing larger ring units. (A) 33, (B) 34. Color code: Cu (dark green), Ni
(light green), O (red), Si (light yellow), S (yellow), C (dark gray), Na (purple).

(A) (B)

Fig. 14 Solid-state structures of host-guest complexes (A) 37 and (B) 38. Color code: Cu (green), Sn (gray), Co (blue), O (red), N (light blue), P
(orange), B (orange), F (yellow), H (light gray).
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a similar range of bond energies (up to ca. 70 kJ mol�1). Iso-tellurazole N-oxides (Fig. 15, bottom) aggregate in the solid and solu-
tion states and, depending on the solvent and the presence of metallic or non-metallic templates, can form hexameric or tetrameric
macrocyclic host arrangements. Examples of host-guest compounds include metal complexes (like the Pd2þ complex 392þ,
Fig. 15A) and a host-guest complex of C60 formed in the solid state (40, Fig. 15B). This area shows remarkable promise for future
developments in supramolecular main group chemistry.

1.14.3 Homoatomic p-block hosts

Perhaps the most pre-eminent class of host-guest complexes involving homoatomic p-block arrangements investigated in recent
years are fullerene-like assemblies based on [Cp0Fe(h (5)-P5)] (Cp0 ¼ a penta-substituted cyclopentadienide) building blocks,
formed upon coordination of the P-atom to Cu(I)X (X ¼ halide).32,43 The formation of capsule arrangements is the result of the
non-tiling, pentagonal P5-units which adopt an h5:h1:h1:h1:h1:h1-bonding mode at the surface of the cages. Among various factors,
their size and topology depend on the organic substituents on the cyclopentadienide ring, the halide ion present in CuX, and on the
presence of neutral or charged guest molecules, which act as templates. The first of these to be reported by Scheer and coworkers in
2003 was [{Cp*Fe(P5)}12{CuCl}10{Cu2Cl3}5{Cu(CH3CN)2}5] (Cp* ¼Me5C5) (41) (Fig. 16A), having a similar structural motif
to C60 but with an external radius three times as large.43a The largest of these capsules to be prepared so far is rugby-ball shaped
[{CpBnFe(P5)}24Cu96Br96] (CpBn ¼ (PhCH2)5C5) (42), which is around 61 times the size of C60. With approximate dimensions
3.7 � 4.6 nm, 42 is verging on the size of a protein and is one of the largest molecular species known.32f

The spherical void of 41was found to be occupied by a disordered [Cp*Fe(h(5)-P5)] molecule, which provided a first indication
of the remarkable host-guest chemistry in this area. Since this starting point, a broad range of templates has been encapsulated
within such arrangements, including ortho-carborane o-C2B10H12

43d and C60 itself (43, Fig. 16B),43c reactive main group species
such as E4 (E ¼ P, As),32b and reactive transition metal compounds [such as 16e CpCr(h5-As5), which has not been observed previ-
ously as a free molecule32a]. A recent innovation in this area has been the observation of bowl-shaped arrangements which resemble
the truncated fullerenes Ih-C80.

32i Remarkably, this change in topology results from simply switching the solvent system. In earlier
work it was found that the triple-decker sandwich compound [CpFe(m-h5,h5-As5)FeCp] is encapsulated intact by [Cp*Fe(h5-P5)] in
the presence of CuBr in toluene/MeCN solvent, whereas under the same conditions CuCl results in the encapsulation of 16e

(A) (B)

Fig. 15 Examples of host-guest complexes formed with isotellurazole N-oxides. (A) 392þ, (B) 40. Color code: Pd (green), O (red), N (blue), Te
(orange).
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CpCr(h5-As5). Changing the solvent to CH2Cl2/MeCN gives an open, bowl-arrangement containing [CpFe(m-h5,h5-As5)FeCp] as the
guest (44, Fig. 16C). The highly dynamic nature of these fullerene-like arrangements has also been explored in a detailed solution-
and solid-state study.32e The manipulation of the solvent system can be used to switch the supramolecular structure in solution,
which allows the selective incorporation of guests (such as ferrocene). These findings have moved this chemistry into the realms
of classical supramolecular chemistry and dynamic self-assembly.

A few heterometallic Zintl compounds are also worthy of note in regard to the general concept of host-guest chemistry.44,45 A
particularly striking examples is the [U@Bi12]

3� anion (45), which is obtained by reaction of (GaBi3)
2� with [UIII(C5Me4H)3] or

[UIV(C5Me4H)3Cl] in 1,2-diaminoethane (Fig. 17).44 The anion 45 has a unique macrocyclic polybismuthide architecture consist-
ing of three Bi4 ring units linked together by Bi-Bi bonds. Magnetic measurements show that 45 is composed of a central U4þ ion
which is coordinated by a radical [Bi12]

7� anion. From a mechanistic standpoint, 45 appears to be formed by a templating reaction
involving the sequential coordination of 6p-aromatic [Bi4]

2� anions to the U center of the organometallic uranium precursor.
Bonding of these units together results in de-aromatisation and folding of the Bi4 rings, as observed in the solid-state structure
and reproduced by quantum chemical calculations.

1.14.4 Outlook

This brief survey of recent aspects of host-guest chemistry involving p-block elements shows just how varied the concept of host-
guest chemistry can be in this area; covering all the aspects of macrocyclic, small receptor and self-assembly that are in the classical
domains of organic and metallo-organic supramolecular chemistry, but combined with the greater functionality and more varied
bonding arrangements of the p-block elements. The noticeable shift towards systematic design and assembly in this area is likely to
be a continuing trend in the future, as are new-found applications of p-block host-guest chemistry. This is an area which, in all of its
different forms, is coming of age.
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Abstract

Metallophilic interactions are now a well-established phenomenon in chemistry. There are thousands of demonstrated
examples from numerous different metals in homonuclear and heteronuclear combinations that are most commonly
dinuclear but are also present in higher nuclearities as well. Definitive characterization originally came from SCXRD studies,
which is now broadened with a wide array of solution and solid-state spectroscopic techniques, and increasingly sophisti-
cated computational work. This Chapter gives an overview of metallophilic interactions through the literature of 2020. The
examples are organized first by the participating metal centers and then by the structural motifs in which they are found.
Complementary overviews of the synthetic and spectroscopic methods, as well as an introduction to the theoretical electronic
structure framework, are also provided.

1.15.1 Metallophilicity

Metallophilic bonding is a type of bonding that is now widely observed and used to effect desired structures and properties in
a plethora of compounds. This phenomenon was not predicted, but discovered via single-crystal X-ray diffraction (SCXRD) studies
of Au(I) compounds. This Chapter provides a historical and structural overview of metallophilic interactions between like and
different metals. It begins with a brief history of the discovery of metallophilicity, clarifies some vocabulary as currently used,
and explains the steric and electronic features that characterize the phenomenon. The central portion of the chapter includes selected
examples of structurally verified metallophilic interactions from all the metals in the periodic table that have been shown to partic-
ipate in such bonding. The final section introduces the reader to other methods of characterizing these interactions via more selected
examples. The chapter covers the literature through the end of 2020. Extensive use has been made of the Cambridge Structural Data-
base(CSD),1 and compounds in the CSD are indicated with their six-letter codes. The codes are in bold if the structures are shown in
the Schemes, and not when not.

Bonding between metals is known in three main types: (i) metallic bonding in the zero-valent elements described by band struc-
ture theory2,3 (ii) covalent bonding between oxidized metal atoms with open subshells4 as exemplified by the d4 Re(III) centers in
[Re2Cl8]

2_, and (iii) metallophilic bonding between metal atoms with closed (sub)shell configurations, as shown in Scheme 1. The
metal electronic structure (formalized in oxidation state assignments) as well as the distance between neighboring atoms together
determine the bonding. The third category was identified most recently5 and encompasses unusual structures that can appear coun-
terintuitive. The bonding is termed metallophilic because the metal-metal interactions do not involve traditional sharing of elec-
trons in covalent bonds nor the sharing of delocalized electrons via a conduction band. Instead the metals possess an affinity
for one another not driven by electrostatics, covalently shared electrons, or delocalized electrons among countless atoms.

These metallophilic interactions were initially discovered, and continue to be identified most easily, through SCXRD data when
the distance between two metal centers is less than the sum of their van der Waals radii.6,7 The metal electron configurations
observed in such interactions are closed shell ones such as d10 (M(I) in Group 11 or M(II) in Group 12), s2 (M(I) in Group 13,

Scheme 1
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M(II) in Group 14, or M(III) in Group 15) or d8 (M(0) in Group 8, M(I) in Group 9, or M(II) in Group 10). The elements most often
involved are shown in Scheme 2.

The d8 configuration can behave like a closed subshell because in �D4h (square-planar) coordination, the dx2-y2 orbital is so
much higher in energy than the other four d orbitals.

1.15.1.1 History of metallophilicity

Bonding between zero-valent metals is well understood and is explained by band theory which is accessed through molecular
orbital or periodic potential approaches.2,3 Bonding between open-shell metal atoms can result in covalent bonds of which single,8

double,4 triple,4 quadruple,4 and quintuple9,10 have been experimentally demonstrated, and thoroughly described by molecular
orbital theory. Hextuple bonds between two metal atoms have been computationally investigated, but not been prepared.11 Molec-
ular orbital theory also describes well the bonding in metallic clusters, which are defined as a compound with two or more metal
atoms having direct and substantial metal-metal bonding.12,13 None of these structures or interpretations anticipated metallophilic
bonding.

In the mid-1980s, the approach of two Au(I) atoms closer than the sum of their van der Waals radii was recognized as unusual
and meriting closer investigation and explanation.14 Several prior publications had suggested that an unusual bonding interaction
was at work, but a definitive example had yet to be prepared. Intermolecular interactions had been characterized between several
different [Au2(L̂X)2] units by several different authors which were shown computationally to have common electronic structures
within and without the dimers. Shortly thereafter,15 an Au(I)eAu(I) distance of only 3.000(1) Å was observed, as well as deviation
from a linear geometry (170.3(1)� and 172.9(1)�) at the same two-coordinate Au atoms, and attributed to attractive interactions
between two d10 Au(I) metal centers, in GERJOC.14 Later in the same year, an investigation into the [[Ph3PAu]6C]

2þ cation, in SAK-
SEC,5 two very short Au$$$Au distances of 3.090(1) and 2.974(1) Å were observed,16 and the term “aurophilicity” was coined
(Scheme 3).

Since that time, the growth in this area has been tremendous, encompassing thousands of compounds, hundreds of references,
and a numerous review articles.17–22 Since that time, they have been observed within hundreds of transition metal compounds that
contain nd8, nd10, or nd10(n þ 1)s2 electronic configurations. They are observed, as will be shown in detail later in this Chapter,
between neutral species, GERJOC,14 ref. but also between cations, QIVCAA,23 (vide infra) or between anions, XEKCOH (vide
infra).24 This latter phenomenon of bringing together charged moieties in opposition to coulombic forces without formation of
a covalent bond is unique to metallophilic interactions.

Scheme 2

Scheme 3
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1.15.1.2 Nomenclature

The “metal-loving” meaning of the adjective metallophilic has considerable use outside of chemistry because the uptake of metals
by cells is described with the same word. There are metallophilic macrophages,25 marginal metallophilic macrophages in spleen
cells,26 in the thymus,27 metallophilic bacteria,28 and metallophilic cells.29 Within chemistry, “metallophilic” has also been applied
to cyclic ethers that encapsulate metal ions.30 The chemical processes that result in the increased concentration of metals in the cell
do not involve the phenomenon of metallophilicity as described in this chapter. Instead, broadly speaking, metal ions coordinate to
non-metallic p-block elements from proteins or small molecules to facilitate transport into the cell.

With the terms aurophilicity and aurophilic having been coined for Au, they were quickly followed by the related terms argen-
tophilic (Ag)31,32 cuprophilic (Cu),18,33 mercurophilic (Hg),19 and thallophilic (Tl),34,35 as well as the general form, metallophilic.
As described in muchmore detail below, metallophilic interactions have been observed with other metals as well, e.g., Ir and Pb, but
other more specific terms are not (yet) in common use. The well-established adjectives homobimetallic/homodimetallic and het-
erobimetallic/heterodimetallic are also used to describe these interactions as appropriate.

1.15.1.3 Requirements for metallophilicity

Metallophilic interactions have both steric and electronic requirements. Steric requirements naturally include a close approach of
the two metal centers, and therefore the metal centers are coordinatively unsaturated in the absence of the metal-metal contact. If
a single pairwise contact is made, the remainder of the coordination spheres can be quite full, as in the dimer of [(Ph3P)Au(3,5-
pyrazolyl)] in HEMYEE.36 If the coordination sphere is less full, then more contacts can be made to form rings, [Cu(mes)]5 in CAK-
PET37 or [Cu(mes)]4 in GEBQIN,38 or chains of [Au(CN)2]

1� anions in WETSOE.39

On the electronic side, as with all interatomic interactions that are energetically favorable, there must be a symmetry match
between the orbitals that combine. Metallophilic interactions result from s-type overlap between filled orbitals, shown in Scheme
4, on metal centers that are as close as or closer than the sum of the two van der Waals radii. To date examples with p or d overlap
have not been reported. In addition to two in-phase and out-of-phase s overlaps, there is often energetic mixing of other orbitals
with like symmetry that provides energy stabilization to what would otherwise be a two-center, four-electron net repulsion. This
mixing is also shown in Scheme 4.

The most common valence electronic configuration observed in metallophilic interactions is the d10 one, followed by d8, and s2.
These configurations are either closed-sub-shell ones or, in the d8 case, a pseudo closed subshell, because complexes that have d8

configurations and metallophilic interactions are always square-planar ones. In this geometry, the ligand field splitting of the
d-orbitals is such that the dx2-y2 orbital is significantly higher in energy than the other four. Those lower four orbitals when filled
then make an effectively closed subshell. Paramagnetic metal centers do not, by definition, participate in metallophilic interactions.
The other even-numbered electron configurations, e.g., d2, d4, d6, are not (yet) observed in metallophilic interactions because the
electronic structures in those cases do not have filled frontier orbitals of s-symmetry that are filled and have sterically accessible
electron density.

As described above (and in more detail below) and shown in Scheme 2, metallophilic interactions are not spread evenly
throughout the Periodic Table, but are clustered in the later and heavier transition metals, as well as the in heavier p-block metals.
The characteristics of these metallic elements that promote metallophilic interactions include not only the greater radial extent of
their valence orbitals, but also the relativistic effects that are present.

Scheme 4
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1.15.1.4 Computational studies on metallophilicity

Significant work has also been done to establish in detail the electronic structure basis for the bonding generalizations above, as well
as to quantify the strength of these interactions. Metallophilic interaction energies are on the order of hydrogen-bonding40–43 and
can be therefore a significant determinant of the ground state geometry. The bonding is a type of dispersion interaction40,43 between
the two metal centers that have the closed subshell (d8) or closed shell (s2 or d10) valence electron configurations. Heterometallic
combinations, e.g. d10-d8 are common and examples are given below in Section 1.15.5.

Earlier calculations at the Hartree-Fock level in d10 cases that included mixing of44 occupied dz2 and unoccupied s and/or pz
orbitals did not provide sufficient stabilization for metallophilic interactions.41,45 Only when configuration interactions are also
included44,46,47are the experimental structures correctly reproduced computationally. Since that time, they have been observed
within hundreds of transition metal compounds that contain nd8, nd10, or nd10 (n þ 1)s2 electronic configurations. Relativistic
effects are particularly important in metallophilic interactions and accurate predictions are not obtained if the relativistic contribu-
tions are not included.40,48

1.15.2 Scope and organization

This Chapter covers the peer-reviewed literature through the end of 2020, with some previous reviews17–21 mentioned to guide the
reader. No attempt to be comprehensive has been made because the volume of examples is too great and inappropriate for this
reference work. Examples have been sought via (1) structural searches of the Cambridge Structural Database1 and (2) text searches
of the Chemical Abstract Service. The six-letter codes from the CSD are used to identify molecules within this chapter. Some
instances of metallophilic interactions may not have been recognized by authors in earlier works, and some newly-prepared
compounds may not have definitive data with regard to the existence of a metallophilic interaction. Such is the nature of this fasci-
nating and evolving phenomenon.

The central part of the Chapter, Section 1.15.3, is an overview of structurally-characterized compounds with homodinuclear
metallophilic interactions in the d-block that are organized by the relevant metals, and subdivided by their oxidation states and
coordination numbers in the context of the MLXZ Covalent Bond Classification scheme.49,50 The L-, X-, and Z-ligand types corre-
spond to ligands that donate 2, 1, or 0 electrons to the metal center M, respectively. Section 1.15.4 is organized similarly for the p-
block and Section 1.15.5 covers heterodinuclear complexes. Section 1.15.6 describes characterization methods beyond SCXRD
including spectroscopy and physical property measurements.

1.15.3 Homodinuclear d-block (groups 8–12) M$$$M complexes with metallophilic interactions

1.15.3.1 Ru$$$Ru metallophilic interactions

Structures with metallophilic interactions between d8 Ru(0) atoms, both inter- and intramolecular, are rare. As the van der Waals
radius of Ru is 2.05 Å, only structures with Ru$$$Ru distances less than 4.10 Å are referenced in this section.

1.15.3.1.1 Intermolecular Ru$$$Ru metallophilic interactions
1.15.3.1.1.1 Four-coordinate Ru(0)
In 1993, [Ru(CO)4]N became the first polymeric binary metal carbonyl (CO) compound to be characterized (SUFBOK).51 It is
composed of chains of staggered trans-D4h [Ru(CO)4] monomers with Ru(0)$$$Ru(0) distances of 2.860 Å. At these distances
between [Ru(CO)4] units, the C$$$C interactions of the staggered vicinal carbonyls are energetically repulsive. Hypothetical rotation
of the [Ru(CO)4] planes around the c axis would cause the CO ligand on different Ru centers to eclipse one another and subse-
quently lengthen the Ru(0)$$$Ru(0) distances (Scheme 5).

Scheme 5
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1.15.3.2 Ir$$$Ir metallophilic interactions

Of the few dozen d8 Ir(I) structures with intermolecular metallophilic interactions and Ir$$$Ir distances less than 4.00 Å, most have
four-coordinate Ir(I) with two CO ligands. The other two ligands are, in order of relative frequency, a halogen and RNH2 or two N-
donor groups. There are a few dozen more Ir(I) structures with intramolecular (rather than intermolecular) Ir$$$Ir metallophilic
interactions, and the majority are bridged by an anionic pyrazolyl (pyz) ligand and coordinated to the electron-withdrawing cyclo-
octa-1,5-diene (COD) or one or two CO ligands.

1.15.3.2.1 Intermolecular Ir$$$Ir metallophilic interactions
1.15.3.2.1.1 Four-coordinate Ir(I)
Effects of ligand size on Ir(I)$$$Ir(I) distances in supramolecular assembly has been observed with four-coordinate [IrL3X] structures
in which X ¼ halogen. In this family, the compounds form infinite chains of [IrL3X] centers, but the [Ir$$$Ir$$$Ir] angles are not
perfectly linear because the aryl rings significantly influence the packing. For [cis-Ir(CO)2(NH2(p-toluidine))X], increasing halogen
size causes larger Ir(I)$$$Ir(I) distances: 3.334 Å when X ¼ Cl (LIWKIO),52 3.379 Å when X ¼ Br (LIWKEK),52 3.541 Å when X ¼ I
(LIWKOU).52 Arene substitution effects are be observed with methylated aniline derivatives in [cis-Ir(CO)2(NH2R)Cl]; when
R ¼ o-toluidine Ir(I)$$$Ir(I) distance is 3.404 Å (LIWLAH),52 which is longer than the 3.334 Å when R ¼ p-toluidine (LIWKIO)
(Scheme 6).

The steric and electronic effect of counter cations to structures with intermolecular Ir(I)$$$Ir(I) metallophilic interactions can be
observed with a series of [IrL4]

þ structures with bidentate pyrazolyl-triazolyl (PyT) ligands. For the same cation with different
anions, [Ir(PyT)(CO)2]A (BPh4)

� has an Ir(I)$$$Ir(I) distance of 3.498 Å (BEKTIW), and A ¼ (BArF4)
� has an Ir(I)$$$Ir(I) distance

of 3.306 Å (BEKTOC).53 For the same anion with different cations of [Ir(NeN0)(CO)2](BAr
F
4
�), NeN0 ¼ PyT has Ir(I)$$$Ir(I)

distances of 3.306 Å (BEKTOC), and NeN0 ¼ PyS (PyS ¼ 4-((1H-pyrazol-1-yl)methyl)-1-phenyl-1H-1,2,3-triazole) has Ir(I)$$$
Ir(I) distances of 3.409 Å (BEKVAQ).53 Within this small group, the bulkier the substituent (R) on the triazole, the shorter the
Ir(I)$$$Ir(I) distance, which is sterically counterintuitive, and indicates that the electron-donating character of ligands also influence
these interactions (Scheme 7).

1.15.3.2.2 Intramolecular Ir$$$Ir metallophilic interactions
1.15.3.2.2.1 Two-atom bridged Ir(I)
Most Ir(I) structures that exhibit intramolecular Ir(I)$$$Ir(I) metallophilic interactions are bridged by two pyrazolate (pyz) groups
and each metal is coordinated to olefins as p-accepting ligands. These structures have a six-membered ring Ire(NeN)2eIr core with
each Ir(I) coordinated to COD. The simplest of these structures is [Ir(m-pyz)(COD)]2, which has an Ir(I)$$$Ir(I) distance of 3.216 Å
(BEHZUJ).54 Ir(I) structures with substituents in the 3, 4, or 5 positions of pyz groups showminimal effect on Ir(I)$$$Ir(I) distances:
3.073 Å for [Ir(m-3,5(CF3)Pyz)(COD)]2 (CECKEA),

55 3.080 Å for [Ir(m-3-Ph-5-(Me)Pyz)(COD)]2 (DAVTAV), and 3.082 Å for [Ir(m-
3,4,5(Me)Pyz)(COD)]2 (DAVTEZ)56 (Scheme 8).

Scheme 7
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Other pyz-bridged Ir(I) structures that exhibit intramolecular Ir(I)$$$Ir(I) metallophilic interactions are coordinated to at least
one CO group, [Ir(m-pyz)(CO)n]2, again showing the need for p-acidic ligands in structures with low metal oxidation states. These
structures also assume a boat conformation in the six-membered Ire(NeN)2eIr rings. For [Ir(m-pyz)(CO)(PPh3)]2, the Ir(I)$$$Ir(I)
distance is 3.162 Å (BEHSEM10).54 The effect of the larger PPh3 groups compared to CO groups can be observed with the Ir(I)$$$
Ir(I) distance of 3.506 Å (DATKOY)57 of [Ir(m-pyz)(CO)2]2. As observed with[Ir(m-pyz)(COD)]2, substituents on the 3,5 positions
of pyz groups impact Ir(I)$$$Ir(I) distances. For [Ir(m-3,5(Me)2pyz)(CO)2]2, this distance is 3.245 Å (DATKUE),57 and for [Ir(m-
3,5(CF3)2pyz)(CO)2]2, this distance is 3.122 Å (MUZXEK)58 (Scheme 9).

1.15.3.3 Rh$$$Rh metallophilic interactions

The van der Waals radius of Rh is 2.00 Å, and therefore only structures with Rh(I)$$$Rh(I) distances less than 4.00 Å are described in
this section. As observed with both Ru and Ir, most structures contain a d8 Rh(I) with coordinated p-acidic CO or cyclooctadiene
ligands, which are present in the metal starting material. Most Rh(I) structures with intermolecular metallophilic interactions have
four-coordinate metal centers. Two of the ligands coordinated to the square-planar d8 Rh atom are commonly CO, and the other
two ligands are, in order by frequency, a halogen and N-donor group, two N-donor groups, two O-donor groups, or two halogen
atoms. Most Rh(I) structures with intramolecular metallophilic interactions are bridged by two atoms or three atoms, typically two
pyrazolate or two carboxylate ligands.

1.15.3.3.1 Intermolecular Rh$$$Rh metallophilic interactions
1.15.3.3.1.1 Four-coordinate Rh(I)
The most common structural motif that exhibits intermolecular Rh(I)$$$Rh(I) metallophilic interactions is the neutral [RhL3X]
moiety. Many compounds have [Rh(CO)2LX] stoichiometries that form infinite stacks of these units, in which the [Rh$$$Rh$$$Rh]
angles are average �170, but are only perfectly linear when the (LX) group is flat as with tropolonate in [Rh(CO)2(k2-C7O2H5)],
CTROPR.59 For the [Rh(CO)2LCl] structures, the nature and size of the N-donor L affects the Rh(I)$$$Rh(I) distance: 3.393 Å
when L ¼ NH2Me (WULCUC),60 3.452 Å when L ¼ pyz (CAWZUV),61 3.479 Å when L ¼ py and (NOMQAH),62 and 3.591 Å
when L ¼ 2-Mepyz (DEDZAP)63 (Scheme 10).

Halide size also affects the intermolecular Rh(I)$$$Rh(I) distances, which are longer in the I� analogues compared to the Cl�

ones. For [Rh(CO)2(Hpyz)X], the distance is 3.452 Å when X ¼ Cl (CAWZUV),61 compared to 3.599 Å when X ¼ I (DEDZOD).63

Scheme 9

Scheme 10
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For [Rh(CO)2(3-Mepyz)X], the distance is 3.283 Å when X ¼ Cl (VASMIL)64; compared to 3.875 Å when X ¼ I (DEDZIX)63

(Scheme 11).
Another common Rh(I) structure that exhibits intermolecular Rh(I)$$$Rh(I) metallophilic interactions has two CO ligands and

a neutral bidentate N, N0-donor ligand. These [RhL4]
þ structures also have a non-coordinating counteranion. Variation of the

aromaticity and substituents on this N, N0-donor ligand affect the stacking of the Rh(I) cations and subsequent Rh(I)$$$Rh(I)
distances. For a common [Rh(CO)2(2,2-biimidazole)]þ cation, interactions of the bim (2,20-bi-imidazole) ligand with each other,
the nature and size of the counteranion (A), and interactions between the cation and the anion affect Rh(I)$$$Rh(I) metallophilic
distances: 3.299 Å for A ¼ Cl� (QIVCAA),23 3.377 Å for A ¼ [FeCl4]

2� (QIVCII),23 3.366 Å for A ¼ [CoCl4]
2� (QIVCOO),23

3.238 Å for A ¼ (NO3)
� (RUXQAD),65 3.272 Å for A ¼ (BF4)

� (RUXQIL)65 (Scheme 12).
The secondmost common Rh(I) structure type that exhibits intermolecular Rh(I)$$$Rh(I) metallophilic interactions has two CO

ligands coordinated to the Rh(I) atom and a bidentate O, O0-donor ligand. In the [Rh(CO)2(R
1,R2-b-diketonate)] family, a variety

of R1 and R2 substituents on the b-diketonate carbonyl groups are observed in structures with Rh(I)$$$Rh(I) distances as follows:
3.253 Å when R1 and R2 ¼Me (ACABRH02),66 3.537 Å when R1 ¼ CF3 and R2 ¼ Ph (BTFARH),67 3.308 Å when R1 ¼ Ph and
R2 ¼ Me (EDOYAZ),68 3.346 Å. If bulkier groups are present on the acac backbone, dimeric interactions are seen, but the extended
chain of Rh$$$Rh interactions are lost as when R1 ¼ CF3 and R2 ¼ Fc (KAKYUR),69 3.175 Å when R1 ¼ Ph and R2 ¼ Et (OJEWIK),70

and 3.134 Å when R1 ¼ COOMe and R2 ¼ Me (WULSUT)71 (Scheme 13).
A variety of salts have been prepared with cis-[Rh(CO)2Cl2]

�, a square planar anion, that exhibits Rh(I)$$$Rh(I) metallophilic
interactions with itself in the solid state. The nature or size of the counter cation Aþ affects the particular packing arrangement
between [Rh(CO)2Cl2]

� anions as well as the intermetallic distances. For salts of the form A[Rh(CO)2Cl2], Rh(I)$$$Rh(I) distances
are: 3.348 Å when A ¼ [C60(CH2NH(CH3)CH2)]

þ (CIYYOZ),72 3.584 Å when A ¼ [(H2C2S2C)2]
þ (GABKOJ),73 3.358 Å when A ¼

[Rh(4,40-Me2-2,20-bipy)(CO2)]
þ (VUHGOX),74 3.973 Å when A ¼ [Rh(4,40-Me2-2,20-bipy)2Cl2]þ (VUHGUD).74 All four species

exhibit pairwise metallophilic interactions, but CIYYOZ and VUHGUD do not have chains present due to the large counter cation
size (Scheme 14).

Four-coordinate Rh(I) complexes with two terminal CO ligands and one halogens can form neutral dimers with the
[(OC)2Rh(m2-X)2Rh(CO)2] stoichiometry. These [RhL3X] centers are composed of two planar [Rh(CO)2] units linked by two
bridging halides. The dihedral angle of two [Rh(m-Cl)]2 planes is 53�, and the intermolecular Rh(I)$$$Rh(I) distance is 3.325 Å

Scheme 11

Scheme 12

Scheme 13
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in FUZBEH.75 Rhodium carbonyl iodide, [Rh(m-I)(CO)2]2, with larger bridging halides, has a dihedral angle of 59� between the two
[Rh(m-I)]2 planes and an intermolecular Rh(I)$$$Rh(I) distance of 3.633 Å (SETFUU) (Scheme 15).

1.15.3.3.2 Intramolecular Rh$$$Rh metallophilic interactions
1.15.3.3.2.1 Two-atom bridged Rh(I)
Not surprisingly, several of the motifs seen in Ir metallophilic chemistry are also observed with the lighter congener Rh. Neutral
Rh(I) dimer structures with two pyz bridges, which are anionic L̂X donors, and at least one CO ligand are the most common struc-
tures with intramolecular Rh(I)$$$Rh(I) metallophilic interactions. Four-coordinate Rh(I) dimers with two bridging pyz and two
CO ligands have been prepared with various R substituents on pyz. The simplest of these Rh(I) dimers has a Rh(I)$$$Rh(I) distance
of 3.547 Å for [Rh(m-pyz)(CO)2]2 (TOLYAU)76 and 3.259 Å for [Rh(m-3,5-Me2pyz)(CO)2]2 (CORCER).77 Steric effects of the two
Me groups on the bridging pyz with the CO coordinated to the same structure are proposed to cause shortening of the Rh(I)$$$Rh(I)
distance. Two more related examples of [Rh(m-3,5-R,R-yz)(CO)2]2 have shorter intermetallic distances, where R ¼ long-chain 4-
n-alkyloxyphenyl substituents (C6H4OCnH2n þ 1); for n ¼ 10, Rh(I)$$$Rh(I) distance is 3.163 Å (CAMGAZ),78 for n ¼ 12,
Rh(I)$$$Rh(I) distance is 3.144 Å (CAMGED)78 (Scheme 16).

Another common feature of dimeric Rh(I) structures that exhibit metallophilic interactions, in addition to bridging pyz ligands,
is coordination of each Rh(I) to one COD. For these structures, the Rh(I)$$$Rh(I) distance again decreases with increased size of
substituents on the pyz bridges: 3.154 Å for [Rh(m-3,5-Me2Pyz)(COD)2]2 (CORCIV),77 3.158 Å for [Rh(m-4-MeNH2Et-3,5-
Me2Pyz)(COD)2]2 (EFASAF),79 3.207 Å for [Rh(m-3-PhPyz)(COD)2]2 (WOQBEK),80 and 3.268 Å for [Rh(m-Pyz)(COD)2]2
(CECJUP)55 (Scheme 17).

1.15.3.3.2.2 Three-atom bridged Rh(I)
Rh(I) dimer structures with two carboxylate bridges are the second most common structures with intramolecular Rh(I)$$$Rh(I)
metallophilic interactions. These structures have in common two bridging acetate (k1,k1-m2-OAc) ligands and the coordination
of two alkenes. For [Rh(m-OAc)L2]2, intramolecular Rh(I)$$$Rh(I) distances are: 3.105 Å when L ¼ norbornadiene (ACBDRH),81

3.223 Å when L ¼ C2H4 (TEFXUX),82 3.344 Å when L ¼ COD (UQOWII)83 (Scheme 18).
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For Rh(I) structures with coordinated COD, the relative size of the bridging carboxylate ligands that form the eight-membered
Rh(I) dimer core affects intramolecular Rh(I)$$$Rh(I) distances. Like the pyrazolate groups above, the dimers with smaller bridging
groups have longer measured Rh(I)$$$Rh(I) distances. The simplest of the bridging carboxylate groups is formate (HC(O)O), and
the structure with within [Rh(m-HCOO)(COD)]2 (TOFHAX) has an intramolecular Rh(I)$$$Rh(I) distance of 3.387 Å. This distance
is longer than the Rh(I) dimer with a bridging acetate, as indicated in [Rh(m-OAc)(COD)2] (UQOWII), which has a distance of
3.344 Å. An example structure with octanoate bridging carboxylate groups is [Rh(m-O2C8H15)(COD)2] (HOVJOS), which has
a slightly shorter Rh(I)$$$Rh(I) distance of 3.339 Å (Scheme 19).

Another common bridging group in Rh(I) dimers is trifluoroacetate (CF3CO2). The structure [Rh(m- CF3CO2)(CO)2]2 (XEBCAI)
has particularly short intramolecular Rh(I)$$$Rh(I) distance of 2.984 Å. These units are typically present in a polymeric chain of
dinuclear molecules aligned along the metal-metal axis, made possible by the planarity at each Rh(I) center. This polymer formation
is inhibited by the bulkier COD group of [Rh(m- CF3CO2)(COD)2]2 (XEBCIQ),84 which crystallizes in discrete units and has an
intramolecular Rh(I)$$$Rh(I) distance of 3.464 Å (Scheme 20).

Scheme 17
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1.15.3.4 Pt$$$Pt metallophilic interactions

There are thousands of complexes that exhibit inter- and intramolecular distances between two Pt atoms consistent with metallo-
philic bonding in the CSD. This volume is due to the much greater air-stability of the d8 configuration in Group 10, compared to
Group 11 above. As the covalent and van der Waals radii of Pt are 1.35 Å and 1.72 Å, respectively, only complexes with Pt$$$Pt
distances between 2.70 Å and 3.44 Å are included in this discussion. Additionally, only complexes with a small number of Pt centers
were analyzed, and complexes that contained traditional metallic interactions within Pt(0) clusters were particularly excluded.
Within this group of four-coordinate, Pt(II) complexes, the most common PtLXZ classifications encountered are: [PtL4]

2þ, PtL3X
þ,

PtL2X2, PtLX3
�, and PtX4

2�. This section first describes complexes with Pt$$$Pt inter- and then intramolecular metallophilic contacts,
common metal complex ligand types, then by the possible combinations of these ligand types, ordered by prevalence.

1.15.3.4.1 Intermolecular Pt$$$Pt metallophilic interactions
As understanding of the electronic structural basis for metallophilicity increased, a renewed appreciation for chains of d8 Pt(II)
species burgeoned. Review articles are available as well.85–87

1.15.3.4.1.1 Four-coordinate Pt(II)
Among compounds with pairs of Pt atoms less than 3.44 Å apart, metallophilic Pt centers are known bound to four, three, two, or
one of any of the halides. Only a few salts with [PtX4]

2� anions have Pt bound to four halide ligands containing PtCl4
2�, and exhibit

Pt$$$Pt intermolecular distances between 3.290 Å and 3.415 Å including JAVGUI,88 TMAMPT,89,90 XIMWUO,91 ZOZFAV.90,92The
complex TMAMPT, a derivative of the famous Magnus’ green salt, [(NH3)4Pt][PtCl4], has alternating [PtL4]

2þ cations and [PtCl4]
2�

anions stacked in an infinite array. Both JAVGUI and XIMWUO have one pairwise interaction of Pt-containing cations and addi-
tional non-interacting [PtCl4]

2� anions present as well. In JAVGUI the cation contains Co(III), [Co(en)2(m2-OH)2PtCl2]
þ, and

in XIMWUO a doubly protonated diaminium ligand is coordinated to [PtCl2] via a chelating pyridine-triazole group. In ZOZFAV,
a tetradentate tetramine with two pendant aminium cations forms pairs with [PtCl4]

2�, but no chains are present (Scheme 21).
Complexes with the [PtLX3]

1� form are limited to those with the [PtCl3(DMSO)]1� anion (LUDREJ,93 QUGGOO,94 VIW-
QAW95).93–95 In LUDREJ, the square-planar Pt(II) [Pt(tpy)Br]þ cation stacks with itself in the solid state, and the [PtCl3(DMSO)]1�

anion is not involved inmetallophilic interactions. The Pt$$$Pt interaction distances alternate in a short-long sequence (3.368 Å and
3.413 Å) reminiscent of a Peierls distortion.96 The pattern is virtually identical in QUGGOO with alternating distances of 3.338 Å
and 3.419 Å, with the slightly smaller short distance made possible by the smaller size of Cl.20 Substitution in the para position on
the middle pyridine of VIWQAW prevents extended chains in the crystal lattice, and the singular Pt$$$Pt distance within pairs of
cations is 3.379 Å (Scheme 22).

Scheme 21
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There are numerous [PtL2X2] complexes with monodentate L and two halide X-type ligands. The majority of the complexes have
two RNC isocyanide (isonitrile) and two Cl� ligands (CPICPT,97 REJTAD,97 VILYOH98). The Pt$$$Pt intramolecular distances are
temperature dependent, which is a general phenomenon in d8$$$d8 metallophilic interactions.99 In CPICPT, the distance was
3.318 Å at 300 K, and 3.246 Å at 100 K. Other complexes with two halide ligands contained Pt(II) with heavier p-block L donors
including an unusual (o-BrC6H4)S(C6F5) ether (TIZQOJ100), the bidentate thioether F3CSCH(CH3)CH2SCF3 (FMTPPT10101),
PhMeTe (JOZXOL102), and a bridging distibine group (NEWKUW103). The pairwise Pt$$$Pt distances within these structures
vary widely, ranging from 3.176 Å to 3.417 Å. Pt$$$Pt metallophilic distances are also observed between complexes with two
Pt(II) atoms bridged by two Cl atoms. The platina-b-diketone ligands in GIYJON,104 MAXPEG,105 and TEQJEE106 each have
one carbene (L) and one carbanion (X) ligand on Pt in these unusual L̂X groups. The derivatives with methyl, ethyl, and pentyl-
phenyl chains, respectively have Pt$$$Pt distances of 3.391, 3.318, and 3.351 Å (Schemes 23 and 24).

The vast majority of the approximately 90 [PtL3X]
þ-containing complexes with one halide ligand have a [Pt(tpy)Cl]þ unit, which

is luminescent. The first [Pt(tpy)Cl] structure was reported in 1993,107 with a triflate counteranion. Since that time, dozens of
analogues of these photophysically interesting Pt(II) complexes have been developed, including those with a single para substitu-
tion on the central pyridine group, with substitutions and variations on more than one pyridine of the terpyridine ligands, and
numerous different counteranions. Intermolecular Pt$$$Pt distances from [Pt(tpy)Cl]þ range from 3.269 Å to 3.434 Å with
a mean distance of 3.310 Å. These flat cations often stack in a head-to-tail orientation, and flat substituents, as in OTULOF108

will still support pairwise stacking, but tris-tBu substitution of in the para positions109 prevents metallophilic contacts. The subtle
electronic factors of the tpy substitutions have minimal impact on the intermolecular Pt$$$Pt distances of the complexes: the short-
est distance is that of 3.269 Å in [Pt(tpy)Cl](ClO4) (ZEKTEO), with no para substitution, and the longest distance is the pairwise
distance of 3.434 Å in [Pt(tpy-C6H4-CH3)Cl](ClO4) (OTULOF)108 with a para-tolyl group on the middle pyridine. In the middle of
this distance range is a [Pt(tpy)Cl]þ species with a bulky pendant polyhedral oligomeric silesquioxane moiety with a 3.347 Å Pt$$$Pt
distance (GUSLEN).110 Compared to these [Pt(tpy)Cl]þ structures, the few structures with a Br� ligand111 have greater distances
ranging from 3.384 Å to 3.376 Å, likely due steric effects of the larger Br atom21 (Scheme 25).

There are also [PtL2X2] complexes with one halide ligand and an organometallic [L2X] ligand. The 2,6-dipyridyl-phenyl ligand is
particularly well-suited for d8 chemistry. Pt(II) complexes with this ligand have intermolecular Pt$$$Pt distances ranging from
3.226 Å to 3.437 Å with a mean distance of 3.330 Å. This shortest distance is present in a U-shaped diplatinum molecule with
anN,N-dimethylurea bridge, FECHIH, in which an open conformation exists with intermolecular luminescent Pt$$$Pt metallophilic

Scheme 23

Scheme 24
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interactions on both sides of the ligand. There are therefore chains in the lattice, but only pairwise Pt$$$Pt interactions. When the
ligand is in a closed conformation, there is no metallophilic interaction. With the exception of this structure, most of the PtL2X2

complexes have one Pt(II) center with variable tridentate phenyl bipyridine ligands. The fascinating compound OVERUD,112

[Pt(tpy-CF3)Cl], has meta CF3 groups on the flanking pyridine groups and has three different polymorphs with three different
colors, interconverted by grinding and/or heating. The largest intermolecular Pt$$$Pt distance of 3.437 Å is in the green form
(Scheme 26).

The most prevalent structure with intermolecular Pt$$$Pt metallophilic interactions has a four-coordinate Pt(II) atom with
a chelating acetylacetonate (acac or b-diketonate) ligand and a chelating phenyl N-heterocyclic carbene (NHC), both with various
substituents. This combination of ligands with strong s-donation to transition metals has been found to create tunable emitter
materials in organic light-emitting diode applications, the earliest of which was developed in 2012.113 These structures have inter-
molecular Pt$$$Pt distances ranging from 3.225 Å to 3.419 Å with a mean distance of 3.335 Å. The shortest distance is exhibited by
the simplest form of this type of structure (XIBHEX),114 while the longest is exhibited by (RITJAH)115 (Scheme 27).

Diplatinum complexes with four bridging dithiocarboxylato (RC(S)S) ligands form lantern (paddlewheel) complexes and
were first synthesized in 1981, and their unusual solid-state optical properties were also recognized at the time.116 The major
difference in composition is the thiocarboxylate R substituent, and the complexes can exhibit short intradimer Pt$$$Pt distances

Scheme 25

Scheme 26
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around 2.7–2.8 Å, and much longer interdimer distances ranging up to 3.340 Å with a mean distance of 3.126 Å. Comparison of
the substituents with the intermolecular Pt$$$Pt distances indicates no particular pattern, as the distance increases in order of:
CH2Ph (FAKCUP),117 iPr (THIBPT),116 Bu (BEHWOC),118 Me (THACPT01),119 Pe (BOLFIS),119 Hx (FOPHOH),120 CH2iPr
(BEHWUI),118 Cy (BOLFOY),119 and Et (FEKYAX)121 (Scheme 28).

A large family of heterobimetallic lantern complexes with asymmetric monothiocarboxylate ligands has been prepared.122 The
complexes have the general form [PtM(S(O)CR)4(L)] in which the L ligand is bound to M, which has been most thoroughly studied
for the late transition metals Mn,123 Fe, Co, Ni, and Zn, and R ¼ CH3 or C6H5.

124–127 These complexes dimerize through unbridged
metallophilic Pt$$$Pt contacts in the solid state only for certain L groups. Metallophilic contacts with staggered lantern configura-
tions are known for M ¼ Co (NIQZOE), Ni, Zn with L ¼ H2O, one Ni example with 3-NO2-py, and with anionic terminal thiocy-
anate ligands has an eclipsed configuration as shown in ASUGEC (Scheme 29).

Heterobimetallic lantern complexes with traditional, symmetric carboxylate bridges containing a Pt atom bridged to a transition
metal display intermolecular Pt$$$Pt interactions as well. In each of these structures, one Pt(II) atom is bridged to Ni (FIXCUN),128

Cu (AHEQOW),129 or Zn (FIXDAU)128 and forms a dimeric metallophilic interaction of 3.177, 3.168, or 3.272 Å respectively with
an a adjacent lantern. In these [PtM[O(O)CR]4] structures a water ligand caps off each end of the dimers that are eclipsed with
respect to one another128,129 (Scheme 30).

Pt(II) complexes with intermolecular metallophilic interactions are commonly seen with cyanide X and isocyanide (isonitrile) L
ligands in PtL2X2 classifications. The cores are rigidly planar to at least two atoms away from the Pt centers and the neutral

Scheme 27

Scheme 28

Scheme 29
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compounds stack very well. The Pt$$$Pt distances are affected by the R substituent, variations of the cis and trans isomers of two L
and two X ligands, experimental temperatures of the SCXRD analyses, and counter cations. Three complexes of cis-[Pt(CNR)2(CN)2]
in which R is Me, iPr, or tBu group (TEFPOK, NUMCUU, CELJOZ)130–132 have Pt$$$Pt distances of 3.391, 3.256, and 3.355 Å,
respectively. No pattern is observed with the steric effects of the R substituents, but the [Pt(CNiPr)2(CN)2] crystal structure was taken
at 173 K, compared to 298 K of the Me and tBu analogues. As described with cis-[Pt(CNPh)2Cl2], CPICPT, above, the Pt$$$Pt
distances contract slightly with significant decreases in temperature. The complex cis-[Pt(CNMe)2(CN)2] exhibited a Pt$$$Pt
distance of 3.338 Å at 90 K (TEFPOK01), compared to the 3.391 Å at 298 K (Scheme 31).

The effect of cis and trans isomers on Pt$$$Pt distances can be observed in the SCXRD data for [Pt(CN-p-(C2H5)C6H5)2(CN)2]
(EDUMOF, CIRPEZ),133,134 both of which exhibit staggered geometries along the Pt$$$Pt vector and were measured at 173 K. The cis
structure exhibits a distance of 3.125 Å, versus that in the trans of 3.281 Å. This slight difference can be attributed to greater repulsion
between the isocyanide phenyl groups approximately perpendicular to the planar four-coordinate Pt(II) centers (Scheme 32).

Counter cation size effect on intermolecular Pt$$$Pt distances was observed in the fascinating crystal structures of
KLn(OH2)8.75[Pt(CN)4],

24 where Ln ¼ La, (XEKCOH), Pr, (XEKCEX), and Nd (XEKCIB). These isostructural compounds contain
D4h [Pt(CN)4]

2� anions trans-bridged by the hydrated Ln3þ cations, forming planar networks layered in two-dimensional arrays
organized by the Pt$$$Pt interactions. As expected, the Pt$$$Pt distance decreases in length as the atomic number and radius of
the lanthanide decreases; the La, Pr, and Nd analogues have metallophilic distances of 3.291 Å, 3.285 Å, and 3.284 Å, respectively
(Scheme 33).

There are a small number of homoleptic complexes with four cyanide groups, with –CN in an MX4
2� classification (BINNIX,

PAHCUW, UXOXEL),135–137 and –CNMe with ML4
2þ classification (JIQVIO).138 Pt(CN)4

2� serves as a counteranion for bulky
cations of BINNIX and PAHCUW, with Pt$$$Pt distances of 3.352 Å and 3.402 Å, respectively. In contrast, the cation of UXOXEL
are two Csþ ions, allowing closer 3.088 Å packing of the Pt(II) centers. The Pt(CNMe)4

2þ of JIQVIO serves as a counter cation.

1.15.3.4.2 Intramolecular Pt$$$Pt metallophilic interactions
1.15.3.4.2.1 Two-atom bridged Pt(II)
Two square-planar Pt atoms have intramolecular metallophilic interactions when supported by bridging ligands. The most
common core structure with Pt$$$Pt distances less than 3.44 Å has a six-membered [Pt-X-X-Pt-X-X] ring with two trans Pt atoms
and a boat conformation. The most common two-atom bridging group is eNeNe, followed by eNeOe and eNeCe. Most
[Pt2] structures with such an intramolecular interaction are bridged by two pyrazole ligands, often referred to as the “wings” of
the butterfly-like complexes, and the square planar Pt atoms are chelated by anionic phenylimidazole groups, as shown in FEPLUI,
but neutral dipyrimidine examples are also known (ALAVAL). These structures exhibit Pt$$$Pt distances between 2.834 Å and
3.437 Å, depending on the pyrazole substitution. This shortest distance of 2.834 Å is attributed to a complex with a total of four
tBu groups on the two pyrazole ligands and four F on the two phenylpyridine groups that cause narrowing of the boat conformation
(FEPLUI).139 Conversely, the diplatinum complexes with no substituents on the bridging pyrazole like ALAVAL have Pt$$$Pt
distances greater than 3.121 Å (Scheme 34).

One of the first diplatinum structures with a six-membered ring of boat conformation was synthesized in 1979, bridged by
CNtBu, with a Pt$$$Pt distance of 3.056 Å (BISIPT).140 In 2012, an related diplatinacycle complex became the first example of
an oxime ligand coordinated to the Pt via the O atom (QEKCEQ).141 (Scheme 35)

Scheme 30
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1.15.3.4.2.2 Three-atom bridged Pt(II)
Diplatinum complexes with three-atom bridges have a common core of a diacetate-bridged half-lantern complex, forming an eight-
membered ring in a boat conformation. Such structures were investigated as part of the interest in the mixed-valent platinum blue
complexes.142 The mixed-valent compounds do not have metallophilic interactions, but their reduced all-Pt(II) precursors do. The
other ligands on Pt(II) are typically neutral NH3 or NH2R, such that other non-coordinating anions are required. In an early
study,143 the anions A ¼ ClO4

�, NO3
�, BF4

�, PF6
�, and 2A� ¼ (SiF6)

2� were all used synthetically, [Pt2(NH3)4(m-OAc)2]A2, but
only (HEGHOQ)143 was structurally characterized at the time and the (NO3)

� analog (ZEHPEJ),144 followed later. The intramo-
lecular Pt$$$Pt distances are 2.971 Å and 2.921 Å, respectively, and there are also longer intermolecular Pt$$$Pt interactions between
dimers at 3.227 Å and 3.132 Å (Scheme 36).

Another form of diplatinum complexes with intramolecular metallophilic interactions have three-atom bridges of eSeMeSe,
M is coordinated to two polydentate ligands with amine, acetate, and thiolate donors. In the cases of Co (LUPMUG),145 Rh (MAR-
YIO),146 Ni (LUPNAN),145 the transitionmetals are octahedral but with Pd (ECAPIK)147, the Pd center is only coordinated by the N-
and S-donors (Scheme 37).

1.15.3.5 Pd$$$Pd metallophilic interactions

Metallophilic interactions are described for Pd(II) structures with the Pd atoms within 2.78 Å to 3.26 Å. Pd$$$Pd metallophilic
interactions, like those of Pt(II), are particularly favorable and common due to the strong ligand-field stabilization energy for

Scheme 35

Scheme 36

Scheme 37
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square-planar coordination with a 4d8 electron configuration. The Pd(II) structures in this section, like those for Pt above, are sepa-
rated into those that exhibit intermolecular Pd$$$Pd interactions followed by those that exhibit intramolecular Pd$$$Pd interac-
tions. Many of the structural motifs are seen with both metals, and numerous studies compare metallophilicity in Pt
compounds to that in Pd compounds.

1.15.3.5.1 Intermolecular Pd$$$Pd metallophilic interactions
1.15.3.5.1.1 Four-coordinate Pd(II)
The majority of Pd(II) structures with intermolecular metallophilic interactions have [PdN2O2] coordination. The N atoms are typi-
cally part of a chelating ligand, and the O atoms are on two identical X-type ligands. One example of this type of structure is one
polymorph148 of [(en)Pd(ONO2)2] (en ¼ ethylenediamine) (LAVSOR01), with intramolecular Pd$$$Pd distances of 3.148 Å. This
compound also has hydrogen bonding connecting the monomers via the amine and nitrate ligands. Within dimers of [(bpym)
Pd(NO3)2] (bpym ¼ 2,20-bipyrimidine) (NERXAJ),149 the intramolecular Pd$$$Pd distance is 3.190 Å which is very similar to
the acetate derivative [(bpym)Pd(OCOMe)2] (SOTZUX),150 intramolecular Pd$$$Pd distances are measured as 3.220. In none of
these three cases are there any intermolecular metallophilic interactions (Scheme 38).

Another common four-coordinate [PdL2X2] structure has two coordinated halogen atoms (X) and two coordinated chalcogen
donor ligands (L). Most of these have two chlorides and two three-coordinate tellurium from the ether in [PdCl2(TeR2)2]. Both
cis and trans geometries have been prepared in [cis-PdCl2(Te(pmp)(EtOH))2)] (pmp ¼ p-methoxyphenyl) (NOSSIA)151 with intra-
molecular Pd$$$Pd distances of 3.171 Å, and [trans-PdCl2(Te(pmp)(2-(2-C3H4S)Et))2)] (PAFQOD)152 having intramolecular
Pd$$$Pd distances of 3.214 Å (Scheme 39).

1.15.3.5.2 Intramolecular Pd$$$Pd metallophilic interactions
1.15.3.5.2.1 One-atom bridged Pd(II)
Most dimeric Pd(II) complexes that exhibit intramolecular Pd$$$Pd metallophilic interactions have two halides bridging the metal
atoms, taking up two coordination sites on each Pd. Most common of these are Cl� > Br� > F� > I�. Another common feature to
these one-atom bridged Pd(II) complexes is an L̂X chelating ligand in which the L donor is a tertiary phosphine or arsine and the X
donor is C from an ortho-metalated phosphine/arsine substituent. For the structure [Pd2(m-Cl)2(EPh2CHMe(2-naphthyl))2], when
E ¼ P (BEJFAY),153 Pd$$$Pd distance is 2.985 Å; when E ¼ As (BEJFEC)153 Pd$$$Pd distance is 2.990 Å (Scheme 40).

Scheme 38

Scheme 39
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Comparison of another set of Pd(II) complexes with Pd$$$Pd distances based on changes with two different locations of organic
substituents on the same chelating ligand to a Pd2Cl2 core shows the wide range of ligands employted. In a pair of [Pd2(m-
Cl)2Cl2(3,5-R2pzCO)2-1,5-C6H4] complexes, the [PdCl(m2-Cl)2PdCl] core is bridged by a ligand with two terminal pyrazole
donors connected by a phenylene group and when R ¼Me (JAGFED)154 the Pd$$$Pd distance is 3.200 Å but when R ¼ tBu (JAG-
FON)154 Pd$$$Pd distance is 3.257 Å. Interestingly, in [Pd2(m-Cl)2Cl2(3,5-

tBu2pzCO)3-1,3,5-C6H3] (JAGFAZ),
154 a third pyrazole

group is added to the phenyl ring, resulting in an intermediate Pd$$$Pd distance of 3.212 Å (Scheme 41).
The second most common bridging halide of dimeric Pd(II) complexes is F. For the structure cis-[Pd2(m-F)2(P(o-Tol)3)2R2],

Pd$$$Pd distances vary only within 0.013 Å, suggesting that the two m-F atoms are strongly determining the metallophilic interac-
tion. Pd$$$Pd distances are measured as: 3.234 Å when R ¼ o-PhNO2 (TIPWEV),155 3.229 Å when R ¼ Ph (TIPWIZ),155 3.230 Å
when R ¼ p-Tol (TIPWOF),155 3.242 Å when R ¼ o-PhMe (TIPWUL)155 (Scheme 42).

In related [Pd2(m-F)2Ph2(PR3)2] structures with alkyl, rather than aryl, phosphines greater variation is seen. When R ¼ iPr (VAC-
GEM),156 the Pd$$$Pd distance is 3.260 Å; when R ¼ cy-hexyl (VACGIQ)156 the Pd$$$Pd distance is 3.179 Å. The structure with the
iPr substituents has a planar [Pd2F2] rhomb, whereas the structure with the cyclohexyl (cy) substituents has a slightly bowed,
butterfly-like [Pd2F2] core (Scheme 43).
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Dimeric Pd(II) complexes with bridging Br atoms and chelating ligands have butterfly-like [Pd2(m2-Br)2] cores with varying
Pd$$$Pd distances. In [Pd2(m-Br)2(Me(BrSn)C6F4AsPh2)2] (BEYBOY),157 the Sn and As atoms help form six-membered chelate
rings and there is a relatively short Pd$$$Pd distance of 2.950 Å. The Pd(II) complex with pentafluorophenylvinylic methyl ether
ligands [Pd2(m-Br)2(h

3-PhC(C6F5)(OMe))2] (FITGAR)
158 has a Pd$$$Pd distance of 3.061 Å. The dimeric allylpalladium(II) struc-

ture [Pd2(m-Br)2bis(h
3-3,3-bis(4-chlorophenyl)-2-bromomethylallyl)2] (MABHUU)159 has a Pd$$$Pd distance of 3.048 Å (Scheme

44).
Iodide bridged structures are the fewest, and these dimeric Pd(II) complexes also have varying Pd$$$Pd distances. Similar to

those with Br, butterfly cores are observed. The structure [Pd2(m-I)2(2-(40-t-butyloxazolin-20-yl)-3-trimethylsilylferrocen-1-yl-N)2]
(BAZQUO)160 has a Pd$$$Pd distance of 3.232 Å. The structure [Pd2(m-I)2I2(Me2PCH2PMe2)2] (OHOTEK),161 which was
specifically synthesized to have sterically nondemanding diphosphine ligands, has a short Pd$$$Pd distance of 2.884 Å. Conversely,
sterically demanding N-heterocyclic carbenes coordinate to the metal atoms of [Pd2(m-I)2I2(SIBiphen)2] (SIBiphen ¼ N,N0-bis(2-
biphenyl)imidazolidine) (VEVGAF),162 which has a Pd$$$Pd distance of 3.223 Å (Scheme 45).

After bridging halides, thiolate-bridged complexes are the second-most prevalent one-atom separation between Pd(II) structures
that exhibit intramolecular metallophilic interactions. A common structure in this category is the form [Pd2(m-SR)2(h

3-C4H7)2],
where R can be a variety of substituents. In the trio below the Pd$$$Pd distances are 3.205 Å when R ¼ p-Tol (EYUXUR),163

3.131 Å when R ¼ tBu (EYUYAY),163 and 3.222 Å when R ¼ p-C6H4F (UDINUQ)164 (Scheme 46).
Hydroxo bridges are the most common of oxygen-bridged dinuclear Pd(II) structures, and many have bidentate imine ligands,

L2, requiring non-coordinating anions for charge balance. Triflate salts with the stoichiometry [Pd2(m-OH)2L2](CF3SO3)2, are shown
here. The Pd$$$Pd distance is 3.083 Å when L2 ¼ 2,20-bipyridine (DEGKUW),165 2.982 Å when L2 ¼ neocuproine (JIWWAO),166

and 3.000 Å when L2 ¼ 1,10-phenanthroline (WIVNIZ)165 (Scheme 47).
Another major category of one-atom bridges in dinuclear Pd(II) structures with diamine ligands is those with amido ligands, m2-

NHR. For the salt [Pd2(m-NHR)2(
tBu2bpy)2](BF4)2, when R ¼ Ph (KIYKIN),167 the Pd$$$Pd distance is 3.110 Å and with R ¼ p-tol

(KIYKOT),167 the Pd$$$Pd distance is 3.101 Å. With two monodentate terminal ligands [Pd2(m-2,6-
iPr2C6H3NH)2Cl2py2] (NIQ-

XIU),168 the Pd$$$Pd distance is 3.118 Å. Two very similar structures are [Pd2(m-NHPh)2(PMe3)2L2], when L ¼ Ph (POMMIN),169

with a Pd$$$Pd distance is 3.181 Å and with the same amide as terminal and bridging ligands, L ¼ C6H4C(H)]NPh (POM-
MOT),169 the Pd$$$Pd distance is 3.141 Å (Scheme 48).
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1.15.3.5.2.2 Two-atom bridged Pd(II)
Most dinuclear Pd(II) structures with two-atom bridges have identical coordination environments around both metal centers. The
bridging ligands that connect the two Pd(II) and promote intramolecular Pd$$$Pd metallophilic interactions are typically coordi-
nated to the metals by nitrogen atoms, most commonly pyrazolate (pz) derivatives. When Pd is coordinated to bpy derivatives,
substituents on both ligands can intramolecular Pd$$$Pd distances. For [Pd2(bpy)(m2-pz)2](NO3)2 (pz ¼ 4-(3,5-dimethyl-1H-pyr-
azol-4-yl)pyridine) (SAXMEN), the Pd$$$Pd distance is 3.082 Å and for [Pd2(Me2bpy)2(m-Me2pz)2](PF6)2 (Me2bpy ¼ 4,40-
dimethyl-2,20-bipyridine) (VERRUG),170 the analogous distance is 3.149 Å (Scheme 49).

Other compounds have two Me2pz bridging Pd(II) and two monodentate terminal ligands per metal, in the form [L1L2Pd(m-
Me2pz)2PdL

1L2]. For [Pd2(m-Me2pz)2(k
1-OCOMe)2(Me2pz)2] (ELUCIY),171 the Pd$$$Pd distance is 3.225 Å, for [Pd2(m-

Me2pz)2(N3)2(PPh3)2] (XUKNAU)172 3.255 Å; and 3.115 Å in [Pd2(m-Me2pz)2Cl2(PMe2Ph)2] (YAFSAZ).
173 (Scheme 50)
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1.15.3.5.2.3 Three-atom bridged Pd(II)
The majority of three-atom-bridged Pd(II) complexes are half-lantern complexes with two m2-k

2 carboxylate ligands. The metallo-
philic distances in these structures are generally shorter than those described above. The other ligands are often two aryl-substituted
pyridines. With this combination, the two Pd are in parallel or nearly-parallel distorted square-planar environments. The simplest of
these structures is [Pd2(m2-OAc)2(phpy)2] (phpy ¼ 2-phenylpyridine, N̂C donor) (XEMQIQ01), with a Pd$$$Pd distance of
2.872 Å, with the phpy ligands coordinated cis to one another. When crystallized with [Hg(C6F5)2] (not shown) (COJBEJ), the
phpy ligands are trans with respect to one another and the intramolecular Pd$$$Pd distance decreases to 2.839 Å. Interestingly,
the intermolecular 3.106 Å distance between Pd(II) and Hg(II) of [Pd2(m-OAc)2bis(phpy)2][Hg(C6F5)2], is less than the sum of
the van der Waals radii of the two elements (3.4–3.7 Å), suggesting a Pd(II) / Hg(II) heterometallic metallophilic interaction.
Additional substitution on the phpy ligands minimally affects the Pd$$$Pd metallophilic interactions, but does give rise to precise
two-fold symmetry in [Pd2(m-OAc)2(4-NO2-2-phpy)2] (ACNBPD01)174 (Pd$$$Pd is 2.823 Å) but is lost in [Pd2(m-OAc)2(5-Cl-2-(6-
(4-ClPh)-2-phpy))2] (CIQWAA),174 with a Pd$$$Pd distance of 2.905 Å (Scheme 51).
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Other common ligands coordinated to doubly OAc-bridged Pd(II) dimers are chelating benzylamines. These structures have
a more twisted “clamshell” conformation, and slightly longer Pd$$$Pd distances. For [Pd2(m-OAc)2(o-C6H4CHRNMe2)2], when
R ¼ H (LUSBOS),175 the Pd$$$Pd distance is 2.928 Å and when R ¼ Me (OVESUE)176 it is 2.966 Å (Scheme 52).

Intramolecular Pd$$$Pd metallophilic interactions are enforced by trifluoroacetate (TFA) groups that make similar palladacycles
to those above, and with also with phenyl pyridine or benzyl amine ligands. The Pd$$$Pd distance below are 2.870 Å for [Pd2(m-
TFA)2bis(bhq)2] (bhq ¼ benzo[h]quinolone) (EBOGUA),177 3.001 Å for [Pd2(m-TFA)2bis(o-C6H4CH]NPh)2] (ILEQAR),178 and
2.859 Å for [Pd2(m-TFA)2bis(2-p-tolylpyridine)2] (MAHPOC)179 (Scheme 53).

In the absence of additional ligands, four-coordinate Pd(II) and bridging OAc ligands result in the trinuclear, homoleptic [Pd3(m-
OAc)6] complexes. These aggregates exhibit relatively longer intramolecular Pd$$$Pd metallophilic interactions than binuclear
[Pd2(m-OAc)2]. Depending on what solvent (or a co-crystallized complex) is also within the unit cell, Pd$$$Pd distances vary:
3.312 Å with H2O (AHINEM) and 3.075 Å with [PdCu(m-OAc)4 $H2O] (LAFKEK).180 Trinuclear [Pd3(m-O2CR)6] species with other
carboxylates are also known structures. Depending on the R substituent, Pd$$$Pd distances vary: 3.191 Å for R ¼ Et (GEWZEN),181

3.137 Å for R ¼Mes (GEWZOX),181 3.156 Å for MetBu (VUSMII)182 (Scheme 54).
When acetate is replaced by pivalate as the bridging ligand in binuclear Pd(II) complexes, small structural changes are observed.

With acetate in [Pd2(m2-O2CMe)2Ph2(PPh3)2] (GECBAR), the Pd$$$Pd distance is 3.079 Å; but with pivalate in [Pd2(m2-
O2C

tBu)2Ph2(PPh3)2] (CEPVOK), it is 3.120 Å. Furthermore, in the former, the phenyl and Ph3P ligands on each metal atom
are cis to one another, but are trans in the pivalate derivative (Scheme 55).

Other triatomic L̂X bridging ligands support Pd$$$Pd metallophilic interactions. In numerous complexes, Pd atoms are held
together by bridging pyridyl chalcogenolate groups as in [Pd2(m-pyE)2(mesSeC6H2Me2CH2)2] (E ¼ S or Se; mes ¼ mesityl).
When E ¼ S (HIGVEA),183 Pd$$$Pd distance is 2.929 Å; when E ¼ Se, (HIGVIE)183 Pd$$$Pd distance is 3.143 Å (Scheme 56).
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In another pair of related dimeric Pd(II) complexes, changing S to O gives a relatively negligible difference in intramolecular
Pd$$$Pd distances. For [Pd(m-2-pyO)(2-(phenylazo)benzene)]2 (pyO ¼ deprotonated hydroxypyridine) (LUBJAT),184 the separa-
tion is 2.840 Å while in [Pd(m-2-pyS)(2-(phenylazo)benzene)]2 (pyS ¼ deprotonated mercaptopyridine) (LUBJEX),184 that
distance is 2.878 Å (Scheme 57).

In contrast to the above, a pyridine-pyrimidine swap and subsequent conformation change have a more appreciable effect on
Pd$$$Pd distance. A chelating bis(1-methylimidazol-2-yl)ketone (bmik) ligand is coordinated to each Pd(II) in the [Pd2(m2-
L̂X)2(bmik)2)]

2þ anion. For [Pd2(bis(m2-L̂X)2(bmik)2)](NO3)2 $ 5 H2O (pyt ¼ pyridine-2-thiolato) (YERZEA), the Pd$$$Pd
distance is 2.915 Å. For [Pd2(m2-L̂X)2(bmik)2](NO3)2 $ 5 H2O (pymt ¼ pyrimidine-2-thiolato) (YERZIE), the analogous distance
is 2.886 Å. The bridging thiolate ligands show head-to-head orientation for the pyt analog, and head-to-tail orientation for the pymt
analog, which may also affect the intramolecular distances (Scheme 58).

When the m2-L̂X bridge between two Pd(II) is kept constant as mpy, but the terminal ligands are varied, intramolecular Pd$$$Pd
distances vary slightly. For [Pd2(m2-pyS)2(Me2NCH2C6H4)2] (YIJPOY),185 the Pd$$$Pd distance is 2.976 Å; for [Pd2(m2-pyS)2(Cl2(P-
Me2Ph)2)] (YIKGUU),186 it is 2.922 Å and in [Pd2(m2-pyS)2(Cl2(PMePh2)2)] (YIKHAB),186 it is 2.983 Å (Scheme 59).

Pd(II) structures that exhibit intramolecular Pd$$$Pd metallophilic interactions are also commonly bridged by a NCN-
connecting ligand, of which both symmetric and asymmetric examples are known. For example [Pd2(m2-donp)2(bpy)2]

Scheme 55
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(donp ¼ 1,8-naphthyridin-2,7-dione) (BATMOY)187 has a Pd$$$Pd distance of 2.796 Å, cis-[Pd2(m2-ono)2(bpy)2]
2þ (onp ¼ 1,8-

naphthyridin-7-dione) (FASQUL)188 has one of 2.804 Å and [Pd2(m2-ampy)2(bpy)2]
2þ (ampy ¼ 2-aminopyridine) (WUHCOS)189

has a Pd$$$Pd distance of 2.870 Å (Scheme 60).

1.15.3.6 Au$$$Au metallophilic interactions

As previously mentioned, metallophilic interactions between closed-shell Au atoms are referred to as aurophilic interactions, and
search of this terminology results in more references than all of other homometallic combinations, as expected. Of the Group
11 metals, aurophilic span a range of contacts between 2.72 Å and 3.32 Å. The vast majority of structures with intermolecular inter-
actions are between two-coordinate Au(I) atoms. As done in earlier sections, for compounds with intramolecular interactions, struc-
tures are organized by the number of atoms bridging the two Au atoms, and coordination numbers at the metal center ranges from
two to four. Most bridging units have three linking atoms, followed by four, five or more, then two. The majority of the intramo-
lecular structures have Au(I) atoms, but a few Au(III) structures are also known. The highly favorable reduction potentials of Au(III)
to Au(I) account for the decreased number of Au(III) d8 instances.
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1.15.3.6.1 Intermolecular Au$$$Au metallophilic interactions
1.15.3.6.1.1 Two-coordinate Au(I)
Most Au(I) structures with intermolecular aurophilic interactions have Au atoms coordinated to two ligands, with [AuL2]

þ, [AuLX],
and [AuX2]

� motifs. The most common of the [AuL2]
þ type is Au coordinated to two isocyanide, CNR, ligands. For the dicationic

[Au(CN(cy-hexyl))2]2, the structures crystallize into 1D slightly helical chains, depending on the anion (A1, A2). Intermolecular
Au(I)$$$Au(I) distance varies with ratio combinations of different anions, and in order of increasing distance: 2.964 Å for A1,
A2 ¼ 2 (PF6)

� (LUVJER),190 3.030 Å for A1 and A2 ¼ 2 (SbF6)
� (LUGLUX),191 3.186 Å for A1 ¼ 3 (PF6)

� and A2 ¼ 1 (AsF6)
�

(LUGLAD),191 3.198 Å for A1 and A2 ¼ 2 (AsF6)
� (MEGFIP),192 3.199 Å for A1 ¼ 1 (PF6)

� and A2 ¼ 3 (AsF6)
� (LUGMOS),191

3.207 Å for A1 ¼ 2 (PF6)
� and A2 ¼ 2 (SbF6)

� (LUGMEI),191 3.220 Å for A1 ¼ 2 (AsF6)
� and A2 ¼ 2 (SbF6)

� (LUGLIL).191 The ratio
of hexafluoro- ion present have been found to affect the luminescence of these structures (Scheme 61).

When the cyanide ligand is not bonded to an organic substituent at the N, the dicyanoaurate anion exhibits intermolecular auro-
philic interactions in crystal structures with various cations. For the anionic [AuX2]

� of (A1A2)[Au(CN)2]2, Au(I)$$$Au(I) distances
are: 3.149 Å when A1 and A2 ¼ [Zn(tpy)2]

2þ (JUGCUM),193 3.216 Å when A1 and A2 ¼ [Fe(3-bpp)2]
2þ (3-bpp ¼ 2,6-di-(1H-pyr-

azol-3-yl)pyridine) (QIQYUN),194 3.102 Å when A1 and A2 ¼ [Ni(tpy)2]
2þ (ZOXJAZ).195 Free sites around the metal centers

give information of solution- and solid-state chemistry of dicyanoaurate ions (Scheme 62).
Intermolecular aurophilic interactions between [Au(CN)2]N are stronger when the cation contains NeH units due hydrogen

bonding between the cations and the cyano groups of the anions. Thus, Au(I)$$$Au(I) distances are collectively shorter for (A)
[Au(CN)2]2 (A ¼ 1� or 2� amine): 3.080 Å for A ¼ (C4H8NH2)

þ (UMIYIY),196 3.087 Å for A ¼ ((Ph2N)NH3)
þ (UMIYOE),196

3.097 Å for A ¼ (C5H10NH2)
þ (UMIYUK).196 This self-association of the [Au(CN)2]

� units are found to affect the luminescence
of the crystals; when A ¼ ((n-C3H7)4N)þ, no luminescence is observed (Scheme 63).

When one CN ligand is replaced with an X-type ligand, the Au atom is typically found coordinated to a phenyl, halogen, or N-
donor group, in order by frequency, in an [AuLX] classification. For the structure [Au(CNR)(X)] (X ¼ phenyl), Au(I)$$$Au(I)
distances are: 3.301 Å for R ¼ p-CNPh and X ¼ p-Tol (EMEZAZ),197 3.243 Å for R ¼ p-CF3Ph and X ¼ p-Tol (EMICAG),197

3.136 Å for R and X ¼ p-CF3Ph (EMICOU),197 3.309 Å for R and X ¼ p-CNPh (EMIFAJ),197 3.161 Å for R and X ¼ Ph (FINVIJ01).198
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These para-substituted phenyl isocyanide structures have been studied for their luminescent mechanochromic properties (Scheme
64).

Steric size and proximity of a ligand coordinated to the metal affect intermolecular aurophilic interactions and can be seen with
[Au(CNR)X]N where either R or X is kept constant while the other variable is changed. For the structure [Au(CN(p-ROPh))Cl]
(R ¼ alkyl chain), Au(I)$$$Au(I) distances are: 3.317 Å for R ¼Me (BUVCAX),199 3.309 Å for R ¼ Hp (QIZTEA).200 Due to the line-
arity and far proximity to the Au of the extra C6 hydrocarbon chain of QIXTEA, the Au(I)$$$Au(I) is hardly affected. For the structure
type [Au(CNBH2NMe3)X] (X ¼ halogen), Au(I)$$$Au(I) distances are: 3.191 Å for X ¼ Cl (FIGKAI),201 3.221 Å for X ¼ Br (FIG-
KEM).201 Although only slightly, the larger halogen of FIGKEM imposes a weaker intermolecular Au(I)$$$Au(I) distance (Schemes
65 and 66).

A third type of common neutral Au(I) structures that exhibit intermolecular aurophilic interactions have the structure [AuL(CN)]
where L ¼ N-donor ligand. For these structures, the intermolecular Au(I)$$$Au(I) distances at the linear [Au(CN)] motif is affected
by the angle that the N-donor ligand imposes. This angle is smaller when L ¼ C4H8NH (FIMSIF) compared to L ¼ C5H10NH

Scheme 64

Scheme 65

Scheme 66

Metallophilic interactions 691



(FIMSOL), and Au(I)$$$Au(I) distances vary depending on the location of the proximal structure. The various distances of the linear
[Au(CN)] of FIMSIF are 3.115 Å, 3.162 Å, and 3.172 Å, and the various distances of the linear [Au(CN)] of FIMSOL are 3.104 Å and
3.280 Å. N-donor ligands with linear alkyl chains of [AuL(CN)] have Au(I)$$$Au(I) distances: 3.317 Å for L ¼ iPrNH2 (FIMTEC),
3.060 Å for L ¼ iPrCH2NH2 (FIMTIG).202 Arene substitution also plays a part, as para-, ortho-, and meta-locations affect the crystal
packing. This can be observed with [Au(Rpy)(CN)] where R ¼Me. The most linear and flat variation of this structure is [Au(p-
Mepy)(CN)] (FIMVII), which has a Au(I)$$$Au(I) distance of 3.161 Å. When a methyl group is added to the ortho position, the
distance lengthens to 3.203 Å, for [Au((o,p-Me2)py)(CN)] (FIMWAB).202 For [Au((m-Me2)py)(CN)] (FIMVOO01), Au(I)$$$
Au(I) distance is 3.317 Å (Scheme 67).

The second most-common two-coordinate Au(I) structure is coordinated to a halogen and either a Group 5 or Group 6 donor
ligand, with an [AuLX] classification. Phosphines are the most common of the L-type ligand, and substituents on the P affect the
intermolecular aurophilic interaction. For the neutral structure [Au(PR1R2R3)Cl], Au(I)$$$Au(I) distances are: 3.080 Å for R1,
R2 ¼ Ph and R3 ¼Me (UYOBER)203; 3.262 Å for R1 ¼ Ph and R2, R3 ¼ Me (WASHAZ)204; 3.125 Å for R1, R2, R3 ¼ CH2CH2(2-
py) (ZOJGUD)205; 3.164 Å for R1, R2, R3 ¼ OMe (NESMAA)206; 3.294 Å for R1, R2, R3 ¼ SMe (NESLED).206 For the neutral struc-
ture [Au(PHMePh)X], Au(I)$$$Au(I) distances are: 3.240 Å when X ¼ Cl (REXZAV),207 3.294 Å for X ¼ Br (REXZEZ)207 (Schemes
68 and 69).

Variation of the halogen, and its effects on intermolecular aurophilic interaction can be observed with two neutral [Au(LR2)X]-
type structures with L as a S-donor group. For [Au(SMe2)X], Au(I)$$$Au(I) distances are: 3.299 Å for X ¼ Cl (CIBMAB),208 3.291 Å
for X ¼ Br (CIBLUU).208 For [Au(S(CH2Ph)2)X], Au(I)$$$Au(I) distances are: 3.226 Å for X ¼ Cl (GOJLAS),209 3.222 Å for X ¼ Br
(GIGWAU).210 For both of these sets of structures, the linearity of the [SAuX] deviates in two ways; R groups are cis to the lone pair
on the S, and repulsion of the R groups on the halogen causes the halogen to bend towards the aurophilic interaction. Thus, the
more electronegative Cl is pushed more towards the intermolecular Au(I)$$$Au(I), lengthening the distance (Scheme 70).

Scheme 67

Scheme 68

Scheme 69

Scheme 70

692 Metallophilic interactions



1.15.3.6.2 Intramolecular Au$$$Au metallophilic interactions
1.15.3.6.2.1 Two-atom bridged Au(I)
Most structures with intramolecular aurophilic interactions have these interactions between two two-coordinate Au(I) atoms. Most
of these two-coordinate Au(I) have neutral [AuLX] classification. The most common structure with these parameters have three
Au(I) bridged by three substituted C]N groups. The core of these structures are planar nine-membered rings, and these distances
represent an average of the three present aurophilic interactions. For the structure [Au(m-(MeOC]NR))]3, Au(I)$$$Au(I) distances
are: 3.295 Å (3.256 Å, 3.310 Å, 3.319 Å) for R ¼ iPr (RARJOK), 3.296 Å (3.292 Å, 3.297 Å, 3.300 Å) for R ¼ nPe (ZUCFEK), 3.301 Å
(3.270 Å, 3.316 Å, 3.318 Å) for R ¼ nBu (QOLXUM).211 Bulkiness of the bridging substituents prevent intermolecular aurophilic
interactions, as intermolecular Au(I)$$$Au(I) distances are typically greater than 6 Å (Scheme 71).

The tetrameric form of these structures commonly form metallacycles of D2d symmetry. The four Au(I) maintain short intramo-
lecular Au(I)$$$Au(I) contacts that attribute to the luminescence of solid and solution states of the structures. For [Au(m-3,5-R1R2-
pyz)]4, Au(I)$$$Au(I) distances are: 3.115 Å when R1 and R2 ¼ tBu (OKALIV),212 3.204 Å when R1 ¼ tBu and R2 ¼ iPr (GAFJUU)213

(Scheme 72).
A set of examples of two-atom bridged Au(I) dimers is the structure [Au2(m-Se2)(m-Sen)](PPh4)2, composed of a ring of Au and Se

atoms. These structures are interesting due to their great structural diversity, deriving from work with late-transition-metal polysul-
fides. For [Au2(m-Se2)(m-Sen)](PPh4)2, Au(I)$$$Au(I) distances are: 3.004 Å when n ¼ 3 (VOFMOS), 3.132 Å when n ¼ 4 (VOF-
NAF).214 The seven-membered VOFMOS forms an envelope-shaped seven-membered ring, and the eight-membered VOFNAF
forms a puckered ring (Scheme 73).

1.15.3.6.2.2 Three-atom bridged Au(I) and Au(III)
Most structures with intramolecular aurophilic interactions have three-atom bridges, and the Au is observed with two-, three-, and
four-coordinate [AuL2]

þ, [AuLX], [AuX2]
�, [AuL2X], [AuX4]. Themost commonof these have two [AuL2]

þ in a centrosymmetric cyclic
dimer, with two bridging R2PCPR2 phosphines and various counteranions. The eight-membered ring forms a flattened boat confor-
mation, with the opposingmethylene C atoms slightly out of this plane. For the structure [Au(m-(Me2PCPMe2))2](A)2, Au(I)$$$Au(I)
distance is: 3.010 Å for A ¼ Cl� (DUKREG),215 3.019 Å for A ¼ I� (JAFGOM),216 3.047 Å for A ¼ (PF6)

� (VOZWOW).217 These
intramolecular aurophilic interactions are weaker than those of the phenyl analogues, likely due to bulkiness of the eight phenyl
groups. For the structure [Au(m-(Ph2PCPPh2)2)](A)2, Au(I)$$$Au(I) distance is: 2.931 Å for A ¼ (BF4)

� (JAMKAJ),218 2.974 Å for
A ¼ Cl� (DUMJIG),219 2.979 Å for A ¼ (PF6)

� (MUVVEE),220 2.984 Å for A ¼ (TfO)� (INACUV)221 (Scheme 74).
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This relation is observed with another set of centrosymmetric cyclic dimers that have two- and three-coordinate [AuL2]
þ and

[AuL2X] and are bridged by bulky bis(dicyclohexylphosphino)methane groups (dcpm). For the structure [Au(m-dcpm)2](A)2,
Au(I)$$$Au(I) distance is: 2.914 Å for A ¼ (ClO4)

� (CUKQAA),222 2.988 Å for A ¼ [Au(CN)2]
� (CUKQEE).222 For the structure

[Au(m-dcpm)2X 2], Au(I)$$$Au(I) distance is: 2.951 Å for X ¼ I (CUKQII),222 2.984 Å for X ¼ SCN (CABDEP)223 (Scheme 75).
There are a small number of Au(I) that have coordination to N-donor ligands. The tetranuclear structure [Au4(m-hpp)4] (hexa-

hydropyramidopyramidinate) (LIYBUR) has an average Au(I)$$$Au(I) distance of 2.921 Å (2.897 Å, 2.913 Å, 2.936 Å, and
2.939 Å). With one less CH2 at each of the four bridging ligands, the tetranuclear structure [Au4(m-tbo)4] (tbo ¼ triazabicyclooc-
tene) (LIYCAY) has an average Au(I)$$$Au(I) distance of 3.227 Å (3.216 Å, 3.225 Å, 3.227 Å, and 3.238 Å). Both of these structures
show a bright green luminescence in solid state under UV light (Scheme 76).

Scheme 74

Scheme 75

Scheme 76

694 Metallophilic interactions



Other centrosymmetric cyclic dimers have Au atoms coordinated to C or S bridging ligands. The structure [Au(m-(C2P(Ph2)))]2
(DEWLUM)224 has an Au(I)$$$Au(I) distance of 2.976 Å. One example of the rare [AuX2]

� classification is the structure [Au(m-
(S2C]NCN))]2(N(PPh3)2)2 (ZEXGOY),225 which has a Au(I)$$$Au(I) distance of 2.811 Å. Most of the structures with both inter-
or intramolecular aurophilic interactions have been between two closed-shell d10 Au(I), but there are a few examples of aurophilic
interactions between two d8 Au(III). For the structure [Au(m-(C2P(Ph2)X2)]2, Au(III)$$$Au(III) distances are: 3.076 Å when X ¼ Cl
(DOBMOW),226 3.091 Å when X ¼ Br (DOBMIQ).226 For these structures, the halogens are trans on the Au(III), but when left in
a chlorinated solvent, one pair of Cl atoms of DOBMOW form cis conformation (Schemes 77 and 78).

1.15.3.6.2.3 Four-atom bridged Au(I)
A majority of four-atom bridged structures with intramolecular aurophilic interactions have one diphosphine bridge
(R2P(CH2)2PR2) between two [AuLX] metals. The short ethylene link between the phosphine groups allows the close approach
of two metals that have the potential to facilitate metal-metal bond formation or breaking. For [Au2(m-(Ph2P(CHR)2PPh2)2Cl2)],
Au(I)$$$Au(I) distances are: 3.049 Å for R ¼ H (ETCLAU),227 3.191 Å for R ¼ COOH (LAWMAY).228 For the structure [Au2(m-dcpe)
X2] (dcpe ¼ 1,2-bis(dicyclophosphino)ethane), Au(I)$$$Au(I) distances are: 3.151 Å for X ¼ Br (IQEHUJ),229 3.109 Å for X ¼ I
(IQEJAR).229 These complexes have a twisted shape, and Au(I)$$$Au(I) distances are affected by the slightly bent inward PeAueX
angles that reflect the neighboring attractive aurophilic interactions. Interestingly, of the six structures of [Au2(m-dppe)X2] and
[Au2(m-dcpe)X2] (dppe ¼ 1,2-bis(diphenylphosphino)ethane; X ¼ Cl, Br, I), only IQEJAR displays luminescence, pink upon crys-
tallization (Scheme 79).

Another set of examples of four-atom bridged Au(I) dimers have [AuL2]
þ metals bridged by bipyridine (bpy) groups. Au(I)$$$

Au(I) distance is 3.074 Å for [Au(m-biisoquinoline)(PMe3)2](TfO)2 (DEGMIN),230 and 3.075 Å for [Au(m-bipy)(PPh3)2](PF6)2
(NUDMIL)231 (Scheme 80).

1.15.3.6.2.4 Five-atom bridged Au(I)
The majority of Au(I) structures with intramolecular aurophilic interactions have seven, nine, or more atoms between the two
metals. Most of these structures have symmetrical bridging ligands with neutral two-coordinate [AuLX] metals. The greater number
of atoms between the two Au(I), the more likely the metals are connected by two of the same ligand bridges. As observed in the
following examples, dimeric Au(I) with five-atom bridges are typically connected with one bridge and coordinated to one terminal
X ligand. The structure [Au2(m-(PPh2(CH2)2N(R2,R3,R4,R5,R6-Ph)Cl2)] shows the effects of arene substitution on Au(I)$$$Au(I)
distance; on the aniline group, R2 and R6 are ortho, R3 and R5 are meta, and R4 is para. Au(I)$$$Au(I) distance is: 3.072 Å when
R2 ¼ OH and R5 ¼ COOH (MEDQES),232 3.121 Å when R2 ¼ COOH and R4 ¼ OH (MEDQAO),232 3.275 Å when R2 ¼ COOH
and R6 ¼ OH (IPOKUT)232 (Scheme 81).
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1.15.3.7 Ag$$$Ag metallophilic interactions

As previously mentioned, metallophilic interactions between closed-shell Ag atoms are referred to as argentophilic interactions.17,233

This section is organized by inter- then intramolecular argentophilic interactions for two Ag(I) atoms within a proximity of 2.90 Å to
3.44 Å. Similar to Au, the vast majority of structures with intermolecular interactions are between two-coordinate Ag(I), and these
are followed by three- and four-coordinate Ag(I). For intramolecular interactions, structures are organized by the number of atoms
bridging the two Ag atoms. This section has a wider variety compared to that of Au structures, from one- to six-atom bridged.
Another similarity to Au, most of the intramolecular interactions are between two Ag(I) bridged in a cyclic form by at least two
of the same bridging ligands. Although organized in this section by increasing number of atoms in the bridging unit, most
Ag(I)-Ag(I) bridging units are composed of three atoms, followed by one, two, six or more, four, then five.

1.15.3.7.1 Intermolecular Ag$$$Ag metallophilic interactions
1.15.3.7.1.1 Two-coordinate Ag(I)
The most common Ag(I) complexes that exhibit intermolecular metallophilic interactions contain a Ag(I) coordinated to two
ligands with an [AgL2]

þ or [AgLX] classification. In order, the groups coordinated to the Ag are typically cyanide, N-donor groups,
and halogens. The vast majority of two-coordinate Ag(I) structures are [AgX2]

� anions of [Ag(CN)2]
�, which can produce 1D or 2D

polymeric structures via Ag(I)$$$Ag(I) interactions or cyanido-bridges. Intermolecular Ag(I)$$$Ag(I) distances range depends on the
structural and electronic properties of the counter cation, A[Ag(CN)2]. On the shorter end of this range, Ag(I)$$$Ag(I) distance is
2.985 Å for A ¼ TePh3

þ (HUHCES),234 3.167 Å for A ¼ TeMe3
þ (HUHBUH).234 On the longer end of this range for ((p-R2-

3,4,5,6-H-pyr)2-1,4-Ph)[Ag(CN)2], Ag(I)$$$Ag(I) distance is 3.294 Å for R ¼ CH3(CH2)2 (AMUXUC01),235 3.324 Å for
R ¼ CH3(CH2)11 (AMUYOX)235 (Scheme 82).

Another common N-containing group in these Ag(I) structures is pyridine (py). For the [AgL2]
þ structure [Ag(p-R-py)2](TfO),

when R ¼ NH2 (ATOLEA)236 Ag(I)$$$Ag(I) distance is 3.432 Å; when R ¼ C(NOH)py (FEPBUZ)237 Ag(I)$$$Ag(I) distance is
3.368 Å. The mutual core of these structures are flat, with the distal py of [Ag(4-C(NOH)py-py)2](TfO) at an angle to this core.
With an even larger R, although at a meta position of the py, [Ag(m-(C]C-3,4-dialkoxyphenyl-py)2)](TfO) (HEFFII)238 has the
shortest comparable Ag(I)$$$Ag(I) distance of 3.136 Å (Scheme 83).

A set of similar [AgL2]
þ structures exhibit differences in Ag(I)$$$Ag(I) distances caused by different counteranions. For the

[AgL2]
þ structure [Ag(p-30-F-4-styrylpyridine)2]A, when A ¼ BF4

� (GUCZAH)239 Ag(I)$$$Ag(I) distance is 3.247 Å; when A ¼ ClO4
�

(GUCZEL)239 Ag(I)$$$Ag(I) distance is 3.233 Å; when A ¼ NO3
� (GUCZOV)239 Ag(I)$$$Ag(I) distance is 3.302 Å (Scheme 84).

Ag(I) coordinated to two imidazole (imid) with [AgL2]
þ classification have a core that is not as flat as the py Ag(I) analogues, but

exhibit similar trends. For the structure [Ag(im)2]A, when A ¼ sulfosalicylate (SERVIU) Ag(I)$$$Ag(I) distance is 3.180 Å; when
A ¼ 4-benzoyl-3-methyl-1-phenyl-1H-pyrazol-5-olate (SOYXAH) Ag(I)$$$Ag(I) distance is 3.202 Å (Scheme 85).

Supramolecular cyclic Ag(I) structures exhibit intermolecular interactions between flat and nearly-flat structures. The [AgLX]
structures [(Ag(mim))8] (mim ¼ 2-methylimidazolate) (BAXLET)240 and [(Ag(pymo))6] (pymo ¼ 2-oxopyrmidine) (NULTIX)241

have intermolecular Ag(I)$$$Ag(I) distances of 2.986 Å and 2.962 Å, respectively. The [AgL2]
þ dimers [(Ag(btp))2](ClO4)2

(btp ¼ (2,6-bis(N0-1,2,4-triazolyl)pyridine)) (PASBAN)242 and [(AgL)2](BF4)2 (L ¼ (NH(pyr)(Et))2Npyr) (SEWVUN)243 have
intermolecular Ag(I)$$$Ag(I) distances of 3.194 Å and 3.389 Å, respectively.

Another set of neutral [AgLX] structures exhibit variances in Ag(I)$$$Ag(I) distance caused by different halides and different R
groups on an M-coordinating amine. For the dinuclear linear [Ag2Cl2Et(NH2)2] (BIQWEF) Ag(I)$$$Ag(I) distance is 3.238 Å. For
the mononuclear structure [Ag(RNH2)X], when R ¼ CH2Ph and X ¼ Cl (YUXVUJ) Ag(I)$$$Ag(I) distance is 3.115 Å; when
R ¼ CH2Ph and X ¼ Br (YUXWAQ) Ag(I)$$$Ag(I) distance is 3.257 Å; R ¼ (CH2)2Ph and X ¼ Cl (YUXXEV) Ag(I)$$$Ag(I) distance
is 3.266 Å (Scheme 86).
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1.15.3.7.1.2 Three-coordinate Ag(I)
Most three-coordinate mononuclear Ag(I) structures have a neutral [AgL2X] classification and distorted T-shaped geometry. Due to
the antimicrobial properties of Ag compounds and nontoxic presence of methyl pyridyl ketones in commercial consumables, there
are many variations of the structure [Ag(p-R-py)2X], where X is an O-donor ligand. On the shorter end of the Ag(I)$$$Ag(I) range,
3.136 Å when R ¼ CN and X ¼ TfO (PURYIL),244 3.240 Å when R ¼MeCO and X ¼ NO3 (BOKROL).245 On the longer end of the
Ag(I)$$$Ag(I) range, 3.411 Å when R ¼ PhN]C and X ¼ CF3COO (CEKCON),246 3.358 Å when R ¼ CN and
X ¼ C6H4COOHCOO (EMOTUW)247 (Scheme 87).
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A large group of cyclic metal-organic frameworks contain a network of neutral [AgL2X], which have potential applications such as
capturing or storing agents, sensors, or heterogeneous catalysis. The number of Ag atoms in these macrocycles vary, and the flatness
of the overall structure affects the intermolecular argentophilic interactions. Additionally, many studies have observed the correla-
tion of potential coordination preferences for dipyridinylmethanone (DpyM) as a bridging ligand. For the hexameric structure
[Ag(3,30-DpyM)X]6, Ag(I)$$$Ag(I) distance is: 3.225 Å when X ¼ CF3CF2CF2COO (FURSAN),248 3.236 Å when X ¼ CF3CF2COO
(FUSNIR).248 For the structure [Ag(3,40-DpyM)(TfO)]4 (GIQNEC),249 Ag(I)$$$Ag(I) distance is 3.125 Å.

Another major category of three-coordinate Ag(I) structures has three coordinated neutral N-donor ligands, with the classifica-
tion [AgL3]

þ. Themajority of these structures are coordinated to a CNMe ligand and a chelating bpy. For the structures [Ag(R,R0-2,20-
bpy)(CNMe)]A, where R and R0 are organic substituents on bpy and A is the counteranion, Ag(I)$$$Ag(I) distances are: 3.255 Å for
R, R0 ¼ 5,50-Me2, A ¼ (BF4)

� (AWENEW),250 3.403 Å for R, R0 ¼ 4,40-Me2, A ¼ (BF4)
� (BOYGIG),250 3.412 Å for R, R0 ¼ 5,50-Me2,

A ¼ (ClO4)
� (ODACAX).251 Considering the planarity of the structure [Ag(2,20-biquinoline)(CNMe)](ClO4)

� (MAYBIY),252 its
Ag(I)$$$Ag(I) distance of 3.271 Å indicates that added phenyl rings scarcely affect the intermolecular argentophilic interaction
(Scheme 88).

1.15.3.7.1.3 Four-coordinate Ag(I)
Four-coordinate Ag(I) make up the last category of Ag(I) structures with intermolecular argentophilic interactions, commonly clas-
sified as [AgL4]

þ followed by [AgL3X]. The majority of the coordinated ligands are four homoleptic N-donor or two N-donor and
two O-donor. N-donor ligands are typically variations of connected py groups that allow the Ag(I) to have planar geometry, suitable
for intermolecular Ag(I)$$$Ag(I) interactions: 3.223 Å for [Ag(3,6-pyr-2-pyradizine)](TfO) (AJAZAM),253 3.343 Å for [Ag(qtpy)](-
ClO4) (qtpy ¼ quaterpyridine) (RASXOZ).254 Counteranion effects can be observed with supramolecular dinuclear [Ag2(1,3,4-
thiadiazole-2,5-di-2-pyridyl)2]A2. Ag(I)$$$Ag(I) distances vary due to differing sizes of the counteranions: 3.302 Å when A ¼ (BF4)

�

Scheme 85
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(UHEYIQ),255 3.346 Å when A ¼ (ClO4)
� (UHEYOW),255 3.239 Å when A ¼ (PF6)

� (UHEYUC).255 Due to the planarity of these
structures, the Ag(I)$$$Ag(I) interactions create a 1D supramolecular chain. Conversely, when the counteranion is changed to 2
(AsF6)

� or 2 (NO3)
�, no Ag(I)$$$Ag(I) interactions are observed.

Another common [AgL4]
þ structure is in the form [Ag(pia)2]A (pia ¼ picolinamide), where the central Ag(I) is chelated by the

N,O-bidentate picolinamide ligands in a square planar geometry. Depending on the counteranion of [Ag(pia)2]A, Ag(I)$$$Ag(I)
interactions are: 3.419 Å when A ¼ (NO3)

� (AMANOS),256 3.272 Å when A ¼ (ClO4)
� (AWACUY).257 Hydrogen bonding between

intermolecular O]CeNH2 make these structures interesting for 1D, 2D, and 3D crystalline material. Another set of structures with
a more complex pia ligand, [Ag(Me-4-(pyr-2-ylcarbamoyl)benzoate)]A, has Ag(I)$$$Ag(I) distances of: 3.119 Å when A ¼ (BF4)

�

(SEHCIT),258 3.152 Å when A ¼ (ClO4)
� (SEHCEP),258 3.329 Å when A ¼ (PF6)

� (SEHCOZ).258 The dimensionality of these
structures are also attributed to short Ag$$$Ag contacts, p/p stacking interactions, and/or Ag/O interactions (Scheme 89).

The few neutral [AgL3X] structures typically have a Ag(I) coordinated with three N-donor ligands and an O-donor ligand. The
structure [Ag(1,10-phenanthroline)(3,5-dicarboxy-6-methylpyridine-2-carboxylato)] has a Ag(I)$$$Ag(I) distance of 3.348 Å (BUB-
VAX). Another structure [Ag(adpa)(NO3)] (adpa ¼ 9-anthracenylmethyl-(2-pyridinylmethyl)-2-pyridinemethanamine) (SOLYEZ)

Scheme 88
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with a Ag(I)$$$Ag(I) distance of 3.266 Å can only form pair-wise argentophilic interactions due to the anthracene group blocking
one side of the planar four-coordinate Ag(I).

1.15.3.7.2 Intramolecular Ag$$$Ag metallophilic interactions
1.15.3.7.2.1 One-atom bridged Ag(I)
Most Ag(I) structures with intramolecular argentophilic interactions are doubly bridged by the same ligand. For one-atom bridged
structures, the most common are halogens, followed by a Group 6 atom. The Ag(I) are typically coordinated to three or four ligands
that stabilize the closed-shell metals and allow Ag(I)$$$Ag(I) proximity between 2.90 Å and 3.44 Å. When the bridging halogens
two neutral [AgL3X] are changed, a common trend observed is the lengthening of the intramolecular Ag(I)$$$Ag(I) as halogen
size is increased. For [Ag(m-X)(PPh3)(S]CNHCH2CH2NMe)]2, Ag(I)$$$Ag(I) distance is: 3.402 Å when X ¼ Cl (HIKZIM),259

3.421 Å when X ¼ Br (HIKYOR).259 For [Ag(m-X)(AsPh3)2]2, Ag(I)$$$Ag(I) distance is: 3.188 Å when X ¼ Br (NUHRUD),260

3.222 Å when X ¼ I (NUHROX)260 (Scheme 90).
Three-coordinate Ag(I) coordinated to bridging and terminal halides form planar structures with intramolecular argentophilic

interactions stronger than four-coordinate analogues. As [AgLX2]
�, these structures are commonly found as dianions. For the struc-

ture ((PPh3)2CH2CH2)[Ag(m-Cl)Cl]2 (AZOYEV),261 Ag(I)$$$Ag(I) distance is 3.123 Å. For the structure ((PPh3)CH2PH)2[Ag(m-Br)
Br]2 (YEMVAQ),261 Ag(I)$$$Ag(I) distance is 3.126 Å.

Oxidation state of the metals of symmetric binuclear structures are not always the same, and this can be seen with a few examples
of Ag(I) structures with all ethylenethiourea (etu) ligands. The exocyclic S of etu is capable of coordinating to metals via h1-S, m2-S,
m3-S, and m4-S bondingmodes, and the C]S of etu can coordinate tometals in a variety of angles. Attributed to the large size of the S
atom, the four-coordinate Ag(I) can have [AgL4]

þ and/or [AgL3X] configurations. For the structure [Ag(m-etu)(etu)2]2An, Ag(I)$$$
Ag(I) distance is: 3.307 Å when An ¼ 2 (NO3)

� (XORVOQ), 3.310 Å when A ¼ (NO3)
� (QUFLUZ).

Similar to the trend observed with bridging halides, dimeric Ag(I) structures with bridging Group 6 ligands have stronger
intramolecular argentophilic interactions with lower-coordinated Ag(I). The structure [Ag(m-TeP(iPr)3)(N(SO2Me)2)]2 has
a Ag(I)$$$Ag(I) distance of 2.908 Å (CEPVAV01).262 The structure [Ag(m-Se]C(NMes)2CH2CH2)Cl]2 has a Ag(I)$$$Ag(I) distance
of 3.176 Å (YUQJEC).263 Both of these examples of neutral structures with bridged [AgL2X] metal centers have a planar diamond
core with trans L ligands.

1.15.3.7.2.2 Two-atom bridged Ag(I)
Structures with intramolecular argentophilic interactions typically have [AgLX] metals. The most-common two-atom bridging
ligand is a substituted pyz, and many structures have three Ag(I) bridged by three substituted pyz in close proximity. The core
of these structures are planar nine-membered rings, and referenced distances represent one of the three present argentophilic inter-
actions. For the structure [Ag(m-(R3,R4,R5-pyz))]3, one of the Ag(I)$$$Ag(I) distances are: 3.312 Å when R3,R5 ¼ Ph and R4 ¼ Br
(CENGAF),264 3.329 Å when R3,R5 ¼ Ph and R4 ¼ H (CENGOT),264 3.342 Å when R3,R5 ¼ Ph and R4 ¼ Me (COFQUL),265

3.408 Å when R3,R5 ¼ Ph and R4 ¼ Cl (COFQIZ),265 3.414 Å when R3,R5 ¼ Ph and R4 ¼ I (COFQOF),265 3.296 Å when R3,R5 ¼ iPr
and R4 ¼ NO2 (YEKRAI),

266 3.382 Å when R3,R5 ¼ iPr and R4 ¼ Ph (XOMVON).267 Since these structures have fairly weak argen-
tophilic interactions and the maximum cutoff of non-bonded Ag(I)$$$Ag(I) distance for our CSD search was 3.44 Å, only the stron-
gest distance was referenced (Scheme 91).

In contrast to Au, Ag also has four-coordinate [AgL3X] and [AgL2X] metals with two-atom bridges and intramolecular Ag(I)$$$
Ag(I) contacts. Two examples of dimeric structures with [AgL3X] have two bridging phthalazine (phtz) groups, forming a planar five-
ring complex. Despite this flatness, the other two ligands coordinated to the two Ag(I) disrupt the possibility of intermolecular
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Ag(I)$$$Ag(I) interactions. For the structure [Ag(m-phtz)LX]2, Ag(I)$$$Ag(I) distances are: 3.386 Å when L ¼ NCMe and X ¼ BF4
(BACSEG), 3.434 Å when L ¼ phtz and R ¼ NO3 (VANMEC01).

Ag(I) with three-coordination [AgL2X] are the least common two-atom bridged structures. For the structure [Ag(m-2,4-R,R-3,5-
trz)(NO3)]2 (trz ¼ triazole), Ag(I)$$$Ag(I) distance is 3.386 Å when R ¼ iPr (MOZTAX),268 3.437 Å when R ¼ H (VIZBEL)269

(Scheme 92).

1.15.3.7.2.3 Three-atom bridged Ag(I)
Similar to Au, most structures with intramolecular argentophilic interactions have three-atom bridges; the Ag is observed with two-,
three-, and four-coordinate [AgL2]

þ, [AgLX], [AgL3]
þ, [AgL2X], [AgL3X]. Four-coordinate Ag(I) structures are the most common, and

the nonbridging ligand is typically a chelating phenanthroline (phen). For the structure [Ag(m-(S2P(OR)2)(phen))]2, Ag(I)$$$Ag(I)
distance is: 3.187 Å when R ¼ Ph (NANFEO01), 3.231 Å when R ¼Me (ZONDOX), 3.248 Å when LX ¼ Et (ZONDUD). The eight-
membered rings form chair conformations, and the adjacent parallel rings of phen form 1D chains of the structures.

Structures with three-coordinate Ag(I) typically have stronger intramolecular argentophilic interactions than those with
four-coordinate Ag(I). This is attributed to the planarity of the eight-membered binuclear Ag(I) ring. For the structure
[Ag(m-(O2C(3-R-Ph))(abn)]2 (abn ¼ 2-aminobenzonitrile), Ag(I)$$$Ag(I) distance is: 2.929 Å when R ¼ F (ZAYVUS),
2.933 Å when R ¼ Cl (ZAYVOM).270 There is only a slight difference in argentophilic strength between the two halogens,
but there is significant difference when they are replaced with an electron-donating CH3e or CH3Oe. The presence of the
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electron-donating group minimizes the repelling force between the Ag(I) ions, giving a shorter distance of �2.80 Å (Scheme
93).

Another set of examples with three-atom bridging ligands have Ag(I) in reduced [AgL3]
þ form. The structure [Ag(m-

NH(PPh2)2)(NCMe)]2[Mo((SCCN)2)3] (HUKZOC),271 has a Ag(I)$$$Ag(I) distance of 2.950 Å. The structure [(Ag(m-C(PPh2)2)
NCMe)]2(ClO4)2 (RACXAV01)

272 has a Ag(I)$$$Ag(I) distance of 3.056 Å. Opposite of ZAYVUS and ZAYVOM, large substituents
are on the all four corners of the bridging ligands.

The least-common of structures with intramolecular argentophilic interactions and three-atom bridging ligands have two-
coordinate Ag(I). Typically, these ligands are resonant OCO, with a variable R substituent on the C atom. For the structure
[Ag(m-O2CR)]2, Ag(I)$$$Ag(I) distance is: 2.910 Å when R ¼ 2,6-(OH)2Bz (KAMTUN),273 2.943 Å when R ¼ CH2OPhF

(GEVPIG).274

Similar to the three-atom-bridged [AuL2]
þ structures, there are many [AgL2]

þ in centrosymmetric cyclic dimers, with two
bridging R2PCPR2 phosphines and various counteranions. The eight-membered ring forms a flattened boat conformation, and
opposing methylene C atoms deviate in trans to each other from the plane of the ring. The structure [Ag(m-(Me2PCPMe2))2](PF6)2
(BEPFOR) has a Ag(I)$$$Ag(I) distance of 3.042 Å. The structure [Ag(m-(Ph2PCPPh2))2](ClO4)2 (FOCJUD) has a Ag(I)$$$Ag(I)
distance of 2.901 Å.

Coordination to S ligands are the least common for cationic three-atom-bridged [AuL2]
þ dimers. For the structure [Ag(m-1,3-

dithiane)]2, Ag(I)$$$Ag(I) distance is: 2.924 Å when A ¼ (PF6)
� (WUGLUF),275 2.972 Å when A ¼ (BF4)

� (WUGMAM).275

1.15.3.7.2.4 Four-atom bridged Ag(I)
The majority of four-atom bridged structures with intramolecular argentophilic interactions are bridged at the N of pyridine (py)
ligands. These structures are typically dimeric with two Ag(I) four-coordinate [AgL4]

þmetals. For the quaterpyridine (qtpy) structure
[Ag(m-R,R0000-qtpy)]2A2, Ag(I)$$$Ag(I) distance is: 3.107 Å when R, R0000 ¼ H; A ¼ (BF4)

� (JURZIF),276 3.125 Å when R, R0000 ¼ Me;
A ¼ (BF4)

� (WODMOS),277 3.253 Å when R, R0000 ¼Me; A ¼ (PF6)
� (ESITEH).278 Each of the metal ions adopt a pseudo-

tetrahedral geometry, forming binuclear complexes with double-helical form (Scheme 94).
Other four-atom bridged Ag(I) structures have intramolecular interactions between two reduced [AgL2]

þ. Ag(I)$$$Ag(I) distance
is 3.074 Å for [Ag(m-biisoq)]2A2, biisoq ¼ 1,10-biisoquinoline and A ¼ (TfO)� (YAQRUF),279 and 3.206 Å when [Ag(m-(bpy-CO-
crown))]2A2, (bpy-CO-crown ¼ dioxobipyridil-12-crown-4) and A ¼ (NO3)

� (CIRWIK).280

1.15.3.7.2.5 Five-atom bridged Ag(I)
Similar to Au(I) structures, many Ag(I) structures with intramolecular argentophilic interactions are bridged by N-heterocyclic car-
benes (NHCs). The NHCs are typically connected at opposing N by methylene or ethylene linker groups and coordinated to the
interacting Ag(I) atoms by their central C. When the Ag is reduced, it has [AgL2]

þ classification and coordinated to the bridging
NHCs in this way. Variations of R groups on the N and counteranion affect the strength of Ag(I)$$$Ag(I) interactions. For the
following examples, structures with methylene linkers make up the five-atom bridging units (CNCNC). For the structure [Ag2(m-
CH2(3,30-R2-imid)2)]A2, Ag(I)$$$Ag(I) distance is: 3.231 Å when R ¼ Bu and A ¼ (NO3)

� (RUTKAU01),281 3.246 Å when
R ¼ Et and A ¼ (BF4)

� (DUVWEZ),282 3.255 Å when R ¼ p-(CHCHCOOMe)Ph and A ¼ (PF6)
� (FABNEE),283 3.318 Å when

R ¼Me and A ¼ Cl� (ADIFEZ)284 (Scheme 95).
Substituents effects on bridging NHCs are easier to observe when the counteranion is the same for all structures. Due to the

twisted conformation of the dimeric Ag(I) ring, sterics of the proximal R groups cause strengthening or weakening of the intramo-
lecular Ag(I)$$$Ag(I) interaction. For the structure [Ag2(m-CH2(3-R-pyz)2)2](PF6)2n, Ag(I)$$$Ag(I) distance is: 3.060 Å when
R ¼ BuNþpyr and n ¼ 3 (VERJOT),285 3.226 Å when R ¼ Me and n ¼ 1 (GAGCEX),286 3.266 Å when R ¼ Bu and n ¼ 1
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(GAGCIB).286 A bulky substituent induces a greater bending angle of CeAgeC, pushing the metals together. However, inherent
conformation of the substituent could also widen the angle.

Another common form of five-bridged Ag(I)-NHCs utilizes another metal to create tetranuclear M1
2M

2
2 structures. In neutral or

cationic form, these structures have potential for luminescence tunability. One set of examples compares neutral [AgLX] with
chelated ligands on Pt(II). For the structure [Ag(m-3,5-Me2pyz)2PtY]2, Ag(I)$$$Ag(I) distance is: 3.102 Å when Y ¼ BHQ
(MAGLOY),287 3.177 Å when Y ¼ 2-pyrPh (MAGLEO),287 3.193 Å when Y ¼ 2-pyr-3,5-F2Ph (MAGLIS).287

1.15.3.7.2.6 Six-atom bridged Ag(I)
There are a large number of Ag(I) structures with intramolecular argentophilic interactions that are symmetrically bridged by seven,
nine, and more atoms bridging the two metals. Typically, they are two-coordinate with [AgLX] classification. The following two
examples are rare six-atom bridged structures with unsymmetric ligands. The structure [Ag(3-Mes(imid)-4,6-Me2Ph-2-
C(CF3)2O)]2 (BAZLUM)288 has a Ag(I)$$$Ag(I) distance of 2.913 Å. The structure [Ag(3-Mes-4,5-Me2(imid)-Ph-2-SO2O)]2
(YEXRUP)289 has a Ag(I)$$$Ag(I) distance of 3.027 Å (Scheme 96).

1.15.3.8 Cu$$$Cu interactions

The effects of d10$$$d10 interactions in solid state compounds were recognized and reviewed in 1987,22 including Cu(I)$$$Cu(I)
interactions. While not part of the earliest observations termed metallophilic, cuprophilic interactions, once a topic of debate,33

are now widespread in the coordination chemistry literature, and have been reviewed.18 Like the heavier congeners Au and Ag,
the Cu(I) d10 ion is well-suited to metallophilic interactions due to its electronic structure. Unlike Ag and Au, Cu(I) is a quite stable
oxidation state and is not so readily reduced to Cu(0). Hundreds of structures have Cu$$$Cu distances between 2.2 Å and 2.90 Å,
both intra- and intermolecular. Again, as seen with Au and Ag, the lack of any directional preference due to ligand field stabilization
energy, makes innumerable structural motifs possible, and is indicated in the very wide range of structures described below. As with
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previous sections, we have excluded cluster compounds with polynuclear species with triangular [Cu3] or [Cu2M] units from the
structural survey.

1.15.3.8.1 Intermolecular Cu$$$Cu metallophilic interactions
The most clear examples of intermolecular cuprophilic interactions are unsupported ones between neutral compounds, or between
ions of like charge, and particularly those that are two-coordinate. As with the d10 configurations in Au and Ag, there are many linear
Cu(I) species, but unlike those metals, there are many more geometries as well, as will be seen later in this section.

1.15.3.8.1.1 Two-coordinate Cu(I)
There are [LCuX] species that pair with each other with [Cu(C6F5)(py)], MAKXUS, and [(F5C6)Cu(4,40bpy)Cu(C6F5)] units stack
together through Cu$$$Cu distances of 2.892 and 3.639 Å respectively.290 The simple species [Cu(4-NC6H4CO2)], IPINAY, has
linear Cu(I) centers linked into a quai-1D chain via the para pyridyl and carboxylate groups, and whose chains stack via cuprophilic
interactions at 2.778 Å291 (Scheme 97)

Linear Cu(I) anions with the stoichiometry [CuX2]
1� in Cs[Cu(CF3)2] dimerize in QOCNUU, which was prepared to study CF3

transfers.292 The [CuCl2]
1� anion also dimerizes at 2.922 Å in the presence of an iminium cation, GUWQIY.293 In both examples

the linear units are in a staggered configuration with respect to one another to minimize steric repulsion (Scheme 98).
Examples of a [Cu(L)2]

þ without Cu in the anion are known in [[Cu(NH3)2]2]
2þ, both with F� anions in [Cu(NH3)3]2[-

Cu2(NH3)4]F4$4NH3,
294 has also been characterized with a phenol-phenolate anion (not shown) in LASYAG.295

1.15.3.8.1.2 Higher-coordinate Cu(I)
A [Cu(m2-L)(m2-X)]n coordination polymer of Cu(I) results with bromide and thione as complementary bridging ligands and
Cu(I)$$$Cu(I) distances of 2.824 Å and 3.001 Å respectively in TIZBOW296 (Scheme 99)

The unusual trigonal-planar Cu(I) center in [Cu(CN)3]
2� stacks with itself in a ladder-like chain in CEJWOE at a distance of

2.666 Å, as part of a mixed valent 2D assembly.297 There are also unsupported cuprophilic interactions between cations and anions.
Double salts of the form [CuL2][CuX2] are less common in Cu chemistry but a handful have been reported, such as the stacking of
[Cu(hppMe)2][CuCl2] (HppMe is a aliphatic quanidinium derivative298) and [(CG1’)2Cu]

þ[CuCl2]
�, CIXFUN,299 in which CG1’ is

a cyclic guanidinium derivative. SCXRD shows the coprophilic interaction of 2.789 Å to be complemented by hydrogen bonding
between Cl and NH atoms at 3.238 Å. Interestingly, the [(CG1’)CuCl] monomer stacks with itself in the solid state and can inter-
convert via ligand exchange with the double salt in solution.299 Such a salt formed an ionic liquid, UQILAI,300 (not shown) with
a dodecyl-alkylated imidazolium ligand, L, on the cation, stacking with [CuBr2]

1� (Scheme 100).
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1.15.3.8.2 Intramolecular Cu$$$Cu metallophilic interactions
1.15.3.8.2.1 One-atom bridged Cu(I)
Many examples of intramolecular cuprophilic interactions have been observed due to the very wide range of ligands and coordi-
nation environments compatible with the geometrically plastic Cu(I). A very common motif in cuprophilic chemistry is a rhomb
with [Cu(I)2(m2-X)2] stoichiometry. Two halide ligands bridge the two Cu(I) centers between which the metallophilic interaction is
present. The ligands that fill out the rest of the Cu coordination spheres are varied, but quite common is the [L2Cu(m2-X)2] motif in
which each Cu center has a pseudo-tetrahedral geometry. These motifs are often a part of coordination polymers in which the L-
donor ligands bridge Cu centers as shown in ACAFOZ (2.648 Å)301 and OLUTEV (2.767 Å).302 The most common such rhombs
have the iodide-containing [Cu2I2] unit, though Br examples (UHAKAS, 2.671 Å)303 are also known (Scheme 101).

The terminal L donors are often part of a chelate ring which can vary in size as shown in BOYMEI,304 BUPYUI,305 and
CBZTET.306 From left to right are visible a six-membered chelate ring with L donor phosphines and bridged telluride ligands, asym-
metrically bridging acetylides that are both s-donors and p-acceptors forming a [Cu3C3] ring, and the adamantine-like core in the
dianionic structure [Cu4(m2-SPh)6]

2� that has a tetrahedron of metallophilic interactions (Scheme 102).
Ladders of metallophilic interactions are seen with [LCuX] units with four-coordinate Cu(I) centers alternating with m3-X as seen

in FALYEW307 and CEPFOS.308 These structures may be viewed a [LCuX] monomers that not only stack intermolecularly as
described above, but are dimers that have intramolecular cuprophilic interactions and also intermolecular ones.

Another intramolecular cuprophilic motif is the [Cu4(,3-X)4] cubane (almost all with X ¼ I) as shown in IGITUP309 (2.657)
and NEYYOG310 (2.683), and inWUZDOL311 (2.660) which then have an L-type N donor, DABCO (1,4-diazabicyclo[2.2.2]octane)
in these three cases, on each Cu that has three bridging halides also bound. When not bridged by halides a variety of other units are
also observed in groups that bind to N-donors (Scheme 103).

Because Cu(I) can be stable with a coordination number of two, but does not exhibit a strong preference for linear coordination,
a range of ring structures are common that exhibit short cuprophilic contacts within the ring. The tetramer [Cu4(mes)4], NOM-
SAJ,312 is closely related to pentamer [Cu5(mes)5], CAKPEJ,

37 in which the structures show the power of metallophilic interactions
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to bring metal centers together. In both of these isomers, each pair of Cu centers is bridged by the negatively charged ipso carbon of
a m2-mestiyl group. Six-membered rings are well known with cuprophilicity, as elsewhere in chemistry, and rings with [Cu3(m2-X)3]
structures have been reported with simple anionic ligands such as terphenylthiolates in OSEMAC313 or PhSe,314 or more interesting
ligands such as acetylene,305 or the asymmetric ethane-1,2-dithiolate shown in DUFYOS315 with both m2 and k1 S donors. Further-
more, many eight-membered rings are known with [Cu4(m2-X)4] stoichiometries in which X can be a range of ligands including
amides,316 alkoxides,317 phosphinimides,318 and simple thiolates as in ANUGIB.319
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With a different number of anions, rings with cuprophilic interactions are part of adamantine structures like KIHROI with six
bridging thiolates, and cubes, as shown in CIHRIU with eight sulfides (Scheme 104).

Numerous high nuclearity Cu(I) compounds have been prepared by a variety of means because the plasticity of Cu(I) coordi-
nation makes so many structures possible. The cluster [Cu15(CCtBu)10(O2CCF3)5], UZUQIR,320 exhibits strong thermochromic
luminescence and can also be prepared in a related [Cu16(CCtBu)12(O2CCF3)4] stoichiometry, with distinct luminescence proper-
ties whose differences are attributed to the differences in metallophilic interactions between the two clusters.

Particularly large numbers of cuprophilic interactions are seed in a pair of Cu phosphine hydride clusters with [Cu16H14(dp-
pa)6](BF4)2 (dppa ¼ bis(diphenylphosphino)amine) and [Cu18H16(dppe)6](BF4)2 stoichiometries.321

1.15.3.8.2.2 Two- or three-atom bridged Cu(I)
Cuprophilic interactions are also observed in structures with bridging groups that are diatomic or larger. Triatomic carboxylate
bridges, ligands with L and X donor atoms tethered together, L̂X, are frequently seen because with two Cu atoms they can form
five-membered rings and bring to Cu centers quite close together. Previous sections in this chapter have shown this motif with other
metals such as XEBCAI (Rh2),

84 FIXCUN (Pt,Ni),128 and COJBEJ322 (Pd2) above. This group of structures does not include the
legions of the paddlewheel (or lantern) Cu(II) carboxylate dimer structures,323 [Cu2(O2CR)4(L)2],

324,325 of which [Cu2(OA-
c)4(OH2)2] is the best known example. Because each Cu(II) center has a d9 electron configuration, the Cu$$$Cu interaction is
not metallophilic, although the distances might seem to be in the right range. The chemistry of Cu in particular shows that the
M$$$M distance alone is not indicative of a metallophilic interaction, because the electron configuration must also be one of
the closed (sub)shell ones as described in the introduction.

When each Cu(I) center is bound only by two carboxylates, the solid state structures are often tetramers with no additional
neutral ligands, e.g. [Cu4(O2CR)4], as shown in TCUBEN326 and is also known with trifluoroacetate327 and partially fluorinated
benzoates, when higher nuclearity structures are not observed.328 Alternatively, when two p-acidic ligands are bound as in RIN-
VOA,329 each cuprophilic center is formally three-coordinate in the resulting dimer (Scheme 105).
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1.15.3.9 Hg$$$Hg metallophilic interactions

In the same row as Au, Hg(II)$$$Hg(II) contacts is often compared to the energetic contributions associated with the more widely-
studied aurophilic interactions.19 This section summarizes mercurophilic interactions, within 2.55–3.69 Å.

1.15.3.9.1 Intermolecular Hg$$$Hg metallophilic interactions
1.15.3.9.1.1 Two-coordinate Hg(II)
Trimeric perfluoro-ortho-phenylene mercury, [(o-C6F4Hg)3] is a highly studied polyfunctional Lewis acid with photophysical prop-
erties resulting from the mercury heavy-atom effect.330 When [Cp2M] (M ¼ Fe, Ni) is in the lattice of these structures, electrophilic
double-sandwiches are formed, affecting intermolecular mercurophilic distances. Hg(II)$$$Hg(II) separation of 3.4157 Å for the
[Cp2Fe] adduct (FANNUE)330 and 3.3996 Å for the [Cp2Ni] (FANPAM)330 adduct are observed (Scheme 106).

1.15.3.9.2 Intramolecular Hg$$$Hg metallophilic interactions
1.15.3.9.2.1 One-atom bridged Hg(II)
One example of an HgL3X2 is (ETACHG),331 composed of Hg bridged with methanethiol and crosslinked with acetate groups. The
98.4� angle of the Hg(b)-S-Hg(a) creates a 3.683 Å distance between Hg(II)$$$Hg(II) (Scheme 107).

Bridging Cl atoms between Hg(II) form one-dimensional chains with weak van der Waals contacts between the chains and are
commonly found as counteranions in salts. The HgeCl bonds in the six-coordinate, elongated octahedral coordination of the
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Hg(II) have bond lengths ranging from 2.312 Å to 3.120 Å, with the longest reported mercurophilic interaction distance of 3.685 Å
(CEGMOQ).332

1.15.3.9.2.2 Two-atom bridged Hg(II)
MX2 classification of structures with Hg(II)$$$Hg(II) contacts is the most common type present in literature. For the most common
MX2 structures, the Hg(II) is coordinated to two sterically-demanding aromatic groups, with the most common of these groups
being fluorinated aryl substituents. These structures have both inter- and intramolecular mercurophilic interaction distances
between 3.400 Å and 3.597 Å. The reaction of benzene with trimeric o-tetrafluorophenylene mercury forms trimeric perfluoro-
o-phenylene mercury [(o-C6F4Hg)3], which has an intramolecular distance of 3.597 Å (ABELUO).333 For these stacked D3d

structures, Hg-p secondary interactions are found to be the result of formation of a molecular orbital of A2u symmetry and two
degenerate molecular orbitals of eg symmetry. These molecular orbitals result from p-electron donation of the benzene into sets
of available 6p orbitals of Hg (Scheme 108).

1.15.3.9.2.3 Three-atom bridged Hg(II)
The TBTPHG tetrameric monomer core is both a one- and three-atom bridged complex with mercurophilic interaction. It composed
of four Hg atoms bridged by four thiol groups, with two opposing Hg bridged also by two Cl. The bulky -Hg-S- backbone creates
a rigid plane of the tetramer core, and the backbone is linked to form the polymer. Due to this planarity, angles of the halide and
thiol bridges give information about the Hg(II)$$$Hg(II) distances. The Hg(b)-Cl-Hg(b1) situates a tangential 83.2� angle, forming
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one of the longest Hg(II)$$$Hg(II) distances of 3.648 Å. As such, the larger 102.5� angle of Hg(b)-S-Hg(a) creates a 3.852 Å distance
of between the adjacent Hg, too long to be considered a mercurophilic interaction (Scheme 109).

1.15.3.9.2.4 Four-atom bridged Hg(II)
Addition of a second phenylene group between the Hg atoms of the ABELUO structure changes the symmetry from D3d to D3 and
contortion of the trimeric structure (BIPHHG01)334,335. Average intermolecular Hg(II)$$$Hg(II) separation of 3.42 Å is again
observed as shorter than the intramolecular Hg(II)$$$Hg(II) range of 3.51–3.61 Å (Scheme 110).

E. Hupf et al. synthesized two mercuraphosphane structures of that exhibit intramolecular mercurophilic interactions. Two
diphenylphosphinoacenaphthyl ligands provide bulky bridges between an MX2 Hg(II) atom and an ML2X2 Hg(II) atom (POZ-
WAE)336 (POZXEJ).336 The MX2 Hg(II) atom is directly bound to a acenaphthyl group of the ligand, while the ML2X2 Hg(II)
atom is bound to the diphenylphosphino group. The L-type ligands of POZWAE and POZXEJ are Cl� and (O3SCF3)

�, respectively.
Steric hindrance of POZXEJ likely attribute to its shorter Hg(II)$$$Hg(II) distance of 3.0332 Å compared to 3.1401 Å of POZWAE
(Scheme 111).

1.15.4 Homodinuclear p-block (groups 13–15) M$$$M complexes with metallophilic interactions

1.15.4.1 Tl$$$Tl metallophilic interactions

Thallophilic contacts are observed within very few structures. A nonstandard coordination geometry of Tl(I) structures is partly
attributed to the 6s2 lone pair of electrons. As the covalent radius and van der Waals radius of Tl are 1.45 Å and 1.96 Å, respectively,
only structures with Tl(I)$$$Tl(I) distances between 2.90 Å and 3.92 Å are discussed in this section.

1.15.4.1.1 Intermolecular Tl$$$Tl metallophilic interactions
1.15.4.1.1.1 Two-coordinate Tl(I)
Of the various two-coordinate Tl(I) structures, Tl(I) with ferrocenyl/pyridyl functionalized dithiocarbamate ligands are the most
common. The Tl(I) dithiocarbamate core of these structures have various substituents that influence intermolecular Tl(I)$$$Tl(I)
distance. These structures are denoted as [Tl(L)]N: L ¼ (N-benzyl-N-methylpyridyl) dithiocarbamate (GOQHUR)337; L ¼ bis(N-
methylpyridyl) dithiocarbamate (GOQJED)337; L ¼ (N-methylpiperonyl-N-methylpyridyl) dithiocarbamate (GOQJON)337;
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L ¼ (N-ferrocenyl-N-methylpyridyl) dithiocarbamate (GOQKAA)337; L ¼ (N-ferrocenyl-N-methyl) dithiocarbamate (FEGHIL)338;
L ¼ (N-4-chlorobenzyl-N-3-methylpyridyl) dithiocarbamate (FEGHUX)338; L ¼ (N-4-methylbenzyl-N-3-methylpyridyl) dithiocar-
bamate (FEGJAF).338 Tl(I)$$$Tl(I) distances are 3.771 Å, 3.817 Å, 3.763 Å, 3.734 Å, 3.576 Å, 3.765 Å, 3.787 Å, respectively. The
Tl(I)$$$Tl(I) interactions, conformational rigidity of the structures, and polymeric arrangement of the structures are found to affect
luminescence in the solid state (Scheme 112).

1.15.4.1.1.2 Three-coordinate Tl(I)
Three-coordinate Tl(I) structures are most commonly synthesized with tris(pyrazolyl)borate, or scorpionate, ligands. Substitution
of the pyrazolyl groups, particularly in the 3-position, clearly affects the intermolecular Tl(I)$$$Tl(I) distances. The shortest distance
of 3.639 Å (UXOFEU02),339 is likely due to the opposing direction of the third mesityl group, away from the Tl(I)$$$Tl(I) interac-
tion. Comparing the phenyl versus p-toluene substituents in ASADAZ and TAMZAI, respectively, the smaller phenyl groups allow
shorter observed distance of 3.853 Å (ASADAZ)340 and 3.864 Å (TAMZAI)341 (Scheme 113).

1.15.4.1.1.3 Four-coordinate Tl(I)
The Tl compound WAJDIU with a 2,5-dimethyl-N,N0-dicyanoquinone-diimine linker forms a network of linked Tl(I) ions, with
intermolecular and interplanar Tl(I)$$$Tl(I) distances of 3.809 Å (WAJDIU).342 This structure was studied for its one-
dimensional metal-like semiconducting property, which was expected to be similar to potassium and silver analogues (Scheme
114).

1.15.4.1.2 Intramolecular Tl$$$Tl metallophilic interactions
1.15.4.1.2.1 Miscellaneous Tl(I)
Only a few Tl(I) structures with intramolecular Tl(I)$$$Tl(I) metallophilic interactions have been synthesized, with distances
ranging from 3.884 Å to 3.919 Å and a mean distance of 3.903 Å. The influence of thallophilic interaction on supramolecular
assemblies and stability of monomers were studied with Tl(I) salicylates and anthranilates, which have a Tl(I)$$$Tl(I) distance
of 3.906 Å in one example structure (JENVAA).343 However, variations of ligand substituents for these structures caused more
observable changes in the monomer aggregates (Scheme 115).
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1.15.4.2 Pb$$$Pb metallophilic interactions

Structures with Pb(II)$$$Pb(II) distances between 2.920 Å and 4.040 Å exhibit metallophilic interactions. These structures have
Pb(II) ions, isoelectronic to Tl(I), with the s2 valence electron configuration. As a heavy p-block metal ion, Pb(II) has a large radius
and flexible, hemidirected coordination environment that provides unique opportunities for geometry formation.

1.15.4.2.1 Intermolecular Pb$$$Pb metallophilic interactions
1.15.4.2.1.1 Two-coordinate Pb(II)
Pb(II) structures with PbX2 stoichiometries and a stereochemically active lone pair have a bent geometry and can form either
diplumbenes with a Pb]Pb double bond or plumbylene dimers composed of two metallophilically bonded plumbylene mono-
mers. The latter results from the intrinsic weakness of the donor-acceptor interaction of the valence 6s orbitals of the Pb(II) atoms.
One example of this structure is the bis(mesityl)plumbylene dimer with Pb(II)$$$Pb(II) contact of 3.355 Å (FAYMIB).344 The dimer
is stabilized by the weak interaction of a Br atom of a linear MgBr2(THF)4 molecule (not shown) with a Pb atom. Close, non-
bonded approach of two Pb(II) atoms of Pb(C6H4-4-

tBu)AriPr2 terphenyl monomers displays a Pb(II)$$$Pb(II) distance of
3.947 Å without a stabilizing Lewis acid (SAHSAW).345 Crystal packing effects and steric interference of the p-tBu groups on the
phenyl substituents attribute to its longer Pb(II)$$$Pb(II) metallophilic interaction (Scheme 116).

1.15.4.2.1.2 Three-coordinate Pb(II)
Three-coordinate Pb(II) structures, with LX2 donors, commonly exhibit a trigonal pyramidal geometry that allows for intermolec-
ular metallophilic interaction, with Pb(II)$$$Pb(II) distances ranging from 3.771 Å to 3.990 Å with a mean distance of 3.885 Å. For
example, the Pb(II) arene coordination polymer [Pb(bimS)] (HbimSH ¼ 2-mercaptobenzimidazole) (HAVXIN).346 Pb-p interac-
tion of the metal with opposing benzene groups exhibit a Pb(II)$$$Pb(II) distance of 3.937 Å. A three-coordinate heteroleptic Pb(II)
amide that is also coordinated to a bidentate alkoxy amine is NOLTIU. Even without the Pb-p interaction, the intermolecular
Pb(II)$$$Pb(II) distances of 3.990 Å is observed, facilitated by the trigonal pyramidal geometry of the metal (Scheme 117).
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One example of a reduced [PbL2X]
þ Pb(II) structure is that of tris(2-mercapto-1-phenylimidazolyl)hydroborato, [(TmPh)Pb]þ,

which has a Pb atom bonded to three neutral S donors in EBEXEO.347 The reduced tendency of the Pb(II) to bind to a fourth ligand,
compared to the analogous [(TmPh)Zn(NCMe)]þ, instead exhibits intermolecular Pb(II)$$$Pb(II) distance of 3.986 Å (Scheme
118).

1.15.4.2.1.3 Four-coordinate Pb(II)
Four-coordinate Pb(II) structures typically have a “saw-horse” structure, with Pb(II)$$$Pb(II) distances ranging from 3.562 Å to
4.038 Å and a mean distance of 3.840 Å. Common structures are composed of Pb(II) atoms coordinated to chelating ligands
such as acac (YAGLAT).348 The tendency for Pb(II) to form also allows multiple metallophilic interactions to occur, such as the three
intermolecular Pb(II)$$$Pb(II) distances of [Pb(C4H6O3)2]

2� that have an average separation of 3.899 Å (ZAHHOF)349 (Scheme
119).

Other four-coordinate structures mix chelating groups with Group 5 and Group 6 atoms coordinated to Pb(II). Three example
structures have Pb(II)$$$Pb(II) distances of 3.565 Å (FATMEU),350 3.610 Å (MILLID),351 and 3.978 Å (QEWKEL),352 varied by
sizes of the chelating ligands (Scheme 120).

1.15.4.2.1.4 Five-coordinate Pb(II)
The hemidirected coordination sphere of Pb(II) is further emphasized with five-coordinate structures. Pb(II)$$$Pb(II) distances are
scarcely different from the lower-coordination Pb(II) structures, with intermolecular separation ranging from 3.632 Å to 4.024 Å
with a mean distance of 3.893 Å. Coordination to bulky ligands such as terpyridine (QASDIZ)353 and benzoate (YICQEH)354

groups with large, extended substituents have little effect on the metallophilic interactions (Scheme 121).

1.15.4.2.1.5 Six-coordinate Pb(II)
Most six-coordinate Pb(II) structures have combinations of a bipyridine or a terpyridine ligand and two b-diketone ligands. Inter-
molecular Pb(II)$$$Pb(II) distances are not affected by high coordination of the metal, with separation ranging from 3.639 Å to

Scheme 116
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4.035 Å with a mean of 3.825 Å. Crystal packing is affected by ligand substituent position changes, seen with Pb(II) thenoyltrifluor-
oacetonate structures with substituted 2,20-bipyridines. Dimethyl substitution on the 4,40 positions of bipyridine exhibits
a Pb(II)$$$Pb(II) distance of 3.639 Å (NUWHOD), while dimethyl substitution on the 5,50 positions of bipyridine causes
a �0.4 Å longer separation of the Pb(II) structures of 4.035 Å (NUWHUJ).355 However, replacing the 4,40 dimethyl groups with
larger dimethoxy groups causes a shift of �0.03 Å, with a Pb(II)$$$Pb(II) distance of 3.667 Å (NUWJAR) (Scheme 122).

Similar observations of aromatic ring substitution affecting Pb(II)$$$Pb(II) intermolecular distance can be seen with Pb(II)
structures with phenyl or naphthyl-containing fluorine b-diketones. For the Pb(II) structures with phenyl-containing fluorine b-
diketones, dimethoxy substitution on the 4,40 positions of bipyridine exhibits a Pb(II)$$$Pb(II) distance of 3.856 Å (TAJKOG),356

while dimethyl substitution on the 5,50 positions of bipyridine exhibits 3.980 Å separation (TAJKIA).356 Further, a Pb(II)$$$Pb(II)
intermolecular distance of 3.647 Å is observed with [Pb(5,50-dm-2,20-bpy)(tfnb)2]2 (tfnb ¼ 4,4,4-trifluoro-1-(2-naphthyl)-1,3-
butanedione) (TAJKUM)356 (Scheme 123).

1.15.4.2.2 Intramolecular Pb$$$Pb metallophilic interactions
1.15.4.2.2.1 Miscellaneous Pb(II)
The small number of structures that exhibit intramolecular Pb(II)$$$Pb(II) metallophilic interactions vary vastly with few common
patterns. Intramolecular Pb(II)$$$Pb(II) distances range from 3.274 Å to 3.985 Å with a mean distance of 3.790 Å. Two of these
structures each bridge six-coordinate Pb(II) atoms with chelating ligands, forming eight-membered rings. The Pb(II) of (2,20-bipyr-
idine)lead(II) saccharinate monohydrate is coordinated to two bpy N atoms, two N from saccharinate ligands, and a water molecule
(BEHNUX).357 The sixth coordination connects one Pb(II) center to the O of an adjacent saccharinate on the other Pb(II) atom,
exhibiting an intramolecular Pb(II)$$$Pb(II) distance of 3.929 Å. The compound JEKTAX has a [Pb2(O2CR)4] pseudo-

Scheme 118

Scheme 119

Metallophilic interactions 715



Scheme 120

Scheme 121

716 Metallophilic interactions



paddlewheel core with a phenanthroline ligand on each Pb center. Two carboxylate groups are bridging and have a trans geometry,
with the two other carboxylate groups also mutually trans, but not bridging. Crystal packing of these dimers form 1D chains along
the crystallographic a axis, from the interaction of the Cl and H atoms of opposing 5-CTPC groups. The phenanthroline groups
running perpendicular to this axis form p-p stacking of the parallel chains, creating a 2D weave of the dimers (Scheme 124).

Intramolecular Pb(II)$$$Pb(II) metallophilic interactions are seen in two single-stranded helicate structures. Both structures
feature high-coordinate Pb(II) bonded to N of heterocyclic ligands. The discrete dinuclear structures have Pb(II)$$$Pb(II) distances
of 3.944 Å (HAHMOT)358 and 3.985 Å (TITCEH)359 (Scheme 125).

Scheme 122
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Combining both features, Pb(II) atoms in a ring within a folded structure are seen with a dinuclear lead porphyrin structure
(ZARMOW).360 One Pb(II) atom is four-coordinate to the N atoms of the core of a porphyrin ring and observed to be 3.727 Å
away from a Pb(II) atom “hanging” above the porphyrin and bonded to two dihapto carboxylate ligands (Scheme 126).

1.15.4.3 Bi$$$Bi metallophilic interactions

Similar to Tl(I) and Pb(II), structures with inter- and intramolecular Bi(III)$$$Bi(III) metallophilic interactions are affected by a ster-
eochemically active 6s2 lone pair of electrons at the metal. Structures with Bi(III)$$$Bi(III) distances between 2.964 Å and 4.140 Å
are organized in this section by intermolecular Bi(III) with three-, four-, five-, or six-coordination, followed by example structures
with intramolecular metallophilic interactions.

1.15.4.3.1 Intermolecular Bi$$$Bi metallophilic interactions
1.15.4.3.1.1 Three-coordinate Bi(III)
Effects of substituent size and location on intermolecular Bi(III)$$$Bi(III) distances can be observed with three-coordinate Bi(III)
structures. For ligands directly coordinated to the Bi atom, Bi(III)$$$Bi(III) separation is 3.849 Å for NMe2 groups (KOMPUX),361

3.899 Å for Me groups (HUVQOG).362 For larger ligands, the general distance between Bi(III) are longer; 3.959 Å for Bi[m-
C6H4(CHCH2CH2)]3 (USOMAS),363 4.046 Å for Bi[p-C6H4(CH]CH2)]3 (HOYPET),364 4.084 Å for Bi[p-C6H4(NMe2)]3
(REPYOA).365 Arene substitution effects on Bi(III)$$$Bi(III) distances can also be observed with the three latter structures (Scheme
127).
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1.15.4.3.1.2 Four-coordinate Bi(III)
Pattern between substituent size and intermolecular Bi(III)$$$Bi(III) distance can be easily observed with isostructural four-
coordinate Bi(III) structures, [C6H5CH2N(CH2C6H4)2]BiX (X ¼ Cl, Br, I). The Bi atoms are square-pyramidal in geometry, and
the phenyl ring in the pendant arm attached to nitrogen is not involved in any intra- or inter- molecular interaction. For increasing
halide size, the intermolecular Bi(III)$$$Bi(III) distance increases as halide radii increases; 3.974 Å when X ¼ Cl (KANCEK),366

3.997 Å when X ¼ Br (KANDUB),366 4.051 Å when X ¼ I (KANDEL)366 (Scheme 128).
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1.15.4.3.1.3 Five-coordinate Bi(III)
Slight changes in intermolecular Bi(III)$$$Bi(III) distance can be seen with five-coordinate Bi(III) structures. The Bi atom of
PhBi(S2CR)2 (R ¼ OMe, p-C6H4Me, p-C6H4OMe) structures adopts a square pyramidal configuration with the phenyl group at
the apical position. Due to this orientation, Bi(III)$$$Bi(III) distances of various R groups are within 0.020 Å: 3.995 Å for PhBi(S2-
COMe)2 (BENXUN),367 3.999 Å for PhBi[S2C(p-C6H4Me)]2 (HAHYEX),368 4.015 Å for PhBi[S2C(p-C6H4OMe)]2 (ACUPIY)369

(Scheme 129).

1.15.4.3.1.4 Six-coordinate Bi(III)
Similar to five-coordinate Bi(III) structures, most six-coordinate structures have Bi(III) bonded to chelating dithiocarbamate,
Bi(S2CNR)3 (R ¼ (CH2)4,

iBu2, NEt2). Bi(III)$$$Bi(III) distances of these structures span the range of general six-coordinate Bi(III)
structures: 3.651 Å for Bi[S2CNR(CH2)4]3 (AXOQEJ01),370 3.831 Å for Bi[S2CN(iBu2)]3 (JISLED),370 4.135 Å for Bi[S2CN(NEt2)]3
(DECBBI01).371 Two additional structures with the tris(dithiocarbamate) Bi(III) core have varying R1 and R2 groups: 3.847 Å for Bi
[S2CN(CH2CH2Ph)(C4H3O)]3 (IYITIV),

372 4.060 Å for Bi[S2CN(CH2C4H4NMe2)(CH2C5H4N)]3 (NOTTOI)373 (Scheme 130).

1.15.4.3.2 Intramolecular Bi$$$Bi metallophilic interactions
1.15.4.3.2.1 Miscellaneous Bi(III)
Similar to Tl and Pb, structures that exhibit intramolecular Bi(III)$$$Bi(III) metallophilic interactions vary vastly in structure with
few common patterns. A dinuclear bismepine with two Bi(III) atoms coordinated to three benzyl groups in a trigonal pyramidal
geometry exhibits a Bi(III)$$$Bi(III) distance of 4.098 Å (POZKEX).374 Further displaying the effects of the stereochemically active
lone pair of Bi(III), a tetrameric unit of [Bi(O2CCMe3)3]4 with four coordinated 2,2-dimethylpropanoate exhibits average Bi(III)$$$
Bi(III) distance of 4.100 Å (SUFFAA).375 Additionally, the centrosymmetric dimeric structure [Bi2(C7H5O3)6-(C10H8N2)2] with
eight-coordinate Bi(III) exhibits a relatively short Bi(III)$$$Bi(III) distance of 3.859 Å (GIHBAB) (Scheme 131).
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1.15.5 Heterodinuclear M1$$$M2 complexes with metallophilic interactions

The nature of metallophilic interactions means that heterobimetallic combinations are just as feasible as homobimetallic ones,
although they are fewer in number in the literature. As with homodinuclear, the electron configuration requirements for filled shell
or sub-shell are the same. Therefore, there are many different pairwise combinations of d8, d10, and s2 metal centers. Below are
a handful of selected examples, chosen to illustrate the diversity of heterometallic combinations that have been observed.

1.15.5.1 Intermolecular M1$$$M2 metallophilic interactions

One-dimensional chains of alternating metal complexes resemble insulated wires. The potentially conducting wire utilizes intermo-
lecular or interionic metallophilic interactions and would be insulated by the coordinating ligands of the individual complexes.
(The diamagnetic character that is inherent to metallophilic interactions means large HOMO-LUMO gaps in these compounds
which correspond to poor semiconductor-like conductivity. If the same structural motifs can be prepared with paramagnetic centers,
then higher conductivities can be achieved, but metallophilic interactions are thereby removed.) One of the most well-known exam-
ples of this type of structure is Magnus’ green salt,376 which is composed of an infinite chain of alternating stacks of [Pt(NH3)4]

2þ

and [PtCl4]
2� double salts with intermolecular Pt(II)$$$Pt(II) distances of 3.25 Å. Species in which both the cation and anion are

metal complexes are known as double salts. Other double salts with different metals, ligands, and intermolecular M$$$M0 contacts
have been studied for their interesting physical properties such as color and conductivity.20,21

1.15.5.1.1 d8$$$d10, Pt(II)$$$Ag(I)
The strong ligand-field stabilization of square-planar geometries for d8 metal centers, and the ready availability of flat and chelating
donors, means that many Pt(II) cations are suitable for stacking in heterobimetallic combinations as they were in homobimetallic
ones. Similarly, the Group 11 linear monoanions [MX2]

1� make great stacking partners, so it is not surprising to find them together.
One example of such a double salt is [Pt(en)2][Ag(CN)2]2 (NARCUF).

377 Its interionic Pt(II)$$$Ag(I) distance of 3.195 Å is much
less than the sum of the van der Waals radii of the two metals (3.44 Å). Interestingly, only half of the [Ag(CN)2]

1� ions are part of
the chain and the others, necessary for charge balance, lie outside the chain. The Au(I) analog of this structure, [Pt(en)2][Au(CN)2]2,
NARCOZ,377 has slightly shorter intermolecular contacts of 3.180 Å. Both form colorless crystals used in SCXRD and IR character-
ization (Scheme 132).
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1.15.5.1.2 d10$$$d10, Au(I)$$$Ag(I)
Increasingly metallophilic interactions are of interest for the luminescence which results. The heterobimetallic systems offer the
greatest tunability and have therefore been heavily investigated particularly with Au. The electron-donating or -withdrawing
character of coordinated ligands affects the luminescent properties of the resulting compounds, as described further below. The
double-salt [M]þ[M]� motif has been widely investigated such as the infinite one-dimensional chain is [Ag(tpy)][Au(C6Cl5)2]
(KEGXAY).378 The distance between Ag(I)$$$Au(I) contacts is 2.907 Å, versus the sum of the van der Waals radii of 3.38 Å. Notably
the Ag center is coordinated only to the tpy ligand and the Au atom in the anion. For [Ag2(m-tpy)2][AuX2] (X ¼ C6F5 or C6Cl2F3),
KEGWOL,378 which has two bridged Au(I) monomers, the charge sequence is an atypical þ þ � – þ þ � – þ þ � – pattern (not
shown), first observed in this report.378 In addition to SCXRD, the structures were also characterized by 1H NMR, IR, and MALDI-
TOF spectroscopies (Scheme 133).

1.15.5.1.3 d10$$$s2, Au(I)$$$Tl(I)
Another heavily-investigated heterobimetallic combination is that between Groups 11 and 13. One example is [Au(C6F5)2][Tl3(acac)2]
(AVECUZ),379 which has a short intermolecular metallophilic interaction of 3.065 Å between Tl(I)$$$Au(I) and a longer intramolec-
ular metallophilic interaction of 3.669 Å between Tl(I)$$$Tl(I) centers, both significantly less than the relevant van der Waals radii
sums of 3.62 Å and 3.92 Å, respectively. Characterization methods include SCXRD and 1H and 19F NMR spectroscopies. The complex
coordination, geometry, and flexible hard-soft character of Tl(I) adds tunability to these Group 11/13 systems. Similar to KEGXAY,
time-dependent DFT (TD-DFT) was used to study the origin of the luminescence, via calculations of [Tl2(acac)]2 without the
[Au(C6F5)2] unit that show that excitation of just the Tl cation in acetonitrile leads to photoemission, confirming the contribution
of both inter- and intramolecular metallophilicity to the overall luminescence (Scheme 134).

1.15.5.2 Intramolecular M1$$$M2 metallophilic interactions

Numerous bridging ligands have been used to bring M1 and M2 together. One common strategy to understand the electronic struc-
ture of heterobimetallic complexes is to observe the changes as a function of asymmetric chelating ligands with hard and soft metal
centers.

Scheme 132
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1.15.5.2.1 d8$$$d8, Rh(I)$$$Pt(II)
For example, 2-pyridylphosphine ligands, with N- and P-donor atoms, have both been heavily investigated in catalytic reactions
with various metals due to some water-solubility. The compound [Rh(CO)2(m-Ppy2Ph)Pt(C6F5)3] (py ¼ 2-pyridyl) (IQIZIR)380

is a heterobimetallic zwitterionic complex with intramolecular metallophilic interactions between Rh(I)$$$Pt(II). All variations
of m-PpynPh3-n (n ¼ 1, 2) have P coordinated to Pt, and N coordinated to Rh. In IQIZAR, the Rh(I)$$$Pt(II) distance is 3.590 Å
versus the van der Waals sum of 3.72 Å. The bite angle variation as a function ligand substitution creates heterobimetallic structures
with different geometries and conformations. Depending on the distribution of the P substituents, and the ring size of the resulting
metallacycle, different regiochemistry is observed. Additionally, when the two CO ligands coordinated to the Rh are changed to
bulkier tetrafluorobenzobarrelene or cyclooctadiene (IQIZOX), conformation of the structure changes so that the bite angle
increases, breaking the metallophilic interaction. Although SCXRD data was not available for both compounds, the phenomenon
was confirmed by extensive by 1H, 13C, 19F, and 1H-13C HMQC NMR characterization (Scheme 135).

1.15.5.2.2 d8$$$d10, Ir(I)$$$Ag(I)
Another approach to bring two metal together is with simple halide ligands. The biphenyl phosphines developed in the Buchwald
group, R2Pbiph (R ¼ tBu, cycloC6H11), are sterically demanding ligands that have the potential to create enantioselective catalysts.
When it was first synthesized in 2008, the heterobimetallic [Ag(tBu2Pbiph

Me)(m-Cl)2Ir(COD)] (biphMe ¼ 20-methylbiphenyl;
COD ¼ h4-1,5-cyclooctadiene) (COJMAQ)381 was the first structure with a {Ir(I)(m-Cl)2Ag(I)} core characterized by SCXRD.
The core is sterically uncongested with Ir(I)$$$Ag(I) distance of 3.570 Å, which is less than the sum of the van der Waals radii of
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the two metals (3.72 Å). The strained four-membered metallacycle is slightly bent (24.4�) at the bridging Cl atoms. In addition to
SCXRD, the structure was characterized by 1H, 13C, and 31P NMR spectroscopies and DFT. Coordination of the tBu2Pbiph

Me ligand
to the Agþ was clearly observed by 31P NMR spectroscopy due to coupling of the 31P nucleus with the two silver isotopes 107Ag and
109Ag (Scheme 136).

1.15.5.2.3 d8$$$d10, Pt(II)$$$Au(I)
Pt(II) complexes with chelating ĈN ligands having imine groups are well known to have photophysical properties, which can be
tuned via the ĈN ligand as well as inter- and intramolecular Pt(II)$$$M interactions. In particular, heteropolynuclear structures
can have a large emissive energy difference between the HOMO and LUMO of 6p of Pt(II) ions and ns and np of monovalent Group
11 metal ions (Au(I), Ag(I), Cu(I)). For example, neutral trinuclear [PtAu2(bzq)(m-Me2pz)3] (bzq ¼ benzoquinolinate) (MAG-
MAL)287 has an asymmetric butterfly structure with Pt(bzq) and {Au2 (Me2pz)} units bridged by two Me2pz ligands. Two intramo-
lecular Pt(II)$$$Au(I) contacts of 3.3713 Å and 3.4631 Å are on the cusp of a nominal metallophilic distance (vs. 3.38 Å), but
MAGMAL exhibits yellow-green luminescence at l ¼ 555 nm which confirms the Pt(II)$$$Au(I) interaction (Scheme 137).

1.15.5.2.4 d10$$$s2, Ag(I)$$$Bi(III)
Tris-pyrazolylborates are one of the most common classes of tripodal and facially coordinating ligands, and have inspired many
other�C3v, N-donor systems. They can be electronically and sterically modified by substituents on their pyrazolyl groups, and elec-
tronically and geometrically modified by replacing the bridgehead BH group with a variety of isoelectronic combinations, including
a larger p-block metal. In particular, 6-methyl substitution on the three pyridyl groups and use of a Bi bridgehead creates a low-
toxicity, ambiphilic ligand. Introduction of {AgA} (A ¼ anion) in MeCN to [Bi(6-Me-2-py)3] creates a heterobimetallic salt with
intramolecular metallophilic interactions between Ag(I) and Bi(III). In [Ag(NCMe){k3-(6-Me-2-pyridyl)3Bi}]A, Ag(I)$$$Bi(III)
distances are within the metallophilic distance (3.79 Å): 3.675 Å when A ¼ (BF4)

� (VUGSIC),382 3.680 Å when A ¼ (TfO)� (VUG-
SEY),382 and 3.688 Å when A ¼ (PF6)

� (VUGVOL).382 Studies found the introduction of electron-withdrawing 6-Br or 6-CF3 in
place of the 6-Me sufficiently alters the ligand properties so that thermally stable complexes do not form (Scheme 138).

1.15.5.2.5 d10$$$s2, Cu(I)$$$Pb(II)
Developed in 2010, the [M(PPh3)2(m-SCOPh)2Pb(SCOPh)] (M ¼ Cu, Ag) complexes were the first heterobimetallic complexes con-
taining a Group 14 metal and an S-donor ligand. The coordination geometry around the M(I) ion is distorted tetrahedral, and the
Pb(II) ion is at the vertex of a trigonal pyramid due to the stereochemically active lone pair at one of its equatorial coordination sites.
For M ¼ Cu (EKIVUQ),383 the intramolecular Cu(I)$$$Pb(II) distance is 3.377 Å, which is slightly less than 3.42 Å. This structure
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was further analyzed by natural bond order (NBO) analysis using DFT calculations, finding significant intramolecular Pb$$$Cu
interactions. Time-dependent DFT calculations were used to characterize the absorption of EKIVUQ at 375 nm due to n / p*
charge transfer from the lone pairs of the Pb(II) and three S atoms to the antibonding orbital of the thiobenzoate ring. When excited
at 376 nm, EKIVUQ showed a strong blue emission at 425 nm due to LLCT. Both Cu(I) and Ag(I) structures were also characterized
by FTIR, 1H, 13C and 31P NMR, CV, and TGA (Scheme 139).

1.15.6 Synthesis

With increased understanding of metallophilic interactions, more scientists desire to create them in discrete compounds, extended
structures, and materials. The specific synthetic conditions needed are as varied as the legions of known examples. Therefore the
synthetic guidelines for metallophilic interactions are those principles which lead to the desired metal oxidation state and the
needed steric circumstance. Ligand substituents that favor increased electron density at each metal center are also useful. Within
the metals known to form metallophilic interactions, some oxidation states are easily maintained such as Pt(II) and Pd(II), while
others are more challenging. Both Au(I) and Au(III) systems readily find their way to Au(0), and Cu(I) is readily oxidized to Cu(II).
Similarly, some steric conditions are easy to achieve, such as square-planar d8 complexes, or linear Au(I) d10 species, but the
geometric plasticity in the heavier p-block elements tuning particular geometries in Tl(I), Pb(II), and Bi(III) is more subtle. The inter-
ested reader is directed to the many references contained herein, as well as the numerous existing reviews which have more details
about particular molecular systems.

Scheme 138
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1.15.7 Spectroscopy

The previous sections showed the power of single-crystal X-ray diffraction (SCXRD) to identify metallophilic interactions. SCXRD is
limited, however, to appropriate crystalline samples that are not always available, and cannot characterize metallophilic interactions
in solution. Other ways to observe metallophilic interactions include the use of nuclear magnetic resonance (NMR), electronic
absorption and emission spectroscopy, and vibrational spectroscopy. These methods provide complementary information to
solid-state, crystalline characterization and each have been used in a variety of compounds as described below. Only a few examples
are given for each method, but many reviews are referenced in each section.

1.15.7.1 Nuclear magnetic resonance

Numerous NMR-active nuclei have been used to study metallophilic interactions in solution.17,30,384,385 Non-metallic nuclei from
the ligands, e.g., 1H, 13C, 31P, or 19F, can provide indirect evidence of metal-metal interactions. In one example, pulsed-gradient
spin-echo (PGSE) NMR was used to show evidence of stacking of Au(I)eAg(I) complexes in situ by relating the concentration
of each species to hydrodynamic radii to degree of aggregation.384 The polymeric arrangement of [Au(C6F5)(CH2PPh3)] and
[Ag(CF3CO2)] (XUCNAL)384 in a 1:3 ratio was also supported by EXAFS and SCXRD observations of metallophilic Au(I)$$$
Ag(I) and Ag(I)$$$Ag(I) interactions (Scheme 140).

Direct NMR evidence of intermolecular metallophilic interactions in solution prove to be challenging to obtain due to electro-
static and dispersion interactions of other ligand and solvent molecules. Attempts to overcome this entropic dissociation include
using U-shaped bridging ligands (m-L) to observe intramolecular metallophilic interactions instead. Measurement of ligand
exchange rate in the NMR timescale and computational analyses corroborated the presence of Au(I)$$$Au(I) contacts of homo-
bimetallic complexes [(Au(C6F5))2(m-L)].

43 Conversely, solid-state (SS) NMR is able to provide information more directly related
to SCXRD information of metallophilic interactions. In one example, 13C and 15N solid-state NMR data were used to study auro-
philic interactions in Au(I) and Au(III) cyanide complexes.386 The cyanide ligands present in both species were discerned by homo-
nuclear 13C dipolar recoupling experiments, allowing assignment to same or different materials. Additionally, the 13C isotropic
chemical shift is found to be sensitive to alignment of the one-dimensional chains of the studied structures, giving information
of aurophilic interactions.

Metallic nuclei themselves are more direct reporters, and several of the most common elements in metallophilic bonding have
nuclei appropriate for NMR studies, including 195Pt,387–389 197Au,386 109Ag,390 199Hg,391–394 and 203Tl.389 Nuclei of closed-shell
metals with metallophilic interactions present coupling constants that differ from those of metal nuclei that are directly bonded
to each other.

1.15.7.2 Electronic absorption and emission spectroscopy

Distance between closed-shell metal centers directly determines luminescence, so when the M$$$M distance is short, intense lumi-
nescence is observed.22,30,395–397 Thus, metallophilic interactions are generally unstable in solution and unable to be directly
observed. While metallophilic interactions can be classified as inter- or intramolecular, there is a further distinction of systems
with intramolecular interactions being semi-supported or fully-supported; intermolecular in this case is unsupported.398 This more
detailed distinction is important for designing systems that exhibit electronic absorption or emission properties in solution.399

Since the solution phase of optoelectronic materials is favorable for large-scale processing, systems with largely separated metal
centers in solution and non-luminescent can be photoexcited to induce close contact of the metals. One example of this tunable
property is with a semisupported Au(I)$$$Au(I) structure (below),398 which contracts from 3.9 Å to 3.5 Å after photoexcitation,
observed by DFT and UV-Vis measurements (Scheme 141).
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1.15.7.3 Vibrational spectroscopy

Vibrational spectroscopies such as IR and Raman can be used to assign low energy frequencies that result from metallophilic inter-
actions.395 The ability of these vibrational tools to distinguish direct bonding from just the close proximity of atoms can also aid the
presence of metallophilic interactions when the M$$$M distance is short and challenging to observe from SCXRD, such as that with
CueCu contacts.400 Due to the weakness of the interaction, vibrational modes corresponding to metallophilic interactions are
found in the low frequency region below 400 cm�1.401 One method to separate lattice vibrations frommetallophilic vibrations esti-
mates the force constant FM2 for the metal-metal stretching vibration (in mdyn/Å) using the Hersbach-Laurie relationship where rM2

is the metal-metal separation (in Å). FM2 is then used to find the frequency vM2 (in cm�1) using the reduced mass m of the metal
atoms.

rM2 ¼ �0:284InðFM2Þ þ 2:53

vM2 ¼ ðFM2Þm�1ð2pcÞ�2

Techniques employed by Raman spectroscopy can identify the optical signature of metallophilic interactions, and DFT studies to
support experimental findings must account for competing interactions such as Coulomb and van derWaals ones, in addition to the
strong background photoluminescence in the low-frequency region.402 Angle-resolved (or polarization-dependent) Raman spec-
troscopy is a method that rotates the sample with respect to the incident light polarization and correlates the change in intensity
of the Raman modes to characterize the anisotropic behavior of the vibrations in a crystal. The quasi-1D nanowire [Pt(terpy)Cl]
[Au(CN)2] (XEMBUN)402 composed of extended chains of a double salt, was used to study the interaction of opposite-charge
ions Pt(II) and Au(I) using this technique. Of the six experimentally observed Raman-active modes, five were determined to corre-
spond to A1 and B1 symmetries along and between chains and were analyzed to isolate the single metallophilic nPtAu mode at
57 cm�1,402 (Scheme 142)

Scheme 141

Scheme 142
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1.15.8 Outlook

In less than 40 years, the phenomenon of metallophilicity has gone from a structural oddity with spectroscopic consequences, to an
accepted part of intermetallic interactions that can be put to use with chemical and physical applications. There is no doubt that
scientists will continue to push the current manifold of known examples to different electron configurations on known metals,
perhaps Ag(III) d8, or entirely new metals, such as Os(0) in Group 10 or Rg(I) in Group 11.
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Abstract

This chapter describes recent progress in the chemistry of molecular boron clusters. The greatest attention is paid to the
intensively developing chemistry of closo-decaborate [B10H10]

2� and closo-dodecaborate [B12H12]
2� anions. Of the

compounds with an open nido- and arachno-structures, the latest achievements in the chemistry of decaborane [B10H14] and
macropolyhedral borane anti-[B18H22] attract the most attention.

1.16.1 Introduction

The synthesis of polyhedral boranes, carboranes and metallaboranes was one of the major highlights in the development of inor-
ganic chemistry over the last century.1 However, while the chemistry of carboranes, metallacarboranes andmetallaboranes has been
the subject of numerous reviews including a series of chapters in Comprehensive Organometallic Chemistry I-III,2–11 as well as special
monographs,12–14 the chemistry of polyhedral boranes as a whole has been last reviewed for more than forty years ago15,16 and had
never before been the subject of special consideration in Comprehensive Inorganic Chemistry. This editionmainly deals with studies on
polyhedral boranes published after 2000 or since the publication of the latest exhaustive reviews on specific topics in this area (if
any).
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Since polyhedral boranes are characterized by a large variety of structural types and, consequently, a large variability in reactivity,
it will be convenient to consider their chemical properties depending on their structure. In general, polyhedral boranes can be
divided into two large groups according to the type of structure. The first group consists of compounds with a closed polyhedral
structure or closo-boranes [BnHn]

2� and their derivatives. The second group includes compounds formed as a result of the formal
removal of one or two boron vertices from closo-boranes, the so-called nido- and arachno-boranes, respectively. In addition, the
joining together of two or more boron polyhedra of the above types through the BeB bond or their fusion together with the forma-
tion of a common boron vertex, edge, or face leads to the corresponding conjuncto-boranes.

1.16.2 closo-Borate anions and their derivatives

The family of closo-polyhedral borane anions constitutes a homologous series of rather stable polyhedral anions [BnHn]
2� (n ¼ 6–

12). They have the structure of regular deltahedra, at the vertices of which there are boron atoms, each of which is bonded to an exo-
polyhedral hydrogen atom (Fig. 1). The stability of the closo-polyhedral structure is achieved due to the delocalized system of 2n þ 2
electrons, as a result of which these systems are usually considered as three-dimensional aromatics.17,18

However, due to the different availability of the closo-borane clusters, caused by the complicated and laborious synthesis of some
of them, and the reduced stability of some others, their chemistry has been studied to a very different extent. Therefore, it is quite
logical to start consideration of their chemistry with the most stable and most studied of themdcloso-dodecaborate anion
[B12H12]

2�.

1.16.2.1 closo-Dodecaborate anion [B12H12]
2L

1.16.2.1.1 General aspects
The dodecahydro-closo-dodecaborate anion was one of the first molecules to be predicted by quantum chemistry before they were
synthesized. The existence of stable icosahedral borane in the form of the dianion [B12H12]

2� was predicted in 1955 by Longuet-
Higgins and Roberts on the basis of MO LCAO calculations19 and experimentally verified in 1960 by Hawthorne and Pitochelli
when the closo-dodecaborate anion was prepared for the first time as a side-product of the reaction of 2-iododecaborane with trie-
thylamine in refluxing benzene.20 The first 40 years of the chemistry of the closo-dodecaborate anion were reviewed in an exhaustive
review by Sivaev et al.21 Unfortunately, the recent review by Zhang et al.22 deals mainly with the various uses of the closo-dodeca-
borate anion and its derivatives, and only to a small extent with the development of its chemistry. Therefore, we considered it neces-
sary to present here the main directions in the development of the chemistry of the closo-dodecaborate anion over the past 20 years,
relying (if necessary) on the earlier published exhaustive review21 (Fig. 2).

In the initial period of the development of the chemistry of the closo-dodecaborate anion, various methods for its synthesis were
developed, which were generalized in the reviews.21,22 The most suitable method for the synthesis of closo-dodecaborate anion for
laboratory purposes is based on the oxidation of sodium tetrahydroborate NaBH4 with I2 in diglyme at 100 �C to Na[B3H8] fol-
lowed by its pyrolysis in boiling diglyme.23,24 In addition, some other convenient methods have been proposed for the synthesis
of anhydrous alkali metal salts M[B3H8] (M ¼ Na, K, Cs, Rb) followed by their pyrolysis to the corresponding closo-dodecabo-
rates.25–28 For the pilot production of the closo-dodecaborate anion, the preferred synthesis method is based on the solid-state pyrol-
ysis of potassium tetrafluoroborate KBF4 and calcium hydride CaH2.

29 At the same time, the solid-state reactions of decaborane with
alkali and alkaline earth tetrahydroborates30–33 were used to obtain anhydrous and solvent-free salts of the closo-dodecaborate

Fig. 1 Generalized structures of closo-polyhedral borane anions [BnHn]2� (n ¼ 6–12).
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anion M2[B12H12] (M ¼ Li, Na, K) and M[B12H12] (M ¼ Mg, Ca), which are of great interest as solid state electrolytes.34,35 Alterna-
tively, anhydrous Mg[B12H12] was prepared by heating Mg[BH4]2 in a B2H6 atmosphere.36 It was also found that the closo-dodec-
aborate anion is formed by thermal dehydrogenation of various simple and complex tetrahydroborates,37–40 which are represent
a class of promising materials for hydrogen storage applications.41–43 On the other side, heating the stoichiometric mixtures of
M2[B12H12] and MH (M ¼ Li, Na, K) at 500 �C and 100 MPa H2 results in the corresponding metal borohydrides MBH4 in almost
quantitative yield.44

The increased interest in the use of salts of polyhedral boron hydrides as solid electrolytes stimulated the synthesis and study of
the physical properties and crystal structure of anhydrous closo-dodecaborates of alkali and alkaline earth metals and ammonium, as
well as their crystalline hydrates.45–77 In addition to crystalline hydrates, a number of alkali metal and calcium ammoniates con-
taining the closo-dodecaborate anion were synthesized and characterized by X-ray diffraction.78–80 The mixed sodium amide-closo-
dodecaborate Na3NH2[B12H12] was prepared and its high performance as solid electrolyte for all-solid-state Na-ion batteries was
demonstrated.81 Another type of mixed salts is the alkali metal tetrahydroborate-closo-dodecaborates M3[BH4][B12H12], some of
which also have good potential as solid electrolytes.82–85 Also, in the development of earlier research,21 the mixed iodide-closo-
dodecaborates of alkali metals and ammonium M3I[B12H12] (M ¼ K, Rb, Cs, NH4) have been studied in detail.55 Synthesis and
properties of some other mixed salts of the closo-dodecaborate anion were discussed earlier.21 Solvated lithium and magnesium
closo-dodecaborates with THF and MeCN,86 and MeOH and EtOH,61,87 respectively, were synthesized and characterized by X-ray
diffraction.

In addition, the preparation and crystal structure of simple salts and crystalline hydrates of closo-dodecaborates of some other
non-transition metals, including [In(H2O)6]2[B12H12]3$15H2O,88 Tl2[B12H12],

89–91 {Sn(H2O)3[B12H12]}$4H2O,92

{Pb(H2O)3[B12H12]}$3H2O,90 and [Bi6O4(OH)4][B12H12]3$10H2O
93 were described. In the structures of all these salts, except

for the first one, the M-H-B interactions between the metal atom and the closo-dodecaborate anion are observed. The thermal dehy-
dration of [Bi6O4(OH)4][B12H12]3$10H2O or the reaction of the aqueous solution of the (H3O)2[B12H12] acid with bismuth(III)
oxide carbonate Bi2O2(CO3) at about 40 �C lead to the B-H activation reaction with the formation of the neutral [BiB12H11] mole-
cule which was characterized by single crystal X-ray diffraction in the form of crystalline hydrates and solvate with methanol.94

A series of anhydrous transition metal closo-dodecaborates M[B12H12] (M ¼Mn, Fe, Co, Ni) was prepared by heating of their
crystalline hydrates or solvates with alcohols.62,87,95 Anhydrous closo-dodecaborates of copper Cu2[B12H12]

62 and silver
Ag2[B12H12],

96,97 on the contrary, are formed directly from reaction solutions (mixtures). In the solid state, they form 3D polymeric
structures due to M-H-B interactions between the metal atom and the anion. Copper and silver are also capable to form double salts
with the closo-dodecaborate anion (Cat){M[B12H12]} (M ¼ Cu, Ag; Catþ ¼ Csþ, R3NHþ and R4N

þ (R ¼Me, Et, Pr, Bu), Ph4P
þ,

Ph4As
þ, etc.).96,98–100

The closo-dodecaborate anion is a rather weakly coordinating ligand that can only be coordinated by metals which are the soft
Pearson acids, such as Cuþ, Agþ, and Cd2þ.101–112 In the absence of strong ligands, other transition metals usually form crystalline
hydrates or solvates with the closo-dodecaborate anion.113 Various aspects of the coordination chemistry of the closo-dodecaborate
anion are considered in several recent reviews.101,114–116 The coordination chemistry of substituted derivatives of the closo-dodec-
aborate anion will be discussed below in the relevant sections.

A significant part of the research interest in simple and complex salts of the closo-dodecaborate anion is due to the ability of poly-
hedral boron hydrides to enhance burning rates of traditional rocket propellants.117,118 In addition to studying the effect of simple
salts of the closo-dodecaborate anion, such as K2[B12H12] and (Et4N)2[B12H12],

119–124 on the combustion of traditional fuels,
a number of salts with various nitrogen-rich cations including hydrazinium,125,126 guanidinium,125,127–129 imidazolium,130–132 tri-
azolium,125,131,133,134 tetrazolium125,129,134,135 and some others126,136–144 were synthesized and their thermal stability and ener-
getic properties were studied.

Of interest is the question of the hydrophilic-hydrophobic nature of the closo-dodecaborate anion. It is shown that despite high
water solubility, Na2[B12H12] in aqueous solutions has a pronounced tendency to aggregation due to the hydrophobic nature of the
BH vertices.145 The closo-dodecaborate anion is able to form an inclusion complex with g-cyclodextrin demonstrating rather strong
binding to the hydrophobic interior of the last one,146 as well as the exclusion complexes with cucurbit[n]urils (n ¼ 6–8) due to
interactions with their hydrophobic exterior.147,148 Thus, it demonstrates very strong chaotropic behavior beyond the scale of
the Hofmeister series and considered a “superchaotrope”.149

2-
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1
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Fig. 2 Idealized structure and numbering of atoms in the closo-dodecaborate anion [B12H12]2�.
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1.16.2.1.2 Halogen derivatives
Halogenation was one of the first reactions of the closo-dodecaborate anion to be studied150 and has since been the subject of much
research.21 In accordance with the three-dimensional aromatic nature of the [B12H12]

2� anion, its halogenation proceeds predom-
inantly by the mechanism of aromatic electrophilic substitution. The monoiodo derivative [B12H11I]

2� can be prepared by the reac-
tion of closo-dodecaborate with 1 equiv. of iodine at 0 �C in aqueous methanol.150 For the synthesis of other monohalogen
derivatives of the closo-dodecaborate anion [B12H11X]

2� (X ¼ Cl, Br, I), a method was previously proposed based on its reactions
with the corresponding dihalomethanes in the presence of trifluoroacetic acid.151 The synthesis of monohalogen derivatives
[B12H11X]

2� (X ¼ Cl, Br, I) by the reaction of the closo-dodecaborate anion with the corresponding N-halosuccinimides in aceto-
nitrile has recently been described.152

Previously, the synthesis of the perfluorinated closo-dodecaborate anion [B12F12]
2� by the reaction of the parent closo-dodecabo-

rate with fluorine in anhydrous hydrogen fluoride was described.153–155 It is also worth noting here the formation of conjucto-borane
[B24F22]

4� in which two boron icosahedra are linked by a BeB bond as a by-product of the fluorination of the closo-dodecaborate
anion.156 More recently, a more convenient method for the synthesis of [B12F12]

2� was proposed by the reaction of the parent closo-
dodecaborate anion with fluorine gas in wet acetonitrile.157 The perchlorinated closo-dodecaborate anion [B12Cl12]

2� can be ob-
tained by the chlorination of the parent closo-dodecaborate with gaseous Cl2 in aqueous solution24,158 or, in more convenient
way, by the reaction with SO2Cl2 in refluxing acetonitrile.159 The perbrominated closo-dodecaborate anion [B12Br12]

2� can be ob-
tained by the bromination of the parent closo-dodecaborate with excess of bromine in refluxing aqueous methanol.158 Synthesis of
the periodinated closo-dodecaborate anion [B12I12]

2� by the reaction of the parent closo-dodecaborate with iodine monochloride or
a mixture of iodine and iodine monochloride in refluxing halogen alkanes was earlier described.150,158 More recently, synthesis of
[B12I12]

2� via microwave-assisted iodination of the parent closo-dodecaborate with iodine in acetic acid at 230 �C was reported.160

The perhalogenated derivatives of the closo-dodecaborate anion together with halogenated derivatives of carba-closo-dodecabo-
rate anion constitute an important class of weakly coordinating anions.161,162 This caused great interest in the study of the crystal
structure of salts and complexes with perhalogenated closo-dodecaborate anions, mainly their perfluoro- and perchloro-derivatives.
Crystal structures of the hydrated perfluorated closo-dodecaborate acid (H3O)2[B12F12]$6H2O,163 numerous alkali metal salts, their
crystalline hydrates and solvates,164–172 as well as alkaline earth metal crystalline hydrates173 have been determined. The crystal
structures of a series of perchloro-, perbromo- and periodo-closo-dodecaborates of alkali metal M2[B12X12] (X ¼ Cl, Br, I) and their
crystalline hydrates and solvates have also been determined.158,165,174–178 Lithium perfluoro-closo-dodecaborate Li2[B12F12] has
been considered as a potential electrolyte for lithium batteries.179–181

The cocrystallization of the trimethylammonium salts (Me3NH)2[B12X12] (X ¼ Cl, Br, I) with 1 equiv. of trimethylammonium
chloride or bromide (Me3NH)Y (Y ¼ Cl, Br) produces double salts [(Me3NH)3Y][B12X12], which consist of the weakly coordinating
perhalogenated closo-dodecaborate anions [B12X12]

2� and weakly bound discrete pyramidal [(Me3NH)3Y]
2þ cations. The addition

of 2 equiv. of (Me3NH)Y to (Me3NH)2[B12Cl12] leads to [(Me3NH)2Y]2[B12Cl12], containing the bent [(Me3NH)2Y]
þ cations.182 Of

the salts of the perhalogenated closo-dodecaborates with other organic cations, tritylium salts (Ph3C)2[B12X12] (X ¼ F, Cl,
Br),24,155,183,184 as well as perfluoro- and perchloro-closo-dodecaborate salts with various nitrogen-rich cations (imidazo-
lium,133,185–187 triazolium,185 and some others185,187) are of the greatest interest.

The coordination chemistry of perhalogenated closo-dodecaborates [B12X12]
2� has been studied much less than the coordination

chemistry of the parent closo-dodecaborate anion [B12H12]
2�. The perhalogenated closo-dodecaborates have even less donor prop-

erties than the parent closo-dodecaborate and normally act as outer-sphere counterions. This is clearly manifested in crystalline
hydrates [M(H2O)6][B12X12] (X ¼ F, M ¼ Co, Ni, Zn; X ¼ Cl, M ¼ Ni)173,188 and solvates [M(MeCN)6][B12X12] (M ¼ Fe, X ¼ Cl;
M ¼ Zn, X ¼ I),189,190 as well as in a number of complexes of copper,191–193 silver,171,192,194,195 gold,192 platinum,196,197 palla-
dium,198,199 and zinc190 where they are located in the outer sphere of the metal, however, they can have a significant effect on
the formation of the inner sphere due to their large size. At the same time, in solvent-free silver dodecachloro-closo-dodecaborate
Ag2[B12Cl12],

200 as well as some silver complexes with week ligands and the dodecafluoro-closo-dodecaborate anion,171,194 the per-
halogenated closo-dodecaborate anions enter inner sphere of silver.

One of the most impressive examples of the use of the perhalogenated closo-dodecaborates as weakly coordinating anions is the
isolation of highly reactive dimethyl- and diethylaluminum cations as the dodecachloro-closo-dodecaborate salts
{(R2Al)2[B12Cl12]} (R ¼ Me, Et) (Fig. 3) that form by the reaction of (Ph3C)2[B12Cl12] with the corresponding trialkylaluminum
compounds R3Al in ortho-difluorobenzene. In the solid state, the [R2Al]

þ cations are bidentate coordinated through chlorine atoms
to opposite edges of the dodecachloro-closo-dodecaborate anion.201

Another example is the trialkylsilylium salts of the perhalogenated closo-dodecaborate anions {(R3Si)2[B12X12]} (X ¼ F, R ¼ Et;
X ¼ Cl, R ¼Me, Et, i-Pr; X ¼ Br, R ¼ Et), which were prepared by the reactions of the corresponding tritylium salts (Ph3C)2[B12X12]
with triethylsilane.183,202,203 In the solid state the [Et3Si]

þ cations are coordinated to antipodal positions of the icosahedral anions
(Fig. 4).

The salt with free tris(pentamethylphenyl)silylium cation ((C6Me5)3Si)2[B12Cl12] was prepared by the reaction of the tritylium
salt (Ph3C)2[B12X12] with the corresponding silane.184 Another example of salt with “free” transition metal-stabilized silylium
cation [(C5H5)Fe(C5H4Si(t-Bu)Me)]2[B12Cl12] was synthesized using the same approach from the corresponding
ferrocenylsilane.204

Finally, the salt with methyl carbocation {(Me)2[B12Cl12]} was prepared by the reaction of Li2[B12Cl12] with MeF and AsF5 in
liquid sulfur dioxide. In the solid state, the methyl cations are coordinated to antipodal chlorine atoms of the anion (Fig. 5).
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Dimethyl dodecachloro-closo-dodecaborate is a very strong methylating reagent that is able to convert benzene to toluene and to
methylate dimethyl sulfide giving (Me3S)2[B12Cl12].

205

Based on a comparison of the n(N-H) stretching frequencies of the trioctylammonium salts of the perhalogenated closo-dodec-
aborates (Oct3NH)2[B12X12] (X ¼ F, Cl, Br, I), it was found that the basicity of the anions decreased in the series
[B12I12]

2� > [B12Br12]
2� > [B12Cl12]

2� > [B12F12]
2�, i.e., the perfluorinated closo-dodecaborate is the least coordinating anion.178

Perfluoro-, perchloro- and perbromo-closo-dodecaborates were found to undergo reversible one-electron chemical oxidation
with AsF5 in liquid SO2 leading to the hypercloso-[B12X12]�

� (X ¼ F, Cl, Br) radical anions.206–208 The second one-electron oxidation
results in the corresponding neutral hypercloso-[B12X12] species.

208 The electrochemical stability of the perhalogenated closo-dodec-
aborates was found to be increased in the series [B12F12]

2� < [B12Cl12]
2� < [B12Br12]

2�,207,208 while the oxidation of the periodi-
nated closo-dodecaborate [B12I12]

2� proceeds in a different way. This last fact can probably be explained by the different nature of
the HOMO of this molecule.208,209 Crystal molecular structures of [Cp2Co]

þ[B12F12]�
�,207 [B12Cl12],

207,208 and
[Na(SO2)6]

þ[B12Br12]�
�[B12Br12]

208 were determined by single crystal X-ray diffraction. The oxidation results in an elongation of
the BeB bonds with a simultaneous shortening of the BeX bonds.

The reaction of the closo-dodecaborate anion with aryliodonium diacetates ArI(OAc)2 (Ar ¼ C6H5, C6H4-4-OMe) in aqueous
acetic acid at 0 �C leads to the corresponding zwitterionic aryliodonium derivatives [B12H11IAr]

�,210,211 whereas the reaction in
aqueous trifluoroacetic acid at 70 �C results in a mixture of neutral 1,7- and 1,12-di(aryliodonium) derivatives.210,212 The same
approach can be used to introduce an aryliodonium group into some derivatives of closo-dodecaborate anion.210,212 The aryliodo-
nium group can be substituted with various nucleophiles, such as pyridines, hydroxylamine orN,N-dimethylthioformamide.210–213

Fig. 3 X-ray structures of {(Me2Al)2[B12Cl12]} (top) and {(Et2Al)2[B12Cl12]} (bottom). Reprinted with permission from Kessler, M.; Knapp, C.; Zogaj,
A. Organometallics 2011, 30, 3786–3792. Copyright (2011) the American Chemical Society.
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1.16.2.1.3 Derivatives with BeO bond
In 2000, an effective method was proposed for the functionalization of the [B12H12]

2� anion through the formation of its cyclic
oxonium derivatives by reactions with cyclic esters in the presence of Lewis or Bronsted acids, followed by the ring opening by
various nucleophiles (Scheme 1).214 The reaction proceeds by electrophile-induced nucleophilic substitution (EINS) mechanism

Fig. 4 Single crystal X-ray structures of {(Et3Si)2[B12F12]} (top), {(Et3Si)2[B12Cl12]} (middle), and {(Et3Si)2[B12Br12]} (bottom). Hydrogen atoms of
organic substituents are removed for clarity.

Fig. 5 Single crystal X-ray structure of {(Me)2[B12Cl12]}.
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which involves a primary attack of an electrophilic agent, leading to the elimination of the hydride hydrogen atom to form a quasi-
borinum center on the boron atom, which is then attacked by the most abundant nucleophilic species. The reaction can also be
initiated by strong Lewis acid, which abstracts a hydride from the boron atom, resulting in the formation of the quasi-borinum
center. Subsequently, this approach was used to prepare a number of functional derivatives of other polyhedral boron hydrides,
including the closo-decaborate anion (See Section 1.16.2.3.3), nido-carborane,215 and metallacarboranes.216 Later, convenient
methods for the synthesis of oxonium derivatives of the closo-dodecaborate anion have been developed152,217,218 and a series of
various practically important functional derivatives have been synthesized.217,219–224 This approach proved to be very convenient
and effective for attaching the closo-dodecaborate moiety to various biomolecules, including amino acids,221,225 sugars,226,227 nucle-
osides,223,228–233 porphyrins and phthalocyanines,234–238 cholesterol,239,240 coumarins,218,241,242 and others243–256 of interest for
use in BNCT, as well as for preparation of boronated polymers257 and nanoparticles.258,259 Cyclic oxonium derivatives containing
other substituents in the closo-dodecaborate cage also were synthesized and their ring-opening reactions were studied.260–262 The
advantages of this approach are a reasonable length of the spacer between the boron cage and the biologically active part of the
molecule and the ability to regulate its hydrophilic-lipophilic properties by choosing a suitable cyclic ether. Recently, a convenient
method for shortening the side chain formed during the opening of the dioxane ring with cyanide ion was proposed, and a series of
functional derivatives [B12H11OCH2CH2X]

2� (X ¼ OH, Br, I, OMs, N3) were obtained and applied for the synthesis of boron-
containing nucleosides.263

To date, many methods have been developed for the synthesis of the hydroxy derivative of the closo-dodecaborate anion
[B12H11OH]2�, which were discussed in detail in the previous review.21 Several examples of the alkylation of the hydroxy derivative
have also been described earlier.147,264,265 The reactions of [B12H11OH]2� with o-, m- and p-nitrophenethyl bromides266 as well as
with propargyl bromide267 in DMF in the presence of KOH at room temperature result in the corresponding alkoxy derivatives
[B12H11OR]2� (R ¼ CH2CH2C6H4-2-NO2, CH2CH2C6H4-3-NO2, CH2CH2C6H4-4-NO2, CH2C^CH). The latter reacts with various
functionalized azides containing aryl, carboranyl and lipid groups to form the corresponding triazoles.267 The boron-containing
esters of meso-tetra(4-carboxyphenyl)porphyrin268 and protoporphyrin IX269 and were prepared by acylation of the hydroxy deriv-
ative of the closo-dodecaborate anion.

The perchlorinated hydroxy derivative [B12Cl11OH]2� was obtained bubbling chlorine gas through an aqueous solution of
[B12H11OH]2�.270 Alternatively, the perchlorinated hydroxy derivative can be prepared by the reaction of the parent hydroxy deriv-
ative with SO2Cl2 in refluxing acetonitrile.271 Alkylation of [B12Cl11OH]2� with alkyl bromides in DMSO in the presence of KOH
leads to the corresponding alkoxy derivatives [B12Cl11OR]2� (R ¼ C3H7, C8H17, C12H25).

270 The reaction of [B12Cl11OH]2� with
tosyl chloride in pyridine results in [B12Cl11OS(O)2-p-Tol]

2�, while the reaction with triflic anhydride gives [B12Cl11OS(O)
CF3]

2�.271 The perbrominated hydroxy derivative [B12Br11OH]2�was obtained by heating [B12H11OH]2�with bromine in aqueous
methanol.270 Alkylation of [B12Br11OH]2� with alkyl bromides in DMSO in the presence of KOH leads to the corresponding alkoxy
derivatives [B12Br11OR]2� (R ¼ C3H7, C8H17, C12H25).

270

The perhydroxy derivative of the closo-dodecaborate anion [B12(OH)12]
2� was prepared by refluxing the parent closo-dodecabo-

rate with 30% hydrogen peroxide at 105 �C–110 �C.272,273 Later, an improved method for the synthesis of the perhydroxy deriv-
ative was developed.274 Alternatively, the perhydroxy derivative can be obtained by heating Cs2[B12H12] in fuming sulfuric acid at
195 �C in the presence of catalytic amount of PdCl2 followed by acid hydrolysis of the resulting (H3O)2[B12(OSO3H)12].

275 The
solid-state structures of the alkali metal salts M2[B12(OH)12] and their crystalline hydrates were determined by X-ray diffrac-
tion.272,273,276 Surprisingly, the reaction of Cs2[B12H12] with 30% hydrogen peroxide at 65 �C resulted in the hypercloso-
[B12(OH)12]�

- radical anion, which was isolated and characterized as the cesium salt Cs[B12(OH)12].
277

It has earlier been demonstrated that alkylation of [B12(OH)12]
2� with benzyl bromide leads to the dodeca(benzyloxy) deriv-

ative of the closo-dodecaborate anion [B12(OBn)12]
2�.278 Later, synthesis of a series of substituted alkoxy, allyloxy, and benzyloxy

derivatives [B12(OR)12]
2� was described.279–281 The peralkoxy derivatives undergo two reversible sequential chemical or electro-

chemical oxidations giving the hypercloso-[B12(OR)12]�
� radical anions and the neutral hypercloso-[B12(OR)12] species.

278–280,282–

284 It has been established that the redox potentials depend on the electronic effects of the R substituents, and the electron-
donating substituents facilitate the oxidation process.282,283 The crystal molecular structures of Cs(PPN)[B12(OCH2C6H5)12],

278

(PPN)[B12(OCH2C6H5)12],
278 (Bu4N)[B12(OCH2C6H3-3,5-(CF3)2)12],

280 [B12(OEt)12],
280 [B12(OCH2R)12] (R ¼ C6H5,

278,280

C6H4-p-I,
285 C6H4-p-Br,

279 C6H4-p-Cl,
279 C6H4-p-F,

279 C6H4-p-CF3,
282 C6H3-3,5-(CF3)2,

284 C6H4-p-C6F5,
281 C6F5

281) were deter-
mined by single crystal X-ray diffraction. As in the case of the perhalogenated derivatives of the closo-dodecaborate anion, the

2-
O

-
X

X = O, CH2, none

Bronsted acid

or
Lewis acid

O
X

Nu

Nu

2-
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oxidation leads to an elongation of the BeB bonds with a simultaneous shortening of the BeO bonds. The size of the closomers
obtained in this way, depending on the type of substituent in the benzyl group, is 1.9–2.7 nm, which is much larger than the size of
fullerenes (0.7 nm for C60),

281,284 however it can be significantly increased through the gold-mediated substitution iodine atoms in
[B12(OCH2C6H4-p-I)12] by thiols285 or the nucleophilic substitution of the p-fluorine atoms in the end C6F5 groups of
[B12(OCH2C6F5)12] and [B12(OCH2C6H4-p-C6F5)12] with various thiolates.284

It was earlier reported that acylation of [B12(OH)12]
2� with acetic anhydride or benzoyl chloride results in the corresponding

dodeca(acetate) [B12(OAc)12]
2� and dodeca(benzoate) [B12(OBz)12]

2� derivatives.286 Later, synthesis of a series of various acyloxy
derivatives [B12(OC(O)R)12]

2� (R ¼ alkyl, aryl) was described.287 The acylation of [B12(OH)12]
2� with chloroacetic or bromoacetic

anhydride results in the dodeca(chloro/bromoacetate) derivatives [B12(OC(O)CH2X)12]
2� (X ¼ Cl, Br), which upon treatment

with NaN3 converts into the corresponding azide [B12(OC(O)CH2N3)12]
2�, which in turn can be used to obtain the triazole deriv-

atives containing various functional groups.288–291 A series of dodeca(carbonate) derivatives [B12(OC(O)OAr)12]
2� were prepared

by the reaction of [B12(OH)12]
2� with various aryl chloroformates. The reactions of these carbonates with primary amines lead to

the corresponding carbamates [B12(OC(O)NHR)12]
2�, including those containing various functional groups (eC^CH, -N3,

-NHBoc, etc.).292 Several methods for the synthesis of vertex-differentiated derivatives of the closo-dodecaborate anion via mono-
alkylation of [B12(OH)12]

2� followed by acylation of the resulting [B12(OR)(OH)11]
2� with chloroacetic anhydride or p-nitro-

phenyl chloroformate and corresponding transformations were developed.293–295 The chemistry of the dodeca(hydroxy)-closo-
dodecaborate anion [B12(OH)12]

2� and its derivatives was discussed in detail in several mini-reviews.296,297

1.16.2.1.4 Derivatives with BeS bond
The widespread development of the chemistry of derivatives of the closo-dodecaborate anion with a boron-sulfur bond is largely due
to the fact that sodium mercapto-closo-dodecaborate has found clinical use in boron neutron capture therapy for cancer. To date,
several methods have been developed for the synthesis of the mercapto derivative of the closo-dodecaborate anion
[B12H11SH]2�, which, like its general chemistry, were discussed in detail in the previous review.21 The syntheses of numerous
alkylthio derivatives of the closo-dodecaborate anion [B12H11SR]

2� via the alkylation of the mercapto derivative [B12H11SH]2�

have been earlier described.21 To avoid the formation of dialkylsulfonium derivatives [B12H11SR2]
�, an approach based on the

use of an easily removable cyanoethyl group (Scheme 2) was developed.298 More recently this approach was used for the synthesis
of some important simple functional derivatives of the closo-dodecaborate anion,299,300 as well as boron-containing amino
acids,301–303 peptides,304,305 sugars,306 lipids,307–311 porphyrins,312 and other biologically active compounds.242,313–315

A series of dialkylsulfonium derivatives [B12H11SR2]
� was prepared by direct alkylation of the mercapto derivative of the closo-

dodecaborate anion with arylethyl bromides,266 propargyl bromide299 and u-bromoalkyl carboxylic acids.300 Alkylation of
[B12H11SH]2�with bifunctional alkylating agents such as 1,5-dibromopentane, bis(2-chloroethyl)amine or C5H11CH(CH2CH2Br)2
leads to the cyclic sulfonium derivatives [B12H11S(CH2)5]

�,298 [B12H11S(CH2CH2)2NH]�,316 and
[B12H11S(CH2CH2)2CHC5H11]

�.212 Treatment of the di(phenethyl)sulfonium derivatives with (Me4N)OH results in styrene elim-
ination with the formation of the corresponding alkylthio derivatives [B12H11SCH2CH2C6H4X]

2�.266 The reactions of
[B12H11S(CH2CH2COOH)2]

� with alcohols in the presence of N,N0-dicyclohexylcarbodiimide (DCC) and 4-
dimethylaminopyridine (DMAP) proceed with the loss of one alkyl group leading to esters [B12H11SCH2CH2COOR]2�.300 The
reactions of [B12H11S((CH2)nCOOH)2]

� (n ¼ 1–3) with propargyl amine also proceed with the loss of one alkyl group resulting
in the corresponding amides [B12H11S(CH2)nCONHCH2C^CH]2�, which, in turn, react with various organic azides to form the
corresponding triazoles.300

A series of boronated thioesters of protoporphyrin IX269 and meso-tetra(4-carboxyphenyl)porphyrin268 were prepared by acyl-
ation of the mercapto derivative of the closo-dodecaborate anion.

2-
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The alkylthio derivatives also can be prepared via the Michael addition of the mercapto derivative [B12H11SH]2� to an a,b-unsa-
turated carbonyl compounds. The reaction of [B12H11SH]2� with methyl acrylate in alkaline solution in one step leads to the cor-
responding boronated propionic acid [B12H11SCH2CH2COOH]2�.317 Addition of the mercapto derivative to the double bond of
the maleimide group was used earlier to obtain boron-containing streptavidin.318 Subsequently this approach was successfully used
for the synthesis of other boronated peptides,319–323 dendrimers324 and water-soluble BODIPY dyes.325

Another approach to boron-containing polypeptides has been developed based on the reaction of [B12H11SH]2� with activated
terminal cysteines via the formation of a disulfide bond.326

The mercapto derivative of closo-dodecaborate anion [B12H11SH]2� can be arylated with electron-deficient chloroaromatics and
alkylsulfonyl heteroaromatics. The reaction of [B12H11SH]2� with 4-chloro-7-nitrobenzo[c][1,2,5]oxadiazole in acetonitrile in the
presence of K2CO3 leads to the corresponding arylsulfide derivative,316 while the reactions with 3-alkylsulfonyl-5-phenyl-, 5-(40-
bromophenyl)- and 5-methylamino-6-methylcarboxamido-1,2,4-triazines in acetonitrile in the presence of lutidine result in the
corresponding boronated 1,2,4-triazines.327,328 Surprisingly, that the similar reaction with 3-ethylsulfonyl-5,7-dimethyl-5,6,7,8-
tetrahydropyrimido-[4,5-e][1,2,4]-triazine-6,8-dione results in the thiosulfinate derivative [B12H11SS(O)Et]2�.327

1. The reactions of demethylation and realkylation of dimethylsulfonium derivatives of the closo-dodecaborate anion
[B12H11SMe2]

�, [1,2-B12H10(SMe2)2], [1,7-B12H10(SMe2)2] and [1,12-B12H10(SMe2)2] were considered in detail in the earlier
review.21 Later, the substitution in 1,7- and 1,12-bis(dimethylsulfonium) derivatives of the closo-dodecaborate anion [1,7-
B12H10(SMe2)2] and [1,12-B12H10(SMe2)2] was studied. The reaction of [1,7-B12H10(SMe2)2] with N-chlorosuccinimide in
refluxing acetonitrile results in the monochloro derivative [1,7-B12H9(SMe2)2-9-Cl], while the dichloro derivative [1,7-
B12H8(SMe2)2-9,10-Cl2] was isolated from the reaction of [1,7-B12H10(SMe2)2] with MeSO2Cl in dichloromethane in the
presence of AlCl3. The bromination of [1,7-B12H10(SMe2)2] with Br2 in dichloromethane at room temperature leads to the
monobromide [1,7-B12H9(SMe2)2-9-Br] or the dibromide [1,7-B12H8(SMe2)2-9,10-Br2] depending on the reagent ratio. The
reaction of [1,7-B12H10(SMe2)2] with ICl in refluxing dichloromethane results in the monoiodo [1,7-B12H9(SMe2)2-9-I] or the
diiodo [1,7-B12H8(SMe2)2-9,10-I2] derivatives depending on the reagent ratio. The same results were obtained using I2 in
dichloromethane in the presence of AlCl3. The cross-coupling of [1,7-B12H9(SMe2)2-9-I] and [1,7-B12H8(SMe2)2-9,10-I2] with
Grignard reagents in the presence of 5 mol% [(Ph3P)2PdCl2] in THF result in the corresponding alkyl/aryl derivatives [1,7-
B12H9(SMe2)2-9-R] and [1,7-B12H8(SMe2)2-9,10-R2] (R ¼Me, Bn, Ph). Reactions of [1,7-B12H10(SMe2)2] with 2,4-
(NO2)2C6H3SCl and PhSeBr in refluxing acetonitrile led to [1,7-B12H9(SMe2)2-9-SC6H3-20,40-(NO2)2] and [1,7-B12H8(SMe2)2-
9,10-(SPh)2], respectively.

329 Reaction of [1,7-B12H10(SMe2)2] with DMSO upon heating in acidic solution produces [1,7,9-
B12H9(SMe2)3]

þ, which losses the methyl cation on aqueous work-up resulting in [1,7-B12H9(SMe2)2-9-SMe]. It is note-
worthy that the substitution occurs at the boron atoms most distant from the atoms bearing strong electron-acceptor substit-
uents.330 The reaction of [1,12-B12H10(SMe2)2] with Me2S$Br2 in dichloromethane results in the monobromo derivative [1,12-
B12H9(SMe2)2-2-Br], whereas the monoiodo derivative [1,12-B12H9(SMe2)2-2-I] was prepared by the treatment of [1,12-
B12H10(SMe2)2] with ICl in refluxing acetonitrile. The cross-coupling of [1,12-B12H9(SMe2)2-2-I] with Grignard reagents in
the presence of 5 mol% [(Ph3P)2PdCl2] in THF gives [1,12-B12H9(SMe2)2-2-R] (R ¼ Me, Bn, Ph).329

The reaction of the closo-dodecaborate anion [B12H12]
2� with thiacyanogen (SCN)2 results in mono- and disubstituted thiocyano

derivatives [B12H11SCN]2� and [1,7-B12H10(SCN)2]
2�, depending on the reagent ratio.331–333 The disubstituted derivatives [1,7-

B12H10(SCN)2]
2� and [1,7-B12H10(SCN)2]

2� were prepared by the reaction of the [B12H12]
2�with the thiocyanate ion under chem-

ical oxidation conditions.334

Alkali metal salts with the hexathioborato-closo-dodecaborate anion M8[B12(BS3)6] (M ¼ Rb, Cs) have been prepared by a direct
high-temperature solid-state synthesis from the corresponding metal selenides, amorphous boron, and selenium. The BS3 thiobo-
rate groups act as bifunctional substituents decorating the boron icosahedron to form the persubstituted closo-dodecaborate anion
(Fig. 6).335 The S-persubstituted closo-dodecaborate clusters were found also in the structures of 3-D inorganic polymers {(K3I)
[GaB12(GaS4)3]}n,

336 {(K3I)[MB12(GaS4)3]}n, (M ¼ Sm, Gd),337,338 {(M3X)[InB12(InS4)3]}n (M ¼ K, X ¼ Cl, Br, I; M ¼ Rb,
X ¼ I; M ¼ Cs, X ¼ I),336,338 {KEu2In3B12S13}n,

339 and {KNa0.78Eu0.27In3.80B12S12}n.
340

1.16.2.1.5 Derivatives with BeSe bond
A series of salts with the hexaselenoborato-closo-dodecaborate anion M8[B12(BSe3)6] (M ¼ Na, K, Rb, Cs, Tl) and
M4Hg2[B12(BSe3)6] (M ¼ Rb, Cs) has been obtained by a direct high-temperature solid-state synthesis from the corresponding
metal selenides, amorphous boron, and selenium.341–345 The structure of the [B12(BSe3)6]

8� anion is like the structure of the
[B12(BS3)6]

8� anion (see above). The closely related structural type was found in the 1D- and 3D-polymers {Na6[B18Se17]}n and
{Na2[B18Se16]}n, respectively, formed under similar conditions under sodium selenide deficiency.346,347 The Se-persubstituted
closo-dodecaborate clusters were found also in the structures of 3-D inorganic polymers {(M3X)[InB12(InS4)3]}n (M ¼ K, X ¼ Cl,
Br, I; M ¼ Rb, X ¼ I; M ¼ Cs, X ¼ Cl, I),338,348 {CrSi3B12Se12(B2Se3)1.33}n,

349 {Sn4B12Se12(Se3.80)}n
350 and

{Sn3.92B12Se12(Se0.61)}n.
350

1.16.2.1.6 Derivatives with BeN bonds
Due to the diversity of nitrogen chemistry, the chemistry of derivatives of the closo-dodecaborate anion with a boron-nitrogen bond
is represented by a wide variety of derivatives.21 One of the most important derivatives of the closo-dodecaborate anion is its amino
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derivative, which, due to the strong electron-donating nature of the boron cluster,351,352 exists as the protonated ammonium deriv-
ative [B12H11NH3]

�. The synthesis of the ammonium derivative of the closo-dodecaborate anion by the reaction of the patent closo-
dodecaborate with hydroxylamine-O-sulfonic acid was described previously.353,354 Recently, an alternative method for the synthesis
of the ammonium derivative was proposed through the hydrolysis of the nitrilium derivative of the closo-dodecaborate anion
[B12H11N^CMe]�,213 which formed by the EINS reaction of the parent closo-dodecaborate with acetonitrile in the presence of tri-
fluoroacetic acid.213,355–357 Due to the interest in using closo-dodecaborate anion derivatives as components of hypergolic
fuels,117,118 a series of the imidazolium salts of its ammonium derivative (R-mim)[B12H11NH3] (R ¼ Me, Et, Pr, CH2CH]CH2,
CH2C^CH, CH2C^N) were prepared.358

The amino derivative of the closo-dodecaborate anion [B12H11NH2]
2� can act as a good ligand in complexes with various tran-

sitionmetals. The reaction of Na2[B12H11NH2] with [(Ph3P)AuCl] in THF in the presence of 18-crown-6 results in [Na(18-crown-6)]
{(Ph3P)Au[B12H11NH2-k

1-N]}. The reaction with [(THF)2NiBr2] gives the square planar nickel complex {Na6(THF)16(Ni
[B12H11NH2-k

1-N]4)}. The reaction of Na2[B12H11NH2] with [(Ph3P)3RhCl] in THF leads to the square planar rhodium complex
(Ph3PMe){(Ph3P)2Rh[B12H11NH2-k

2-N,H]} where the amino derivative acts as bidentate ligand (Fig. 7).359

The reaction of Na2[B12H11NH2] with [(Ph3P)3RuCl2] in THF results in the octahedral anionic ruthenium complex (Bu3NMe)
[(Ph3P)2RuCl{B12H11NH2-k

3-N,H,H}] where the amino derivative acts as a bidentate ligand. The neutral ruthenium complex
[(Ph3P)2(CO)Ru{B12H11NH2-k

3-N,H,H}] was obtained by bubbling CO through a solution of (Bu3NMe)[(Ph3P)2RuCl
{B12H11NH2-k

3-N,H,H}] in THF (Fig. 8). Another ruthenium complex (Bu4N)[(dppb)RuCl{B12H11NH2-k
3-N,H,H}] was prepared

in a similar way using [(Ph3P)(dppb)RuCl2].
360

A series of the trialkylammonium derivatives [B12H11NR3]
� (R ¼Me, Et, Pr, Bu, n-C5H11, i-C5H11, C6H13, C12H15, CH2C^CH,

(CH2)3CH]CH2, (CH2)3Ph) was prepared by alkylation of [B12H11NH3]
� with the corresponding alkyl bromides in acetonitrile or

DMF in the presence of KOH.267,361–364 The dialkylammonium derivatives [B12H11NHR2]
� (R ¼ i-Pr, Bn, CMe2C^CH,

(CH2)2C6H4NO2, (CH2)3C^CH) were obtained using more sterically hindered alkyl bromides or less active alkyl chlo-
rides.266,267,362 The methylammonium derivative [B12H11NH2Me]� was prepared by the reaction of the parent closo-dodecaborate
withN-methylhydroxylamine-O-sulfonic acid.363 A series of the nitrophenethylammonium derivatives [B12H11NH2CH2CH2C6H4-
x-NO2]

� (x ¼ o, m, p) was obtained via treatment of the corresponding di(nitrophenethyl)ammonium derivatives with (Me4N)OH
in methanol.266 A series of the benzylammonium derivatives [B12H11NH2CH2Ar]

� (Ar ¼ C6H4-2-OMe, C6H3-3,4-O2CH2, C6H4-4-
NHCOMe, C6H4-4-CN) was prepared by the reduction of the corresponding imines [B12H11NH]CHAr]� (see below) with
NaBH4.

365 The heterosubstituted trialkylammonium derivatives [B12H11NR2R0]� (R0 ¼Me, R ¼ Et, C12H25; R0 ¼ Bn, R ¼ Et) were
obtained by alkylation of the methyl- and benzylammonium derivatives.362

The reactions of the closo-dodecaborate anion with chlorinated iminium salts (Vilsmeier reagents) lead to mixtures of mono- and
disubstituted alkyl/arylammonium derivatives [B12H11NRR0R00]� and [1,7-B12H10(NRR0R00)2] (R ¼ R0 ¼ Me, R00 ¼ CH2Cl; R ¼ Me,
R0 ¼ Ph, R00 ¼ CH2Cl; R ¼ R0 ¼ (CH2CH2)2O, R00 ¼ CH2Cl; R ¼ R0 ¼ Me, R00 ¼ CHCl2).

366

The Pd-catalyzed reactions of the iodo derivative of the closo-dodecaborate anion [B12H11I]
2� with anilines produce the corre-

sponding arylamino derivatives [B12H11NHAr]2� in good yields (Scheme 3), while the reaction with 1-aminonaphthaline under
the same conditions results in the corresponding amine only in moderate yield.367 The arylamino derivative [B12H11NHC6H3-

Fig. 6 Structure of the hexathioborato-closo-dodecaborate anion [B12(BS3)6]8�.
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2,4-(NO2)2]
2� can be also prepared by the reaction of [B12H11NH3]

� with 1-chloro-2,4-dinitrobenzene in ethanol in the presence
of EtONa.368

The phenyldimethylammonium derivative (Bu4N)[B12H11NMe2Ph] was obtained by heating (Bu4N)2[B12H12] inN,N-dimethy-
laniline at 200 �C. Interestingly, that the similar reaction with 4-dimethylamino pyridine leads to the para-dimethylaminopyridi-
nium derivative [B12H11NC5H4-4-NMe2]

�.368 The pyridinium derivative [B12H11NC5H5]
� was prepared by the reaction of the

para-methoxyphenyliodonium derivative [B12H11IC6H4-4-OMe]� with pyridine.211 The 1,7- and 1,12-dipyridinium derivatives
1,7- and 1,12-[B12H10(NC5H4-4-OR)2] (R ¼ C7H15, C9H19, C11H23) were synthesized in a similar way.212

A series of N-azole derivatives of the closo-dodecaborate anion were prepared in high yields by the Pd-catalyzed reactions of
[B12H11I]

2� with carbazole, pyrrole, indole, pyrazole, and imidazole (Scheme 4).367

Fig. 7 Crystal molecular structures of anionic complexes {(Ph3P)Au[B12H11NH2-k1-N]}� (top), {Ni[B12H11NH2-k1-N]4}6� (bottom left) and
{(Ph3P)2Rh[B12H11NH2-k2-N,H]}� (bottom right). Hydrogen atoms of organic substituents and ligands are removed for clarity.

Fig. 8 Crystal molecular structures of {(Ph3P)2RuCl[B12H11NH2-k3-N,H,H]}� (left) and {(Ph3P)2(CO)Ru[B12H11NH2-k3-N,H,H]} (right). Hydrogen
atoms of organic substituents and ligands are removed for clarity.
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Acylation of [B12H11NH2]
2� with aryl chlorides ArCOCl leads to amides [B12H11NHC(O)Ar]2� (C6H5, C6H4-4-F, C6H4-4-I,

C6H4-4-OMe), which can be reversibly protonated with the formation of the corresponding iminols [B12H11NH]C(OH)Ar]�.
In the case of the picolinic acid amide, protonation takes place at the pyridine ring resulting in [B12H11NHC(O)-2-
C5H4NH]�.369,370 The latter was also obtained by the Pd-catalyzed reaction of [B12H11I]

2� with picolinamide.367 The aliphatic imi-
nols [B12H11NH]C(OH)R]� (R ¼Me, Et) were obtained by hydrolysis of the corresponding nitrilium derivatives of the closo-
dodecaborate anion [B12H11N^CR]�,357 while [B12H11NH]C(OH)Pr]� was prepared by the Pd-catalyzed reaction of
[B12H11I]

2� with butyramide.367 The secondary amide derivatives [B12H11NMe]C(OH)R]� (R ¼ Me, Ph) were prepared in the
similar way.367 Boronated amides of meso-tetra(4-carboxyphenyl)porphyrin268 and protoporphyrin IX269 were prepared by acyla-
tion of the amino derivative of the closo-dodecaborate anion.

The reaction of [B12H11NH2]
2� with p-nitrophenyl(diphenylphosphoryl)acetate leads to the amide [B12H11NH2C(O)CH2P(O)

Ph2]
�, whereas the reaction with chlorodiphenylphosphine gives diphenylphosphinamide [B12H11NH(P(O)Ph2)2]

�.260 The Pd-
catalyzed reactions of the iodo derivative of the closo-dodecaborate anion [B12H11I]

2�with p-tolyl sulfonamide and sulfamide result
in [B12H11NH2SO2-p-Tol]

� and [B12H11NH2SO2NH2]
�, respectively.367

The reactions of [B12H11NH2]
2� with aryl isocyanates ArNCO lead to boron-containing aryl ureas [B12H11NHC(O)NHAr]2�

(Ar ¼ C6H5, C6H4-4-Cl).
370 The parent urea derivative [B12H11NH2C(O)NH2]

� was prepared by the Pd-catalyzed reaction of
[B12H11I]

2� with urea.367 The reaction of [B12H11NH2]
2� with dimethylcarbamoyl chloride Me2NCOCl in DMF leads to the

urea [B12H11NHC(O)NMe2]
2�,371 which, when heated in water, gives the isocyanate derivative of the closo-dodecaborate anion

[B12H11NCO]2�.370

The combination of N,N-dimethyl- or N,N-diethylformamide with 2,4,6-trimethylbenzoyl chloride produces the chlorinated
iminium salt, which upon attack by [B12H11NH2]

2� gives N-amidine [B12H11NH]CHNR2]
� (R ¼Me, Et).370 The N-amidines

[B12H11NH]C(Ar)NHR]� can be prepared by activation of the arylamides [B12H11NHC(O)Ar]2� by pentafluorobenzoyl chloride
followed by the treatment with amines RNH2.

370 A more convenient way to obtain the N-amidines [B12H11NH]C(Me)NRR0]�

(R ¼ H, R0 ¼ H, Me, i-Pr, n-Bu, Cy, Ph, CH2CH2OH; R ¼ R0 ¼Me, Et; RR0 ¼ (CH2CH2)2O) is the nucleophilic addition of ammonia
or the corresponding amines to the activated eC^Nþ- triple bond of the acetonitrilium derivative of the closo-dodecaborate anion
[B12H11N^CMe]� (Scheme 5).356,357 This approach can be also used for synthesis of boronated aminoacids and peptides.372

The nucleophilic addition of alcohols to the activated eC^Nþ- triple bond of the acetonitrilium derivative [B12H11N^CMe]�

results in the corresponding imidates [B12H11NH]C(Me)OR]� (R ¼Me, Et, i-Pr) (Scheme 5).357

The reactions of the amino derivative of the closo-dodecaborate anion [B12H11NH2]
2� with carbodiimides RN]C]NR0 (R ¼ Et,

R0 ¼ (CH2)3NMe2; R ¼ R0 ¼ (CH2)3NMe2; R ¼ R0 ¼ cycloC6H11) lead to the corresponding guanidinium derivatives
[B12H11NHC(]NHR)NHR0]�.369

The reactions of the amino derivative of the closo-dodecaborate anion with aromatic and vinyl aldehydes lead to the formation of
imines [B12H11NH]CHR]� (R ¼ C6H5, C6H4-2-OMe, C6H4-4-OMe, C6H4-4-SMe, C6H4-4-NMe2, C6H4-4-NHCOMe, C6H4-4-CN,
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C6H4-4-Br, C6H4-4-Cl, C6H3-3,4-O2CH2, 1-C10H7, 2-C10H7, CH]CHMe, CH]CHPh).365 This approach was used to synthesize of
a series of p-conjugated systems incorporating closo-dodecaborate clusters (Scheme 6).373–375

The treatment of amides [B12H11NHC(O)R]2� or [B12H11NHC(O)NMe2]
2� with AgOAc in acetonitrile leads to the closure of

the five-membered BNCOB diboraoxazole ring with the formation of [1,2-m-NH]C(R)OeB12H10]
� (R ¼ Me, Et, NMe2) (Scheme

7).357,371

The reaction of the closo-dodecaborate based amides [B12H11NHC(O)Ar]2� or ureas [B12H11NHC(O)NR2]
2� with diaryl- or dia-

lkylacetylenes in the presence of Cu(OAc)2 and catalytic amount of [Cp*RhCl2]2 in acetonitrile leads to B-H activation of the boron
cage with the insertion of an olefin, as well as to the closure of the five-membered BNCOB diboraoxazole ring, giving [1,2-m-NH]

C(R)OeB12H9-3-C(R0)]CH(R0)]� (Scheme 7).371,376 In a similar way, the reactions of the closo-dodecaborate based amides
[B12H11NHC(O)Ar]2� with terminal olefines ReCH]CH2 in acetone in the presence of catalytic amount of [Cp*RhCl2]2 and
Cu(OAc)2 result in the insertion of an alkane and the closure of the five-membered BNCOB diboraoxazole ring, leading to [1,2-
m-NH]C(Ar)OeB12H9-3-CH2CH2R]

� (Scheme 7).376 The reactions proceed through the formation of the rhodium complex
[Cp*Rh(B12H11NHC(O)R-k3-O,H,H)], in which the metal atom is coordinated by two BH groups of the closo-dodecaborate anion
(Fig. 9).371,376

The perfluorinated ammonium derivative [B12F11NH3]
� was prepared by the reaction of [B12H11NH3]

� with gaseous fluorine in
liquid hydrogen fluoride377 or acetonitrile.169 Alkylation of [B12F11NH3]

� with Me2SO4 or C12H25Br in aqueous KOH result in the
corresponding perfluorinated trialkylammonium derivatives [B12H11NR3]

� (R ¼ CH3, C12H25).
377 The perchlorinated ammonium

derivative [B12Cl11NH3]
� was prepared by heating [B12H11NH3]

� in SbCl5 at 190 �C378 or by the reaction of [B12H11NH3]
� with

gaseous chlorine in aqueous solution at 300 �C.379 Alternatively, the perchlorinated ammonium derivative can be prepared by the
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reaction of the parent ammonium derivative with SO2Cl2 in refluxing acetonitrile.271,380 Methylation of [B12Cl11NH3]
�with MeI or

Me2SO4 in alkaline aqueous solution results in the trimethylammonium derivative [B12Cl11NMe3]
�.271,378,380 Surprisingly, the

alkylation of [B12Cl11NH3]
�with butyl iodide in acetonitrile in the presence of KOH alkaline aqueous solution results in the mono-

alkylamino derivative [B12Cl11NH2Bu]
�, which on the treatment withMeI gives [B12Cl11NHBuMe]�.363 The hexachlorinated tripro-

pylammonium closo-dodecaborate [B12H5Cl6NPr3]
� was prepared by the chlorination of [B12H11NPr3]

� with Cl2
363 or SOCl2

380 in
acetonitrile. The last approach was used for synthesis of [B12H5Cl6NBu3]

� and [B12H5Cl6NHex3]
�.364 The perbrominated ammo-

nium derivative [B12Br11NH3]
� was prepared by the reaction of [B12H11NH3]

� with bromine in aqueous solution at 300 �C.379 The
reaction of [B12Br11NH3]

� with epibromohydrin in THF in the presence of NaH leads to the corresponding alkylammonium deriv-
ative [B12Br11NH2CH2CH(Me)OH]�, while the reaction with ethylene oxide unexpectedly results in the hydroxylammonium deriv-
ative [B12Br11NH2OH]�.379 The similar hydroxylammonium derivative [B12H11NH2OH]� was obtained by the reaction of
[B12H11NH3]

� with t-BuOOH.213 The hexabrominated trialkyammonium closo-dodecaborates [B12H5Br6NR3]
� (R ¼ C2H5,

C3H7, C4H9, C5H11) were prepared by the treatment of [B12H11NR3]
� with N-bromo succinimide in acetonitrile.363 The periodi-

nated ammonium derivative [B12I11NH3]
� was prepared by the reaction of [B12H11NH3]

� with ICl in 1,2-dichloroethane at
300 �C.379 Like the perhalogenated salts of the closo-dodecaborate and carba-closo-dodecaborate anions, the [B12Cl11NMe3]

� anion
can be considered as a weakly coordinating anion.378,380–382

The perchlorinated ammonium derivative [B12Cl11NMe3]
� undergoes one-electron reversible oxidation with AsF5 in liquid SO2

leading to the formation of the hypercloso-[B12Cl11NMe3]�
� radical anion, which is a strong oxidizing agent capable of oxidizing

hexabromobenzene to the corresponding cation and elemental iodine to the [I5]
þ cation.383 The oxidation of [B12X11NH3]

�

(X ¼ F, Cl, Br, I) with hydrogen peroxide in an alkaline solution results in the corresponding perhalogenated nitro closo-dodecabo-
rates [B12X11NO2]

2�.384

Heating the ammonium derivative [B12H11NH3]
� in 30% hydrogen peroxide leads to [B12(OH)11NH3]

�, which, when treated
with H2O2 in an alkaline solution, gives the corresponding nitro derivative [B12(OH)11NO2]

2�. The latter compound is a useful
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synthon for the synthesis of vertex-differentiated derivatives of the closo-dodecaborate anion by acylation of [B12(OH)11NO2]
2�,

followed by the reduction of the nitro group to the amine one and its acylation to form [B12(OC(O)R)11NHC(O)R0]2�.385

A complete set of disubstituted ammonium derivatives of the closo-dodecaborate anion 1,2-, 1,7- and 1,12-B12H10(NH3)2 and
their perfluorinated analogues 1,2-, 1,7- and 1,12-B12F10(NH3)2 was obtained by the reaction in of the parent closo-dodecaborate
[B12H12]

2� with hydroxylamine-O-sulfonic acid followed by fluorination with F2 in acetonitrile. The isomers were separated by
column chromatography and characterized by multi-nuclear NMR and single crystal X-ray diffraction.386

1.16.2.1.7 Derivatives with BeP bonds
The triphenylphosphonium derivative of the closo-dodecaborate anion [B12H11PPh3]

� was prepared by the reaction of the iodo
derivative [B12H11I]

2� with [(Ph3P)4Pd] in THF in the presence of Na2CO3.
387 The reaction of the parent closo-dodecaborate

[B12H12]
2� with [(PhMe2P)2PdCl2] in THF in the presence of NaBH4 lead to a mixture of [B12H11PMe2Ph]

�, 1,7- and 1,12-
B12H10(PMe2Ph)2.

388,389 A series of phosphonium derivatives [B12H11PPhxRy]
� (R ¼Me, x ¼ 2, y ¼ 1; R ¼ Me, x ¼ 1, y ¼ 2;

R ¼ Et, x ¼ 2, y ¼ 1) was obtained by microwave heating of the corresponding alkyltriphenyl- and dialkyldiphenylphosphonium
salts of the closo-dodecaborate anion in acetonitrile at 180 �C.390

1.16.2.1.8 Derivatives with BeC bonds
The preparation and transformation of carbonyl derivatives of the closo-dodecaborate anion were discussed in detail in the early
review.21 Later, a series of boronated esters [B12H11COOR]2� (R ¼ Me, i-Pr, t-Bu) and amides [B12H11CONR0R00]2� (R0 ¼ H,
R00 ¼ Bu; R0 ¼ R00 ¼ Bu) were obtained by reactions of the carbonyl derivative [B12H11CO]� with alcohols and amines,
respectively.391

The possibility of synthesis of alkyl and aryl derivatives of the closo-dodecaborate anion [B12H11R]
2� (R ¼ CH3, C18H37, C6H5)

via the Pd-catalyzed cross coupling reactions of its iodo derivative [B12H11I]
2� with the corresponding Grignard reagents was earlier

demonstrated.392 The synthesis of the methyl derivative [B12H11Me]2� by the reaction of [B12H11I]
2� with refluxing AlMe3 was

described.393 Later, the ethynyl derivative [B12H11C^CH]2� was prepared by the microwave-assisted cross-coupling reaction of
the iodo derivative [B12H11I]

2� with Me3SiC^CMgBr in the presence of catalytic amount of [(Ph3P)2PdCl2] followed by removal
of the Me3Si protecting group by alkaline hydrolysis.394 The ferrocenylethynyl derivative of the closo-dodecaborate anion
[(B12H11C^CC5H4)Fe(C5H5)]

2� was synthesized in a similar way.395

The permethylated derivative [B12Me12]
2� was prepared by heating the parent closo-dodecaborate anion with trimethylalumi-

nium and methyl iodide.393 The permethylated derivative can be oxidized with cerium(IV) ammonium nitrate to give the air stable
anion radical [B12Me12]�

-, which can be reversibly reduced with sodium tetrahydroborate.396 The structures of (Py2CH2)
[B12Me12]

393 and (PPN)[B12Me12]
396 were determined by single crystal X-ray diffraction.

The halogen atoms in [B12X12]
2� (X ¼ Cl, Br, I) under UV-irradiation in the presence of cyanide can be replaced by the cyano

groups.397,398 The percyano derivative [B12(CN)12]
2� was also prepared by the microwave-assisted reaction of the periodo deriva-

tive [B12I12]
2� with CuCN in the presence of catalytic amount of PdCl2.

399 Due to the strong electron-donating effect of the closo-
dodecaborate cage, the cyano groups in [B12(CN)12]

2� can act as donors in complexes with transition metal atoms (Fig. 10).399

1.16.2.1.9 Oxidation reactions
The electrochemical oxidation of the closo-dodecaborate anion in acetonitrile at þ1.5 V vs. SCE results in the formation of the
dimeric anion [B24H23]

3� in which two boron icosahedra are linked by a B-H-B bridge (Fig. 11).400,401

The formation of the [B24H23]
3� anion was also observed in the thermolysis of the hydrated acid (H3O)2[B12H12]$nH2O

402 and
in the oxidation of a concentrated aqueous solution of (H3O)2[B12H12] with oxalic acid.403 The formation of the trimeric

Fig. 10 Crystal molecular structure of {[1,12-(MeCN)3Cu]2[m-B12(CN)12]}.
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[B36H34]
4� and tetrameric [B48H45]

5� anions was reported as well.402,403 Complex [Au9(PPh3)8][B24H23] was prepared by the reac-
tion of Ag2[B12H12] with [(Ph3P)AuCl] in acetonitrile-benzene solution.404,405

The controlled oxidation of the closo-dodecaborate anion with sulfuric acid or hydrogen peroxide leads to the formation of
hydroxy derivatives with various substitution degree up to the perhydroxy derivative [B12(OH)12]

2� (See Section
1.16.2.1.1).272–274,406 It was reported that in the presence of platinum or rhodium metals the closo-dodecaborate anion is easily
hydrolyzed to boric acid.407,408 It is assumed that the process proceeds through the formation of the 1-oxa-nido-dodecaborate anion
[OB11H12]

�, which was isolated on the oxidation of K2[B12H12] with K2S2O8 in the presence of AgNO3 in an acidic aqueous
solution.409

1.16.2.2 closo-Undecaborate anion [B11H11]
2L

Despite the fact that the closo-undecaborate anion [B11H11]
2� was first synthesized in the mid-1960s410 and is quite accessible, its

chemistry ras been little studied compared to the closo-decaborate and closo-dodecaborate anions. This is largely due to the higher
reactivity of the closo-undecaborate anion, which results from its structure, an octadecahedron with one of the vertices occupied by
a hexacoordinated (with respect to boron) boron atom. This leads to a weakening of part of the boron–boron bonds in which this
atom participates, and the [B11H11]

2� anion is often regarded as quasi-closo-polyhedral anion. As a result, the closo-undecaborate
anion can be easily opened to the nido-undecaborate anion, which can exist in the form of several protonated forms, the most stable
of which is the tetradecahydro-nido-undecaborate anion [B11H14]

�. All this complicates and often leads to the unpredictability of
their chemical behavior. The current state of the chemistry of the closo-undecaborate anion [B11H11]

2� has recently been
reviewed.411

1.16.2.3 closo-Decaborate anion [B10H10]
2L

1.16.2.3.1 General aspects
The decahydro-closo-decaborate anion [B10H10]

2�, which was synthesized for the first time in 1959,412 was the first member of the
closo-polyhedral boron hydride [BnHn]

2� family to be discovered. In general, the chemistry of the closo-decaborate anion is compa-
rable in terms of its knowledge with the chemistry of the closo-dodecaborate anion anion [B12H12]

2�. The first 50 years of the chem-
istry of the closo-decaborate anion were reviewed by Sivaev et al.,413 Zhizhin et al.414 and Nie et al.415 Selected aspects of the current
state of research in this field are discussed in the recent minireview by Naoufal et al.416 Nevertheless, we considered it necessary to
present here the main directions in the development of the chemistry of the closo-dodecaborate anion over the past 10 years, relying
(if necessary) on the earlier published exhaustive review.413

There are two general approaches to the synthesis of the decahydro-closodecaborate anion. The first one is based on a closure of
the nido-decaborane skeleton. The preparative syntheses include reaction of decaborane with triethylamine in refluxing benzene
giving triethylammonium closo-decaborate (Et3NH)2[B10H10] in 92% yield.417 The usefulness of this method is severely limited
due to the toxicity of decaborane and its high cost. Alternative approach is based on controlled solid state pyrolysis of easily avail-
able tetraethylammonium tetrahydroborate resulting in tetraethylammonium closo-decaborate (Et4N)2[B10H10] in moderate
yields.413

The increased interest in the use of salts of polyhedral boron hydrides as solid electrolytes stimulated the synthesis and study of
the physical properties and crystal structure of anhydrous closo-decaborates of alkali and alkaline earth metals and ammonium, as
well as their crystalline hydrates and ammoniates.58,75,76,79,418–430

In addition, the preparation and crystal structure of simple salts and crystalline hydrates of closo-dodecaborates of some other
non-transition metals such as Tl2[B10H10],

91,431 (Sn(H2O)3)[B10H10]$3H2O,92 [Pb(H2O)3]2Pb[B10H10]3$5.5H2O,432 and
[Pb(H2O)3]Pb[B10H10]2$1.5H2O

432 were described. In the structures of all these salts, M-H-B interactions between the metal
atom and the closo-decaborate anion are observed.

Anhydrous closo-dodecaborates of copper Cu2[B10H10]
431,433,434 and silver Ag2[B10H10]

435 were found to form 3D polymeric
structures due to M-H-B interactions between the metal atom and the closo-decaborate anion. Copper and silver are also capable

Fig. 11 Crystal molecular structure of the [B24H23]3� anion.
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to form double closo-decaborate salts (Cat){M[B10H10]} (M ¼ Cu, Ag; Catþ ¼ Csþ, R2NH2
þ, R3NHþ, and R4N

þ (R ¼ Me, Et, Pr, Bu),
Ph4P

þ, Ph4As
þ, etc.).98,435–440

Compared to the closo-dodecaborate anion, [B10H10]
2� is a stronger Pearson base and can be coordinated by metals that are soft

and medium Pearson acids, such as Cuþ, Agþ, Pb2þ, Cd2þ and Zn2þ.101,441–446 In the absence of strong ligands, other transition
metals usually form crystalline hydrates429,447 or solvates with the closo-decaborate anion.113 Various aspects of the coordination
chemistry of the closo-decaborate anion are considered in several recent reviews.101,114–116,448 The coordination chemistry of
substituted derivatives of the closo-decaborate anion will be discussed below in the relevant sections.

A significant part of the research interest in simple and complex salts of the closo-dodecaborate anion is due to the ability of poly-
hedral boron hydrides to enhance burning rates of traditional rocket propellants.117,118 In addition to studying the effect of simple
salts of the closo-dodecaborate anion, such as K2[B10H10] and (Et4N)2[B10H10],

119,449–452 on the combustion of traditional fuels,
a number of salts with various nitrogen-rich cations including guanidinium,127 imidazolium,132 triazolium,453 and
other142,143,454–459 were synthesized.

Unlike the closo-dodecaborate anion, which has an icosahedral structure, the [B10H10]
2� anion has a bicapped antiprism struc-

ture (Fig. 12). This results in a large difference in in the electron density on the apical (B(1) and B(10)) and equatorial (B(2)-B(9))
vertices, which leads to the use of different types of reaction for their functionalization.

The closo-decaborate anion is much less hydrophobic than the closo-dodecaborate anion145 and is strongly hydrated in aqueous
solutions. It is assumed that water molecules are hydrogen bonded predominantly to the apical vertices of the [B10H10]

2� anion.460

Under acidic conditions there is rapid proton exchange between the closo-decaborate anion and water. Using catalytic amount of
DCl in D2O it was found that the H-D exchange at the apical vertices of the [B10H10]

2� anion proceeds five times faster than at
the equatorial vertices and 330-fold faster than in [B12H12]

2�.461 The selectively deuterated closo-decaborate anion [1,10-
B10H8D2]

2� can be prepared by the reaction of [B10H10]
2� with methanol-d4 at room temperature.462

Similarly to the closo-dodecaborate anion, in aqueous solution the acid form of the closo-decaborate anion exhibits properties of
strong acid comparable to sulfuric acid and can be isolated in the solid state as (H3O)2[B10H10]$2H2O.461 In aprotic organic
solvents the closo-decaborate anion reacts with strong acids with formation of the protonated form [B10H11]

�. The single crystal
X-ray diffraction study of (Ph3PBn)[B10H11] revealed that the “extra” hydrogen atom H(*) asymmetrically caps a polar face of
the B10-cluster (Fig. 13). In solution, the migration of the “extra” hydrogen atom H(*) over the neighboring polar faces is compli-
cated by the exchange process between the H(1) and H(*) atoms. The fluxional behavior of H(1) and H(*) can be stopped at low
temperatures (�90 �C).463

The results obtained indicate that electrophilic substitution reactions in the closo-decaborate anion should lead to mixtures of
apically and equatorially substituted products, while reactions proceeding according to the mechanism of electrophilically induced
nucleophilic substitution will proceed with the formation of exclusively equatorially substituted products.

1.16.2.3.2 Halogen derivatives
The halogenation reactions of the closo-decaborate anion were discussed in detail in the previous review.413 Briefly, the halogenation
of [B10H10]

2� with the halogens X2 under ambient conditions results in mixtures of derivatives with various substitution degrees
[B10H10-nXn]

2� (X ¼ Cl, Br, n ¼ 1–6; X ¼ I, n ¼ 1–4).150,464–467 The separation of the mixture of iodo derivatives [B10H10-nIn]
2�

by electrophoresis revealed that the initial attack of iodine leads to an almost statistical distribution of 1- and 2-iodo derivatives.465

The equatorially substituted halogen derivatives [2-B10H9X]
2� (X ¼ Cl, Br) were prepared by the reactions of the parent closo-dec-

aborate with trityl chloride, 1-adamantyl bromide or tert-butyl bromide in the corresponding 1,2-dihalogenethanes under reflux
conditions, proceeding by the EINS mechanism.468 The 2-chloro derivative [2-B10H9Cl]

2� can be also prepared by the reaction
of the parent closo-decaborate with 1,2-dichloroethane in the presence of hydrogen halides at 40 �C, while the reaction at 60 �C gives
mainly 2,7-dichloro derivative [2,7-B10H8Cl2]

2�.469 The convenient method for the synthesis of the apically substituted iodo deriv-
atives of the closo-decaborate anion has been proposed. The reaction of [B10H10]

2� with phenyliodonium diacetate PhI(OAc)2 in
aqueous acetic acid at 0 �C leads to the mono- and di(phenyliodonium) derivatives [1-B10H9IPh]

� and [1,10-B10H8(IPh)2] depend-
ing on the reagent ratio.210 The same approach can be applied to some substituted derivatives of the closo-decaborate anion.210,470

The treatment of the phenyliodonium derivatives with n-BuLi in THF at 0 �C results in [1-B10H9I]
2� and [1,10-B10H8I2]

2�,
respectively.471
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Fig. 12 Idealized structure and numbering of atoms in the closo-decaborate anion [B10H10]2�.
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The perhalogenated derivatives of the closo-decaborate anion [B10X10]
2� (X ¼ Cl, Br, I) were synthesized by high-temperature

reactions of the parent closo-decaborate with Cl2, Br2 and I2, respectively, in aqueous solution.150,379,472 Alternatively, the perbromo
derivative [B10Br10]

2� can be obtained by the reaction of [B10H10]
2� with excess of bromine in refluxing ethanol,150,473 whereas the

period derivative [B10I10]
2� can be obtained via microwave-assisted iodination of the parent closo-decaborate with I2 in acetic acid at

220 �C.160 It was found that the perchlorinated closo-decaborate anion [B10Cl10]
2� is formed by chlorination of the closo-undeca-

borate anion [B11H11]
2� withN-chlorosuccinimide or molecular chlorine in dichloromethane, which opens the way to its synthesis

bypassing the parent closo-decaborate.474 The synthesis and structure of various simple and complex salts have recently been
reviewed.475

The perchloro and perbromo derivatives of the closo-decaborate anion [B10X10]
2� (X ¼ Cl, Br) undergo reversible electrochem-

ical oxidation in acetonitrile to form the corresponding violet or black radical anions hypercloso-[B10X10]�
�.473,476 The hypercloso-

[B10Cl10]�
� radical anion can be obtained also by the chemical oxidation of [B10Cl10]

2� with Tl3þ in acetonitrile473 or by their treat-
ment with SO2Cl2 in dichloromethane.476 Lithium perchloro-closo-decaborate Li2[B10Cl10] has been proposed as a component of
electrolytes for lithium cells.472,477–479 Recently, lithium periodo-closo-decaborate Li2[B10I10] has demonstrated good potential for
high-temperature solid-state battery applications.480

1.16.2.3.3 Derivatives with BeO bond
Similarly to the closo-dodecaborate anion [B12H12]

2�, the cyclic oxonium derivatives of the closo-decaborate anion [2-
B10H9O(CH2)4]

�, [2-B10H9O(CH2)5]
� and [2-B10H9O(CH2CH2)2O]� were prepared by the reaction the parent closo-decaborate

with the corresponding cyclic ethers in the presence of Bronsted (HCl, CF3COOH, CF3SO3H)481–483 or Lewis acids (BF3$OEt2,
Ph3CCl, 1-AdBr, t-BuBr, etc.).

468,484,485 Synthesis of disubstituted oxonium derivatives [2,7(8)-B10H8L2] (L ¼ O(CH2)4, O(CH2)5
and O(CH2CH2)2O) was also reported.468,485

The ring-opening of the oxonium derivatives with azide486 and cyanide487 anions has been described. The carboxylic acid [2-
B10H9O(CH2)4COOH]2� was obtained by alkaline hydrolysis of the corresponding nitrile.487 The azido derivative [2-
B10H9O(CH2)4N3]

2� was used for the synthesis of boron-containing 1,2,3-triazoles through Cu-catalyzed [3 þ 2] azide-alkyne
cycloaddition reactions.488 The amino derivatives [2-B10H9(OCH2CH2)2NH3]

� and [2-B10H9O(CH2)4NH3]
� were prepared by

the ring-opening of the corresponding oxonium derivatives with potassium phthalimide in DMF followed by deprotection with
hydrazine hydrate.486 Alternatively, [2-B10H9(OCH2CH2)2NH3]

� was obtained by the reaction of the 1,4-dioxane derivative of
the closo-decaborate with ammonia in refluxing ethanol.489 The ring-opening of the 1,4-dioxane derivative with various amines
was also described.486,489,490

A series of boron containing carboxylic acids [2-B10H9(OCH2CH2)2OC6H4-x-COOH]� and [2-B10H9O(CH2)4OC6H4-x-
COOH]� (x ¼ m and p) were prepared by ring-opening of the corresponding oxonium derivatives with methyl esters of

Fig. 13 Structure of the [B10H11]� anion at 150 K. Reprinted with permission from Shore, S. G.; Hamilton, E. J. M.; Bridges, A. N.; Bausch, J.;
Krause-Bauer, J. A.; Dou, D.; Liu, J.; Liu, S.; Du, B.; Hall, H.; Meyers, E. A.; Vermillion, K. E. Inorg. Chem. 2003, 42, 1175–1186. Copyright (2004) the
American Chemical Society.
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hydroxybenzoic acids in acetonitrile in the presence of K2CO3, followed by acidic hydrolysis of the ester formed.487 The use of
unprotected hydroxybenzoic acids leads to the products of the simultaneous ring opening with hydroxy and carboxy groups.487

The reactions of the cyclic oxonium derivatives with aminoacids (glycine, cysteine, serine, p-aminobenzoic acid) result in the cor-
responding products of ring-opening with carboxy group.491 The boronated tyrosine derivatives [2-B10H9(OCH2CH2)2OC6H4-p-
CH2CH(NH3)COOH]� and [2-B10H9O(CH2)4OC6H4-p-CH2CH(NH3)COOH]� were prepared by the ring-opening of the corre-
sponding cyclic oxonium derivatives with ethyl N-trifluoroacetyl–tyrosinate in the presence of K2CO3, followed by acid hydrolysis
of protecting groups.225 The ring-opening reactions of the 1,4-dioxane derivative of the closo-dodecaborate anion by various nucle-
ophiles derived from organic CH-acids (acetylenes, diethyl malonate, ethyl acetoacetate, triethyl orthoformate, acetylacetone, malo-
nonitrile) were described.492

Acyclic oxonium derivatives (Bu4N)[2-B10H9OR2] (R ¼ Et, i-Pr, Bu) were prepared by heating the protonated closo-decaborate
anion (Bu4N)[B10H11] in mixtures of the corresponding ethers and dichloromethane at 80 �C. The treatment of this oxonium deriv-
atives with hydrazine hydrate leads to the corresponding alkoxy derivatives [2-B10H9OR]2�.493

Various methods for the preparation of hydroxy derivatives of the closo-decaborate anion [1-B10H9OH]2� and [2-B10H9OH]2� as
well as their alkylation reactions were considered in detail in the previous review.413

Reaction of the closo-decaborate [B10H10]
2� with refluxing formic acid results in the mono- and di(formyloxy) derivatives [2-

B10H9OC(O)H]2� and [2,7(8)-B10H8(OC(O)H)2]
2�.494 The formyloxy derivative [Co(phen)3][2-B10H9OC(O)H] was also ob-

tained from the reaction of (Et3NH)2[B10H10] with CoCl2 in N,N-dimethylformamide in the presence of 1,10-
phenanthroline.495 The dimethylformamide derivative [2-B10H9OCHNMe2]

� was prepared by heating the parent closo-decaborate
with DMF in the presence of trifluoroacetic acid.495 Heating the parent closo-decaborate in acetic acid at 70 �C results in the forma-
tion of the acetoxy derivative [2-B10H9OAc]2�,495 while the reaction at 120 �C leads to a mixture of [2,7(8)-B10H8(OAc)2]

2� and
[2,6(9)-m-MeCO2-B10H8]

�.494,496,497 It was found that [2,6(9)-m-MeCO2-B10H8]
� is formed by heating the acetoxy derivative [2-

B10H9OAc]2� in boiling 1,4-dioxane.498 (Ph4P)[2,6(9)-m-MeCO2-B10H8] was also obtained by the reaction of (Ph4P)2[B10H10]
with Pb(NO3)2 in acetic acid.499

The hydroxy derivatives [2-B10H9OH]2� and [2,7(8)-B10H8(OH)2]
2�were obtained by treating the corresponding acetoxy deriv-

atives with hydrazine hydrate,496 whereas [2,7(8)-B10H8(OH)(OAc)]2� was obtained by alkaline hydrolysis of [2,7(8)-
B10H8(OAc)2]

2� in aqueous ethanol.494 In a similar way, [2,6(9)-B10H8(OH)(OAc)]2� was prepared by alkaline hydrolysis of
[2,6(9)-m-MeCO2B10H8]

� in aqueous ethanol.494 The lead complex {(bipy)2Pb[2,6(9)-B10H8(OH)(OAc)]} was obtained from
the reaction of (Ph4P)[2,6(9)-m-MeCO2B10H8] with Pb(NO3)2 and 2,20-bipyridine (bipy) in acetonitrile.494 Alkylation of [2-
B10H9OH]2� and [2,7(8)-B10H8(OH)2]

2� with dihalosilanes R2SiCl2 (R ¼Me, t-Bu, Ph) was described.500

The apically substituted dimethylformamide derivative [1,10-B10H8(OCHNMe2)2] was prepared by heating [1,10-B10H8(IPh)2]
in N,N0-dimethylformamide at 90 �C. The treatment of [1,10-B10H8(OCHNMe2)2] with (Bu4N)OH in refluxing acetonitrile results
in the formation of the diformate (Bu4N)2[1,10-B10H8(OC(O)H)2], which in turn is hydrolyzed with HCl in methanol giving the
1,10-dihydroxy derivative (Bu4N)2[1,10-B10H8(OH)2]. In a similar way, the heating [1,10-B10H8(IPh)2] inN,N0-dimethylacetamide
at 100 �C produces [1,10-B10H8(OC(Me)NMe2)2] which on the treatment with [Bu4N]OH in acetonitrile gives the diacetate
(Bu4N)2[1,10-B10H8(OAc)2]. The acylation of the 1,10-dihydroxy derivative with benzoyl chloride in THF in the presence of
NaH leads to the corresponding diester (Bu4N)2[1,10-B10H8(OC(O)Ph)2].

501 The reaction of [1,10-B10H8(IPh)2] with 1 equiv.
(Et4N)OAc in acetonitrile at 60 �C leads to (Et4N)[1,10-B10H8(IPh)(OAc)],210 which reacts with pyridine at 90 �C giving (Et4N)
[1,10-B10H8(Py)(OAc)].470 (Me4N)[1,10-B10H8(Py)(OEt)] was obtained by heating of [1,10-B10H8(Py)(IPh)] in ethanol at
110 �C.470

1.16.2.3.4 Derivatives with BeS bond
The 1-mercapto derivative of the closo-decaborate anion [1-B10H9SH]2�was prepared by the reaction of the diazonium derivative [1-
B10H9N2]

� with N,N0-dimethylthioformamide followed by alkaline hydrolysis of the formed S-thioamide intermediate.502 The 2-
mercapto derivative [2-B10H9SH]2� was prepared by the reaction of the parent closo-decaborate with N,N,N0N0-tetramethylthiourea
in the presence of hydrochloric acid followed by alkaline hydrolysis of the corresponding S-thiourea.502 Later, the synthesis of the 2-
dimercapto derivative was described by the reaction of the protonated closo-dodecaborate [B10H11]

� withN,N0-dimethylthioforma-
mide or N,N,N0,N0-tetramethyl- and N,N0-diphenylthioureas followed by the treatment of the corresponding S-thioamide and S-
thioureas with hydrazine in refluxing ethanol.503,504 The reaction of [B10H11]

� with N,N0-ethylenethiourea unexpectedly leads
directly to the mercapto derivative [2-B10H9SH]2�.504

Methylation of the mercapto derivatives [1-B10H9SH]2� and [2-B10H9SH]2� with trimethylsulfonium iodide results in the cor-
responding dimethylsulfonium derivatives [1-B10H9SMe2]

� and [2-B10H9SMe2]
�.502 Syntheses of dimethylsulfonium derivatives of

the closo-decaborate anion by the reaction of the parent anion with dimethylsulfoxide in acidic media were considered in detail in
the previous review.413 Alkylation of the mercapto derivative [2-B10H9SH]2�with various alkyl halides in acetonitrile orN,N0-dime-
thylformamide in the presence of K2CO3 at 80 �C–90 �C results in the corresponding dialkylsulfonium derivatives [2-B10H9SR2]

�

(R ¼ C3H7, i-C3H7, C4H9, C8H17, C12H25, C18H37, CH2CH]CH2, CH2C6H5).
503,505,506 This approach was used for synthesis of

dialkylsulfonium derivatives bearing various functional groups [2-B10H9SR2]
� (R ¼ CH2COOEt, CH2CONH2,

(CH2)nN(CO)2C6H4 (n ¼ 1–3)).505,507 Removal of the phthalimide protecting group with hydrazine in ethanol gives the corre-
sponding amines [2-B10H9S((CH2)nNH2)2]

� (n ¼ 1–3).507 The cyclic sulfonium derivatives [2-B10H9S(CH2)4]
� and [2-

B10H9S(CH2CH2)2O]� were prepared by the alkylation of [2-B10H9SH]2� with 1,4-dibromobutane and 2-chloroethyl ether,
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respectively, in DMF in the presence of Cs2CO3 at 80 �C or, alternatively, by the direct reaction of the closo-decaborate anion with
tetrahydrothiophene and 1,4-thioxane in the presence of AlCl3.

485,508 The reaction of [2-B10H9SH]2� with 1,2-dibromoethane
results in the formation of the 1,4-dithiane derivative [m-S(CH2CH2)2S-(2-B10H9)2]

2�.509 The akylthio derivatives [2-B10H9SR]
2�

(R ¼ i-Pr, CH2N(CO)2C6H4) were obtained by alkylation of [2-B10H9SH]2� with sterically hindered alkyl halides under milder
conditions (DMF, 40 �C).503,507

The chlorination of the dialkylsulfonium derivatives of the closo-dodecaborate anion [2-B10H9SR2]
� with SO2Cl2 in acetonitrile

leads to the corresponding perchloro derivatives [2-B10Cl9SR2]
� (R ¼ C3H7, i-C3H7, C4H9, C8H17, C12H25, C18H37, CH2C6H5,

(CH2)nN(CO)2C6H4 (n ¼ 1–3); R2 ¼ (CH2)4, (CH2CH2)2O).507,508,510 The perbromo derivatives [2-B10Br9SR2]
�

(R ¼ (CH2)nN(CO)2C6H4 (n ¼ 1–3); R2 ¼ (CH2)4, (CH2CH2)2O) were prepared by bromination of the corresponding dialkylsul-
fonium derivatives [2-B10H9SR2]

� with bromine in acetonitrile.508,511 The brominated amines [2-B10Br9S((CH2)nNH2)2]
� (n ¼ 1–

3) were obtained by the treatment of the corresponding phthalimide derivatives with methylamine in refluxing ethanol.511

The reaction of the closo-decaborate anion with (SCN)2 in dichloromethane leads to a mixture of thiocyanato derivatives [1-
B10H9SCN]2�, [2-B10H9SCN]2� and [1,10-B10H8(SCN)2]

2� that can be separated by ion-exchange chromatography.331 The bifunc-
tional apically substituted thiocyanate derivative [1,10-B10H8(Py)(SCN)]� was prepared by the reaction of [1,10-B10H8(IPh)2] with
1 equiv. of triethylammonium thiocyanate in acetonitrile followed by heating the formed [1,10-B10H8(IPh)(SCN)]� in pyridine or,
alternatively, by the reaction of [1,10-B10H8(Py)(IPh)] with thiocyanate in refluxing acetonitrile.470

1.16.2.3.5 Derivatives with BeN bond
The chemistry of derivatives of the closo-decaborate anion with a boron-nitrogen bond is very diverse and has been actively devel-
oped since the early 1960s. The main results of its development over 50 years are summarized in the previous exhaustive review413;
here we mainly consider new directions in its development, with references, where necessary, to earlier work.

The nitrilium derivatives of the closo-decaborate anion [2-B10H9N^CR]� (R ¼ Me, Et, Pr, t-Bu, Ad, (CH2)nCN (n ¼ 2–4), Ph,
Naph), formed by the reaction of the [B10H10]

2� anion with nitriles in the presence of strong acids,355,512–516 can be used as precur-
sors for the synthesis of various functional derivatives through the addition of nucleophiles to the activated triple bond. The addi-
tion of water to the activated triple bond proceeds smoothly resulting in the boronated iminols [2-B10H9NH]C(OH)R]� (Scheme
8).514,517,518 The latter species are also formed when trying to chromatographic purification of the nitrilium derivatives.519 The reac-
tions of the iminols [2-B10H9NH]C(OH)R]� with PhI(OAc)2 in THF at 90 �C lead to closure of the five-membered cycle, with
formation of diboraoxazoles [2,1-m-NH]C(R)O-B10H8]

� (R ¼ Me, Et, Pr, i-Pr, t-Bu, Ph, C6H4-4-Cl).
518 The treatment of the dibor-

aoxazoles with hydrazine hydride in refluxing ethanol results in [1-OH-2-NH3-B10H8]
� (Scheme 8).518

The addition of alcohols R0OH to the nitrilium derivatives [2-B10H9N^CR]� leads to the imidates [2-B10H9NH]C(OR0)
R]�520,521 (Scheme 9). One of the most studied reactions is the addition of amines to the activated triple bond of the nitrilium
derivatives of the closo-decaborate anion leading to the formation of the boronated amidines [2-B10H9NH]C(NR0R00)R]�. The reac-
tion is applicable to both primary516,522 and secondary523,524 amines (Scheme 9). This approach was used for synthesis of boron-
containing aminoacids525–528 and porphyrins.529–531

The nitrilium derivatives of the closo-decaborate anion also react with other nucleophiles, such as hydrazines and hydrazones,532

oximes,533–535 as well various carbanions derived from azomethyne ylides,536 malononitrile,537 benzoylacetonitrile537 and ethyl
benzoylacetate.537 The nitrilium derivatives of the closo-decaborate anion, like organic nitrilium salts, are able to participate in
1,3-dipolar cycloaddition reactions. The reactions of [2-B10H9N^CR]� with sodium azide result in the corresponding boronated
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tetrazoles [2-B10H9N5C-50-R]2�,538 whereas the reactions with nitrones ArCH]Nþ(Me)O� lead to the corresponding boronated
2,3-dihydro-1,2,4-oxadiazoles [2-B10H9{N]CRON(Me)CHAr}]�.539,540

The isocyanate derivative of the closo-decaborate anion [2-B10H9NCO]2� was prepared by the reaction of the carbonyl derivative
[2-B10H9CO]� with sodium azide.541 The reactions of the isocyanate derivative with 4-aminobenzylamine and 4-
aminophenethylamine in DMF in the presence of triethylamine leads to the corresponding ureas [2-B10H9NHC(O)
NH(CH2)nC6H4-p-NH2]

2� (n ¼ 1, 2), which on treatment with thiocarbonyl diimidazole give the corresponding thiocyanates
[2-B10H9NHC(O)NH(CH2)nC6H4-p-NCS]2�.542,543

Reduction of the nitrilium derivatives of the closo-decaborate anion [2-B10H9N^CR]� with LiAlH4 in THF results in the alkylam-
monium derivatives [2-B10H9NH2CH2R]

�.515 Treatment of the nitrilium derivative [2-B10H9N^CMe]� with hydrazine hydrate in
refluxing ethanol results in the ammonium derivative [2-B10H9NH3]

�.544 The perhalogenated ammonium derivatives [2-
B10X9NH3]

� (X ¼ Cl, Br, I) were prepared by the reaction of the parent closo-decaborate with the corresponding halogens in 1,2-
dichloroethane at 80 �C.544 The trimethylammonium derivatives [2-B10X9NMe3]

� (X ¼ Cl, Br, I) were prepared by the reaction
of the corresponding ammonium derivatives with methyl iodide in acetonitrile in the presence of K2CO3 at room temperature.544

The reactions with benzyl bromide under the same conditions produce the benzylammonium perbromo and periodo [2-
B10X9NH2Bn]

� (X ¼ Br, I) and dibenzylammonium perchloro [2-B10Cl9NHBn2]
� derivatives, whereas the synthesis of the diben-

zylammonium perbromo and periodo derivatives [2-B10X9NHBn2]
� (X ¼ Br, I) requires heating at 80 and 100 �C, respectively.544

The alkylation of the perhalogenated ammonium derivatives [2-B10X9NH3]
�with epibromohydrin in acetonitrile in the presence of

K2CO3 leads to the corresponding boronated oxypropanes [2-B10X9NH2CH2C2H3O]� (X ¼ Cl, Br, I) which react with amines and
phenolates giving the corresponding derivatives [2-B10X9NH2CH2CH(OH)CH2X]

� (X ¼ NHBu, NHBn, NEt2, OC6H4-2-OMe).545

Several pyridinium derivatives of the closo-decaborate anion have been obtained in the course of transition metal-initiated
substitution reactions. The pyridinium-substituted derivatives {(MeCN)2Cu[2-B10H9-20,200-Bipy-k2-N,H]} (Fig. 14) and
[(HNPy2)Cu(MeCN)2][2-B10H9NC5H4-20-NH-200-C5H4N] were obtained by reactions of Cu2[B10H10] with 2,20-bipyridine and
2,20-bi(pyridyl)amine in acetonitrile.546 The 1,2-disubstituted phenanthroline derivative [1,2-m-N2C12H8-B10H8] (Fig. 14) was
prepared by the CoCl2-mediated reaction of the parent closo-decaborate with 1,10-phenanthroline in acetonitrile or N,N0-
dimethylformamide.499,547
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Fig. 14 Crystal molecular structures of {(MeCN)2Cu[2-B10H9-20,200-Bipy-k2-N,H]} (left) and [1,2-m-N2C12H8-B10H8] (right). Hydrogen atoms of
organic substituents and ligands are removed for clarity.
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The apically substituted pyridinium derivatives [1-B10H9Py]
� and [1,10-B10H8(Py)2] were prepared by heating the correspond-

ing phenyliodonium derivatives [1-B10H9IPh]
� and [1,10-B10H8(IPh)2] in pyridine at 80 �C.471 It should be noted that the

synthesis of [1-B10H9Py]
� by the reaction of the diazonium derivative [1-B10H9N2]

� with pyridine has been reported earlier.548,549

In a similar way, a series of the para-substituted pyridinium derivatives [1-B10H9NC5H4-p-X]
� (X ¼ Me, OMe, CN, COOEt)471 and

[1,10-B10H8(NC5H4-p-OR)2] (R ¼ C8H17, C10H21, C12H25, C14H29, C16H33, C18H37)
550 were prepared by heating the phenyliodo-

nium derivatives with the corresponding para-substituted pyridines. The cyclic dialkylammonium derivative [1-
B10H9NH(CH2CH2)2O]� was prepared by heating [1-B10H9IPh]

� in morpholine. Its reaction with PhI(OAc)2 in acetic acid fol-
lowed by heating formed [1,10-B10H8(IPh)(NH(CH2CH2)2O)] in pyridine leads to the zwitterionic bifunctional derivative
[1,10-B10H8(Py)(NH(CH2CH2)2O)].471

A series of apically substituted amines [1-B10H9NHRR0]� (R ¼ H, R0 ¼ Bn, Ph; R ¼Me, R0 ¼ Ph; R ¼ R0 ¼ Bn, Ph) and [1-
B10H9NH2(CH2)nNH2]

� (n ¼ 2–4, 6, 9) were prepared by heating the diazonium derivative [1-B10H9N2]
� in the corresponding

amines at 120 �C.549,551 Some of themwere used for the subsequent modification and preparation of boron-containing silica nano-
particles.552,553 The apically substituted azido derivative [1-B10H9N3]

2� was prepared by the reaction of [1-B10H9IPh]
� with tetra-

butylammonium azide in acetonitrile at 55 �C.470

The apically substituted nitro derivatives of the closo-decaborate anion [1-B10H9NO2]
2� and [1,10-B10H8(NO2)2]

2� were earlier
synthesized by the reaction of the parent closo-decaborate with NO2 in acetonitrile.554,555 Later, these compounds were prepared by
UV irradiation of solutions of closo-decaborate in nitroalkanes RNO2 (R ¼ Et, Pr, i-Pr, t-Bu) at 450 and 350 nm, respectively.556

1.16.2.3.6 Derivatives with BeP bonds
Similarly to the closo-dodecaborate anion, phosphonium derivatives of the closo-decaborate anion can be obtained via Pd-mediated
BH-activation methods. The reaction of lithium closo-decaborate Li2[B10H10] with [(PhMe2P)2PdCl2] in dichloromethane at room
temperature followed by treatment with NaBH4 in refluxing benzene leads to a mixture of isomeric bis(phosphonium) derivatives
[1,6-B10H8(PMe2Ph)2], [1,10-B10H8(PMe2Ph)2] and [2,7-B10H8(PMe2Ph)2].

388 Bis(phosphonium) closo-decaborate derivatives
[1,6-B10H8(PPh3)2] and [2,4-B10H8(PPh3)2] were obtained by the reaction of tetraethylammonium closo-decaborate
(Et4N)2[B10H10] with [(Ph3P)2PdCl2] in ethanol at room temperature.557,558

The reaction of the 1-diazonium derivative of the closo-decaborate anion [1-B10H9N2]
� with Ph2PH in the presence of catalytic

amounts of [(Ph3P)2PdCl2] and CuI at 150 �C results in the formation of the corresponding phosphonium derivative [1-
B10H9PPh2H]�, which is easily oxidized to [1-B10H9PPh2OH]�, and stable isomeric bis(phosphonium) derivatives [1,6-
B10H8(PPh2H)2] and [1,10-B10H8(PPh2H)2].

559

1.16.2.3.7 Derivatives with BeC bonds
The cross-coupling reaction of [1-B10H9I]

2� with MeO-p-C6H4MgBr in the presence of 1 mol% PEPPSI-IPr in refluxing THF leads to
the corresponding apically substituted aryl derivative [1-B10H9C6H4-p-OMe]2�.471 The apically substituted cyano derivatives [1-
B10H9CN]2� and [1,10-B10H8(CN)2]

2� were prepared by the reactions of the corresponding phenyliodonium derivatives [1-
B10H9IPh]

� and [1,10-B10H8(IPh)2] with cyanide ion in acetonitrile.470,501 Due to the electron-donating effect of the closo-decabo-
rate cage, the cyano groups in [1,10-B10H8(CN)2]

2� can act as donors in complexes with transition metal atoms (Fig. 15).560

The early period of preparation and transformation of carbonyl derivatives of the closo-decaborate anion were discussed in detail
in the previous review.413 Recently, it was shown that the 1,10-dicarboxylic acid [1,10-B10H8(COOH)2]

2� can be synthesized via the
N-methylation of the 1,10-dicyano derivative [1,10-B10H8(CN)2]

2� with methyl triflate followed by stepwise alkaline hydrolysis of
the resulting zwitterionic nitrilium derivative [1,10-B10H8(C^NMe)2]. In strongly acidic media the 1,10-dicarboxylic acid trans-
forms into the 1,10-dicarbonyl derivative [1,10-B10H8(CO)2], which readily react with ethoxide to give the corresponding diester
[1,10-B10H8(COOEt)2]

2� and with ethylenediamine or N,N0-dimethyl ethylenediamine to give the corresponding diamides [1,10-
B10H8(CONRCH2CH2NH2R)2] (R ¼ H,Me). Treatment of the diamides with trimethylsilyl polyphosphate leads to the bifunctional
carbonyl-imidazolinium derivatives [1,10-B10H8(CO)(C(NRCH2)2)], which can be easily converted to the corresponding acids and

Fig. 15 Crystal molecular structure of {1,10-(Cp(dppe)Fe)2[m-1,10-B10H8(CN)2]}. Hydrogen atoms of organic ligands are removed for clarity.
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esters.561 The reaction of the nitrilium derivative with methylamine results in the corresponding amidine [1,10-
B10H8(C(NHMe)2)2].

561

The reactions of the equatorially substituted carbonyl derivative of the closo-decaborate anion [2-B10H9CO]� with some biolog-
ically active alcohols562 and amines542 were reported. More recently, a series of the closo-decaborate derived esters [2-B10H9C(O)
OR]2� (R ¼Me, Et, Pr, i-Pr, Bu, t-Bu) was prepared by the reaction of the carbonyl derivative [2-B10H9CO]� with the corresponding
alcohols.563 In a similar way, amides [2-B10H9CONRR0]2� (R0 ¼ H, R0 ¼ NH2, Bu, CH2COOH, CH2COOMe,
CH2CH2CH2Si(OEt)3, (CH2CH2NH)2CH2CH2NH2, CH2CH2N(Me)CH2CH2NH2, CH2CH2CH2(OCH2CH2)3CH2NH2;
R0 ¼ R00 ¼ Bu) were obtained by the reaction of [2-B10H9CO]� with amines.549,564,565

The reduction of the carbonyl derivative [2-B10H9CO]� with LiBH4 in refluxing acetonitrile gives the corresponding alcohol [2-
B10H9CH2OH]2�.564

A series of the closo-decaborate derived ketones [2-B10H9C(O)R]2� (R ¼ C6H5, C6H4-p-OMe, C6H4-p-COOH) was prepared by
the reaction of the parent closo-decaborate [B10H10]

2� with the corresponding acyl chlorides in acetonitrile.564

1.16.2.3.8 Oxidation reactions
The closo-decaborate anion is less stable to oxidation than the closo-dodecaborate anion and undergoes electrochemical oxidation at
0.9 V vs. SCE in acetonitrile to conjuncto-borane [trans-B20H18]

2�, in which two B10 moieties are linked together by a pair of unique
BeBeB bonds (Fig. 16). The chemistry of [B20H18]

2� was reviewed by Hawthorne566 and Avdeeva.567

In the presence of platinum, palladium or rhodium metals the closo-dodecaborate anion in aqueous solutions is easily oxidized
to boric acid.407,408,568

1.16.2.4 closo-Nonaborate anion [B9H9]
2L

The closo-nonaborate anion [B9H9]
2� can be obtained as the cesium or rubidium salt by solid-state pyrolysis of Cs[B3H8] or Rb

[B3H8] at 230 �C. The yield of the target product is 20–25%, by-products are the closo-decaborate and closo-dodecaborate anions.410

The [B9H9]
2� anion belongs to the group of poorly accessible polyhedral borohydrides and, therefore, its chemistry has been little

studied and only a limited number of its derivatives are known, including mono-569 and perhalogen,570 ammonium,571 sulfo-
nium,572 and nitro573 derivatives. The chemistry of the closo-nanoborate anion was reviewed several years ago.574 More recent
work concerns protonation of [B9H9]

2� with HCl in dichloromethane, that results in the cage opening with formation of 4,8-
dichloro-arachno-nonaborate [4,8-B9H12Cl2]

�, which reacts with liquid ammonia with the loss of the chlorine atoms and the
cage-reclosing giving back the closo-nonaborate anion [B9H9]

2�.575 The reaction with acetic acid in dichloromethane resulted in
the complete cage destruction giving [B2O(OAc)5]

�.575

1.16.2.5 closo-Octaborate anion [B8H8]
2L

The closo-octaborate anion [B8H8]
2� is formed in �30% yield on the air oxidation of the closo-nonaborate anion [B9H9]

2� in 1,2-
dimethoxyethane under basic conditions.576 Due to the very low availability, the chemistry of the closo-octaborate anion remains
practically unexplored. Later, it was found that protonation of [B8H8]

2� with HCl in an aqueous solution or with Et3N$HCl in
acetonitrile leads to the protonated form [B8H9]

�. The crystal structures of (Bu4N)[B8H9] and (Ph4P)[B8H9] were determined by
single crystal X-ray diffraction.577

The perchlorinated hypercloso-[B8Cl8] was obtained by thermal decomposition of B2Cl4.
578,579 The reduction of [B8Cl8] with 1

equiv. of iodide in dichloromethane or chloroform leads to the corresponding radical anion hypercloso-[B8Cl8]�
-, while the reduction

Fig. 16 Crystal molecular structure of the [trans-B20H18]2� anion.
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with 2 equiv. of iodide results in closo-[B8Cl8]
2�.579 The crystal structures of (Ph4P)2[B8Cl8] was determined by single crystal X-ray

diffraction.579 The perchlorinated closo-octaborate anion [B8Cl8]
2� has the dodecahedral D2d structure close to found earlier for the

parent closo-octaborate in the structure of [Zn(NH3)4][B8H8].
580

1.16.2.6 closo-Heptaborate anion [B7H7]
2L

The closo-heptaborate anion [B7H7]
2� was in the first time prepared in less than 1% yield by air oxidation of the closo-octaborate

anion [B8H8]
2�575 and is the least studied of the series of polyhedral borane anions [BnHn]

2� (n ¼ 6–12).
Later, the convenient synthesis of the [B7H7]

2� anion by direct oxidation of the closo-nonaborate anion [B9H9]
2� with oxygen in

a mixture of 1,2-dimethoxyethane and dichloromethane was described.581 The protonation of [B7H7]
2� with Et3N$HCl in aceto-

nitrile leads to the protonated form [B7H8]
�. The crystal structures of (Bu4N)2[B7H7], (Ph4P)2[B7H7] and (PNP)2[B7H7] and the

protonated form (Bu4N)[B7H8] and (Ph4P)[B7H8] were determined by single crystal X-ray diffraction.581

The perbrominated closo-heptaborane anion [B7Br7]
2� was prepared by reaction of conjuncto-[B6H6-B6H6]

2� with excess of
bromine in alkaline solution. The crystal structure of ((C5H5N)2CH2)[B7Br7] was determined by single crystal X-ray diffraction.582

1.16.2.7 closo-Hexaborate anion [B6H6]
2L

The closo-hexaborate anion [B6H6]
2� can be synthesized in 20–25% yield by pyrolysis of Na[B3H8] in refluxing diglyme.583 Due to

its relative availability, the chemistry of the closo-hexaborate anion is much better studied than that of other lower closo-polyhedral
anions [BnHn]

2�, but it is significantly inferior to the chemistry of the closo-dodecaborate and closo-decaborate anions. A distinctive
feature of the closo-hexaborate anion [B6H6]

2�, due to the presence of an increased electron density on the faces of the B6 octahe-
dron, is the ease of its protonation to [B6H7]

�, which occurs in an aqueous solution at pH 7.00.584 This causes its high reactivity in
reactions proceeding by the mechanism of aromatic electrophilic substitution, such as halogenation and alkylation, while reactions
proceeding by the mechanism of electrophilically induced nucleophilic substitution are not typical for it. An early stage in the devel-
opment of the chemistry of the closo-hexaborate anion [B6H6]

2� and its protonated form [B6H7]
� was described in an excellent

review by Preetz and Peters.585 More recent work in particular includes the synthesis and study of various simple and complex salts
with the [B6H6]

2� and [B6H7]
� anions.132,586–590

Besides, the synthesis of perbenzylated derivatives (Bu4N)[B6R6H] (R ¼ CH2C6H5, CH2C6H4-4-Br) by the reaction of (Bu4N)
[B6H7] with an excess of the corresponding benzyl bromide in the presence of Et3N in toluene at 140 �C591 or K3PO4 in acetonitrile
at 120 �C592 was reported.

The reaction of (Ph3PMe)2[B6H6] with Ph2PCl in THF at�30 �C leads to phosphine [B6H6PPh2]
�, which is easily alkylated with

allyl bromide or methyl iodide giving the corresponding phosphonium salts [B6H6PPh2R] (R ¼ allyl, methyl).592 The iodination of
[B6H6PPh2Me] with I2 in acetonitrile in the presence of KI and K3PO4 leads to the pentaiodo derivative Na[B6I5PPh2Me].592 The
reaction of (Ph3PMe)2[B6H6] with PhSeCl in THF leads to [B6H6SePh]

�, which upon treatment withmethyl iodide gives the proton-
ated selenonium salt [B6H6SePhMe].592

Reactions of 1,3-dichloro-1,2,3-tris(dimethylamino)triborane(5) with lithium in tetrahydrofuran or sodium/potassium alloy in
pentane at room temperature result in the formation of the corresponding closo-hexa(trimethylamino)hexaborates M2[B6(NMe2)6]
(M ¼ Li, K). The related closo-hexa(triethylamino)hexaborate [B6(NEt2)6]

2� was prepared by the reaction of diethylaminodibromo-
borane Et2NBBr2 with sodium/potassium alloy in refluxing hexane. Mild oxidation of the closo-hexa(trialkylamino)hexaborates
with 1,2-dibromoethane in tetrahydrofuran at room temperature leads to the corresponding hypercloso-hexa(dialkylamino)hexabor-
anes [B6(NR2)6],

593 which, upon heating to 200 �C, transform into the known hexakis(dialkylamino)cyclohexaboranes.594,595

The reaction of (Bu4N)2[B6H6] with 1,8-diazabicyclo[5.4.0]undec-7-ene (DBU) in chloroform under reflux conditions results in
the insertion of a carbene unit into the closo-hexaborate cage to form a mixture of B-substituted 2-carba-closo-heptaborane deriva-
tives (Ph4P)[3-Cl-2-CB6H6] and [3-DBU-2-CB6H6].

596

The oxidation of the perbenzylated derivatives [B6(CH2Ar)6H]�with tetracyano-quinodimethane (TCNQ) in THF at 0 �C results
in complete destruction of the closo-hexaborate cluster; upon oxidation in the presence of pinacol, the pinacolates of the correspond-
ing benzyl boronic acids, ArCH2Bpin, were obtained. The oxidation of monoalkylated derivatives [B6H6R]

� proceeds in a similar
way.592

1.16.3 Polyhedral boranes with an open structure (nido- and arachno-boranes)

After extensive development in the 1950s and 1960s, the chemistry of open-structured polyhedral boranes has attracted much less
interest in recent years compared to the chemistry of polyhedral carboranes and closo-polyhedral boron hydride anions [BnHn]

2�. At
the same time, most of the recent works in this field are not related to the fundamental study of their chemistry, but to various
promising areas of application of their derivatives.
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1.16.3.1 Tetradecahydro-nido-undecaborate anion [B11H14]
L

Synthesis of the tetradecahydro-nido-undecaborate anion [B11H14]
� from decaborane(14) by the reaction with lithium or sodium

tetrahydroborates in boiling ether solvents (1,2-dimethoxyethane, 1,4-dioxane) was described in early 1960s.597 Later, in the
absence of industrial-scale production of decaborane(14), another convenient approach to synthesis of the anion was developed.
It is based on the reaction of sodium tetrahydroborate NaBH4 with boron trifluoride etherate in diglyme at 105 �C giving the target
product in 63% as the tetraethylammonium salt.598 The reaction proceeds through the formation of the [B3H8]

� anion; therefore,
when using (Et4N)[B3H8] as the starting compound, the same result was obtained. Instead of F3B$OEt2, some other Lewis acids,
such as BCl3, SiCl4, and alkyl halides, can be used in the reaction with NaBH4.

598 The current state of the chemistry of the
[B11H14]

� anion has recently been reviewed.411

1.16.3.2 Decaborane(14) [B10H14]

The intensive development of the chemistry of decaborane took place mainly in the 1950s and early 1960s, when the main types of
its transformations were discovered and described. These early studies were reviewed in the 1960s by Hawthorne599 and Zakharkin
et al.600 This area has also been partially covered in Boron Hydride Chemistry601 and Comprehensive Inorganic Chemistry I.602 Recent
studies in the field of the decaborane chemistry mainly deepen and expand the previously described findings using modern instru-
mental methods. Therefore, here we do not consider the chemistry of decaborane as a whole, but focus on recent work in this area,
both completely new and continuing earlier work.

The laboratory method for the synthesis of decaborane (Fig. 17) is based on a mild oxidation of the tetradecahydro-nido-unde-
caborate anion [B11H14]

�.598 Potassium permanganate, sodium bichromate or hydrogen peroxide can be used as the oxidants. Later
it was shown that various aldehydes and ketones, in particular acetone, can be used as the oxidizing agents.603

Decaborane-14 is known to have acidic character and can be deprotonated with strong bases, such as proton sponge (PS) to give
the tridecahydro-nido-decaborate [B10H13]

� anion. The structure of (HPS)[B10H13] was determined by single crystal X-ray diffrac-
tion.604 The (Et3NH)[B10H13] and (Et4N)[B10H13] salts obtained by deprotonation of decaborane with Et3N and (Et4N)OH, respec-
tively, have been found to trigger hypergolic reactivity of some polar aprotic organic solvents, such as tetrahydrofuran and ethyl
acetate.605

Some electrophilic substitution reactions were investigated. The reaction of decaborane with ICl in the presence of AlCl3 in
dichloromethane under reflux conditions results in a mixture of 1- and 2-iodo derivatives [1-I-B10H13] and [2-I-B10H13], which
were separated by fraction crystallization.606 Methylation of decaborane with neat methyl iodide in the presence of AlCl3 at
room temperature results in the tetramethylated derivative [1,2,3,4-Me4-B10H10], whereas the reaction at 120 �C leads to the octa-
substituted product [1-I-2,3,4,5,6,7,8-Me7-B10H6]. The similar octasubstituted derivative [1-TfO-2,3,4,5,6,7,8-Me7-B10H6] was ob-
tained by the reaction of decaborane with TfOMe in the presence of catalytic amount of triflic acid at 120 �C.607

It is well known that decaborane easily reacts with various Lewis bases (L) to form the corresponding 6,9-disubstituted deriva-
tives arachno-[B10H12L2].

599 The reactions of decaborane with imidazole and N-alkyl imidazoles produce the corresponding imida-
zolium derivatives arachno-[6,9-B10H12L2] (L ¼ HIm, MeIm, EtIm, BuIm) which induce hypergolicity of kerosene when present as
undissolved solids.608

Reactions of nucleophilic addition of methanol and primarily and secondary amines to the highly activated eNþ^CR triple
bond of 6,9-bis(acetonitrilium) derivative arachno-[6,9-B10H12(N^CMe)2] were reinvestigated and the corresponding imidate
arachno-[6,9-B10H12(N]C(Me)OMe)2] and a series of amidines arachno-[6,9-B10H12(N]C(Me)NRR0)2] (R ¼ H, R0 ¼ n-Pr, n-Bu,
Ph; R ¼ R0 ¼ i-Pr, n-Bu) were synthesized.609

A series of 6- and 5-substituted derivatives of decaborane were synthesized via the cage-opening reactions of the closo-decaborate
anion. The reactions of closo-[B10H10]

2� with ionic-liquid-based superacidic hydrogen halides proceed with the boron cage opening
and formation of the 6-halogen derivatives of nido-decaborane nido-[6-X-B10H13] (X ¼ Cl, Br, I). The 6-halogen derivatives nido-[6-
X-B10H13] (X ¼ F, Cl) can be synthesized by the reactions of closo-[B10H10]

2� with triflic acid in the presence of 1-fluoropentane and
dichloromethane, respectively.610 The 6-halogen derivatives isomerize to the corresponding 5-halogen derivatives [5-X-B10H13]
(X ¼ Cl, Br, I) in the presence of catalytic amount of triethylamine in toluene at 60 �C.611 It is assumed that the isomerization occurs
through transformation of [6-X-B10H13] into the [6-X-B10H13]

� anions followed by their isomerization. The iodo derivative [6-I-
B10H13] was found to undergo photochemical isomerization to [5-I-B10H13] under UV-irradiation in solution.611
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Fig. 17 Idealized structures and numbering of atoms in nido-decaborane [B10H14] (left) and arachno-decaborane [B10H14]2� (right).
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The reactions of halogen derivatives [5-X-B10H13] and [6-X-B10H13] (X ¼ Cl, Br, I) with alcohols ROH in the presence of
NaHCO3 in dichloromethane lead to alkoxy derivatives [6-RO-B10H13] and [5-RO-B10H13] (R ¼ Me, t-Bu, cHx, CH2CH2SH,
CH2CH2I, CH2CH2OCH2CH2Cl, (CH2)3C^CH, CH(CH2CH]CH2)2), containing substituents in neighboring positions with
respect to the original halogen derivatives. The reaction rate decreases in the halogen series I > Br > Cl.612

The 6-triflate derivative of nido-decaborane nido-[6-TfO-B10H13] was prepared by the reaction of closo-[B10H10]
2� with neat triflic

acid at ambient temperature.613,614 In contrast, the reaction of closo-[B10H10]
2� with triflic acid in 1-butyl-3-methylimidazolium

triflate at 60 �C results in the 5-triflate derivative nido-[5-TfO-B10H13].
615 It was found that the reaction proceeds through formation

of the 6-triflate derivative, which on heating isomerises into the 5-triflate derivative.615 In the presence of catalytic amount of trie-
thylamine, the isomerization of [6-TfO-B10H13] to [5-TfO-B10H13] proceeds even at room temperature. In a similar way, the reaction
of closo-[B10H10]

2� with sulfuric acid produces the 6-hydroxy derivative nido-[6-HO-B10H13].
616 The reactions of [5-TfO-B10H13]

with methanol and 4-methoxyphenol in 1,2-dichloroethane at 70 �C result in the corresponding ethers [6-RO-B10H13] (R ¼Me,
C6H4-4-OMe).615

The reaction of nido-[5-TfO-B10H13] with dimethylsulfide in toluene results in arachno-[5-TfO-6,9-B10H11(SMe2)2], while the
similar reaction of nido-[6-TfO-B10H13] proceeds with substitution of the triflate group giving arachno-[6,9-B10H12(SMe2)2].

615

The 6-acetoxy derivative arachno-[6-AcO-B10H13]
2� was obtained by the reaction of decaborane with 1-ethyl-3-

methylimidazolium acetate.617

The reactions of closo-[B10H10]
2� with triflic acid in the presence of aromatic hydrocarbons sulfuric acid produce the correspond-

ing 6-aryl derivatives nido-[6-Ar-B10H13]. The reactions with benzene andmesitylene give single products, whereas the reactions with
monosubstituted aromatics (C6H5X, X ¼ Cl, CH3, CF3) lead to mixtures of ortho-, meta-, and para-substituted isomers.613,614 The
similar reaction in cyclohexane gives in low yield the corresponding 6-alkyl derivative nido-[6-cHx-B10H13].

613,614

The 6-alkyl- and 6-aryl derivatives of nido-decaborane nido-[6-R-B10H13] (R ¼ Me, n-Bu, t-Bu, Ph) can be prepared by the reaction
of the [B10H13]

� anion with the corresponding organolithium derivatives followed by acidic workup.612 Alternatively, the 6-alkyl
derivatives nido-[6-R-B10H13] (R ¼ n-Pr, n-Hex, n-Oct, Sia, Thx) can be obtained by the reaction of arachno-[6,9-(Me2S)2-B10H12]
with the corresponding terminal alkenes followed by the treatment with Li[HBEt3] and acidic workup.618

The reactions of decaborane with various terminal alkenes in biphasic ionic-liquid/toluenemixtures lead to the corresponding 6-
alkyldecaboranes nido-[6-R-B10H13] (R ¼ C6H13, C8H17, CH(i-Pr)CH2CHMe2, (CH2)2C6H5, (CH2)3C6H5, (CH2)6Br, (CH2)6CH]

CH2, (CH2)3OC3H7, (CH2)3SiMe3, (CH2)4COMe, (CH2)6OAc, (CH2)3OBn, (CH2)3OH, (CH2)3Bpin). The reaction mechanism
includes the ionic-liquid-promoted formation of the [B10H13]

� anion, its addition to the alkene to form [6-R-B10H12]
� anion,

and finally, protonation of the last one to form final product [6-R-B10H13].
619

The reactions of decaborane with terminal alkenes in the presence of catalytic amounts of PtBr2 or H2PtCl6 lead to the 6,9-dialkyl
derivatives nido-[6,9-R2-B10H12] (R ¼ C2H5, C3H7, C4H9, C5H11).

620 The reactions of [5-TfO-B10H13] and [5-I-B10H13] with 1-
pentene in the presence of catalytic amount of PtBr2 at 55 �C lead to the corresponding 6,9-dialkyl derivatives [6,9-(C5H11)2-5-
TfO-B10H11].

615

The reactions of decaborane with terminal alkynes in the presence of [Cp*IrCl2]2 in toluene lead to the corresponding 6,9-
di(b-alkenyl) derivatives of decaborane [6,9-((E)-RCH]CH)2-B10H12] (R ¼ H, C6H13, C6H5, (CH2)2Br, (CH2)3Cl, SiMe3), while
the reactions in the presence of [(p-cymene)RuI2]2 result in the 6,9-di(a-alkenyl) derivatives [6,9-(R(H2C])C)2eB10H12]
(R ¼ C6H13, CH2-c-C6H11, (CH2)2Br, (CH2)3Cl).

621,622 In a similar way, the reactions of 6-alkyldecaboranes [6-R-B10H13] with
terminal alkynes in the presence of [Cp*IrCl2]2 give asymmetrically substituted 6-alkyl-9-alkenyl-derivatives [6-R-9-((E)-R0CH]

CH)2eB10H12] (R ¼ (CH2)3SiMe3, R0 ¼ H, C6H5, C6H4-m-CH^CH; CH2CH]CH2; R ¼ C5H11, R0 ¼ H). The alkenyl-
decaboranes were easily converted to other useful derivatives, including coupled-cage and functionally substituted compounds,
via Ir-catalyzed hydroborations and Ru-catalyzed homo- and cross- olefin metathesis reactions.621,622

Decaborane [B10H14] and its 2,4-diiodo derivative [2,4-I2-B10H12] were found to form stable complexes with iodide anion. The
structure of (Ph3PMe){I[2,4-I2-B10H12]} was determined by single crystal X-ray diffraction (Fig. 18).623 The complex stability is
explained by noncovalent charge transfer interactions between the iodide and the decaborane basket.624 The binding energy for
the {I[B10H14]}

� complex was calculated to be 19.84 kcal/mol.625

1.16.3.3 Tetradecahydro-arachno-nonaborate anion [B9H14]
L

The tetradecahydro-arachno-nonaborate anion [B9H14]
� (Fig. 19) is a product of decaborane-14 degradation in aqueous basic

media, which ensures its easy availability. Therefore, its chemistry has largely developed in parallel with the chemistry of decabor-
ane, but is much less developed.

A series of derivatives of tetradecahydro-arachno-nonaborate anion with Lewis acid [4-L-B9H13] was prepared using different
approaches. The reaction of closo-[B10H10]

2� with nitriles in the presence of sulfuric or triflic acid results in nitrilium derivatives
[4-RC^NeB9H13] (R ¼ Me, CHPh2).

626 The pyridinium derivative [4-Py-B9H13] was prepared by the substitution of SMe2 in [4-
Me2S-B9H13].

627 The benzylammonium derivative [4-PhCH2NH2-B9H13] was isolated from the reaction of [B9H14]
� with trans-

[PtCl2(NCPh)2] in methanol.627 Phosphonium derivative [4-(HC^C)3PeB9H13] was synthesized by the reaction of [B9H14]
�

with the phosphine in diethyl ether in the presence of HCl.627 The reactions of [4-Me2S-B9H13] with sec-butylamine or 4-
phenylpyridine in benzene were found to mixtures of the corresponding [4-L-B9H13] and [5-L-B9H13] isomers.628
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The protonation of [B9H9]
2�with HCl in dichloromethane leads to the 4,8-dichloro derivative [4,8-Cl2-B9H12]

�.575 The reaction
of [B9H14]

� with BCl3 produces the 8-chloro derivative [8-Cl-B9H13]
� with some amount of the 6,7,8-trichloro derivative [6,7,8-

Cl3-B9H11]
�.629 The 4,8-dibromo derivative [4,8-Br2-B9H12]

� was prepared by the reaction of nido-[B9H12]
� with HgBr2 in

dichloromethane.627

Due to the possibility of using them as hypergolic additives to fuels, salts of the [B9H14]
� anion with nitrogen-containing cations

have recently attracted interest.605,630

1.16.4 conjuncto-Boranes

Among conjucto-boranes, nido,nido-octadecaborane(22) anti-[B18H22] and octadecahydro- closo,closo-heneicosaborate anion
[B21H18]

� have recently attracted the greatest interest.

1.16.4.1 nido,nido-Octadecaborane(22)

Octadecaborane(22) in the form of a mixture of syn- and anti-isomers (Fig. 20) is formed on the hydrolysis of (H3O)2[trans-
B20H18]$nH2O and can be separated by fractional crystallization.631 The photophysics of the both isomers have been studied by
UV–vis spectroscopic techniques and quantum chemical calculations. In air-saturated hexane solution, anti-[B18H22] shows fluores-
cence with a high quantum yield,FF ¼ 0.97, and singlet oxygen O2(

1Dg) production (FD � 0.008). Conversely, isomer syn-[B18H22]
shows no measurable fluorescence, instead displaying much faster, picosecond nonradiative decay of excited singlet states.632 Due
to this, anti-[B18H22] can be considered as a potential blue laser material.

The photophysical properties of anti-[B18H22] can be tuned by partial substitution of hydrogen atoms with various functional
groups. Because of this, combined with its high stability,633–635 anti-[B18H22] is attracting increasing research interest, while the syn-
[B18H22] isomer has received much less attention.636,637

The bromination of anti-[B18H22] with bromine in the presence of AlCl3 leads to the 4-bromo or 4,40-dibromo derivatives anti-
[4-Br-B18H21] or anti-[4,40-Br2-B18H20] depending on the reagent ratio.638,639 The reaction of anti-[B18H22] with iodine in ethanol
leads to the 4-iodo derivative anti-[7-I-B18H21], while the reaction with I2 or ICl in the presence of AlCl3 in dichloromethane results
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Fig. 18 Structure of the {I[2,4-I2-B10H12]}� complex. Reprinted with permission from Wermer, J. R.; Hollander, O.; Huffman, J. C.; Krause Bauer, J.
A.; Dou, D.; Hsu, L.-Y.; Leussing, D. L.; Shore, S. G. Inorg. Chem. 1995, 34, 3065–3071. Copyright (1995) the American Chemical Society.
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Fig. 19 Idealized structure and numbering of atoms in arachno-decaborane [B9H14]�.
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in the 4,40-diiodo derivative anti-[4,40-I2-B18H20].
640 The reaction of anti-[B18H22] with elemental sulfur in the presence of AlCl3 at

125 �C leads to the 4,40-dimercapto derivative anti-[4,40-(HS)2-B18H20].
641

The iodine atom in anti-[7-I-B18H21] can be substituted by various nucleophiles: the reaction with trifluoroacetamide in toluene
in the presence of K3PO4 gives the corresponding N-boronated amide anti-[7-CF3CONH-B18H21]; the reactions with t-BuOK, 4-
FC6H4OK and 1-AdSK in toluene or tetrahydrofuran lead to the corresponding (thio)ethers anti-[7-RX-B18H21]. The reaction
with potassium 2,6-dimethylthiophenolate in toluene results the corresponding thioether anti-[7-(20,60-Me2C6H3S)-B18H21], while
the reaction in tetrahydrofuran produces anti-[7-(20,60-Me2C6H3S(CH2)4O)-B18H21].

642 The Pd-catalyzed reactions of anti-[7-I-
B18H21] with CF3CONH2, t-BuOK and 2,6-Me2C6H3OK in the presence of catalytic amounts of RuPhos Pd G4 and RuPhos in
1,4-dioxane lead to the corresponding derivatives with BeN and BeO bonds anti-[7-X-B18H21].

642

The reaction of anti-[B18H22] with neat methyl iodide in the presence of AlCl3 at room temperature results in the 3,30,4,40-tetra-
methyl derivative anti-[3,30,4,40-Me4-B18H18], whereas the similar reaction with ethyl iodide gives the corresponding tetraethylated
derivative anti-[3,30,4,40-Et4-B18H18].

643 The dodecamethylated derivative anti-[2,20-Cl2-1,10,3,30,4,40,7,70,8,80,10,100-Me12-B18H8]
was obtained by the reaction of anti-[B18H22] with methyl iodide in the presence of AlCl3 in dichloromethane at 55 �C.644

Surprisingly, the reaction of anti-[B18H22] with pyridine in refluxing chloroform or benzene results in a twofold substitution in
one of the B10-baskets to form nido-arachno-[60,90-Py2-B18H20] together with some amount of nido-nido-[80-Py-B18H21] and [30,80-
Py2-B16H18] as the main degradation product. In contrast to the thermochromic fluorescence of nido-arachno-[60,90-Py2-B18H20]
(from 620 nm brick red at room temperature to 585 nm yellow at 8 K), nido-nido-[80-Py-B18H21] exhibit no luminescence.645,646

The 60,90-disubstituted derivatives with 4-picoline,646 isoquinoline647 and 5-hydroxyisoquinoline648 were prepared in a similar
way.

The reaction of anti-[B18H22] with methyl isonitrile MeNC in benzene leads to anti-[7-{(MeNH)C3N2HMe2}-B18H20] in which
a reductive trimerization of MeNC gives an unusual imidazole-based carbene, {(MeNH)C3N2HMe2}, that is stabilized by coordi-
nation to the macropolyhedral boron cluster.649 The reaction with tert-butyl isonitrile in 1,2-dichloroethane results in anti-[7-{(t-
BuNHCH){t-BuNHC(CN)}CH2}-B18H20] in which a reductive oligomerization of t-BuNC has given the complex polynitrogen
base {(t-BuNHCH){t-BuNHC(CN)}CH2:}, formally as a zwitterionic carbene attached to the macropolyhedral boron cluster.650

Fig. 20 Structures and numbering of atoms in syn- (left) and anti- (right) isomers of [B18H22]. Reprinted with permission from Olsen, F. P.;
Vasavada, R. C.; Hawthorne, M. F. J. Am. Chem. Soc. 1968, 90, 3946–3951. Copyright (1968) the American Chemical Society.

Fig. 21 Idealized structure and numbering of atoms in the closo-closo-[B21H18]� anion.
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1.16.4.2 Octadecahydro-closo,closo-heneicosaborate anion [B21H18]
L

The protonation of trans-[B20H18]
2� in anhydrous hydrogen fluoride leads to the face-shared closo-nido-[B20H19]

�,651 deprotonation
of which gives closo-nido-[B20H19]

2�. The reaction of trans-[B20H18]
2� with BF3$OEt2 in 1,4-dioxane is an alternative route to the

synthesis of closo-nido-[B20H19]
2�,652 which on the treatment with triethylamine-borane Et3N$BH3 at 150 �C forms the face-

shared closo-closo-[B21H18]
� (Fig. 21).651

The reaction of closo-closo-[B21H18]
� with anhydrous hydrogen fluoride at 100 �C produces, depending on the reaction time,

a series of the fluoro derivatives [7-F-B21H17]
�, [7,8-F2-B21H16]

�, [7,80-F2-B21H16]
�, [7,8,9-F3-B21H15]

�, and [7,8,90-F3-B21H15]
�.653

The complexation of closo-closo-[B21H18]
�with cyclodextrins revealed its very low free energy of dehydration, thus qualifying it as

an impressive new example of superchaotropic anions.654
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Abbreviations
Aryl1 2,6-Trip2C6H3

Aryl2 2,6-Mes2C6H3

bipy 2,20-Bipyridine
CAAC Cyclic (alkyl)(amino)carbene
Cp Cyclopentadienyl
Cp* 1,2,3,4,5-Pentamethylcyclopentadienyl
CptBu 1,2,4-Tri-tert-butylcyclopentadienyl
dep 2,6-Et2C6H3

dipp 2,6-iPr2C6H3

DMAP 4-Me2N-C5H4N
do Donor
FMes 2,4,6-(CF3)3C6H2

Mes 2,4,6-Me3C6H2

phen 1,10-Phenanthroline
Rnacnac [NRCR0]2CH
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Rtpz Trispyrazolylborate [HB(C3N2HR2)3]
�

sep Skeletal electron pairs
sMes 2,4,6-tBu3C6H2

tmeda N,N,N0,N0-Tetramethylethane-1,2-diamine
tmp 2,2,6,6-Tetramethylpiperidino
trip 2,4,6-iPr3C6H2

xyl 3,5-Me2C6H3

Abstract

The ring and cluster chemistry of the heavier group 13 elements aluminum, gallium, indium and thallium developed
fruitfully during the last three decades. The formation of bonds between the atoms of those elements, the so called triels, in
molecules allowed for the build-up of electron precise chains and rings. Electron poor compounds are cluster with a fasci-
nating variety of structures ranging from polyhedral ones to element-rich clusters, where sections of element structures are
packed in a shell of substituents. The synthetic principles, structural patterns and developing properties are described.

1.17.1 Introduction

Chain, ring and cluster compounds of the triel elements (E) aluminum, gallium, indium and thallium incorporating bonds between
the metal atoms are described in this chapter. By joining these bonds oxidation states lower than þ III are adopted. The story of
metal-metal bonded compounds in group 13 started mainly about 30 years ago with the pioneering work on ditrielanes E2R4

by Uhl.1,2 In the following years a variety of low oxidation state compounds of these elements were prepared and characterized,
including chains, rings and polyhedral clusters. A series of triel rich clusters with unprecedented and fascinating structures resem-
bling sections of triel element structures show interesting properties. Very large cluster with up to 84 triel atoms were obtained.3 For
those clusters Schnöckel created the nomenclature “metalloid” clusters.4–7 This rapidly developing and fruitful chapter in chemistry
has been reviewed several times since then.3,4,7–17 Most of these reports focused on aspects of one class of compounds and describe
these aspects in detail. Here the development of oligotriels starting from binuclear to higher species will be reviewed with special
focus on progresses during the past two decades.

The metal-metal interactions in electron precise oligomers EmRn (n >m) are described as 2c2e bonds. Electron deficient species
[EmRn]

x (n � m, x ¼ 0, �1, �2) form clustered structures with multi center bonds. For cluster compounds electron counting rules,
for example the Wade-Williams-Rudolp-Mingos rules, can be applied.18–24

The 2c2e bond between heavier triel atoms is a very soft one, meaning the bond length is largely influenced by substituents. For
example, a typical gallium-gallium single bond can adopt values between 235 and 256 pm in length. It has been demonstrated that
changes in bond length have little influence on the bonding energy. The difference is only a few kJ mol�1 if the bond length changes
by�10 pm.25,26 Formation of multiple bonds between group 13 elements is a special and intensively discussed topic, which will be
not further discussed in this chapter.

Such oligotriel compounds can be either molecular compounds or parts of solid-state structures. Here we will confine to molec-
ular oligotriel compounds. For the interesting field of solid-state structures with Zintl-type ions of triels is not treated here.

1.17.2 Chain and Ring Compounds with Direct E-E-Single Bonds

Triple coordinated compounds of group 13 elements are, due to the electron sextet, strong Lewis acids, commonly. The same is valid
if one or more of the substituents are triel elements. This allows for the design of multiple Lewis acidic compounds, on the one
hand. On the other hand, these compounds tend to get stabilized either by adduct formation or cage formation. In order to prevent
the latter, meaning to form chains or rings with triel centers, it is necessary to fill the electron sextet of the triel atoms or prevent by
appropriate substituents formation of multi center bonded cluster structures. Bearing this in mind, a number of electron precise
compounds could be examined, which will be discussed according to their number of triel atoms, involved.

1.17.2.1 Synthesis and structures of compounds with solitary E2-units

Compounds with metal-metal bonds attract special interest, because normally speaking of metals delocalized bonding in the solid
is the first thought to come up. Isolation of compounds with direct metal-metal bond of d-metals in the 1950s initiated a fruitful
chemistry.27,28
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In gas phase E2 molecules have been studied with weak E-E bonds [D0
298 in kJ mol�1: E ¼ Al 133 � 5.8, Ga 114.5 � 4.9, In

78.1 � 5.7, Tl 59).29–37 The binary compounds E2H4, as the most simple compounds, are only stable under matrix-isolation condi-
tion for E ¼ Al, Ga, In, Tl.38–40 The E-E bonded structure H2E-EH2 was shown to be the minimum structure only for boron, by
quantum chemical calculations.14,41–46 The heavier congeners show a minimum on the hypersurface corresponding to a dimer
E(m2-H3)EH. This is also formulated as Eþ [EH4]

�. That means, triel(II) compounds with E-E bonds tend to disproportionate
into triel(I) and triel(III) compounds. Here, for a successful preparative access to ditrielanes(4) R2E-ER2 the influence of the substit-
uents R, their bulkiness and electronic properties, will be very important. For the control of E-E bond formation and avoiding of
charge separation, influences of solvents are also effective.14,47–49

One can conclude that electron-withdrawing groups R will increase partial positive charges on the triel centers and thus will
weaken E-E bonds. By contrast, ligation of additional groups will enforce E-E bonds. Steric demanding substituents will favor E-
E bonded systems against bridging ones of type E(m2-R3)ER. This is the case for donor (do) adducts of triel dihalides X2(do)E-
EX2(do) or bulky substituted ditrielanes(4) R2E-ER2.

Data for those compounds indicate weak E-E bonds, which are estimated to be 69–258 kJ mol�1 for the ditriel tetrahalides E2X4.
The bond strength decreases from aluminum to thallium and is much lower than for boron compounds (389–454 kJ mol�1).50

Keeping this in mind, now ditrielanes will be discussed.

1.17.2.1.1 Triel Dihalides
Compounds with direct E-E bonds of type RnE2 (n ¼ 2, 3, 4, 5, 6, E ¼ Al, Ga, In, Tl) were synthesized by various methods. While for
E ¼ Ga and In the element(II)halides X4E2$2do (X ¼ Cl, Br, I) (Tables 1–3 give an overview on available compounds prepared
during the past 30 years) are easily prepared from subhalides with appropriate donors, corresponding Al2X4$2do compounds
were only accessible via metastable aluminum(I) halide solutions, which are obtained from AlX vapors by condensation with
solvents.12,77–79 For thallium no such derivatives are known. A rare example is a Tl2

4þ as structural motif in a phase
Tl0.8Sn0.6Mo7O11.

80

EX2 compounds are diamagnetic and were postulated to have X2E-EX2 molecules with E-E single bonds.81 Crystallographic and
spectroscopic data proved ionic structures of type Eþ[EX4]

� (E ¼ Ga, In; X ¼ Cl, Br, I).82–89 Molecular diboron tetrahalides B2X4

exist, for aluminum no compounds of stoichiometry AlX2 are known.
90 The E[EX4] salts with Eþ I and Eþ III ions comproportionate

under influence of donors.
Especially for gallium, a large variety of derivates Ga2X4$2do has been characterized with donors like ethers, amines, phos-

phanes, halides and others. Common to all is a GaeGa bond of 239 to 247 pm, depending on the size of the donor and the elec-
tronegativity of X. A special derivative is (Et3NHþ)2[(

cHexPGa2I4)2]
2�68 where two Ga2I4 units are linked by two phosphide groups

forming a six membered ring. For halides as donor groups several anionic derivatives E2X6
2� have been obtained. Examples like

[Ga(dmf)6]2[Ga2Br6]2
57 and (Me4N2CH)2(Ga2I6)

91 are summarized in Table 4.

1.17.2.1.2 E2R4 Compounds

• Synthetic Pathways

E2X4(do)2 compounds are valuable starting materials for the synthesis of derivatives E2R4 via substitution reactions. Uhl succeeded
in 1989 in the synthesis of a series of E2[(CH(SiMe3)2]4 compounds with E ¼ Ga (46), In (55).1,2 This method (Eq. 1) was also

Table 1 X4Al2$2do compounds.

X do dAl-Al/pm

1 Cl N Me2(SiMe3) 257.3 51
2 Br N Me2(SiMe3) 256.4 51
3 Br NEt3 257.1 52
4 Br O(Me)Ph 252.7 53
5 I Et2O 252 51
6 I thf 252 54
7 I PEt3 254.6 51
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useful for other derivatives with various types of substituent R (Table 5). Nevertheless, disproportionation of the triel compounds in
oxidation state þ II into element(III) compounds and compounds with triel atoms in oxidation states <þII are possible alternative
reaction paths in these reactions. One example is the preparation of 51 from Ga2Cl4$2dioxane and [LiN(SiMe3)CH2]CMe2, where
formation of elemental gallium and Li(thf) Ga[{N(SiMe3)CH2}CMe2]2 is observed as side reaction.104

The corresponding Al compound Al2[(CH(SiMe3)2]4 42 was prepared by reduction of the corresponding diorganoaluminum
dihalide with potassium (Eq. 2).115 In an earlier report iBu2Al-Al

iBu2 was obtained in solution, only.116

Table 2 X4Ga2$2do compounds.

X do dGa-Ga/pm

8a Cl Dioxane 240.6 55
8b Cl Dioxane (polymer) 238.3 56
9a Cl NEt3 244.7 57
9b Cl NMe3 242.1 58
10 Cl OP(NMe2)3 239.2 59
11a Cl NC5H4(4-Me) 241.4 60
11b Cl NC5H3(3,5-Me2) 240.0 61
12a Cl C[N(Mes)CH]2 242.4 62
12b Cl C[N(dipp)CH]2 242.7 63
12c Cl C[N(2,6-Diethylphenyl)CH]2 244.8 63
12d Cl CyCAAC 246.2 63
12e Cl MeCAAC 244.1 63
13 Cl PEt3 242.7 64
14 Br NEt3 245.3 57
15 Br Thf 241.2 57
16 Br NHEt2 243.5 57
17 Br NC5H4(4-tBu) 241.9 57
18a Br PEt3 242.7 64
18b Br PH(cHex)2 243.5 65
18c Br CyCAAC 246.5 63
19 I NH2(cHex) 242.9 66
20 I NH2(tBu) 242.4 66
21 I NH(cHex)2 246.5 66
22 I NEt3 249.8 67
23 I (PcHex)2� 245.0 68
24 I PH(cHex)2 243.7 66
25 I PH(tBu)2 244.5 66
26 I PEt3 243.6 69
27 I PPh3 244.4 69
28 I AsEt3 242.8 70
29a I I, C[N(dipp)CH]2a 247.4 66
29b I CyCAAC 248.1 63

aCation: [HC[N(dipp)CH]2]
þ.

Table 3 X4In2$2do compounds.

X do dIn-In/pm

30a Cl thf 271.5 71
30b 2Cl, 2Br thf 272.2 72
31 Br C[N(Mes)CH]2 274.4 73
32 Br tmeda 276.1 74
33 3Br, I tmeda 277.5 75
34 I PnPr3 274.5 76
35 I tmeda 279.2 73
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(1)

(2)

(3)

(4)

Alternative routes are the reactions of trihalides with reducing alkali metal silanides (Eq. 3) or redox disproportionation of EX
(X ¼ halide, N(SiMe3)2, Cp*) with MR reagents (Eq. 4). By these routes several ditrielanes with various substituents were accessible
(Table 5).

• Structural Features

Most of these compounds exhibit monomeric E2R4 molecules with planar three coordinate triel atoms. The ER2 units can be
oriented coplanar or twisted, with torsions angles between 0� and 90�. The ideal staggered conformation is adopted for the silyl
substituted derivatives. The alkyl substituted ones have nearly planar C2E-EC2 arrangements. This was explained with hyperconju-
gative interactions between the empty p-orbital at the triel atoms and the filled s-orbitals of the a-C-Si bonds. Alternatively, or in
addition, the ideal packing of the planar molecules in the crystal and subsequent ideal orientation of the R groups for the hyper-
conjugative interaction was used as explanation. In solution no rotational barriers were detected by low temperature NMR exper-
iments.1,2,94 The tetraaryl derivatives have conformations with torsion angles of approximately 45�.

The E-E bond seems to be the chromophore of ditrielanes, the absorption maxima of which are influenced by the substituents.
While the alkyl derivatives are yellow (Al) to orange (In), the silyl substituted ones are described as dark green to red. Bathochromic
shifts in UV/Vis spectra are observed with increasing ordinal number and increasing torsion angles.

Table 4 Survey of compounds containing E2X62� units.

E X Mþ dE-E/pm

36 Ga Cl [PHPh3]þ 240.4, 240.7 92
37 Ga Br [PHPh3]þ 241.0 92
38 Ga Br [Ga(dmf)6]3þ 242.0 57
39 Ga I [PHPh3]þ 241.4 92
40 Ga I [CH(NMe2)2]þ 242.3 91
41 In Cl [PPh4]þ 272.7 93
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Table 5 Monomer ditrielanes E2R4 with three-coordinate triel atoms.

dE-E/pm References

42 [(Me3Si)2CH]2Al-Al[CH(SiMe3)2]2 266.0 94
43 Trip2Al-AlTrip2 264.7 95
44 (tBu3Si)2Al-Al(SitBu3)2 275.1 96,97
45 252.2 98

46 [(Me3Si)2CH]2Ga-Ga[CH(SiMe3)2]2 254.1 2
47 Trip2Ga-GaTrip2 251.5 99
48a [(Me3Si)3Si]2Ga-Ga[Si(SiMe3)3]2 259.9 100
48b [Ph2tBuSi]2Ga-Ga[SiPh2tBu]2 245.6 101
49 (FMes)2Ga-Ga(FMes)2 247.9 102,103
50 252.5 25

51 238.5 104t0030

52 236.3 105

(Continued)
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The largest number of these compounds was prepared with E ¼ Ga. Here the GaeGa bond varies from 234 to 260 pm with the
steric demand of the substituents. The longest bond was observed for the bulky silyl derivative [(Me3Si)3Si]2Ga-Ga[Si(SiMe3)3]2
48a. The digallane 48b with SiPh2

tBu-substituents shows a remarkable shorter GaeGa bond. This might be due to dispersion inter-
actions between the substituents, similar to the effects in multiple bonded systems.117

This dependence of the substituents is also demonstrated with tetra(amino)digallanes. In tmp4Ga2 50 the molecule parts are
twisted by 31� and the GaeGa bond lengths is 252.5(1) pm. The less steric demanding diamine residue Me2C[CH2N(SiMe3)]2 leads
to an orthogonal orientation of the GaN2 planes in 51 and a short GaeGa bond of 238.5(1) pm. With diazabutadienediide substit-
uents [CHN(R)]2 (R ¼ tBu, 2,6-iPr2C6H3, 2,6-Et3C6H3) similar short GaeGa bonds are observed in 52–54. Dialanes have longer E-E
bonds than digallanes, because of the smaller covalent radius of gallium.

Especially, compounds of types 45 and 54 show interesting chemistry, due to their redox-active substituents.98,106,118–121

• Thallium-Thallium Interactions

For thallium [(Me3Si)3Si]2TleTl[Si(SiMe3)3]2 61, prepared by the reaction of RbSi(SiMe3)3 and TlN(SiMe3)2, is a rare example with
a thallium-thallium bond.112 Thallium-thallium interactions are also present in a thallium tripod complex 64.122 Here, additional
thallium(I) cations atoms coordinate to the tripod ligand. The thallium-thallium bond (dTl-Tl ¼ 273.4 pm) is even shorter than in
the indium analog 65.122 A series of thallium(I) complexes with tripod ligands122–126 and diamido ligands127,128 show Tl.Tl
contacts, too.129,130 Such interactions between closed shell s2-thallium(I) cations are also observed in other classes of compounds
and usually are weak (370 /400 pm).129,131–135 Tl2[(RN)2BPh] (R ¼ iPr, tBu) aggregates to chains, where dithallium units interact
with a thallium ion of the next unit, leading to infinite chains of edge-sharing triangles (dTl-Tl ¼ 295.0 and 300.4 pm).136

Table 5 Monomer ditrielanes E2R4 with three-coordinate triel atoms.dcont'd

dE-E/pm References

53

R1 ¼ tBu, dipp, 2,6-Et2C6H3

233.1, 234.8, 235.9 106–108

54 236.0 106

55 [(Me3Si)2CH]2In-In[CH(SiMe3)2]2 282.8 1
56 Trip2In-InTrip2 277.5 109
57 (tBu3Si)2In-In(SitBu3)2 292.8 96,110
58 (tBu2PhSi)2In-In(SitBu2Ph)2 293.8 96
59 [(Me3Si)3Si]2In-In[Si(SiMe3)3]2 286.8 111
60 (FMes)2In-In(FMes)2 274.4 102
61 [(Me3Si)3Si]2Tl-Tl[Si(SiMe3)3]2 291.5 112
62 (tBu3Si)2Tl–Tl(SitBu3)2 288.1 96
63 (tBu2PhSi)2Tl-Tl(SitBu2Ph)2 296.2 96,110,113
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• Bulky Silanide Derivatives

Using the bulky silanide tBu3SiNa, the corresponding tetrasilylditrialane, indane and thallane are accessible. For aluminum and
gallium, the trihalides are reduced during the reaction (Eq. 3) and the indium and thallium derivatives are accessible via the mono-
halides, respectively (Eq. 4). Only for gallium, the smallest atoms in this row Al – Tl, the tetrasilyldigallane (tBu3Si)4Ga2 was not stable

under the reaction conditions, but lost one equivalent of tBu3Si to afford the radical [(tBu3Si)3Ga2]• 66 (dGa-Ga ¼ 242.3 pm).137

Reduction of this radical afforded [(tBu3Si)3Ga2]
� (Na(thf)3]

þ 67 (dGa-Ga ¼ 237.9 pm),137 which can be used for nucleophilic substi-
tution reactions, i.e. with trimethylchlorosilane to 68, or can be oxidized with tBu3SiBr to a cyclotrigallane 69a, which then can be

reduced to 69b (Scheme 1). 44 decomposes on heating to 373 K within 10 h via the dialanylradical [(tBu3Si)3Al2]•, an analog to

66, to (tBu3Si)4Al3, which itself is an analog to 69a. The gallium ring compound was not formed on heating of [(tBu3Si)3Ga2]•.
The three-membered ring compounds of aluminum and gallium transform to give cluster compounds (tBu3Si)4E4 (E¼ Al, Ga)
and others on heating. Similar, (tBu3Si)4In2 decomposes to a higher indium cluster (vide infra), which might also be the case for
the thallium homolog. But here only an undefined black precipitate was obtained.

• Cycloaddition Products of Ditrielenes

The NHC stabilized dialumene [AlSi(tBu2Me)C{N(iPr)C(Me)}2]2 70a contains a Al-Al double bond and has been used for various
cycloadditions.138,139 Thus, 70a reacted with ethene and carbon dioxide forming the products 70b and 70c, respectively. Reaction
with phenylacetylene yielded cycloaddition product 70d and insertion product 70e in an equimolar ratio.

Scheme 1 Reactivity of supersilylsubstituted oligogallanes.
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A special derivative is the cycloaddition product ArylGa(NPh)2GaAryl 71 (Aryl ¼ 2,6-dipp2C6H3) of corresponding digallene
and diazene. 71 contains a Ga2N2-ring with a Ga2-unit.

140 The corresponding Aryl2Al2-unit is part of an Al2C2-ring of ArylAl
[C(SiMe3)]2AlAryl 72

141 and is present in (ArylAl)2(C6H5Me) 73, the cycloaddition product of toluene and Aryl2Al2.
142 The latter

is only one representative of a class of ditrielenes REER143 (E ¼ Al,142 Ga,144,145 In,146 Tl147–149), which have been prepared during
the last decades. They potentially can be looked upon as doubly bonded systems. Nevertheless, their long EE bonds indicate other-
wise. On reduction dianionic species [REER]2� are obtained, for which the bonding situation was discussed controversially. A triple
bond as well as a single bond is an extreme description for these compounds.145,150–152 One-electron reduction of ditrielanes 42,

43, 44 and 47 gave the radical ions [R4E2]•
� with a bond order of 1.5, meaning the additional electron is located in the empty p-

orbitals of the E2-unit.
95,99,153–157

1.17.2.1.3 Lewis Acidity – Higher Coordination Numbers
Chalcogenide substituents were scarcely used in this kind of chemistry. The tert-butoxy substituted digallane 74 forms a dimer with
two parallel GaeGa bonds, which are linked via tert-butoxy bridges.104 The isostructural aluminum alkoxide was prepared from
AlBr solutions. The formation of these dimers shows the triel atoms in ditrielanes(4) still to be Lewis acidic.158
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Al2(P
tBu2)4 75

158 is formally also a Al2R4 derivate. It is obtained as two isomers 75a and 75b, depending on reaction conditions
(Scheme 2). 75a is prepared by reaction of AlX solutions in toluene/Et2O with LiPtBu2. This Al2P2 ring compound is a diradical
without an AleAl bond [dAl-Al ¼ 350.8 pm]. From solutions, which contain no or only a little amount of donor solvents, crystallizes
75b with a Al-Al-bond [dAl-Al ¼ 258.7 pm]. The difference was explained by disproportionation of the AlX solutions, which
proceeds via Al2X4$2do in the latter or via Al5Br5$4do in the first case (see Section 1.17.2.3). Dimerization of 75a would probably
result in a structure analogous to 74.

This Lewis acidic character of ditrielanes(4) compounds can be used to prepare ditrielanes with five and six substituents, so
called ditrielanes(5) or ditrielanes(6). Thus, [(Me3Si)2CH]2Al-Al[CH(SiMe3)2]2 42 reacts with LiR1 (R1 ¼Me, Br) to form
[Li(tmeda)2]

þ [R1[(Me3Si)2CH]2Al-Al[CH(SiMe3)2]2]
� 76.159,160 tBuLi and EtLi react under b-H-elimination to give the hydrides

(R1 ¼ H). LiCH(SiMe3)2 deprotonates to give the ring compound 77.161

[(Me3Si)2CH]2Ga-Ga[CH(SiMe3)2]2 46 reacts with LiCCPh under formation of an adduct 78 for example.162 A homoleptic
Ga2R5 compound is the anion [Ga2(SiPh3)5]

� 79 (dGaGa ¼ 254.6 pm)163 with a three and a tetracoordinated gallium atom. Inter-
estingly, the GaeSi bonds of the three-coordinate gallium atom are longer than those of the tetra-coordinate one. This was
explained by hyperconjugative effects. Higher coordination numbers at the gallium atoms are achieved by multipodal nitrogen
ligands (80, 81),164,165 with a carboranate dianion (82) (dGaGa ¼ 234.0 pm)103 as a substituent or in phtalocyanato complexes
of Ga2 units.166–168 A TiCp*N-cage (83) (dGaGa ¼ 239.7 pm)169 and P-S-ligands (84) (dGaGa ¼ 238.3 pm)170 also have been
used for stabilization of Ga2-units.

Scheme 2 Aluminum-aluminum bond formation from AlX solutions.
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The dialane(6) [iBu3Al-Al
iBu3]

2� was obtained by reduction of iBu3Al with potassium.171 Even more easily is the adduct forma-
tion with diindanes, which is due to the larger radius of indium atoms compared to the lighter homologs.

1.17.2.1.4 Heteroleptic Compounds
The gallium and indium compounds of type (REX)4 85a-h (Table 6) adopt a D2d-symmetric structure, where two E2-units are linked
via four halide bridges. The cage formed resembles the Realgar-structure (As4S4). With the smaller (Me3Si)2CH-substituent a trimeric
fluoride derivative 86a and the hydroxide 86b were obtained by treatment of digallane 46 with HF or H2O, respectively. In these
compounds three GaeGa bonds are in parallel arrangement.176

Table 6 (REX)4 compounds of type 85.

85 E R X References

a Ga Si(SiMe3)3 Cl 100
b Ga Si(SiMe3)3 Br 172
c Ga SitBu3 Cl 173
d In C(SiMe3)3 Cl 174
e In C(SiMe3)3 Br 174
f In 2,6-Mes2C6H3 Cl 175
g In 2,6-Mes2C6H3 Cl0.5I0.5 175
h In 2,6-Mes2C6H3 I 175

788 Chain, ring, and cluster compounds of heavy group 13 elements (Al, Ga, In, Tl)



Chain, ring, and cluster compounds of heavy group 13 elements (Al, Ga, In, Tl) 789



With more bulky substituents monomeric derivatives R2E2X2 87a - f (Table 7) with three coordinate triel atoms were
synthesized.

With bidentate substituents a series of heteroleptic ditrielanes 88–92180–188 with tetracoordinate galliumatoms could be
obtained.

Ditrielanes with carbenes as stabilizing donors is also a growing field. Compounds like the previously mentioned triel dihalides
12a-e, 18c, 29b and cycloaddition products 70b-e but also the heteroleptic compounds 93a-b189,190 have been reported.

Biradical ditrielanes 94a-c are products of reactions of “GaI”191 or InCl with diazabutadienes ,192–194 while 94d was isolated
from an obscure reaction.193

These types of functional digallanes [R2E2X2]n (n ¼ 1, 2, 3) normally do not undergo simple substitution reactions, which might
offer a broad potential to synthesis of heterocyclic compounds with Ga-Ga-units. Mostly redox disproportionation or reduction by
the nucleophile was observed. For example, 85a reacts with Collman’s reagent to give a gallium-iron cluster 95. Here, GaSi(SiMe3)3
groups substitute for bridging CO-ligands in Fe2(CO)9 (Eq. 5).

195 Similarly, other ER groups are versatile ligands (for reviews see for
example11,12,196–199).

Table 7 Monomeric R2E2X2 compounds.

87 E R X References

a Al dipp I 142
b Ga C(SiMe3)3 Br 177
c Ga C(SiMe3)3 I 178
d Ga 2,4,6-tBu3C6H2 Cl 179
e Ga 2,6-dipp2C6H3 I 144
f Ga 2,6-trip2C6H3 I 145
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(5)

On the other hand, by reaction of [(Me3Si)2CH]2Ga-Ga[CH(SiMe3)2]2 46 with Brønsted acids of various types a large variety of
heteroleptic digallanes are accessible.200 The huge number of compounds, available, cannot be fully discussed here. The principle is
shown in the reaction of 46 with a carboxylic acid to form 96 (Eq. 6). Here two alkyl ligands are protonated off and the carboxylate
groups are bridging the intact Ga2-unit. For the homologous aluminum and indium compounds the protolysis reactions proceed in
a different way, to produce 97 and 98, where the E-E bond is cleaved.201 Corresponding indium(II) carboxylates were prepared from
85d by reaction with silver or lithium carboxylates.202,203 Reaction of [(Me3Si)3CGaI]2 87c with lithium carboxylates gave unsym-
metrical substituted derivatives 99.204

(6)
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The stability of the Ga2-unit was used to arrange up to six Ga2-bonds in supramolecular aggregates using dicarboxylic acids. Flex-
ible spacers allow dimeric species 100.205 1,4-butane, 1,6-hexane-, 1,6-cyclohexane- and 1,4-dimethylbenzenedicarboxylic acid
have been used as flexible spacers. Rigid spacers like, ferrocenedicarboxylic acid, naphthalenedicarboxylic acid or muconic acid,
allow higher nuclear derivates 101a,206 101b,207 101c.208 Here, carboxylates can either bridge a Ga2-unit (for example 101) or
link two Ga2-bonds (for example: 102). With benzotriazol-5-carboxylic acid six Ga2[CH(SiMe3)2] units get linked to form cage
103.209 Hereby cavities of up to 1.5 nm diameter are formed, which can contain solvent molecules. Squaric acid reacts similarly
to form a tetramer aggregate 104,208 whilst tropolone reacts with 46 to give the monomeric digallane 105.210

Those heteroleptic digallanes are valid starting materials, themselves. Thus, reaction of [(Me3Si)2CH]2Ga2(O2CMe)2 96 with
lithiumdiphenyltriazenide afforded the triazenido substituted digallane 106,211 which is built analogous to amidinato substituted
digallanes with the triazenido ligand bonded in terminal positions, not in a bridging one like the carboxylate. This was explained
with the larger flexibility of the NNN angle compared to the OC(Me)O angle.
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In addition, other types of protonic acids have been applied for reactions in analogy to Eq. (6). Imido-tetraphenyldiphosphinic
acid and imido-tetraphenylthiodiphosphinic acid form the digallanes 107 and 108, with different coordination mode of oxygen
and thioligands.212

Similarly, acetylacetonato derivatives of digallanes 109 are either prepared by reaction of the neutral acetylacetones213,214 or by
reaction of the lithium acetylacetonates with digallium subhalides.203,215 For indium, only the route via diindium subhalides is
successful.204,215

1.17.2.2 Synthesis and structure of compounds with E3-units

For E3-compounds chain and ring compounds are possible. An Al3-unit is present in the salt [Cp*2Al3I2]
þ[Cp*Al2I4]

� 110a,216 ob-
tained from the reaction of [Cp*Al]4 with aluminum triiodide. The structure of neutral CptBu2Al3Br3 110b (CptBu ¼ 1,2,4-tri-tert-
butylcyclopentadienyl) is derived from 110a by bonding of an additional halide.217
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The largest variety of E3-compounds is known for the element gallium. Two types of open-chain trigallanes with bent, as well as
linear, Ga3-cores were realized. Ga3I5$3PEt3 111

69 is a sole example of a Ga3 subhalide. With amidinato groups several trigallanes of
type (amidinato)3Ga3I2 112a, 112b could be prepared, including a subvalent hydride 112c. The latter was obtained by the reaction
of 112a with Na[BEt3H].183 The reaction of 112a with elemental iodine in toluene at room temperature occurs immediately. It
yields the gallium(III) compound (amidinato)GaI2. That allows a redox titration with an iodine standard solution in toluene.
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The consumption of iodine solution corresponds with a four electron reaction. This matches with the presence of two gallium(II)
and one gallium(I) in 112a.

112a cocrystallizes with solvents like n-hexane, toluene and thf. This change of crystal solvent has influence on the structure of
112a. The torsion angle I-Ga-:::-Ga-I in solvent free and hydrocarbon containing crystals is approximately 125–126�, for the thf
solvate it changes to 88�. There is no close contact between the solvent molecules and the trigallane. A possible explanation is
the change in the dipoles on the twist from 5.2 to 8.3 Debye, which is counteracted by the polar solvent.

The GaeGa bond lengths of trigallanes 112a – c are in the range of 241–246 pm. This is in line with the bond lengths observed
for comparably substituted digallanes.

Upon reaction of “GaI” with potassium tris(3,5-dimethylpyrazolyl)hydroborate K[Metpz] the trigallane 113a as well as the tet-
ragallane 113b can be obtained.218 The bond distances are similar to 112a – c (dGa-Ga ¼ 241.9–243.1 pm). 113a, bmay be viewed
as double adducts of Ga2I4 with Ga[Metpz] and 3,5-dimethylpyrazol, respectively.

By addition of cryptand[2.2.2] to Ga2Cl4$2thf the cation [Ga3Cl4(cryptand-222)]
þ 114 is obtained.219 Within the structure only

the [Ga2Cl]
þ moiety is captured by the cryptand, while the GaCl3 residue is located outside the cavity.

Reaction of the anionic gallium heterocycle [Ga{N(dipp)CH}2]
�194,220 with donor stabilized gallane [GaH3$donor] (donor ¼

quinuclidine) affords the anionic trigallanate [[CHN(dipp)]2Ga-GaH2-Ga[N(dipp)CH]2]
� 115. This is described as donor acceptor

adduct of the anionic [Ga[N(dipp)CH]2]
� rings to a GaH2

þ cation.221

Oxidative addition reactions of GaX3 (X ¼ Cl, Me) to the gallium(I)bisketoimidinate Ga(nacnac)220 produced the trigallanes
(nacnac)Ga(X)Ga(X)Ga(X)(nacnac) 116a, b.222

With a tris(imidazolinato)borate ligand (L) the ionic Ga3-compounds [L2Ga3I2]
þ 117 (dGa-Ga ¼ 245.86(5) pm) and [LGa3I5]

�

118 (dGa-Ga ¼ 240.6(3) and 241.2(2) pm) as well as the corresponding digallanes [L2Ga2]
2þ (dGa-Ga ¼ 241.2(3) pm) and LGaGaX3

(X ¼ Cl, I) (dGa-Ga ¼ 241.4(4) pm) are accessible via reaction of the potassium or thallium derivative of the ligand and “GaI.”223

The GaeGa bonds are in the typical range known from other oligogallanes.
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Starting from “GaI” or GaBr-solutions a Ga3R5 derivate 119 (R ¼ N(SiMe3)2) with three coordinate gallium atoms in an angled
chain can be prepared. The GaeGa bonds (dGa-Ga ¼ 252.8 pm) are relatively long, comparable to those in digallanes with bulky
substituents.224,225

A formal R�-adduct of a Ga3R5 derivative is [Ga3R6]
� 120 (R ¼ GePh3). This trigallanate, as well as the indium analog

[In3(SiPh3)6]
� 121, is isolated as alkalimetal salt. The cations are coordinated by thf molecules and are separated from the anions

in the crystal. 120 and 121 have linear E3-units. These are described as double Lewis-base adducts of E� to two ER3 groups according
to 122.
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In Ga3(P
tBu2)5 123,226 (Aryl1Ga)2GaH(PH2)2 (Aryl1 ¼ 2,6-trip2C6H3) 124

227 as well as in Ga3R3I2 (R ¼ C(SiMe3)3) 125a,
177

and its indium homolog In3R3I2 125b,228 In3R3Br2$LiBr 126a,
229 In3Aryl

2
3I2$thf 126b

230 and In3Aryl
2
3ClI 126c

230 (Aryl2 ¼ 2,6-
Mes2C6H3) bent E3-units are part of four-membered rings closed by donor-acceptor interactions.

[In3bipy6]
3þ 127a231 and [In3bipy5]

3þ 127b231 (bipy ¼ 2,20-bipyridine) are three-membered rings consisting solely of E3-units.
The cationic rings are stabilized by two bipyridines for each Inþ in 127a. For 127b with one bipyridine less, two Inþ are bridged by
one bipyridine.

Two types of gallium-silicon rings are established, a 1,3,2,4-disiladigalletane [(Me3Si)3SiGaSi(SiMe3)2]2 and a 4,1,2,3-
silatrigalletanate 128.232 The latter is formed during reaction of (Me3Si)3SiLi(thf)3 with Ga2Cl4$2dioxane or “GaI” and includes
a Ga3-group. It was postulated, that 128 forms via isomerization of an intermediately formed [Ga3[Si(SiMe3)3]4]

� ring 129
(Scheme 3) and is an intermediate in the formation of the Ga4Si-cluster compound 130.233

Another ring compound, related to 128, is the radical 69a, which can be reduced to 69b. 69a itself is a thermolysis product of
R3Ga2 66 (Scheme 1).

A special class of Ga3-ring compounds is represented by [Ga3Aryl
2
3]

2� 131 (Aryl2 ¼ 2,6-Mes2C6H3). Two p-electrons form
a metalloaromatic system with short gallium-gallium bonds (dGa-Ga ¼ 241.9–243.7 pm).234 The two potassium cations coordinate
to the Ga3-ring of 131 and the attached aryl groups and thus contribute to the stability of the system. An analogous aluminum
compound Na2[Al3Aryl

2
3] (dAl-Al ¼ 252.0 pm) was obtained in a similar manner.150

Only two thallium compounds with three connected thallium atoms are known, the chain [(xylnacnac)Tl]3 132
235 and the ring

compound (tBu3Si)4Tl3Cl 133.
236 Here, the chlorine atom bridges the terminal thallium atoms of the Tl3-unit. 133 was obtained

together with a Tl6-compound 134, where two four-membered rings (tBu3Si)3Tl3Cl are linked via TleTl and TleCl contacts. Three
[(xylnacnac)Tl] units associate to form 132 via long thallium(I)-thallium(I) interactions (dTl-Tl ¼ 358 and 380 pm). An additional
contact between the outer thallium atoms and the central thallium heterocycle as well as thallium arene contacts stabilize this
trimer. Bulkier b-diketiminates prevent aggregation and monomer thallium(I) derivates are obtained.237–239
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1.17.2.3 Synthesis and structure of compounds with higher En-units

1.17.2.3.1 Subhalides
Treatment of metastable solutions of Al(I) and Ga(I) halides with appropriate donor ligands afforded cyclic compounds of olig-
omer E(I)halide donor complexes. For E ¼ Al planar four-membered ring compounds [AlX$do]4 135a – c (X ¼ Br, do ¼ NEt3

240;

Scheme 3 Formation of gallium-silicon ring compounds 128–130.
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X ¼ I, do ¼ NEt3
241; X ¼ I, do ¼ PEt3

242,243) are obtained. From these solutions even higher subvalent aluminum halides like
Al12[AlX2$do]do2 (do ¼ thf, X ¼ Cl, Br)244,245 were isolated, which contain icosahedral Al12-cores, which can be described as
closo-cluster compounds according to the Wade rules.

Al5Br7(thf)5
54 is an ionic compound composed of [Al{AlBr(thf)2}2{AlBr2(thf)}2]

þ cations and [Al{AlBr2(thf)}4]
� anions.

Octamer and decamer gallium(I)halides 13667 and 137246 were obtained by addition of the corresponding donors to GaX-
Solutions (X ¼ Br, I). The core of 136 is a planar eight membered ring, where six gallium atoms bear an iodine atom and a phos-
phane ligand. The remaining two gallium atoms are bridged by two iodine atoms.

137 exhibits a six membered gallium ring in a flat chair conformation, where the two gallium atoms Ga(1) and Ga(4) are con-
nected to two terminal GaBr2(4-

tBu-pyridine) groups. From GaI-solutions with triethylamine a partial oxidized product 138 was
crystallized, which is built from two five-membered Ga4O rings which are dimerized by two GaO-contacts.247

Starting from these GaX-solutions or alternatively sonochemically prepared “GaI” several chain and ring compounds with four
or more gallium atoms have been prepared. Very common are Ga5-derivates, which contain tetrahedral GaGa4-cores 139.

54,248–251

The terminal gallium atoms are either part of GaX(do)2 or GaX2(do) groups. Thus, a central Ga
0 atom is surrounded by GaI and GaII

centers. Homologous InIn4 derivates are also known. Those are the ammonium salts [In[InX2(do)]4]
�Hdoþ (140a: X ¼ Cl,74 140b:

X ¼ Br,252 do ¼ N(CH2CH2)3CH].

1.17.2.3.2 Nonhalide derivatives
Such a GaGa4 core of type 139 is also present in the salt like compound [Ga6Cp*2(triflate)6$2toluene] 141a (triflate ¼ CF3SO3). Here
the cation is a Gaþ ion coordinated by two toluene molecules and the anion can be described as (triflate)3GaeGaeGa(triflate)3
chain, where two GaCp* groups coordinate to the central gallium atoms. 141a is obtained from protolysis of GaCp* with trifluor-
methanesulfonic acid together with 141b and several gallium(III)products.253 141b is a tetragallane, which can be described as
a double GaCp* adduct of the digallane Ga2(triflate)4. Consequently, here the sequence Ga

IeGaIIeGaIIeGaI makes 141b an analog
to Ga2Cl4$2dioxane, where the gallium(I)compound GaCp* adopts the role of the donor molecule. Previously mentioned 113b is
a compound with similar structure as 141b. In both structures two units GaR (R ¼ Metpz, Cp*) act as donor for Ga2X4 (X ¼ I, triflate).
Preparing galliumsubtriflates by oxidation of galliumwith silvertriflate under ultrasonic conditions results in oligogallates [Ga(C6H5-
Me)]2[Ga2triflate6],

254 [Ga(C6H5Me)(C6Me6)]2[Ga2triflate6]
255 and [Ga][Ga(C6H5Me)]2[Ga3triflate8].

A tetragallane with an inverse GaII-GaI-GaI-GaII arrangement is present in the galliumamidinate 142a.256 With more steric
demanding amidinates only digallanes and trigallanes were accessible. The GaeGa bonds (dGa-Ga ¼ 245.3(1) and 245.5(1) pm)
are slightly longer than in amidinato substituted trigalliumiodides 112 and digalliumiodides 89. This is in line with Bent’s rule
and the substitution pattern of the neighboring gallium atoms.

R0
3Ga4I3 142b (R0 ¼ Ph2P[NMes]2) is obtained from “GaI” and LiR0.257 The Ga core of 142b has the shape of a distorted trigonal

pyramide with one short (dGa-Ga ¼ 245.1(1) pm) and two slightly longer GaeGa bonds (dGa-Ga ¼ 247.1(1)pm). The atoms
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forming the base of the pyramid are bonded to one R0 substituent, each, one of these and the apical gallium atom bear an iodine
atom. Two gallium atoms are bridged by the third iodine atom. R”3Ga5I4 142c (R” ¼ (tBu)Mesnacnac) with its branched Ga5 chain is
obtained by reaction of “GaI” with Li[R”].258 The chain is twice bridged by iodine atoms, forming a planar Ga3I heterocycle. This
results in an average Ga oxidation state of 1.4.

In Aryl24In4I2 143a (Aryl2 ¼ 2,6-Mes2C6H3) a En-chain is closed to a heterocycle by donor-acceptor interactions, like in 126a-c.
This results in an InII-InI-InI-InII arrangement similar to 142a. 143b consists of a planar In4-ring with two ethylene-
bridged bis-dippnacnac substituents, bound to each two In Atoms.259 Here the In4-ring is neutral. K2In4[B{N(dipp)CH}2]4 143c
has also a planar In4-ring core, but with a double negative charge. Two potassium ions are coordinated 327.4 pm above and below
the center of the In-ring.260

The hexagallanate 144261 is based on a tetrahedral GaGa4-core. Here a tetrahedral GaGa3(Ga2) core is present, where the central
gallium atom is bonded to three single gallium atoms and one digallium unit. One of the single gallium atoms bears two amide
groups, the others are linked to an additional iodine or oxo group, respectively. The gallium atoms of the Ga2 unit are bonded to
one amide group, each. The iodine atom and the oxygen atom are in bridging positions thus forming a Ga5OI cage. 144 forms
during the reaction of “GaI” with LiN(SiMe3)2 in low yields instead of an anticipated gallium(I)amide.

An analogous In6-core is present in [In6I8(tmeda)4] 145 (tmeda ¼ tetramethylethylenediamine).73 Two In(tmeda)I, one
In(tmeda)I2 and an InI2-InI2(tmeda) groups are attached to the central indium atom. Thus, tetra- and penta-coordinate indium
atoms are part of this molecule.

A structural related anion [Ga8O{N(SiMe3)dipp}2(Ndipp)2{N(H)dipp}4]
2� 146251 is obtained as lithium salt from the reac-

tion of LiN(SiMe3)dipp with GaCl solutions at ambient temperature, that means in a temperature region, where gallium(I)chloride
solutions are mostly disproportionated into gallium and halides of higher oxidation states. Here two GaGa4 units are joined via
a common gallium atom. Two imide groups dippN and one oxo atom close three Ga4X rings, which are arranged in a 3,3,3-
propellane type structure.
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Compounds with a branched Ga4 chain were obtained starting from Ga2trip4 [dGa-Ga ¼ 251.5 pm].262 While careful reduction

with lithium metal (Scheme 4) produced the radical anion [trip4Ga2]•
� 147 [dGa-Ga ¼ 234.3 pm], reduction with an excess of

sodium in trimethylamine led to the formation of dianionic [(trip2Ga)3Ga]
2� 148, with a planar GaGa3 core. The short

gallium-gallium distances [dGa-Ga ¼ 238.9 pm] are in accordance with two delocalized p electrons in the gallium core. The neutral
GaGa3 compound 149 was obtained by oxidation of 148 with dry oxygen. The gallium-gallium bonds are elongated upon this
oxidation [dGa-Ga ¼ 246.5–248.1 pm]. The indium analog (trip2In)3In 150 has also been prepared.109

The monoanionic compound 151 of type [RGa(GaR2)3]
� has a pseudotetrahedral Ga4 core, where the edges of the Ga3 base are

bridged by iodine atoms.263 The resulting cage is described as a cube with a missing corner. The long Ga-Ga-distances [dGa-Ga ¼
253.5 pm] are in line with the bulky silyl groups at the gallium atoms.

Cyclic gallium compounds are known as anionic and cationic derivates. In M2[Ga4Aryl
1
2] 152a (Aryl

1 ¼ 2,6-trip2C6H3, M ¼ Na,
K)145,264 and Na2[Ga4(Si

tBu3)4] 152b
173 anionic rings are coordinated to alkali metal ions. 152a is obtained by reduction of Aryl1-

GaCl2 with the alkalimetals and shows planar, metalloaromatic Ga4 rings with formally two p electrons. The metal ions coordinate
to the gallium-p-system and the p-system of the trip-rings. 152b is prepared by reduction of the gallatetrahedrane Ga4(Si

tBu3)4 with
sodium. It has a butterfly-type Ga4-core with a delocalized 2p system.
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The second kind is represented by cationic rings [Ga4(CN
tBu)8]

4þ 153a265 and [Ga5(DMAP)10]
5þ 153b (DMAP ¼ 4-Me2N-

C5H4N) with the weakly coordinating counterion [Al{OC(CF3)3}4]
�.266 153a and 153b can be prepared through reaction of

[Ga(PhF)2][Al{OC(CF3)3}4] with the respective neutral donor. Both Ga-cores are essentially planar with typical GaeGa bond
distances (153a dGa-Ga ¼ 246.1–246.6 pm, 153b dGa-Ga ¼ 248.8–250.1 pm).

Scheme 4 Redox chemistry with Ga2trip4 47
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[In4bipy6]
4þ 153c and [In4phen6]

4þ 153d (bipy ¼ 2,20-bipyridine, phen ¼ 1,10-penanthroline)231 are expanded cyclic cations
of the previously mentioned three-membered rings 127a,b. 153c and 153d are obtained, similar to 153a and 153b, by reaction of
[In(PhF)2][Al{OC(CF3)3}4] and the respective ligands.

[Ga6(SiPh2Me)8]
2� 154, isolated as lithium salt, shows an unusual planar arrangement of six gallium atoms.267 Formally it is

derived by dimerization of two equivalents of a compound of type 122 with loss of four substituents. The delocalized bonding in
154 brings this compound at the border with cluster compounds, discussed later.

An unique example of a linear six-membered chain compound of triel elements is In6I2(
xylnacnac)6 155 (xylnacnac ¼ [N(3,5-

dimethylphenyl)C(Me)]2CH; dIn-In ¼ 282.2–285.4 pm).268 155 is obtained from indium(I) iodide and the potassium salt of xylnac-
nac. The bond lengths are similar to those in nacnac substituted diindium halides [(dippnacnac)InCl]2 156a [dIn-In ¼ 282.4 pm]188

and [(Phnacnac)InCl]2 156b [dIn-In ¼ 275.7 pm].187 [(xylnacnac)In]2 157 as an example of a dimeric indium(I) derivative has
a longer indium-indium bond [dIn-In ¼ 334.0 pm], despite the fact that a double bond may be formulated here.269

Reaction of GaX-solutions270 with alkalimetalphosphanides yield in oligomeric galliumphosphanides Ga8(P
tBu2)8Cl2 158,

251

Ga8(P
iPr2)8Cl2 159

251 and Ga12(P
tBu2)6(

nPr(H)C]PnBu3)2Br2 160
271 as well as in higher cluster compounds.272 158 and 159 are

octagallium derivatives with complicated oligocyclic structures. The central Ga8-core of 158 is described as two distorted edge-
sharing GaGa4 tetrahedra, where the terminal gallium atoms are bridged by phosphanido groups. The diisopropylphosphanido
derivate 159 has an oligocyclic structure with attached Ga2 units. The unusual Ga12 compound 160 forms by reaction of metastable
GaI solutions270 with LiPtBu2 and

nPr(H)C]PnBu3. It has a cluster core consisting of three nearly planar Ga4 rings. A related In9
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compound [In3(In2)3(PhP)4(Ph2P)3Cl7(PEt3)3] featuring (Inþ II)2 units as well as Inþ III units was prepared starting from indium
trichloride and silylated phenylphosphanes. Redox reactions are responsible for indium-indium bond formation, here.273

1.17.2.4 Synthesis and structure of compounds with E-E0 bonds

The availability of Lewis basic triel(I) derivatives ECp*,274,275 E(nacnac),220 [E[N(dipp)CH]2]
�192,194,276,277 and EL

(L ¼ substituted pyrazolylborato)278 offers the possibility for the preparation of mixed E-E0 compounds.279 We have already dis-
cussed donor-acceptor compounds of AlCp* and GaCp* for structures 110a and 141b, involving Eþ I and Eþ II centers. The combi-
nation Eþ I and Eþ III is realized in tButpzGa-GaI3,

tButpzIn-InI3 (tButpz ¼ tris-(3,5-ditertbutylpyrazolyl)hydroborate)278,280–283 and
XIn[[18]-crown-6]-InX3 161 [dIn-In ¼ 268.2 (X ¼ Cl), 270.7 (X ¼ Br), 272.5 (X ¼ I)].284,285 161 is obtained from InCp* by protol-
ysis with triflic acid and subsequent reaction with indium trihalides. The trend in bond lengths is as expected from Lewis acidities of
InX3 and the steric demand of the halides.

ECp* compounds form a variety of complexes with transition metal fragments196,286–291 and main group Lewis acids. With the
latter often redox reactions occur (see for example 110a), but with appropriately substituted acids Eþ I-E0þ III complexes are obtained
(Scheme 5, Table 8).250,293,296 Two examples are 162294 and 163,296 prepared from the triel(I) compound. 164 is product of the
reaction of Cp*Li with “GaI” and can be reduced with alkali metals to Cp*Ga.288 The bond lengths of a E-E0 pair seem to be depen-
dent of the Lewis acidity of the E0R0

3 part.

Scheme 5 Principle of the formation of REþ I-E0R0
3 complexes

Table 8 Overview of REþ I-E0R0
3 complexes.

dE-E
0 [pm] AlCp* GaCp* InCp* Aldippnacnac

B(C6F5)3 216.9292 216.0250,293 218.3294

Al(C6F5)3 259.1295

AltBu3 268.9296 262.9296 284.3296

GatBu3 262.0279,296 284.5296

GaCl2Cp* 242.5296

GaI2Cp* 243.7296
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1.17.3 Polyhedral Cluster Compounds

With few exceptions all ring and chain compounds described so far in this chapter, are electron precise, meaning a description with
2c2e bonds is valid. 154, of type [R8Ga6]

2� is an electron deficient molecule. While only ten electrons are available for GaeGa
bonds, nine such contacts are present. A bonding description of 154 needs to make use of multicenter bonds. DFT calculations
have been made for 154 and its other triel homologs [E6X8]

2� in order to examine a possible transfer into a polyhedral, here octa-
hedral closo-cluster ion [E6X6]

2� by loss of X2 (Scheme 6).267,297 For the lighter homologs boron and aluminum the polyhedral
cluster is preferred, while for gallium and indium the equilibrium should be on the side of 154. The calculations were made for
SiH3 and H as substituents, and it was observed, that the type of substituents is of large influence. This will be demonstrated by
the polyhedral clusters of these elements in this section.

Looking at Al4X4$4do, for example, removal of the donor molecules would leave an Al4X4 ring with electron sextets at the
aluminum atoms. Here formation of a tetrahedral cluster Al4X4 would allow fulfilling the octet rule by multicenter bonds. We
will discuss here polyhedral cluster compounds of the triel elements. The synthetic methods to prepare those and their structures
will be described. For a discussion of the bonding in clusters we will examine how electron bookkeeping according to the Wade-
Williams-Rudolph rules,18–20,298 is applicable.

Scheme 6 Possible formation of a polyhedral cluster from [E6X8]2�.
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1.17.3.1 Tetrahedral E4R4 cluster compounds and derivatives

The most common cluster compounds for the triels aluminum to thallium are tetrahedral E4R4 clusters. These are known for all
triels. The chemistry of these clusters has been reviewed extensively.4,7,12,47,143,147,270,299–307 For boron the subhalide B4Cl4
(165) as well as B4

tBu4 (166) possess a tetrahedral core. In case of boron B4R4 compounds also can adopt ring structures. For
amino-substituted derivatives BN-p-bonding is an alternative for the boron atoms to achieve an electron octet. 167 with the bulky
tetramethylpiperidino groups is tetrahedral, while 168 with R ¼ NiPr2 has a butterfly type ring structure.308

1.17.3.1.1 Synthesis and structures
The heavier congeners are prepared by reduction of REX2 (Eq. 7), substitution reactions at triel(I) compounds (X ¼ halide, triflate,
amide, Cp*) (Eq. 8) or disproportionation reactions of E2X4$2do upon substitution (Eq. 9).

4REX2 þ 8M /
�8MX

REð Þ4 (7)

4EXþ 4MR /
�4MX

REð Þ4 (8)

(9)

4EX3 þ 12MR /
�4R2�12MX

REð Þ4 (10)

For aluminum, (AlCp*)4 169 and several derivatives (Table 9) have been prepared by routes according to Eqs. (7), (8). All of
these crystallographic characterized derivatives are stabilized by bulky substituents. [Al(CH2

tBu)]4 was reported only in solution,
and was found to be tetramer by molecular weight determinations.315 Al4[N(SiMe3)dipp]4 174, the only tetrameric aluminum(I)
amide, is prepared in a reaction according to Eq. (7).313 Al4Cp

*
3[N(SiMe3)2] 175, prepared from 169 and LiN(SiMe3)2,

314 is an
unique example of a heteroleptic cluster. The Al-Al distances in these tetrahedranes cover a wide range from 259.2 to 277.8 pm.
The longest bonds are observed for Cp* and other carbon based substituents, the shortest for silyl groups as substituents.

Table 9 Survey on compounds Al4R4.

dAl-Al [pm] (mean) References

169 Al4Cp*4 277.0 274,309
170 Al4(C5Me4H)4 271.4 309
171 Al4[C(SiMe3)3]4 274.0 310
172 Al4(SitBu3)4 260.6 311
173 Al4[Si(SiMe3)3]4 260.2 312
174 Al4[N(SiMe3)dipp]4 261.8 313
175 Al4Cp*3[N(SiMe3)2] 263.2–276.2 314
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Intriguingly, in 175 long AleAl distances between the Cp* substituted atoms and short distances between the amido substituted
ones are observed.

Most of these tetramers dissociate in solution. The degree of monomerization is correlated with the strength of the AleAl inter-
actions in the cluster. Thus, those with short AleAl bonds, meaning the silyl substituted ones, show no tendency to dissociation.
Al4Cp

*
4, on the other hand, is monomeric in solution. This was also confirmed by 27Al NMR spectroscopy, where tetramers show

chemical shifts of d ¼ �62 to �111 ppm and monomer AlR compounds exhibit d ¼ �150 to �168 ppm.96,316 Obviously short
AleAl distances in tetramers are related to stronger bonding in the cluster. This difference in stability of the tetramers depending
on the type of substituents was also confirmed by quantum chemical calculations (see below). In addition, the color of these clus-
ters is dependent on the type of substituents and thus of the AleAl distances. 169 is yellow, 171 orange and 172 violet.

For gallium(I) compounds of type R4Ga4 originally the disproportionation reaction of Ga2Cl4$2dioxane according to Eq. (9)
was applied. This was successful with various substituents R. More economically these clusters are prepared by reduction of galliu-
m(III) derivatives, either by alkali metals or by using the nucleophile MR (M ¼ Li, Na) itself as reducing agent (Eq. 10). This was the
case for R ¼ SitBu3. An alternative (Eq. 8) is the use of formal gallium(I) halides, either sonochemically prepared “GaI”191 or meta-
stable GaX solutions obtained by high-temperature routes.270

With more bulky substituents monovalent gallium(I) species are realized. Thus the amide GaN(SiMe3)Aryl
2 183 (Aryl2 ¼ 2,6-

Mes2C6H3) is a monomer even in solid state, while other gallium(I) compounds, which are monomeric in gas phase or solution,
associate in the solid state.140

An overview on tetrahedral gallium species is given in Table 10.
Indium derivatives In4R4 184–186 (Table 11) are prepared via indium(I) compounds InI or InCp* (Eq. 8). The use of indium(I)

halides was not successful for silylsubstituted tetrahedranes, because disproportionation to indium and indium(III) derivates
R2InX2Li(thf)2 was observed.

For thallium the C(SiMe3)3 substituted tetrahedrane 187 has a severely distorted core. The compound is very sensitive to
temperature and light. The tripod ligand substituted Tl5 compound 188 contains a severely distorted tetrahedron of thallium
atoms (dTl-Tl ¼ 340.9–380.0 pm). An additional thallium atom is attached in a terminal position (dTl-Tl ¼ 340.3 pm).122

For aluminum the tetramer Al4Cp*4 is a prominent example of a tetrahedral cluster compound. For the heavier congeners, i.e.,
gallium, indium and thallium, no such tetramer cyclopentadienyl derivatives are known. There are either monomer CpxE
compounds (Cpx ¼ Cp*, C5H2(SiMe3)3, C5H4

tBu, C5(CH2Ph)5, C5Me4Ph, 1,2,4-P3C2
tBu2, PC4H2–2,4-

tBu2)
326–329 in solution or

gas phase, while in the solid state most of them are loosely aggregated. Cp*Ga and Cp*In form hexamers with very long E-E
distances. Those for gallium (dGa-Ga ¼ 412.2 pm)275,326,330,331 are even longer than those for indium (dIn-In ¼ 395 pm).332,333

These hexamers are not regarded as E-E bonded systems, but are held together by CH.CH van der Waals interactions.

Table 10 Overview on tetrahedral gallium species Ga4R4.

dGa-Ga [pm] (mean) Method References

176 Ga4[C(SiMe3)3]4 268.8 Eqs. (7–9) 317
177 Ga4[C(SiMe2Et)3]4 271.1 Eq. (7) 318
178 Ga4[Si(SiMe3)3]4 258.2 Eqs. (8, 9) 319
179 Ga4[Ge(SiMe3)3]4 258.7 Eq. (9) 320
180 Ga4(SitBu3)4 257.2 Eq. (10) 321
181 Ga4tmp4 258.6(1) –268.5(1) Eq. (9) 261
182 Ga4[N(SiMe3)dipp]4 258.4(1) –264.2(1) Eq. (9) 261

Table 11 Overview on tetrameric species In4R4 and Tl4R4.

dE-E [pm] (mean) Method References

184 In4[C(SiMe3)3]4 300.2 Eq. (8) 322
185a In4[C(SiMe2Et)3]4 300.4 Eq. (8) 323
185b In4[C(SiMe2iPr)3]4 315.2 Eq. (8) 323
186 In4[Si(SiMe3)3]4 289.3 Eq. (8) 324
187 Tl4[C(SiMe3)3]4 332–364 Eq. (8) 325
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1.17.3.1.2 Bonding
Comparing tetrahedral clusters in the row boron to thallium there are remarkable differences. The E-E distances increase from boron
to aluminum and gallium to thallium. The GaeGa distances are shorter than the AleAl ones. This is in line with the smaller covalent
radius of gallium atoms compared to aluminum.

Ga4[C(SiMe3)3]4 176 and Ga4[Si(SiMe3)3]4 178 are, on the first glance, two very similar compounds, but already the color is
different, it changes from red (176) to violet (178). The GaeGa distances of the silyl substituted compound are shorter by approx-
imately 10 pm. Comparable differences are observed for the Al and in derivatives, respectively. This hints to a stronger bonding in
the silyl substituted cluster molecules compared to alkyl substituted ones. This is obvious in the behavior in solution and gas phase.
176 monomerizes in solution and in gas phase the structure of the monomer could be determined by electron diffraction.334 The
GaeC distance in the monomer is drastically longer than in 176. 178 remains tetrameric under these conditions.

Looking at the bonding of these tetrahedral clusters, four skeletal electron pairs (sep) are counted, which makes them different
from carbatetrahedranes or P4 with six sep, for example. In the latter, six 2c2e bonds can be assumed, for triel clusters four 3c2e
bonds on the four faces of the tetrahedron. Building the clusters from monomers ER, with a lone pair of electrons and two vacant
p-type orbitals, linear combination gives the cluster orbitals (Fig. 1).
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The energy of the triply degenerate HOMO is largely influenced by the type of R for a given triel E (Fig. 2). Silyl groups lead to
stabilization of the HOMO compared to alkyl substituents. Consequently, large differences in tetramerization energies DEtet are
observed (Table 12, Eq. 11) This is reflected in the experimental findings on dissociation of the clusters.

4ER#E4R4 DEtet (11)

For amido substituted tetrahedranes a modified picture is valid.261 Due to the lower symmetry of the substituents, the HOMO is
now a non-degenerate one, which is energetically near the doubly degenerate HOMO-1 (Fig. 3). This also explains the less regular

Fig. 1 Qualitative MO scheme for triel clusters E4R4 in Td symmetry.

Fig. 2 Change of the HOMO energies with R for triel clusters E4R4 in Td symmetry.335
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structures of the tetramers and might be viewed as a tendency to open up the cage to a butterfly type structure as is observed for
B4(N

iPr2)4.
308

The E-X bonds shorten upon cluster formation from the monomers to tetramers, which is against the normal trend for bond
lengths and coordination numbers. The lone-pair orbital of the monomers has a high s-character and is regarded as slightly anti-
bonding regarding the E-X bond. On cluster formation it gets involved in cluster bonding and loses its antibonding character.261

In addition to these electronic arguments, simple steric ones are applicable. Thus, in 176 and 178 the four monomers
(Me3Si)3AGa (A ¼ C, Si) form a cavity of a given size, determined by the size of the substituents (Fig. 4). The gallium atoms attached
come nearer together if the Ga-A bonds are longer. Here, the gallium-carbon and gallium-silicon are approx. 30 pm different in
lengths.

1.17.3.1.3 Reactivity
The cluster compounds of type E4R4 have proved to be valuable starting materials for transition metal complexes, where ER groups
are terminal or bridging ligands. Oxidation of tetrahedral clusters with chalcogens gives heterocubanes (REY)4 189a

157,173,322,339–

344 or hexagonal prismatic cages (REY)6 189b,344–348 where all E-E bonds are broken. Careful oxidation of 184 with a thiirane
afforded a partially oxidized product R4In4S 190.349 The Ga4 core was retained in partial oxidation with halogens. For examples
see Section 1.17.2.3.

E4 cores are also present in [(ER)3(ESiMe3)Si(SiMe3)]
� 191a (E ¼ Al)350 and 191b (E ¼ Ga, R ¼ Si(SiMe3)3)

233 with trigonal
bipyramidal E4Si cores. Six sep make them closo-clusters according to the Wade rules. An alternative description as heterobicyclo-
pentanes is not in agreement with delocalized bonding confirmed by quantum chemical calculations. These show extensive
3c2e bonds on the E3-faces of the cage and significant bonding interactions between the equatorial triel atoms These clusters are
obtained from AlX solutions or “GaI” with Li(thf)3Si(SiMe3)3.

Table 12 Tetramerization energies of E4R4 calculated acc. to Eq. (11).

DEtet/kJ mol
�1 Method References

B4H4 �1153 MP2 336,337
Al4H4 �571 MP2 336,337
Ga4H4 �556 MP2 319
In4H4 �337 MP2 323
Ga4H4 �424 DFT (RI; BP86; def-SV(P)) 338
Ga4[C(SiMe3)3]4 �197 DFT (RI; BP86; def-SV(P)) 338
Ga4[Si(SiMe3)3]4 �419 DFT (RI; BP86; def-SV(P)) 338
Ga4[Si(CMe3)3]4 �499 DFT (RI; BP86; def-SV(P)) 338
Ga4[Ge(SiMe3)3]4 �365 DFT (RI; BP86; def-SV(P)) 338
Ga4[NH2]4 �56 DFT (RI; BP86; def-SV(P)) 261
Ga4[NMe2]4 �50 DFT (RI; BP86; def-SV(P)) 261
Ga4[N(SiMe3)dipp]4 �150 DFT (RI; BP86; def-SV(P)) 261
Ga4[tmp]4 �173 DFT (RI; BP86; def-SV(P)) 261

Fig. 3 Qualitative MO scheme for triel clusters E4(NR2)4 in D2d symmetry.
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Fig. 4 Schematic representation of the steric requirements for Ga4-clusters.
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1.17.3.2 Higher [EnRn]
x- cluster compounds

Only two hexaaluminum clusters are described so far. The [Al6
tBu6]•

� radical ion is characterized on basis of its EPR spectrum,
which exhibits the expected 31 lines by hyperfine coupling with six equivalent 27Al nuclei.351 The second is the neutral Al6 cluster
[(Rnacnac)Mg]2Al6H6[{N(dipp)}2CH]2 192 (R ¼ Mes, dep, xyl),352 obtained by reaction of [AlH2{N(dipp)}2CH]2 and [(Rnacnac)
Mg]2. This octahedral hexaalane is stabilized by the surrounding (Rnacnac)Mgþ cations and [{N(dipp)}2CH]� anions.

The icosahedral cluster [Al12
i Bu12]

2� 193353 was obtained and structurally characterized [dAl-Al ¼ 267.9–269.6 pm] already in
the beginning of investigations on aluminum and gallium cluster compounds. It fulfills the Wade rules for a closo-cluster and is
a homolog to the closo-boranate [B12H12]

2�.

For gallium the hexagallanate [Ga6(Si
tBuPh2)6]

2� 194a features a nearly perfect octahedral cluster core, as is expected for a closo-
cluster.101 The gallium-gallium distances are in line with a regular octahedron (dGa-Ga ¼ 255.0–256.1 pm). Whereas
[Ga6(SiPh2Me)4(CH2Ph)2]

2� 194b,354 due to its heteroleptic substitution, has a slightly distorted octahedral cluster core. The
gallium-gallium distances vary on a larger range from 252.7 to 263.9 pm.

Fig. 5 Schematic representation of the MO-scheme for distortion of [Ga6H6]n� (n ¼ 0, 2). Linti, G.; Coban, S.; Dutta, D. Das Hexagallan
Ga6[SiMe(SiMe3)2]6 und das closo-Hexagallanat [Ga6{Si (CMe3)3}4{CH2C6H5}2]2� - der Übergang zu einem ungewöhnlichen precloso-Cluster. Z. Allg.
Anorg. Chem. 2004, 630, 319. Copyright Wiley-VCH Verlag GmbH & Co. KGaA. Reproduced with permission.
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The neutral Ga6(Si(SiMe3)2Me)6 195
354 has only six sep and is regarded as hypercloso-cluster. As it becomes obvious from theMO

scheme for octahedral clusters (Fig. 5), with only 12 cluster electrons a distorted structure is expected. This is realized for 195 as
distorted octahedron with six long (296 pm) and six short (251 pm) bonds. The triple degenerate HOMO in the closo-cluster
[Ga6H6]

2� is completely occupied. On oxidation to Ga6H6 now only four electrons are in these orbitals, which gives rise to
a Jahn-Teller distortion to a structure with only a double degenerate HOMO. An alternative distortion would be the transition
to a capped trigonal bipyramid, as observed for transition metal clusters Os6(CO)18

28 or predicted by DFT calculations for non-
existent B6H6.

355 DFT calculations on Ga6H6 show the capped trigonal bipyramidal structure to be more stable by only 5 kJ mol�1

than the observed distorted octahedral structure for195. Here, the influence of the steric demanding substituents seems to be
important.

A remarkable approach to gallium cluster was given for R4Ga6(L)2 196.
189,356 The neutral cluster was obtained by reduction of

the complex [GaCl2(Mes)L] (L]C[N(iPr)CH]2) with potassium in toluene. The six gallium atoms adopt a slightly distorted octa-
hedral structure (dGa-Ga ¼ 251.1 to 259.1 pm). Four RGa groups and two LGa units provide seven sep for this closo-cluster. This
approach of reducing NHC stabilized compounds was applied for successful preparation of compounds containing B2, Si2 and
PeP bonded units.357–360

Chain, ring, and cluster compounds of heavy group 13 elements (Al, Ga, In, Tl) 815



Such discrepancies between expected structures from application of the Wade rules and realized ones in triel chemistry are quite
common. The closo-cluster ion [Ga8I4(Si

tBuPh2)4]
2� 197a101 adopts a snub disphenoid structure,361 as expected and also found for

the octaboranate [B8H8]
2�.362 Even B8Cl8 with only eight skeletal electron pairs has a disphenoidal structure.363,364 On the other

hand [Ga8(fluorenyl)8]
2� 197b365 adopts a square antiprismatic structure and not the expected disphenoidal one.

RI-DFT-calculations (BP86-functional, def2-TZVP) of different [Ga8R8]
2� species (R ¼ H, I, CH3, SiH3) show, that square anti-

prismatic seems to be the regular structure for [Ga8R8]
2� cluster with H, I and CH3 substituents. For SiH3 substituents (as well as for

[Ga8I4(SiH3)4]
2�) a snub disphenoid is preferred. This behavior can mostly be derived through stabilizing hyperconjugative inter-

actions between the GaeSi bonds and the cluster core in silyl-substituted clusters. Energy differences between the isomers of these
[Ga8R8]

2� species are in the range from 5.8 to 10.4 kJ mol�1.101 On this basis, square antiprismatic and snub disphenoidal struc-
tures should be regarded as possible regular structures for [Ga8R8]

2�.
The octaindium clusters [In8(SiPh3)8] 198a and [In8(SiPh3)8]

2� 198b are obtained from InCp* by reaction with MSiPh3
(M ¼ Li(thf)3, Na(thf)n) (Eq. 12). 198a has a snub disphenoidal In8 core, which shows a transition to distorted square antiprismatic
(198b) upon two electron reduction.297 RI-DFT calculations (BP86-functional, def-SV(P)-base) for [In8H8]

0/2- show the square anti-
prismatic structure to be more favorable for anionic clusters of indium (compare for gallium) and the disphenoidal for neutral ones.

Each of the indium atoms in 198a is bonded to a triphenylsilyl group with indium–silicon distances of 260 pm on an average
[dIn-Si ¼ 257.0(5)–262.2(5) pm]. This is shorter than those in clusters with the more bulky tris(tert-butyl)silyl groups as substituents
[dIn-Si ¼ 265 pm (239), 268 pm (206)]. The indium–indium distances in the cluster vary between 285.5 and 328.2 pm. The devi-
ation of ideal D2d symmetry is significant. This spreading is comparable to that in other indium clusters (vide infra). For the tetra-
hedral cluster 186 indium–indium distances of 290 pm are observed. On reduction to 198b a shrinking of the indium-indium
distances is observed.

lnCp� þ �
M thfð ÞnSiPh3

�
���!toluene

195K

�
ln8ðSiPh3Þ8

�

198a
þ �

M thfð Þn
�þ

2

�
ln8ðSiPh3Þ8

�2�

198b

þ�
M thfð Þ6

�þ�ln3ðSiPh3Þ6
��

121
þ lnþ.

M ¼ Li : 198a; 198b
M ¼ Na : 198a; 121

(12)

A nonagallane cluster [Ga9
tBu9] 199 was obtained as dark green crystals as by product of the large scale preparation of

GatBu3.
305,323 The gallium atoms are at the corners of a tricapped trigonal prism. Here, short GaeGa distances (dGa-Ga ¼ 259 pm)

are observed for the capping gallium atoms, and longer ones (up to dGa-Ga ¼ 299 pm) parallel to the threefold axis of the cluster.
This makes the structure near a monocapped square antiprism, which is the expected structure for a E9 cluster with nine sep. A revers-
ible one electron reduction of 199was demonstrated by cyclovoltammetric studies (E0 ¼ �1.74 V against [FeCp2]

0/þ1). On a prepar-
ative scale 199was reduced to 200 by CoCp*2. The radical anion 200 has a very similar structure to the neutral compound 199, only
the GaeGa distances parallel the threefold axis shrink by 17 pm.
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Icosahedral clusters of type [E12R12]
2� are only realized for aluminum with 193. The cluster was obtained in small amounts by

reduction of iBuAlCl2 with potassium. Related is [Ga12(fluorenyl)10]
2� 201, with an icosahedral cluster core.366 The formal oxida-

tion of this cluster to a [Ga12R12]
2� cluster is hindered by the unfavorable energy of the HOMO as quantum chemical calculations

indicate.
In Section 1.17.2.3 electron precise aluminum subhalides of type Al4X4$4do are described as crystallized products from meta-

stable aluminum monohalide solutions. Under varied conditions (type of donor, concentration) higher subhalides of type
Al22X20$12do (do ¼ thf, thp ¼ tetrahydropyrane) 202a-c are obtained.244,245 Compounds of type 202 show icosahedral Al12 cores,
where ten aluminum atoms are bearing AlX2(do) substituents. The apical aluminum atoms are ligated by one donor molecule, each.
Thus, the closo-Al12 core has 13 sep, 10 � 2 electrons from 10 Al[AlX2(do)] groups and 2 � 3 electrons from the two Al(do)
fragments.

An icosahedral Al12 core is also present in Al20Cp*8X10 (X ¼ Cl, Br) 203a, b.52 Here, six aluminum atoms of the icosahedral core
are bonded to AlCp*(X) substituents, two to AlCp* groups. These aluminum atoms are joined by bridging halides, in addition. The
remaining four cluster aluminum atoms are part of AlBr groups. Thus, electron bookkeeping for the Al12 cluster core makes 4 � 2
(AlBr) þ 2 � 3 (AlAlCp*) þ 6 � 2 (AlAlCp*X) ¼ 26 electrons, as necessary for an icosahedral closo-polyhedron.

Several related Ga22 clusters with icosahedral cores are known, which will be described in Section 1.17.4.3.

1.17.3.3 Aromaticity of [EnRn]
xL cluster compounds

Various concepts have been introduced to explain structures and stoichiometry of main group cluster compounds. Most commonly
known are the Wade-William-Rudolph-Mingos rules.Wade18–21,298,367 For higher, conjugated clusters they were modified by Jem-
mis.368,369 Element-rich clusters [EnRm]

x�, especially of heavier elements of group 13, were classified as metalloid (see Section
1.17.4.1).13,302

Cluster compounds like the polyhedral boranates [BnHn]
2� have been discussed as three-dimensional aromatic systems.370–372

A diatropic ring current is the most typical property of an aromatic molecule.373 For endohedral fullerenes it was proved, that chem-
ical shifts for atoms in endohedral and exohedral positions behave comparable to shifts of atoms in and out of the ring plane of an
aromatic hydrocarbon, respectively.374 Quantification of aromaticity by the calculated magnetic shielding constants at selected
regions of a molecule, where no atoms reside, was suggested. The resulting nuclear independent shifts (NICS) are negative (dia-
tropic) for aromatic molecules, positive (paratropic) for anti-aromatic ones and approximately zero for non-aromatic molecules.373

The skeletal number of electrons as well as the substituents of boron cluster compounds influence the NICS values in the center
of clusters.375 B8Cl8

363 and B9Cl9
376 are well-known compounds, but it was not possible to prepare B8H8 and B9H9. B9F9 as well as

[B8H8]
2� and [B9H9]

2� are aromatic according to NICS values in the cluster center.377 Only the last one is a closo-cluster compound
by the Wade-rules. B9H9, in contrast, is paratropic, that means anti-aromatic. Similarly, B4F4 is classified as aromatic, non-existent
B4H4 as anti-aromatic.378 Various criteria of aromaticity are fulfilled for the icosahedral closo-boranate [B12H12]

2�. For which the
NICS value is diatropic.379–381 The isoelectronic Si12

2� and Ge12
2� follow the Wade rules. Nevertheless, paratropic NICS values are

obtained for these Zintl ions. This was explained by the different influence of hydrogen atoms and lone pairs on the cluster molecule
orbitals. Naked cluster ions of heavier group 13 elements of type E4

2� and [E2X2]
n- [E ¼ Al, Ga, In; X ¼ Na, Si, Ge], with planar rings
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have been characterized as aromatic compounds.382–393 A 2p-metalloaromatic ring is present in Na2[Ga3
sMes3] [

sMes ¼ 2,4,6-t-
Bu3C6H2].

394 For example, a NICS value of �45 ppm has been calculated for the model compound [Ga3H3]
2�.152,370

A detailed study on aromaticity of closo-boranates [BnHn]
2� (n ¼ 5–12) by Schleyer et al.380 uses geometrical and energetic

criteria as well as NICS values. As energetic criterion a reaction (Eq. 13) describing the formation of closo-clusters [EnHn]
2�

(n ¼ 5–9; E ¼ B, Al, Ga, In) from an ethyne analog [E2H2]
2� and an appropriate number of incremental EH units, is used. The

formation energy increases with growing cluster size, therefore DH/n as averaged bonding energy of each EH vertex is used as crite-
rion Plotting DH/n against n, Schleyer observed local minima for clusters with highest symmetry [B6H6]

2� und [B12H12]
2�,

meaning all other cluster sizes are less stabilized.

½E2H2�2� þ ðn� 2ÞEHinc/EnHn
2� ðn ¼ 5� 12Þ DH or DE (13)

A classical criterion for aromaticity is equalization of bond lengths, for which the deviation DR is a measure. The deviation in
bond lengths with cluster size is not really dependent on E. Nearly ideal octahedral structures with a DR near zero are calculated for
[E6H6]

2�. For [E8H8]
2� the deviation is largest for all elements. Overall, in the periodic column from boron to indium the deviation

DR increases.
Polyhedral cluster ions [EnHn]

2� (E]B, Al, Ga, In; n ¼ 5–9) were investigated by the means described above.380,395,396 The
results are summarized in Table 13. Inspecting the change of the values DE/n against the number of cluster atoms n (Fig. 6) reveals
a special stabilization of octahedral clusters for boron and aluminum. Octanuclear gallium and indium clusters prefer a square anti-
prismatic structure slightly over a snub disphenoidal. But this is very dependent of the substituents. This has been demonstrated by
197a, b and 198a, b and previously discussed DFT-calculations. In case of aluminum and gallium the curves between values for
[E6H6]

2� to [E8H8]
2� are flat, meaning in this region cluster size is not determined electronically but might be influenced by the

steric demand of the substituents.
The discussion of aromaticity of [EnHn]

2� molecules (Fig. 7, Table 13 and 14) on basis of NICS values is confined here to those
in the cluster centers. Because the NICS values directly on triangular cluster faces usually are negative, it is important to take into
account their change on a trajectory to the cluster center. Problem is shown for [B5H5]

2�. Of [E5H5]
2� cluster ions a largely negative

value classifies only the pentaboranate as aromatic system. For all other group 13 elements trigonal-bipyramidal cluster should be
classified as non-aromatic. NICS values 1 Å above a B3-face in [B5H5]

2� are �16.7 ppm. The center of a face is only 0.57 Å off the
center, and the cluster center itself is part of a three-membered ring with a distance of only 0.53 Å from edge to center. This means
the influence of the electron densities on edges and faces sums up to a highly negative NICS value in the center. As a consequence,
Aihara classified [B5H5]

2� as non-aromatic.372

A fusion of two tetrahedra via a common face is not allowed for boron.397 Similarly, in [Al5H5]
2� the influence of the electron

density on the faces, which are only 0.86 Å distant of the center, sums up to a negative NICS in the cluster. Thus, based on

Table 13 Results for closo-cluster [EnHn]2� (E ¼ B, Al, Ga, In; n ¼ 5–9).

DE/n a DRb NICSc NICSd

[B5H5]
2L �96.47 0.139 �24.8

[B6H6]
2L �123.35 0.002 �29.9

[B7H7]
2L �117.07 0.168 �23.4

[B8H8]
2L �109.00 0.281 �20.0

[B9H9]
2L �109.87 0.260 �22.9

[Al5H5]
2L �111.62 0.301 �7.7

[Al6H6]
2L �131.17 0.004 �24.3

[Al7H7]
2L �130.32 0.299 �22.1

[Al8H8]
2L �129.58 0.302 �18.3

[Al9H9]
2L �127.85 0.290 �14.2

[Ga5H5]
2L �88.17 0.393 0.7 �1.7

[Ga6H6]
2L �103.06 0.021 �24.3 �22.5

[Ga7H7]
2L �104.03 0.424 �22.1 �20.5

[Ga8H8]
2L �105.19 0.618 �16.8 �16.1

[Ga9H9]
2L �99.49 0.311 �12.1 �13.0

[In5H5]
2L �75.51 0.531 9.7

[In6H6]
2L �86.26 0.147 �15.4

[In7H7]
2L �88.72 0.683 �13.0

[In8H8]
2L �92.83 0.774 �17.5

[In9H9]
2L �85.93 0.309 �7.6

aAveraged electronic energy per EH unit energy (DE/n, kJ mol�1) according to Eq. (13).
bDeviation of Bond lengths (DR, Å).
cNucleus-Independent Chemical Shifts (NICS, ppm), Functional: B3LYP, Base set: 6-311G**.
dNucleus-Independent Chemical Shifts (NICS, ppm), Functional B3LYP, Base set LANL2DZ with
Huzinaga polarization.
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geometrical, energetic andmagnetic criteria closo-cluster compounds [E5H5]
2� (E ¼ B, Al, Ga, In) are non-aromatic. This is a possible

explanation for the absence of this type of cluster. Only derivatives349,373,398,399 like, for example, carbaboranes and a silagallanate
130233 are known.

All higher clusters have negative NICS values for all elements examined. For octahedral boron, aluminum and gallium clusters
the NICS values are most negative, for indium the octanuclear cluster is the extreme.

Fig. 6 Averaged relative energy per EH unit DE/n against number of cluster atoms n in [EnHn]2�. Linti, G.; Bühler, M.; Monakhov, K.; Zessin, T in:
Comba, P. (ed.), Modeling of Molecular Properties, 2011, p. 455; Copyright Wiley-VCH Verlag GmbH & Co. KGaA. Reproduced with permission.

Fig. 7 NICS values in cluster center of E4H4 and closo-clusters [EnHn]2� (E ¼ B, Al, Ga, In; n ¼ 5–9) (B3LYP-functional, 6–311G** base for B, Al,
Ga; [a] NICS values from lit.380 for closo-boranates [BnHn]2� (n ¼ 5–9); [b] LANL2DZ base with Huzinaga polarization for Ga, In). Linti, G.; Bühler,
M.; Monakhov, K.; Zessin, T. in: Comba, P. (Ed.), Modeling of Molecular Properties, p. 455, 2011; Copyright Wiley-VCH Verlag GmbH & Co. KGaA.
Reproduced with permission.
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Here, it has to be noted, that for tetrahedral cluster compounds E4H4 only the borane cluster has a positive NICS value, the
higher homologs exhibit negative ones. According to Schleyer378 B4H4 is antiaromatic.

Compared to closo-boranates central NICS values are smaller for heavier homologs. Together with highly negative NICS on the
faces these clusters are only weak three-dimensional aromatic molecules. It may be attributed to an accidential coincidence, that for
indium aromaticity criteria show octaindium clusters [In8R8]

2� the most stable, which are the only one prepared, so far.

Table 14 NICS [ppm] of E4H4 and of the closo-Wade cluster [EnHn]2� (E ¼ B, Al, Ga, In; n ¼ 5–9).

E4H4 NICS center NICS face NICS 1 Å above face
B4H4 33.0 25.5 �7.7
Al4H4 �13.9 �15.7 �13.2
Ga4H4 �10.0 �13.5 �12.3
Ga4H4 �9.2 �12.6 �12.8
In4H4 �12.7 �15.6 �13.3

[E5H5]
2L NICS center NICS face NICS 1 Å above face

[B5H5]
2L �24.8 �32.7 �16.7

[Al5H5]
2L �7.7 �11.3 �8.2

[Ga5H5]
2L 0.7 �6.8 �6.5

[Ga5H5]
2L �1.7 �8.5 �8.0

[In5H5]
2L 9.7 2.9 �1.2

[E6H6]
2L NICS center NICS face NICS 1 Å above face

[B6H6]
2L �29.9 �43.6 �14.4

[Al6H6]
2L �24.3 �26.7 �14.1

[Ga6H6]
2L �24.3 �31.0 �16.5

[Ga6H6]
2L �22.5 �29.0 �16.1

[In6H6]
2L �15.4 �20.9 �13.5

[E7H7]
2L NICS center NICS face NICS 1 Å above face

[B7H7]
2L �23.4 �37.8 �13.8

[Al7H7]
2L �22.1 �24.8 �13.3

[Ga7H7]
2L �22.1 �27.8 �14.9

[Ga7H7]
2L �20.5 �26.2 �14.9

[In7H7]
2L �13.0 �23.6 �14.9

[E8H8]
2L NICS center NICS face A NICS face B NICS 1 Å above face A NICS 1 Å above face B

[B8H8]
2L �20.0 �34.9 �36.1 �10.3 �13.4

[Al8H8]
2L �18.3 �21.8 �22.7 �10.7 �11.2

[Ga8H8]
2L �16.8 �26.5 �23.3 �11.7 �11.5

[Ga8H8]
2L �16.1 �25.7 �22.5 �12.2 �12.1

[In8H8]
2L �17.5 �24.3 �21.7 �12.8 �12.2

[E9H9]
2L center face A face B face C 1 Å above face A 1 Å above face B 1 Å above face C

[B9H9]
2L �22.9 �35.9 �37.4 �42.6 �14.4 �9.9 �10.9

[Al9H9]
2L �14.2 �18.3 �17.5 �20.1 �7.6 �7.9 �11.2

[Ga9H9]
2L �12.1 �19.5 �20.0 �21.0 �15.5 �8.9 �11.2

[Ga9H9]
2L �13.0 �20.1 �20.3 �21.7 �9.6 �9.6 �12.0

[In9H9]
2L �7.6 �15.0 �13.6 �13.6 �7.0 �7.5 �9.9

(B3LYP-functional, 6-311G**-base set for boron, aluminum, gallium; LANL2DZ-base set with Huzinaga polarization for gallium and indium). Figures show structures of indium cluster
compounds.
Linti, G.; Bühler, M.; Monakhov, K.; Zessin, T. in: Comba, P. (Ed.), Modeling of Molecular Properties, p. 455, 2011; Copyright Wiley-VCH Verlag GmbH & Co. KGaA. Reproduced with
permission.
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1.17.4 Element-Rich Cluster Compounds

1.17.4.1 Introduction

Reactions of triel subhalides, i.e. Ga2X4$2dioxane, “GaI,” metastable EX solutions (E ¼ Al, Ga), InX often proceed with redox
disproportionation. Thus, compounds with triel atoms in oxidation state þ III and elemental triels Eo result. But the latter is not
a necessity. It was observed that Eo can be incorporated in ER cluster frameworks to produce element rich clusters [EmRn]

x-

(m > n; x ¼ 0, �1, .). For those clusters, where naked triel atoms are bonded only to other triel atoms, the term metalloid was
created.4–7 More specifically metalloid means here, that the triel cores of the clusters resemble sections of structural features of
the elements. But this is not necessarily the case for all element rich clusters, described in this section. For example, clusters of
type [Ga9R6]

� and Ga10R6 are element rich but their structure can be described on basis of polyhedral descriptions, while
a Al7R6 built from two fused tetrahedral was discussed as section of a close packed structure. This also shows that a definition of
metalloid is not sharp and cannot generally be related to special bonding situations. We will use the term element rich as the
more general one, and will confine metalloid to those clusters, where element structure relationships are obvious.

Mixed oxidation states are assigned to the building metal atoms in these cluster types. They average to values 0 < X < 1. This
makes them different from polyhedral clusters [EnRm]

x� (m 	 n), where the Wade rules are valid and can be used for structure eluci-
dation by electron bookkeeping.

For element rich or metalloid clusters, they often fail, or the counting has to be modified. Special types of cluster compounds are
naked metal clusters, prepared and observed in gasphase. For example, mass spectrometry revealed special stability of sodium clus-
ters of defined size. The so called Jellium model was used to explain stability islands of clusters with 8, 20, 40, 58 and 70 elec-
trons.400–402 We will not discuss such pure metal clusters here, but for some metalloid clusters this model was successfully applied.

Most of the clusters described in this section are nanoscaled cluster molecules and some of them have fascinating properties.
Beginning from Ga26 clusters the crystals are metallic lustrous and for a Ga84 cluster crystals are superconducting at low tempera-
tures. Nevertheless, the complicated synthesis and in many cases the sensitivity against air and moisture give them drawbacks
compared to noble metal clusters and salt like clusters, which are sections of semiconductor material frameworks.

Preparation of these element-rich clusters starts from subhalides of the triels, normally. Monohalides are prepared by a combi-
nation of high temperature and cryo techniques. Aluminum or gallium are reacted with gaseous hydrogen halides HX (X ¼ Cl, Br, I)
at 1100–1300 K in vacuo (10�1 mbar).7,12,77–79,270,403 The resulting diatomic monohalides are trapped at low temperatures (100K)
together with appropriate solvents, for example a toluene/thf mixture. This is done in a condensation apparatus, described else-
where.7,12,78,79,270,403,404 On warming up, metastable solutions of the monohalides are obtained, which can be stored at 195 K
for months.

For gallium sonochemically initiated reaction with iodine (1:1 ratio) in toluene leads to “GaI,”191 a greenish, amorphous
substance, which reacts in many reactions as expected from a monohalide. Raman investigations revealed Ga4I6 as one of the
possible components (Fig. 8).405 Further 69/71Ga solid-state NMR and 127I NQR experiments reveal additional insight of the
composition of “GaI.” For which, the best representation would be [Ga0]2[Ga]

þ[GaI4]
�.406

The behavior of “GaI” against donor solvents like thf is different to metastable GaI solutions, obtained via the high temperature
route. It does not dissolve, but disproportionation occurs into gallium metal and gallium triiodide. With some donor molecules

Fig. 8 FT-Raman spectrum of “GaI” showing characteristic bands for Ga4I6.405
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intermediate oxidation states were trapped (for example: 26, 111). Alternatively “GaOSO2CF3,” prepared from GaCp* or GaCp and
HOSO2CF3, was used in cluster synthesis.253

Indium halides often show disproportionation as preferred reaction pathway on attempted substitution reactions. Better results
are obtained by use of InCp* and reacting it with nucleophiles MR under elimination of MCp* (M ¼ Li, Na, K).

The chemistry of metalloid aluminum and gallium clusters was reviewed several times (see for example9,10,12,302). Therefore,
here a brief overview on structural variety and relationships between cluster types will be given, rather than a complete treatment
on all details of synthesis and structures. Due to significant differences a separate description by the elements will be applied.

1.17.4.2 Aluminum cluster compounds

Cluster sizes range from Al7 to Al77 (Fig. 9). [Al7R6]
� 204 (R ¼ N(SiMe3)2) consists of two corner sharing aluminum tetrahedral,

with staggered orientation of the two Al3R3 rings.
6 The AleAl distances are about 260 pm in the Al3R3 rings and up to 20 pm longer

for the other distances. Therefore, an ionic description consisting of two metalloaromatic [Al3R3]
2� rings coordinating a central

cation Al3þ was suggested, but is not consistent with results of DFT calculations, which predict no significant charge differences
on the aluminum atoms. The Al7 core of 204 is viewed upon as a section of a close packed aluminum structure, where six neighbors
of the central aluminum atom are missing.

[Al12R8]
� 205 [R ¼ N(SiMe3)2] represents a larger section of the close packing of elemental aluminum.407 Topologically, it can

be described as reduced dimer of two distorted octahedral Al6R4 fragments, where dimerization occurs through linkage of octahe-
dral faces. This results in a cluster core of three penetrating octahedral and allows description as conjuncto-alane.

A similar structure is observed for In12(Si
tBu3)8 206, obtained by thermolysis of In2(Si

tBu3)4.
408 The conjuncto-cluster description

is also in accordance with a postulated pathway of formation, starting from In2(Si
tBu3)4,which might proceed via In6(Si

tBu3)4 with
elimination of (SitBu3)2.

For the aluminum cluster the formation is thought to be a growth process initiated by disproportionation and the clusters are
intermediates on the way to the metal. But both ideas need not to be exclusive. Thus, description of 205 and 206 as metalloid clus-
ters and as conjuncto-clusters, in analogy to conjuncto-boranes, is possible. The application and limits of electron counting rules will
be discussed later in this chapter.

An even larger cluster, [Al14R6I6]
2� 207 [R ¼ N(SiMe3)2], has a skeleton of two staggered aluminum centered Al6-rings, where the

ring aluminum atoms are bonded to iodine or N(SiMe3)2 groups. The naked aluminum atoms are slightly above the planes of the
rings. Thus, a flattened Al14 polyhedron, a bicapped hexagonal antiprism, results. 207, by common counting rules, has eight skeletal
electron pairs, which are necessary for a closo-cluster. A 14-vertex polyhedron, as bicapped hexagonal antiprism is observed for met-
allacarboranes, for example.409 The flattening observed for 207 might be reasonable by partial participation of the aluminum lone
pairs and formation of a bonding interaction between the apical aluminum atoms. Such a flattening was also discussed for certain
indium and gallium clusters.410,411 Thus, In11

7�, present in a Zintl phase, has three flattened vertices, which allows for 12 skeletal
electron pairs, required for a closo-cluster. In line with this description are the results of quantum chemical calculations, which
show a regular Al14 polyhedron as energetically unfavorable.

Fig. 9 Overview on element-rich aluminum cluster types.
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On the other hand, 207 is described as a typical metalloid cluster, because the core structure of two centered Al6 rings can be
transformed by rotation and a translational shift into a section of the structure of metallic aluminum.

With R ¼ N(SiMe3)2 as substitutent the largest aluminum clusters have been obtained (Fig. 10). Cores of 69 (208) and 77 (209)
aluminum atoms are surrounded by 18 or 20 R-groups, respectively.412,413 Both clusters are built up in shells, where a central
aluminum atom is surrounded by 12 atoms, as inner building unit. These Al@Al12 (Al13) cores are center of two more shells
of aluminum atoms, 38 atom and 18 atom shells in 208 and a 44 atom and outer 20 atom shell in 209. The aluminum atoms
of the outer shells are bonded to terminal R groups, each. According to this, the aluminum-aluminum distances decrease from
the inner (dAl-Al ¼ 278 pm on an average) to the outer shells (dAl-Al ¼ 268 pm on an average), indicating transition from a metal-
type bond to more localized bonding modes between the aluminum atoms. The distances of the central Al atom to the surrounding
12 Al atoms are nearly identical to those in the shell. The Al13 cores are different for 208 and 209. The Al69 cluster has a distorted
decahedral core,414 based upon a D5h symmetric structure, whereas in the Al77 cluster the Al13 core is nearly icosahedral.

These huge main group clusters often are compared to noble metal clusters compounds like Au55(PPh3)12Cl6
415 or

Pd145(CO)60(PR3)30.
416 For the gold cluster a central Au13 core with either an icosahedral or cuboctahedral structure was postu-

lated. No crystal structure is available, up to now. 37 naked gold atoms are present. In the larger, structurally characterized
Au102 cluster 39 naked gold atoms form the cluster core.417 The Pd145 cluster has an filled icosahedral Pd@Pd12 core, where the
distances of the central palladium atom to the shell are shorter than those in the shell. Obviously, the structures of the cores of these
clusters (Al69, Al77, Pd145) deviate from those of the bulk metals. On the one hand the distances between the metal atoms are
different and on the other hand the normal cuboctahedral environment of atoms in a close cubic packing is not exactly realized
in the clusters. Nevertheless, the term metalloid is useful in this case of cluster compounds, making clear, that small metal particles
are embedded in a shell of ligands. The type of ligands has obviously influence on details of the structures like inter atom distances.

The central M13 cores of these clusters resemble a naked Al13 cluster ion, prepared in a mass spectrometer. Its chemistry has been
studied in gas phase.417–422 Especially its reactions with HI and I2 gave rise to name this Al13 cluster ion as superhalide, which
should not be confused with the classic pseudo halides. This Al13

� ion has an icosahedral structure, according to quantum chemical
calculations. Electron counting results in 40 electrons for this cluster, which is in accordance with the Jellium model (see above).

Isolation of 210 demonstrates that stabilization of large aluminum clusters is not confined to hexamethylsilazanido substituents.
This Al50Cp*12 cluster

403,423 is built around a central square antiprismatic Al8 unit (dAl-Al ¼ 266 pm). This resembles structures found
for [Ga8fluorenyl8]

2� 197b and [In8(SiPh3)8]
2� 198b. This core is surrounded by a shell of 30 aluminum atoms (dAl-Al ¼ 281 pm),

which are arranged in an icosidododecahedron with 12 pentagonal and 20 trigonal faces. The pentagonal faces are capped by 12
AlCp* groups, where the 12 aluminum atoms are arranged icosahedrally (dAl-Al ¼ 570 pm). The 60 methyl groups of the Cp* rings
are arranged in a five-fold symmetric manner, with distances between themethyl groups governed by van der Waals contacts between
them. An intriguing idea is, that these 12 AlCp* groups form a sort of bag with a defined volume, where the remaining 38 aluminum
atoms are filled in.

Model calculations on DFT level suggest a stabilization of approximately 11,000 kJ mol�1 for a reaction of 38 aluminum atoms
in gas phase with 12 AlCp* groups. This cluster 210 with its shell of 60 carbon atoms and 60 methyl groups has a volume five times
larger than C60 fullerene.

A further explanation for the stability of this cluster can be made with the so-called superatom complex model for ligand pro-
tected metal clusters.424–426 Within this model the Al50 cluster core of 210 is viewed as gigantic atom (“superatom”) separated from

Fig. 10 Cluster cores of (A) 208 and (B) 209. Dark grey: central Al@Al12core; light grey: shell of 38 and 44 naked Al atoms, respectively; lines: Al
[N(SiMe3)2] shell. Linti, G.; Schnöckel, H.; Uhl, W.; Wiberg, N. In Molecular Clusters of the Main Group Elements; Driess, M., Nöth, H., Eds., 2004, p
126–168. Wiley-VCH: Weinheim, 2004, Copyright Wiley-VCH Verlag GmbH & Co. KGaA. Reproduced with permission.
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its exterior ligands. With three valence electrons for each Al atom minus 12 electrons for bonding the Cp* ligands this sums up to
138 free s and p electrons for this superatom. These electrons fill shells of increasing angular momentum of a spherical system in
following order:

1S2 1P6 1D10 2S2 1F14 2P6 1G18 2D10 1H22 3S2 2F14 3P6 1I26

138 electrons are therefore a magic number, filling all shells up to 1I26 (L ¼ 6) as set of highest occupied orbitals.
Three aluminum clusters are described, having not aluminum but a silicon atom as central atom. These clusters 211–213 are

obtained from metastable AlX solutions and SiCp*2 or SiCl4/AlCp* for 211427 and LiN(dipp)SiMe3 for 212428 and 213.429 As
silicon source for the latter, decomposition of the amide LiN(dipp)SiMe3 was claimed. For the SiAl14R6 compounds 211 and
212 the structure is described as a body centered Si@Al8 cube, where six AlR groups are capping the faces of the cube. SiAl56R12

has a shell structure consisting of a central Si@Al44 core capped by 12 AlR groups. The problems of assigning the correct stoichi-
ometry by X-ray crystal structure analysis for those compounds is apparent from FT mass spectrometric analysis using MALDI of
211. These investigations show Si2Al13Cp6Cl as additional cluster, present to approximately one third in the crystals of 211.

1.17.4.3 Gallium cluster compounds

For gallium an even larger variety of element rich or metalloid clusters is known than for aluminum (Fig. 11). We will see that
similar principles of understanding the structures, either deriving the cluster structures from polyhedral assemblies or describing
them as metalloid, are useful. Gallium seems to be special in providing several element modifications with a diversity of structural
motifs. These range from digallium units in a-gallium over icosahedral substructures in d-gallium to nearly close-packed structures
in high pressure modifications gallium-III and -IV.302,430 We will discuss the clusters in order of increasing numbers of gallium
atoms.

1.17.4.3.1 Ga8, Ga9 and Ga10 clusters
Ga8R6 is the general formula for element rich octagallium clusters. 214 (R ¼ C(SiMe3)3) is obtained frommetastable GaBr solutions
and LiC(SiMe3)3. Molecules of 214 consist of two R3Ga4 tetrahedra linked by a gallium-gallium bond (dGa-Ga ¼ 261.4 pm).431

Similarly, as for Al7R6, an ionic complex involving aromatic [Ga3R3]
2� rings and a Ga2

4þ cation might be discussed. But, two tetra-
hedra with four skeletal electron pairs, each (see Section 1.17.3.1), with MOs of types a1g and t2u seem more reasonable. The other
GaeGa distances are in the range of 260.5–264.8 pm. This is shorter than in 176 (dGa-Ga ¼ 268.8 pm). This can be explained by less
steric strain in substituting one C(SiMe3)3 group in 176 for a Ga4[C(SiMe3)3]3 residue. With this structural change the color varies
from red for 176 to black for 214. This shift is in line with a change in the energetic level of HOMO and LUMO, which is sensitive to
the electronegativity of the substituents and the GaeGa distances (Section 1.17.3.1). It was also discussed, that this is a hint for
a metalloid character of 214. Here, the Ga2 unit in the center is a section of a-gallium, where each of the gallium atoms is bonded
to other gallium atoms only. Thus, 214 with all gallium atoms in formal oxidation state þ I differs from digallanes R4Ga2, where
three- or four-coordinate gallium(II) atoms are connected to heteroatoms. The situation that gallium atoms of a digallane are part of
a cluster is also realized in the carborane substituted digallane 82. Here, an extremely short gallium-gallium bond is observed; a fact
which can be explained by steric arguments. In addition, model calculations on analogs to 214 with less bulky substituents indi-
cated short gallium-gallium bonds.431 Thus, 214 can be regarded as molecule of fundamental interest, because it includes a pure
metal-metal bond, free of influences of directly bonded substituents.

An isomer 215 (R ¼ SitBu3) is obtained by thermolysis of the cyclic trigallane [R4Ga3]• in heptane together with [Ga2R3]• and
Ga4R4.

432 The structure of 215 is completely different from 214 and the octagallium cluster 197b. It has a distorted octahedral R4Ga6
core with an RGa-GaR unit attached to two neighboring gallium atoms.

Therefore, looking upon the RGa-GaR substituent as a two-electron donating one, cluster 215 has six skeletal electron pairs. This
means 215 is a precloso-cluster for which a face capped trigonal bipyramid is expected. Here an alternative distortion of the octahe-
dron into a trigonal bipyramid with one edge bridged by an RGa unit is realized. The gallium-gallium distances along the edges
cover a range from 251.9 to 292.5 pm. The distances of the RGa-GaR unit to the cluster core atoms are relatively short (240.6,
244.6 pm). The RGa-GaR bond length (dGa-Ga ¼ 251.9 pm) is in the typical range for silyl substituted digallanes. 215 can easily
be reduced to the dianionic cluster [R6Ga8]

2� 216, where the arrangement of the gallium atoms is nearly the same as in 215,
with the octahedron being more regular (dGa-Ga ¼ 255.1–268.5.9 pm). The bonds of the RGa-GaR substituent get longer on reduc-
tion (dGa-Ga ¼ 245.3, 246.6, 253.5 pm, respectively). This is in line with 216 having seven skeletal electron pairs, as required for
a closo-cluster. A similar relation between an octahedral closo- and a distorted octahedral precloso-cluster is known for 194a and
195. The sodium atoms are attached to the dianionic cluster core bridging two gallium-gallium edges neighboring the RGa-GaR
unit (dGa-Na ¼ 300 pm). This indicates, similar to the metalloaromatic rings 131, that the sodium atoms might be regarded as
part of the cluster.

One might ask at this point, whether those element rich cluster compounds are metalloid. 215 as well as 216 show a planar
Ga6R4 arrangement as feature of their cluster cores, where two GaR residues are attached from top and bottom. Thus some resem-
blance to [Ga6R8]

2� 154 exists, whose core can be related to gallium atom sheets in b-gallium.267

Later on, we will see that an In8R6 cluster adopts a totally different structure.433
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Fig. 11 Overview on types of element rich gallium clusters (Ga8 to Ga22).
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Using “GaI” as source for gallium in low oxidation state several gallium rich cluster compounds can be obtained. Due to the
insolubility of “GaI” variation of reaction conditions cannot be done by changing the concentration of the gallium source. But
a possible tool is to change the ratio of gallium to iodine in preparation of “GaI,”which in principle can be from 2:1 to 1:3, meaning
formally “Ga2I” and GaI3 as products. For cluster synthesis reaction mixtures 2:1 up to 1:1.5 are useful. These gallium subiodides are
then treated in a heterogeneous reaction in toluene with a slight excess of the metallated substituent MR (M ¼ Li, Na, K).

Fig. 11 (continued).
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One of the products is [Li(thf)4]
þ[Ga9R6]

� (R ¼ Si(SiMe3)3) 217.
263 A pentagonal bipyramid with two RGa groups in apical and

two RGa groups and three naked gallium atoms in equatorial positions make up the cluster core (dGa-Ga ¼ 242.5 and 289.8 pm).
The two gallium-gallium bonds of the Ga3 unit of naked gallium atoms are bridged by RGa groups (dGa-Ga ¼ 234.4 and 237.7 pm).
Considering these bridging RGa groups as two-electron substituents, meaning the cluster is built up from four RGa and a (RGa)2Ga3
unit, delivering two and seven electrons, each, leaves a Ga7 cluster with eight skeletal electron pairs, classifying it as closo-cluster.
Alternatively, if all nine gallium atoms are considered as cluster atoms, these eight skeletal electron pairs for a nine-vertex cluster
stand for a bicapped pentagonal bipyramid. The capping in this case is restricted to bridging two edges. This might be due to steric
requirements of the bulky silyl groups. This distinction seems to be a semantic one, leading to the same result, which is on the basis
of a MO description of the cluster eight bonding molecular orbitals for the cluster core.

217 is structurally closely related to the octagallium clusters 215 and 216. Formally, regardless the different substituents, addi-
tion of a Gaþ cation to the RGa-GaR bridge in 216 widens up the Ga6 plane to a Ga7 plane (Scheme 7).

Further incorporation of a Gaþ cation into 217 produces the decagallium clusters 218 and 219.340 Attack of the gallium cation at
the central atom of the naked Ga3 unit leads to cluster 218. Here the gallium atommarked Ga* moves out of the original Ga7 plane.
If the gallium cation attacks via a Ga3R3 face of 217 one of the original RGa groups moves toward the Ga* atoms forming cluster
219.

218 is built from two fused octahedra,meaning a R4Ga6 and a R2Ga6 cluster fragment fuse via a common edge (dGa-Ga ¼ 298.3 pm),
which is the longest of all neighboring gallium atoms in this cluster. On the other hand, the tops of the octahedra have short distances
(dRGa-Ga ¼ 254 pm). The other gallium-galliumbond lengths in 218 range from258 to 279 pm. This is in the same range as observed in
gallium modifications.

As indicated, only six gallium atoms bear Si(SiMe3)3 groups, four of them in the Ga6 base plane of the cluster. One of the octa-
hedra carries four bulky substituents and the other one only two. The gallium-silicon bond lengths are influenced by this imbalance
of crowding in the molecule. Longer gallium-silicon bonds (dGa-Si ¼ 244.3–246.8 pm) are found in the sterically more strained part
of the molecule, than in the other (dGa-Si ¼ 240.5 pm). Also, the average gallium-gallium distances in the Ga6R4 part of the mole-
cule are 4.6 pm longer than in the Ga6R2 part. At first glance, the seemingly unfavorable distribution of the substituents in 218 is
surprising, but in line with a proposed formation (Scheme 7).

219, which is obtained co-crystallized with the tetragallane 180, has a more unusual structure. The core of 219 is a flat pentag-
onal bipyramid of gallium atoms. Three RGa groups (R ¼ SitBu3) form one of the trigonal faces, the other four core atoms are naked
gallium atoms.

The equatorial plane has three rather short (dGa-Ga ¼ 253.1–256.9 pm) and two long GaeGa distances (dGa-Ga ¼ 284.0,
306.0 pm), which are bridged by gallium atoms (dGa-Ga ¼ 244.1–253.3 pm). One of the bridging gallium atoms is part of
a RGa group, the other of a RGa-GaR unit (dGa-Ga ¼ 246.6 pm). This broad distribution of GaeGa distances is typical for gallium
rich cluster compounds. The GaeSi distances also vary over a broad range. The gallium-silicon bonds (dGa-Si ¼ 240.9–245.5 pm) to
the bridging gallium atoms are shorter than the gallium–silicon bonds of the bipyramidal core atoms (dGa-Si ¼ 246.9–250.2 pm),
but comparable to those in 218.

Alternatively, 219 is described as fused cluster of a Ga8 and a Ga4 polyhedron, sharing a Ga3R face. DFT calculations, which indi-
cate a large three-center bonding contribution for the GaeGa(R)eGa bridge, support a description of the cluster as a bridged
pentagonal bipyramid.

The bipyramid is quite flat, as noted. The GaeGa distance (dGa-Ga ¼ 295.3 pm) between the apical atoms, an RGa and a naked
gallium atom, is similar to the lengths of edges in this cluster. For comparison, the assumed parent cluster of type 217 has a height of

Scheme 7 Cluster relations of 216–219.
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344 pm. This hints to an additional interaction between the apical gallium atoms, which is consistent with the results of DFT
calculations.

This brings us to the point, where we have to discuss electron counting for clusters 218 and 219.
If 218 is looked upon as conjunto-cluster of two octahedra the Jemmis rules,368,369,434 developed for conjuncto-boranes on basis of

the Wade rules, might be applicable.378,435 Here, for a conjuncto-cluster of m fused polyhedral (2n þ 2 m) skeletal electrons (n:
number of cluster atoms,m: number of polyhedral) are necessary. Therefore, 218would need 24 electrons to fill the bonding cluster
molecular orbitals. Six RGa groups mean 12 electrons and so the four naked gallium atoms have to contribute three electrons, each.
This is not unambiguous, because quantum chemical calculations for 218 suggest lone pairs at the apical, naked gallium atoms.340

For 219 the short distance between the apical gallium atoms through the cluster make it plausible, that the bare vertex atom
contributes not only one, but three electrons and four orbitals to the cluster bonding. This should also be the case for two of
the other naked gallium. That makes 11 skeletal electron pairs for 219, as required for a fused polyhedron of a Ga8 (nine sep)
and a Ga4 (four sep) polyhedron.

The structures and electron count in bare indium clusters in Zintl phases have been discussed similarly. The flattening of vertices
is deduced as a result of the contribution of four orbitals to cluster bonding by some of the vertex atoms.436,437 Thus, In11

7�, has three
flattened vertices, which results in 12 skeletal electron pairs, required for a closo-E11-cluster, if some indium atoms contribute more
than one electron to cluster bonding.410

Obviously, counting rules only roughly give explanations for the structure of these hypoelectronic clusters but are near their
limits. Therefore, a forecast of structures on this basis is not possible at all.

A third Ga10 cluster is [Ga10R6]
� (R ¼ SitBu3) 220, isolated as black crystals together with a Ga13 cluster 222b. Counterion is

[Na(thf)6]
þ. The six GaR groups are distributed more regularly over the cluster and form a trigonal prism, elongated along the

C3 axis. A four-membered ring of naked gallium atoms is embedded between the two Ga3R3 rings. As a consequence of the C3/
C4 symmetry mismatch of the cluster building units, the four-membered ring is disordered over three equivalent positions. The
range of gallium-gallium distances is similar to that in 218 (dGa-Ga ¼ 245.3 to 288.0 pm). This arrangement of three-membered
rings and embedded triel fragments is also realized in 204 and 214, which are prototypes of metalloid clusters.

Another view on the structure of 220 emphasizes the similarity to 218. Here, shortening of the bridging edge and elongation of
the distance of the tops of the fused octahedrons brings the structures together.

DFT calculations on isomers of Ga10(SiMe3)6 revealed a structure analog to 218 as more stable by 56.6 kJ mol�1 than a 219
based, one. On reduction both isomers undergo a structural change to that of type 220.

1.17.4.3.2 Ga11 and Ga13 clusters
Ga11Aryl

2
4 221 with bulky aryl substituents consists of two Ga4R2 rings interconnected by a Ga3 unit.

145 The paramagnetic cluster
was obtained from “GaI” and LiAryl2 (Aryl2 ¼ 2,6-Mes2C6H3). The EPR spectrum of 221 confirmed a radical with one unpaired
electron. The gallium-gallium distances in the four-membered ring part (255 pm) are shorter than in the Ga3 unit (266 pm). It
has to be noted, that [Ga4R2]

2� and [Ga3R3]
2� rings have been isolated and characterized as metalloaromatic with contacts to alka-

limetal ions.145,234 It might be considered, whether in 220 or 221 that the central Ga4 or Ga3 rings take the role of the cations. On
the other hand, the structure of this Ga11 cluster core has some resemblance to that of the metalloid cluster 205.407

The Ga12 cluster 160, already mentioned, can be described by three nearly planar four-membered rings of gallium atoms, where
eight of the 10 substituents (2 Br, 6 PtBu2, 2 ylid ligands) are bonded to the outer rings. The connection to the central ring is made by
gallium-gallium interactions and phosphide bridges. The Ga12 core has some resemblance of the Ga11 core of 221.

The [Ga13R6]
� cluster ions are obtained as alkali metal salts from “GaI” and MR (222a: M ¼ Li, R ¼ Si(SiMe3)3;

438 222b:
M ¼ Na, R ¼ SitBu3

340). Here a pseudo cuboid core is present, where seven naked gallium atoms are at the corners of a cube,
and the eighth corner is occupied by a Ga3R3 ring. The three complete square faces of the cube are capped by RGa units. The structure
has some features of that of the silicon centered Si@Al14 clusters.

Another type of a [Ga13R6]
� cluster 223 is obtained with an amido substituent (R ¼ N(SiMe3)dipp).

439 The framework of 223 is
comprised of two stapled R3Ga6 rings, one of which is gallium centered. This means nine of these atoms form a part of a cubocta-
hedron, where one of the Ga3 units is missing. The remaining three GaR groups cap the Ga4 faces of the cuboctahedral core. This
structural feature makes the metalloid character of 223 more obvious, than it is for the isomers 222.

1.17.4.3.3 Ga16, Ga18 and Ga19 clusters
In Ga16(P

tBu2)10 224 a totally different structural motif is present. In the clusters discussed, so far, often planar four-membered Ga4
rings occurred. Here, in 224 a tetrahedral Ga4 core is at the center of the structure, around which a Ga12(P

tBu2)10 framework of
phosphido bridged gallium atoms is built.440 This framework can be described as based on an adamantoid Ga4P10 cage.

[Ga18(P
tBu2)10]

3� 225272 and the silyl substituted cluster [Ga18(Si
tBu3)8] 226

441 are obtained from metastable GaBr solutions
and LiPtBu2 or NaSitBu3, respectively. The structure of the metalloid core of 225 is compared to that of the high pressure gallium
modification Ga-II, where the gallium atoms have coordination number 10 on an average.15,442

226 has a core of three stapled Ga6 layers, which resemble the Ga6 core of 154, each. Thus, the structure can be described a section
of b-gallium.

[Ga19{C(SiMe3)3}6]
� 227 is a metalloid cluster with a central gallium atom surrounded by 12 other gallium atoms in a distorted

cuboctahedral manner.5 This typical structural feature of a cubic close packed metal is here packed into a shell of six GaC(SiMe3)3
groups, which cap rectangular faces.

828 Chain, ring, and cluster compounds of heavy group 13 elements (Al, Ga, In, Tl)



227 is prepared via metastable GaX solutions. The cluster is unique, because in contrast to most other gallium rich clusters it is
soluble in organic solvents. Therefore, a 71Ga NMR spectrum could be measured. The shift for the central atom (d ¼ �134 ppm) is
different from those calculated for naked gallium metal clusters and hints to a different electronic situation.443,444 227 is also
special, because in mass spectrometric experiment (ESI, laser desorption/ionization) not only the molecule ion of this metalloid
cluster can be detected, but collision induced the six GaR groups can degraded stepwise, resulting in a Ga13

� ion.
This fragmentation by sequentially removing RGa units is confirming the point of view, that these carbenoid units are a protect-

ing shell for the central Ga13
� - core. This is comparable to CO ligands shielding a metal cluster core in transition metal clusters. The

analogy of GaR and CO is also discussed for [M]-GaR complexes.
This Ga13

� -cluster ion was calculated to be very stable and the corresponding neutral Ga13 cluster has a very high electron affinity
of 3.35 eV. This is similar to that of a fluorine atom and gives the terminology superhalide, which has been brought up for the Al13

�

cluster ion, some justification. It was noted that these results stand for the electron deficiency of metalloid clusters of aluminum and
gallium and make them different from Gan-Zintl ions, which are of polyhedral type.445–448

1.17.4.3.4 Ga22 clusters
For Ga8, Ga10 and Ga13 clusters structural isomers for the cluster cores are observed. The same is true for Ga22 clusters 228–231.
Ga22R8 228a-c (R ¼ Si(SiMe3)3 a,172 Ge(SiMe3)3 b,

320 SitBu3 c
441) are prepared by reaction of metastable GaBr solutions (a, c) or

“GaI” (b) with the metallated substituent R. All of the three clusters are isostructural (Fig. 12). Ga@Ga13 cores (dGa-Ga ¼ 287 pm)
are surrounded by eight GaR units, capping Ga4 faces (dGa-Ga ¼ 267 pm). The eight GaR units are at the corners of an Archimedes’
antiprism with distances of approx. 500 pm between the gallium atoms. The Ga@Ga13 core is a gallium centered, widened cuboc-
tahedron, meaning one of the triangular faces is enlarged to a Ga4 ring. Thus a 4–6-3 polyhedron, with layers of Ga4, Ga6 and Ga3
rings is formed. Thus, somehow a metal packing is evident in this cluster core. Electron counting results in 22 � 3–8 � 1 ¼ 58 elec-
trons for these clusters, which is in accordance with the Jellium model.

Applying the classic counting scheme of the Wade rules the cluster is separated into a Ga14 core and eight GaR groups, which
deliver 16 electrons for cluster bonding. Adding the 14 gallium atoms, counted as contributing one electron each, a total of 15 skel-
etal electron pairs results for the Ga14 core, making it a specially filled Ga13-closo-polyhedron. This filled polyhedron might be due to
the size of the cavity defined by the eight RGa residues.

Cluster 226 is regarded as section of b-gallium in metalloid terms. Similar, the Ga22- clusters 228 can be looked upon derived
from gallium-III, with an additional atom in the coordination sphere of the central gallium atom (Fig. 13).

Fig. 12 View of Ga22[Ge(SiMe3)3]8 228b (SiMe3 groups omitted for clarity).
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The anionic cluster Ga22[N(SiMe3)2]10
2� 229 (Fig. 14) has two more substituents, which are attached to gallium atoms of the

naked gallium shell.449 Thus, only a Ga@Ga11 core, with irregular structure results, which is capped by 10 RGa groups.
The clusters [Ga22R10Br11]

3� 230 and [Ga22R10Br12]
2�231 (R ¼ N(SiMe3)2), with a higher ratio gallium: substituents, have

empty icosahedral gallium cores.450 The remaining 10 gallium atoms are attached to the icosahedron with covalent 2c2e bonds
(dGa-Ga ¼ 240 pm), such, that the fivefold symmetry of the icosahedron is retained. One of the free apical gallium atoms of 230
is bearing a bromine atom. In 231 two GaBr groups are present. Thus, 231 is a regular icosahedral closo-[E12X12]

2� cluster, with
10 Ga(R)Br and two Br substituents. An electron count for 230 reveals it also as a cluster with 13 skeletal electron pairs, if the naked

Fig. 13 Relationships of clusters 226 and 228 to gallium modifications.302 Linti, G.; Schnöckel, H.; Uhl, W.; Wiberg, N. In Molecular Clusters of the

Main Group Elements; Driess, M., Nöth, H., Eds., 2004, p. 126–168. Wiley-VCH: Weinheim, 2004, Copyright Wiley-VCH Verlag GmbH & Co. KGaA.
Reproduced with permission.

Fig. 14 View of [Ga22[N(SiMe3)2]10]2� anion 229 (SiMe3 groups omitted for clarity; Ga atoms: grey and black shade; N atoms: white).302
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apical gallium atom retains its lone pair and contributes one electron and three orbitals to cluster bonding. The Al22X20 clusters 202
have related structures.

Ga22(P
tBu2)12 232 also has an icosahedral core.451 The other 10 gallium atoms form Ga5 chains wrapped around the core and

attached to it via three phosphide-bridges and two gallium-gallium bonds.
These icosahedra-based structures are metalloid with regard to d-gallium. This modification is a network of fused, filled gallium

icosahedra. The Ga12 core together with the two Ga5 chains represent one of these element icosahedra with parts of the next ones.

1.17.4.3.5 Ga23 and higher clusters
Ga23R11 233 (R ¼ N(SiMe3)2) has a body-centered core of 12 naked gallium atoms.452 This is capped by 11 GaR groups. The struc-
ture is related to that of dianionic 229. In both clusters the central gallium atom is surrounded by 11 naked gallium atoms. The shell
of GaR groups in 233 contains one group more, but the number of cluster electrons of dianionic 229 and neutral 233 is the same.
This might mean, the number of electrons is more important for the central cluster core than the number of shell atoms.

The gallium subhalides (Ga24Br22(thf)10) 234
453 and (Ga24Br18Se2(thf)10) 235

454 are obtained from GaBr solutions with low thf
content upon slow warming up to room temperature. In the case of 235 Se(SiMe3)2 was added. The clusters are of the same type as
230, meaning they have a central, non-filled icosahedron of gallium atoms. The gallium-gallium distances indicate a slight distortion
(dGa-Ga ¼ 255–267 pm). Attached to the polyhedral atoms are terminal GaBrx units (x¼ 1, 2), two gallium dibromide and 10 gallium
monobromide groups, which are interconnected by bromine bridges. Due to coordinated thf molecules the exopolyhedral gallium
atoms are coordinated distorted tetrahedrally. Those 2c2e gallium-gallium bonds are significantly shorter (dGa-Ga ¼ 240 pm) than
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the bonds in the icosahedron, as expected. In 235 four bridging bromine atoms are substituted for two selenium atoms, which are
threefold capping three gallium atoms, which remain tetra coordinated. The cluster structure is not changed very much by this. A
special feature is the packing of 235 in the crystal. Here, Se.Se contacts (409 pm) arrange the clusters in chains. The Se.Se contacts
are longer than in GaSe (385 pm), but lead to a closer contact between clusters for 235 than it is in crystals of 234. Thus, a chain of
Ga24-“superatoms” is formed, used as model for photovoltaic properties of GaSe or selenium itself.

The largest gallium clusters prepared so far, are [Ga26{Si(SiMe3)3}8]
2� 236,455 [Ga51(P

tBu2)14Br6]
3� 237456 and

[Ga84{N(SiMe3)2}20]
x� (x ¼ 3, 4) 238.3,16 236 is obtained via “GaI,” the others only via metastable GaX solutions.

In 236 a central gallium atom is surrounded by eight gallium atoms, which are at the corners of a distorted cube.455 Two oppo-
site faces are capped by butterfly-shaped Ga4R2 rings. Three single gallium atoms and a Ga2 dumbbell cap the other faces. Bridging
between these five naked gallium atoms are four GaR groups. Ignoring the Ga4R2 and GaR groups the Ga14 core has a central
gallium atom with coordination number 8 þ 3 þ 2 ¼ 13, which was also found in other clusters. Taking the dumbbell as one coor-
dinating neighbor the coordination number (8 þ 4) resembles the environment in the high-pressure modification Ga-III (Fig. 15).

Electron counting rules after Wade or Jemmis have been applied for element rich clusters. For Ga10R6 and Ga22R8 the counting of
bare gallium atoms as one or three electron donating cluster atoms was ambiguous. For 236 a multiple capped polyhedron is
expected.

At this point an alternative way of interpreting cluster structures shall be introduced. Schleyer suggested for a special class of
boranes, so called “sea urchin” boranes that stable clusters with triangular, rectangular and pentagonal faces, capped on all faces
larger than triangular by ER fragments, need special electron counts. He postulated a 6m þ 2n counting rule to fit the number of
cluster valence electrons less the pairs for bonding of R groups. Here, m is the number of capped faces and n the number of
triangles.457

For 236with 88 cluster valence electrons this rule was applied recently.458 The centered 13 vertex polyhedron has eight triangles,
four rectangles and two pentagons. Two rectangles and the pentagons are capped. The other rectangles are not isolated but fused to
fragments of bicapped trigonal prisms. That means two triangles and two rectangles have to be added. The third rectangle is out of
count, because it is needed for fusion. Thus, we calculate 2 � 8 for triangles, 6 � 4 for capped faces, 16 � 2 for complex caps and
2 � 8 for R groups, which totals to 88 cluster valence electrons. Whether this approach, which is not really straightforward, has
generality has to be proved in future. At least, the structure of 227 has also been rationalized using this approach.458

[Ga51(P
tBu2)14Br6]

3� 237 has a metalloid structure of a filled cuboctahedron surrounded by 38 gallium atoms, which make
bonds to gallium, phosphorus or bromine.

[Ga84{N(SiMe3)2}20]
4� 2383 is the largest main group cluster prepared and structurally characterized up to now. A Ga84

3� cluster
with the same cluster structure was obtained also.16

In 238 (Fig. 16) a central Ga2-unit (dGa-Ga ¼ 234 pm) is surrounded by 62 naked gallium atoms, to which 20 GaR groups are
attached. The short bond length of the Ga2 dumbbell is comparable to that in a molecule with a formal gallium-gallium triple
bond.151 The 62 naked gallium atoms can be subdivided into two shells. An inner Ga32 shell with the shape of a football with icosa-
hedral caps is surrounded by a belt of 30 gallium atoms.

Crystals of 238 show a metallic cluster, which was also observed for Ga26 cluster crystals of 236. In addition, electric conductivity
and even supraconduction (7 K) was observed for 238. This was explained with the packing of the cluster molecules which are
aligned in chains, where the naked tops of the Ga32 shell are oriented to one another.459–462
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1.17.4.4 Indium and thallium cluster compounds

Several tetrahedral cluster compounds In4R4 184–185305,322,323 were prepared from reaction of lithium organyls with indium(I)
halides. Silyl substituted In4[Si(SiMe3)3]4 186324 was accessible via elimination of LiCp* from InCp*333 with Li(thf)3Si(SiMe3)3.
NaSitBu3 (NaR*) reacted with InCp* to produce indium rich cluster compounds In8R*6 239

433 und In12R*8 206,
408 demonstrating

the stronger reducing abilities of this silanide. With M(thf)3SiPh3 (M ¼ Li, Na) two polyhedral octaindane cluster compounds 198a
and 198b were obtained.297

239 has a cube of eight indium atoms lengthened along one space diagonal, where the two opposite indium atoms are ligand
free. Electron counting gives seven skeletal electron pairs, allowing to categorize 239 as a hypoprecloso-cluster. Thus, it is described as
a two-capped In6R*4 octahedron with two naked indium atoms at opposite vertices.

In 206 the 12 indium atoms form a section from a distorted close packing, which is similar to that in [Al12{N(SiMe3)2}6]
�

205.407

In8Aryl
2
4 240 (Aryl2]2,6-Mes2C6H3)

463 was prepared from InCl and LiMes. The core is a distorted cubic array of indium atoms.
Where only the four indium atoms, located at the corners of a tetrahedron are part of In Aryl2 groups. Thus, the well-known E4R2

fragments are present again.
The metalloid indium cluster In19[B{N(dipp)CH}2] 241 (Fig. 17, left) is obtained through disproportion of [(MeCCH2)2][In{B

[N(dipp)CH]2}].
464 The cluster has a three-layered structure with one indium at its center. The second layer consists of 12 indium

atoms surrounding the center in form of a cuboctahedron. The In13 array thus represents a CCP phase model. The outer layer
consists of six InR groups, capping the square faces.

In68[B{N(dipp)CH}2]12
� 242 is up till now the largest reported indium cluster.260 242 (Fig. 17, right) has an In12 core aligned as

nearly perfect icosahedron (dIn-In ¼ 310.0(1)–314.5(2) pm). The icosahedral core is surrounded by a shell of 44 indium atoms. This
outer shell is irregulary capped by 12 In[B{N(dipp)CH}2] units.

Fig. 15 (A) View of the cluster ion [Ga26{Si(SiMe3)3}8]2� 236 (methyl groups omitted) and (B) relation of the cluster core to the
galliummodification III.
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Fig. 16 View of the Ga84 cluster ion 238 showing the layered structure (Ga atoms: dark to middle grey; N atoms of R groups: light grey). The
football/belt description is rationalized by viewing the three middle layers of the middle grey shaded shell as belt and the remaining gallium atoms,
which are not GaR units as capped football.302 Linti, G.; Schnöckel, H.; Uhl, W.; Wiberg, N. In Molecular Clusters of the Main Group Elements; Driess,
M., Nöth, H., Eds., 2004, p 126–168. Wiley-VCH: Weinheim, 2004, Copyright Wiley-VCH Verlag GmbH & Co. KGaA. Reproduced with permission.
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Regarding thallium only one element rich cluster is known. Tl8[B{N(dipp)CH}2] 243 was prepared from Tl[N(SiMe3)2] and
(thf)2Li[B{N(dipp)CH}2].

465 243 is structured analogously to 240 with a distorted cubic array of thallium atoms. The four
substituted thallium atoms are found in vertices of a tetrahedron.

1.17.5 Outlook

The chemistry of element-rich and polyhedral clusters of the heavier triel elements has been established during the past three
decades. Several synthetic pathways are available now, but none, which allows for a planned synthesis of a specific new cluster.
The complex structures stress classic bonding concepts. For smaller clusters concepts developed for boron cluster compounds are
applicable. Therefore, this chapter focused on rationalizing structures by topology and attempted application of well-known elec-
tron counting rules. The higher clusters are too complex to be feasible by a simple rule. Gallium as an element adopts various

Fig. 17 View of the In19 cluster 241 (left) and the In68 cluster ion 242 (right) with their three-layered structure (In atoms: black to grey; B atoms of
R groups: white).
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allotropic modifications, which are stable at different temperature ranges and pressure. It seems that the high pressure necessary for
some modifications can be modeled by a shell of substituents. Their steric demand and electronic properties influence cluster cores,
but a real understanding of the effects is far from complete. Aluminum, which has a typical metal lattice, has modified structures in
the nanoscale cluster cores. With indium, which has the higher stability of oxidation state one, compared to aluminum and gallium,
only a few element-rich clusters could be obtained.

A topic of special interest continues to be the formation of bonds between triel atoms in low oxidation state, where the range is
from 2c2e bonds to multiple bonds and multicenter bonds. The properties of these metal-metal bonded systems including the
nanoscale clusters, being described as intermediate between dissolved metals and bulk material, have begun to be investigated
and offer interesting perspectives.
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Nomenclature
Acr 9-Acrydinyl
Ad 1-Adamantyl
ASE Aromatic stabilization energy
Cp/CpL Cyclopentadienyl
HMDS Hexamethyldisilazide
HOMO Highest occupied molecular orbital
LDA Lithium diisopropylamide
LUMO Lowest unoccupied molecular orbital
NICS Nucleus-independent chemical shift
NMR Nuclear magnetic resonance
Cp* 1,2,3,4,5-Pentamethylcyclopentadienyl
Mes 2,4,6-Trimethylphenyl
Mes* 2,4,6-Tri-t-butylphenyl
Tbt 2,4,6-Tris[bis(trimethylsilyl)methyl]phenyl
TSFPB Tetrakis[4-(t-butyldimethylsilyl)-2,3,5,6-tetrafluorophenyl]borate
TTFPB Tetrakis(2,3,5,6-tetrafluorophenyl)borate
12-crown-4 1,4,7,10-Tetraoxacyclododecane
18-crown-6 1,4,7,10,13,16-Hexaoxacyclooctadecane
Tbb 5-(t-Butyl)-1,3-bis[bis(trimethylsilyl)methyl]phenyl
Bbt 2,6-Bis[bis(trimethylsilyl)methyl]-4-[tris(trimethylsilyl)methyl]phenyl
crypt-222 [2.2.2]Cryptand, 4,7,13,16,21,24-Hexaoxa-1,10-diazabicyclo[8.8.8]hexacosane

Abstract

The synthesis of aromatic compounds bearing heavy group 14 atoms (Si, Ge, Sn and Pb) in carbon frameworks is
summarized. In most cases, the replacement of skeletal carbon atoms of aromatic compounds by heavy group 14 atoms does
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not collapse the original aromaticity, even though some cases reveal that coordination to metals are of crucial importance to
retain aromaticity. Some characteristics different from those of the conventional aromatic compounds are also found. The
carbon-based aromatic world is now expanded to the systems containing lead and it would inspire new theory, materials, and
catalytic chemistry.

1.18.1 Introduction

Since the discovery of benzene by Faraday in 18251 and its structure was first proposed by Kekulé in 1865,2,3 the concept of aroma-
ticity to understand the unique properties of benzene has long received considerable fundamental interest and remains discussed.4

One of the most important arguments in the history of aromaticity is what is aromaticity.5–8 The difficulty in this question is caused
by the fact that aromaticity is not a physical quantity but a nature. However, we traditionally conclude that a molecule is aromatic
when it possesses the following characteristics similar to those of benzene: 1) planarity with cyclic delocalized (4n þ 2) p-electrons
(Hückel rule),9,10 2) bond equalization (structural criterion), 3) induced diatropic ring current under an external magnetic field
(magnetic criterion), and 4) thermal stability compared to that of acyclic isomers (energetic criterion). No single property cannot
justify aromaticity of a compound. The aromaticity of benzene and its related compounds arises from delocalization of p-electrons,
therefore it should be called p-aromaticity. Nowadays, new types of aromaticity such as homoaromaticity,11 s-aromaticity,12

excited-state aromaticity13,14 and Möbius aromaticity15,16 have also received considerable attention; however, this review concen-
trates on p-aromaticity.

In parallel with the intensively investigated aromaticity in carbon chemistry, the field of main group chemistry witnessed the
break of double-bond rule that had long been believed in.17 The compounds with a Si]Si18 and a P]P19 bonds are of considerable
historical importance as the first examples of stable compounds bearing double bonds between the third-row elements. After the
ground-breaking results, main group chemists focused on the synthesis of compounds between different combinations of atoms.
Until the late 1990s, stable double-bonded compounds with a lot of combinations were isolated, 20–22 and even a compound
bearing the heaviest double bond, Bi]Bi,23 was conquered. The replacement of carbon atoms in C]C and C–heteroatom double
bonds by heavy group 14 atoms was particularly intensively investigated.24

In the course of the studies on the replacement of a carbon atoms by heavy group 14 atom, the next targeted class of compounds
was an aromatic compound, thus, one of the skeletal carbon atoms of aromatic compounds such as benzene and cyclopentadienyl
anion (Cp�) was replaced by a heavy group 14 atom. This review focuses on the synthesis of such ring compounds with Hückel p-
aromaticity incorporated by heavy group 14 atoms into carbon skeletons.

1.18.2 Aromatic heavy group 14 atom frameworks

1.18.2.1 Pioneering works

The pioneering work is the synthesis of 1,3-bis(tert-butyl)-1,3-diaza-2(2H)-germolylidene 1 by Hermann in 1992 (Scheme 1),25

inspired by the synthesis of a stable, crystalline N-heterocyclic carbene by Arduengo in 1991.26 In Hermann’s paper, aromaticity
of 1 was not discussed; however, compound 1 was reported to be more stable than the corresponding saturated germylene, suggest-
ing that electronic delocalization should stabilize 1. The following theoretical investigations also suggested the electronic delocal-
ization in 1.27,28 The N-heterocyclic framework was also utilized to stabilize the silicon analog 2, reported by Denk and West
(Scheme 2).29 In the paper, they suggested 6p aromatic delocalization of 2, and finally aromaticity of 1 and 2 was established
by their NICS calculations,30 which is now widely used as an effective probe for aromaticity.31 From the experimental side, the
Raman spectroscopy was applied to elucidate aromaticity of 1 and 2 (Scheme 3).32,33 The Raman signals assignable to the stretching
vibration of C]C in compounds 1 and 2 shift to longer wavelength, compared with those of the reference compounds whose the
group 14 centers are tetravalent thus without aromatic delocalization.

1.18.2.2 Cyclopentadienyl analogs

1.18.2.2.1 Group 14 metallole anion equivalents34

Theoretical predictions reveal that the heavy group 14 analogs of Cp�, a silole, a germole, a stannole and a plumbole anion,
possess pyramidalized structures at the group 14 atoms and hence to be non-aromatic, in contrast to the planar structure of

Scheme 1 Synthesis of 1.
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aromatic Cp�.35,36 On the other hand, h5-coordination of a metallole anion to a lithium atom is calculated to make the metal
center more flattened to increase aromaticity of a molecule (Fig. 1).35,36 Indeed, the X-ray diffraction analysis of alkaline metal
salts of group 14 metallolide anions reveal that the group 14 centers have pyramidalized geometries, indicating their non-
aromatic characters.37–40 The inversion barrier was experimentally estimated to be less than 8.4 kcal/mol by NMR analysis
(Schemes 4).38 In contrast, lithium silolides and -germolides, regarded as contact ion pairs between alkaline metals and metal-
lolide anions, possess delocalized aromatic structures (Schemes 5 and 6),41–43 as was predicted in the theoretical calculations.

Heavy congeners of cyclopentadienyllithium (CpLi) containing more than two heavy group atoms have also been reported.
Reduction of 1,2-disila-3-germacyclopenta-2,4-diene 3 by potassium graphite afforded a potassium 1,2-disila-3-
germacyclopenta-2,4-dienide, which reacted with lithium bromide to afford lithium 1,2-disila-3-germacyclopenta-2,4-dienide 4
(Scheme 7).44 The structure of the five-membered ring is almost planar, and the 7Li NMR signal was observed in a high-field region,
indicating its aromatic nature. A similar synthetic route was applied for the synthesis of lithium 1,2,3-trisilacyclopentadienide 5.45

The planarity of the five-membered ring and the 7Li NMR signal in a high-field region support its aromatic nature. The contact-ion-
pair structure is of crucial importance to retain its aromatic nature, and addition of 12-crown-4 results in the collapse of the aromatic
structure to provide isomeric trisilenide 6 through 1,2-silyl migration (Scheme 8).

Scheme 2 Synthesis of 2.

.
.

..
..
N

N

M:

M = Si, Ge

N

N

M:6π

Scheme 3 Origin of the aromaticity of N-heterocyclic metallylenes, 1,3-bis(tert-butyl)-1,3-diaza-2(2H)-metallolylidene.

Fig. 1 Comparison of calculated structures of the parent silolide anion (left) and lithium silolide (right) (RMP2(fc)/6-31G** level, bond
lengths in Å).

Scheme 4 Inversion at a group 14 center of a non-aromatic metallolide anion.
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1.18.2.2.2 Group 14 metallolide dianion equivalents34,46,47

The pyramidalization at group 14 centers of the metallolide anions does not take place in the metallole dianions. Theoretical inves-
tigation reveals that the free metallole dianions should be aromatic with small CeC bond alternation, and the h5-coordinating
lithium metallolediide and the h5,h5-coordinating dilithium metallolediides should be more aromatic, based on the structural
(CeC bond alternation), magnetic (NICS) and energetic criteria (Fig. 2). The metallolediides can be regarded as dianions of metal-
lacyclopentadienylidenes, where the diene frameworks contain 6p electrons and the metal centers adopt divalent states (Fig. 3).48

The first structural characterization of this series is dilithium silolediide 7 reported in 1995 (Scheme 9),49 after its generation in
solution had been reported a year ago.48 The molecular structure is not an h5,h5-coordinating structure but an h1,h5-coordinating
structure, which is calculated to be less stable than the former. The CeC bond distances in the silole ring are almost equal,

Scheme 5 Synthesis of an aromatic lithium silolide

Scheme 6 Aromatic and non-aromatic switch of metallolide anions.

Scheme 7 Synthesis of a heavy CpLi containing three silicon atoms.

Scheme 8 Importance of an h5-coordination of a lithium atom to maintain the aromatic structure.

Fig. 2 Structural changes from the parent silolediide to dilithium silolediide (B3LYP/6-31þG(d) for C and H; LanL2DZdp for Si). A similar tendency
is found in the parent germole, stannole and plumbole series.
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suggesting aromaticity of the compound based on the structural criterion. Dipotassium tetraalkylsilolediides are also X-ray charac-
terized; however, their molecular structures adopt h5,h5-coordinating structures, and each of the potassium atoms are coordinated
by a crown ether (Scheme 10).38,50 The five-membered rings possess no CeC bond alternation, suggesting their aromatic nature.
The synthesis of dilithium germolediides have also been also achieved,51 Dilithium tetraphenylgermolediide 8 possesses an h5,h5-
coordinating as well as h1,h5-coordinating structures in the solid state (Fig. 4), and the former is calculated to be more unstable, as is
observed in dilithium tetraphenylsilolediide 7. The aromatic stabilization energy is estimated to be 13 kcal/mol in the calculations
of the parent model compounds. In contrast, dipotassium tetramethylgermolediide 9 has an h5,h5-coordinating, dimeric structure
in the solid state (Scheme 11).38

After about 10 years, the aromatic world was extended to a tin-bearing system. The generation of dilithium tetraphenylstanno-
lediide 11 was first evidenced by NMR analysis and trapping experiments,52 and its X-ray characterization was reported in 2005
(Scheme 12).53 The five-membered ring, coordinating two lithium atoms in h5,h5-fashions, is almost planar with no CeC bond
alternation, indicating considerable electronic delocalization. The 7Li NMR signal is observed at �4.36 ppm in a region higher
than those of normal organolithium compounds (�2 to 2 ppm) due to a shielding effect of the aromatic ring current on the stan-
nole ring, and the NICS(1) of the free stannolediide dianion54 is calculated to be �6 ppm. Based on all of the data, the aromatic
nature of dilithium stannolediide 11 is established. Dilithium tetraethylstannolediide 12 was also synthesized and its aromatic
nature is elucidated (Scheme 12).55

As an ultimate goal, the heaviest dilithium metallolediide, dilithium plumbolediide 13 was conquered in 2010 (Scheme 13).39

The characterized molecular structure exhibits a lithium salt of a lithiumplumbolediide anion, where one of the two lithium atoms
is coordinated by the plumbole ring in an h5-fashion and the other one is coordinated by three dimethoxyethane (DME) molecules
that are used in recrystallization. The plumbolide ring is almost planar with no CeC bond alternation, indicating considerable elec-
tronic delocalization. The NICS(1) of the free plumbolediide dianion is calculated to be�6.3 ppm, and accordingly, it is concluded
that dilithium plumbolediide possesses aromatic nature and 2p(C) and 6p(Pb) orbitals can be sufficiently overlapped to produce
aromatic delocalization. An important structural characteristic is found on the structure of dilithium plumbolediide 13. The PbeC
bond distances are 2.242(4) and 2.265(5) Å, which are longer than those of the precursor (2.202(4) and 2.211(4) Å) with no

.
.
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M = Si, Ge, Sn, Pb
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Fig. 3 The structure of metallolediide ion.

Scheme 9 Synthesis of dilithium silolediide 7 and its X-ray structure with selected bond distances (Å).

Scheme 10 Synthesis of dipotassium tetramethylsilolediide
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Fig. 4 Molecular structures of dilithium tetraphenylgermolediide 8 and selected CeC bond distances (Å).

Scheme 11 Synthesis of dipotassium tetramethylgermolediide 9 and its dimeric structure.

Scheme 12 Synthesis of dilithium stannolides(2-) 11 and 12.

Scheme 13 Synthesis of dilithium plumbolediide 13 and its X-ray characterized structure [a lithium salt of a lithium plumbolide].
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aromaticity.56 Aromatization generally results in the shortening of the original single bonds and elongation of the original double
bonds. To understand the tendency that appears to be a contradiction, theoretical consideration was reported.39 The geometric opti-
mization of the model compounds, C4H6M, C4H4M, and C4H4M

2� (M ¼ Si, Ge, Sn, Pb) was performed at the B3LYP level of theory
with the LanL2DZ basis set (Fig. 5). In the change from C4H6M to C4H4M, which has a divalent group 14 atom, the M–C(a) bond
lengthens because of an increase in p-character of the M–C(a) bond caused by a lone pair on the divalent atom having more s-char-
acter than the M–H bonds of C4H6Pb. On the other hand, in the change from C4H4M to C4H4M

2�, the M–C(a) bond shortens
because of aromatic delocalization of the negative charges. The aromatic delocalization can be reasonably explained in terms of
delocalization of negative charges on the group 14 atom into the LUMO of the butadiene moiety. The degree of the shortening
found in C4H4Pb

2� is smaller than that found in C4H4Si
2� because of the overlapping of 2p(C) and 6p(Pb) orbitals is smaller

than that of 2p(C) and 3p(Si) orbitals. Based on the discussion, it is concluded that the group 14 metallolediide dianions are
regarded as dianions of metallacyclopentadienylidenes (Fig. 3).

As the group 14metallolediide dianions are regarded as dianions of metallacyclopentadienylidenes, reduction of a metallacyclo-
pentadienylidene is of considerable interest as a method for the synthesis of a metallolediide dianion. Indeed, reduction of THF-
stabilized plumbacyclopentadienylidene 1457,58 by lithium afforded dilithium plumbolediide 1559 (Scheme 14). On the other
hand. Two-electron oxidation of 15 reproduced 14.

The electronic perturbation by substituents on the a-carbon atoms of dilithiummetallolediide is investigated (Fig. 6).60,61 As the
negative charges on the group 14 atoms are delocalized into the LUMO of the butadiene moiety, effects of substituents of the
a-carbon atoms on electronic states of LUMO of the butadiene should be of considerable interest. Introduction of a silyl group
into an a-carbon atom decreases the LUMO energy level, resulting in the increase in interactions between the negative charges
on the group 14 atom and LUMO of the butadiene and the decrease in HOMO energy level of the metallolediide dianion. Conse-
quently, the negative charges on a group 14 atom of a silyl-substituted metallolediide dianion can be delocalized more than those of
a methyl-substituted one, resulting in more metallylene (more positive) character of the group 14 atoms, which is supported by
Mössbauer spectroscopic analysis of dilithium stannolediide.60

Fig. 5 Structural changes in group 14 metallacycles dependent on the electronic states of the group 14 atoms.

Scheme 14 Two-electron reversible redox behavior between plumbacyclopentadienylidene 14 and dilithium plumbolediide 15.
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1.18.2.2.3 Benzannulated Group 14 metallolide dianion equivalents
Effects of benzannulation on the aromaticity of metallolide anions are also of interest because the acidity of cyclopentadiene
(pKa ¼ 16) is attenuated in the fused ring analog fluorene (pKa ¼ 23) as a result of the reduced p-delocalization in the conjugate
base of the annulated system.62 Dilithium 1(H)-1-silaindenate 16 and -germaindenate 17 were synthesized and characterized by X-
ray diffraction analysis (Scheme 15).63,64 The CeC distances in each of the five-membered rings (1.428 to 1.455 Å and 1.438 to
1.443 Å for 16 and 17, respectively) are almost the same, indicating aromatic nature of the five-membered rings. In contrast, the
CeC distances in the six-membered ring slightly alter (1.349 to 1.455 Å and 1.350 to 1.443 Å for 16 and 17, respectively), indicating
some character of cyclohexadiene. Dilithium 1(H)-1-stannaindenate 18 was also synthesized by the reaction of 1,1-
diphenylstannaindene 19 with lithium (Scheme 16).65 Although the X-ray characterization of 18 has never been reported, an
upfield resonance of �5.8 ppm in the 7Li NMR indicates aromatic nature of 18. The NICS(1) value of each of the five-
membered rings is calculated to be more largely negative than that of each of the six-membered rings, indicating large aromatic
characters of the metallolediide moieties (Fig. 7).65

More benzannulated systems, sila- and germafluorenate dianion equivalents were synthesized and characterized by X-ray diffrac-
tion analysis (Scheme 17).66,67 The X-ray analysis and theoretical calculations again indicate that the aromaticity of the five-
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 = R2 = Me) −0.39 eV

(R1 = SiH3, R2 = H) −1.76 eV
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R1R2
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M = Si, Ge, Sn, Pb
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Fig. 6 Effects of silyl substituents on the electronic structures of metallolediide dianions.

Scheme 15 Synthesis of dilithium 1(H)-1-silaindenate 16 and -germaindenate 17.

Scheme 16 Synthesis of dilithium 1(H)-1-stannaindenate 18.

Fig. 7 NICS(1) values of metallaindenate and indenate dianions calculated at B3LYP level using Huzinaga’s (433,321/43321/421) (DZP) basis set
and a polarization d-function (z ¼ 0.183) for Sn and 6-31G(d) for C, H, and Li.
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membered rings and some hexadiene character is found in the six-membered rings (Fig. 8). The generation of dipotassium stanna-
fluorenate 21 was also evidenced by a trapping experiment with iodomethane to give compound 22 (Scheme 18).68 The NICS
calculations of a stannafluorenate dianion exhibit a tendency similar to those found in sila- and germa-fluorenyl dianions and
the NICS(1) value of the five-membered ring (�8.6 ppm) is more negatively larger than that of the six-membered ring (�7.8 ppm).

1.18.2.3 Benzene and polycyclic aromatic hydrocarbon analogs69,70

1.18.2.3.1 Silicon analogs of benzene and related polycyclic aromatic hydrocarbons containing one silicon atom
1.18.2.3.1.1 Synthesis
The isolation of a stable silabenzene under ambient conditions has been achieved by introducing a sterically congested substituent onto the
silicon atom that can suppress its dimerization reaction. The generation of silabenzene 23 bearing a Tbt group on the silicon atom, stable in
solution at room temperature in the absence of atmospheric oxygen was first reported in 2000,71 and its X-ray characterization was subse-
quently published in the same year (Scheme 19).72 Silicon-incorporating naphthalenes, 1-sila-73 24 and 2-sila-naphthalenes 2574,75 have

Scheme 17 Synthesis of dipotassium sila- and germafluoerenates 19 and 20.

Fig. 8 NICS(2) values of sila- and germafluorenate dianions calculated at B3LYP/6-31þG(d).

Scheme 18 Generation of dipotassium stannafluorenate 21 and its trapping reaction.

Scheme 19 Synthesis of silabenzene 23.
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also been synthesized similarly by taking advantage of the Tbt group (Scheme 20). Further annelated systems, 9-silaanthracene 2676 and 9-
silaphenanthrene 2777 have also been published (Scheme 21).

1.18.2.3.1.2 Structures and aromaticity
The two SieC bond distances of 23 are almost equal (1.765(4) and 1.770(4) Å), which are in the range between those of SieC
double and single bonds (1.70 and 1.89 Å, respectively),78,79 and the CeC bond distances (1.381(6)�1.399(6) Å) are almost equal
and similar to those of benzene (1.39 Å). These structural features suggest aromatic nature of 23. The 1H NMR signals assignable to
protons on the silabenzene ring in 23 were observed at 6.8 to 8.1 ppm, which in a region typical to the resonances of the aromatic
protons. The observed 1J(SieC) of 83 Hz in 23 is much larger than those of the SieC single bonds (about 50 Hz), indicating some
doble bond character of the SieC bond. The structural and spectral characteristics similar to those of 23 were also found in
compounds 24–27.

Theoretical consideration also supports aromaticity of compounds 23–27. The NICS(1) values of the parent compounds for 23–
27 shown in Fig. 9 are negatively large and comparable to that of benzene (�11.1 ppm calculated at the same level of theory),
indicating their aromatic nature, and it can be concluded that compounds 23–27 are silaaromatic compounds from the magnetic
criterion. The aromatic stabilization energy (ASE) has also been estimated. The ASE values of the parent model compounds for 23–
25 are comparable to those of the carbon versions, and therefore their aromatic nature is established from the energetic criterion
(Scheme 22).

1.18.2.3.2 Germanium analogs of benzene and related polycyclic aromatic hydrocarbons containing one germanium atom
1.18.2.3.2.1 Synthesis
A series of germanium-bearing aromatic benzenoid compounds 28–31 has been synthesized by methods similar to those for the
silicon versions (Fig. 10).80–83 For example, germabenzene 28 was synthesized through HCl elimination reaction by LDA (Scheme
23). All these compounds are sterically protected by a Tbt or Bbt groups and X-ray characterized as thermally stable compounds at
room temperature in the solid state. More recently, another synthetic route for a germabenzene has been published (Scheme 24).84

Scheme 20 Synthesis of 1-sila- 24 and 2-sila-naphthalenes 25.

Scheme 21 Synthesis of 9-silaanthracene 26 and 9-silaphenanthrene 27.
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Treatment of dichlorogermane 32 with a base afforded chlorogermabenzene 33, which was not isolated but characterized as a ther-
mally stable compound. Compound 33 reacted with ArLi to provide Ar-substituted germabenzenes 34.

1.18.2.3.2.2 Structures and aromaticity
The structural characteristics of thus characterized germabenzenes and their related compounds 28–34 are similar to those of the
silicon versions and benzene itself. All the ring systems show high planarity with negligible CeC bond alternation in the six-
membered rings, and the spectral characteristics are also reasonably interpreted as aromatic compounds. The NICS calculations
also exhibit a similar tendency and indicate that aromaticity retains in the Ge-bearing compounds (Fig. 11). The estimated ASE
of the parent germabenzene also supports its aromatic nature (Scheme 25).

Fig. 9 NICS(1) values of the parent compounds for 23–27 calculated at B3LYP/6-311G(d).69,77

Scheme 22 Aromatic stabilization energies (kcal/mol) of the parent compounds for 23–25 and their carbon versions calculated at B3LYP/6–
311þG(d,p).75
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Fig. 10 Germanium-bearing aromatic benzenoid compounds 28–31.

Scheme 23 Synthesis of germabenzene 28a.

Scheme 24 Synthesis of germabenzenes 34 by transformation of chlorogermabenzene 33.

Fig. 11 NICS(1) values of the parent compounds calculated at B3LYP/6-311G(d) (B3LYP/6-311þG(2d,p) for 34).

Scheme 25 Estimated ASE of the parent germabenzene.
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1.18.2.3.3 Tin analogs of benzene and related polycyclic aromatic hydrocarbons containing one tin atom
Although sila- and germabenzenes have been isolated as thermally stable compounds and characterized by X-ray diffraction anal-
ysis, stannabenzene is more difficult to conquer. The steric congestion by a Tbt and a Bbt groups that can stabilize sila and germa-
benzenes is not sufficient to stabilize stannabenzenes 35, which readily undergo [4 þ 2]-dimerization to afford 36 even at room
temperature (Scheme 26).85 Introduction of a t-butyl group at the 2-position can make stannabenzenes 37 more stable (Scheme
27).86 Stannabenzenes 37 exist in monomer-dimer equilibrium in solution and monomeric forms of 37 can be detected by spec-
troscopic measurement. Introduction of bulky substituents on the 2,6-positions enables to isolate a stannabenzene stable at room
temperature in the solid state (Scheme 28). Treatment of stannacyclohexadiene 38 bearing two isopropylsilyl groups on the 2,6-
positions with o-tolyllithium afford o-tolyl-bearing cholorostannane 39, which underwent HCl elimination reaction by KHMDS
to afford stannabenzene 40.87 The CeC bond distances in the planar six-membered ring are almost equal, indicating aromatic
nature (structural criterion), and the NICS(1) value is calculated to be �6.3 ppm, sufficiently negatively large as an aromatic
compound (magnetic criterion). Stannanaphthalene 41 has also been isolated and characterized by X-ray diffraction analysis
(Scheme 29).88 The synthesis of 9-stannaphenanthrene 42 has also been investigated; however, it readily undergoes dimerization
to afford [2 þ 2] dimer 43 (Scheme 30).89

Scheme 26 Generation of stannabenzenes 35 and their dimerization reactions.

Scheme 27 Monomer-dimer equilibrium of stannabenzenes 37.

Scheme 28 Synthesis of stannabenzene 40 stable in the solid state.

Scheme 29 Synthesis of 2-stannanaphtalene 41.
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1.18.2.3.4 Heavy analogs of phenyl anions
It is noted that reduction of germabenzene 28b by potassium graphite afforded germabenzenylpotassium 44, a germanium analog
of a phenyl anion, resulting from unexpected reductive cleavage of a GeeC(Tbt) bond (Scheme 31).90 The X-ray diffraction analysis
reveals that no remarkable CeC bond alternation is found in all of the structures of 44–46, indicating their aromatic nature (struc-
tural criterion). The NICS(1) value of the free germabenzenyl anion (av. –8.0 ppm) also supports its aromaticity (magnetic crite-
rion). However, theoretical calculations of the parent germabenzenide anion in comparison with the benzenide anion reveals
canonical resonance structure of germylene 47B cannot be excluded (Fig. 12).

More surprisingly, potassium stannabenzenide 48 was successfully synthesized by the reduction of a monomer-dimer equilib-
rium mixture with potassium graphite and characterized by X-ray diffraction analysis (Scheme 32). As reaction of 48 with cholor-
otrimethylsilane afforded dimer 49 of stannabenzene intermediate 50, it is noted that electronic repulsion in 48 can suppress its
dimerization. The 119Sn NMR signals of 48 was observed at 702 ppm, which is in a region much more low-field than those of stan-
nabenzenes 37 (271 and 276 ppm),86 suggesting its stannylene character. However, the NICS(1) of the stannabenzenide anion is
calculated to be �7.3 ppm, indicating its aromatic nature, and therefore resonance between the aromatic and stannylene structures
is also of importance as in the case of the Ge analog (Fig. 13).

1.18.2.3.5 Benzene and polycyclic aromatic hydrocarbon analogs containing more than two heavy group 14 atoms
1,2-Disilabenzene and 1,2-digermabenzen have been synthesized by the reactions of triple-bonded compounds, disilynes and
digermynes. Disilyne 5291 reacted with phenylacetylene to afford a mixture of two regioisomers of 1,2-digermabenzenes 53 and
54 in the ratio of 2: 3 (Scheme 33).92 Single crystals of 53 were obtained and its X-ray characterization was performed. The SieSi
distance of 2.2018(18) Å is intermediate between the SieSi single and double-bond distances, and the SieC distances (1.804(4)
and 1.799(5) Å) is intermediate between the SieC single and double-bond distances. The three CeC distances are 1.389(6),
1.386(6) and 1.452(6) Å, which are intermediate between those of CeC single and double-bond distances (1.54 and 1.34 Å, respec-
tively). These structural characteristics suggest some aromatic nature of 53. The NICS(1) values of model compounds 530 and 540 are
calculated to be �8.0 and � 8.1, respectively, supporting aromatic nature of 1,2-digermabenzenes 53 and 54 (Fig. 14).

Scheme 30 Generation of 9-stannaphenanthrene 42.

Scheme 31 Synthesis of potassium germabenzenide 44.

Fig. 12 Canonical resonance structures in the parent germabenzenide anion.
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Reactions of diaryldisilyne 5593 with alkynes have also been reported, and the obtained 1,2-disilabenzenes 56–58 have been
characterized (Scheme 34).94

The formation of 1,2-digermabenzene 60 has been accomplished by the reaction of digermyne 59 with acetylene (Scheme
35).95,96 The digermabenzene ring of 60 is not planar, in sharp contrast to planar 1,2-disilabenzenes; however, the NICS(1) values
of 60 are calculated to be �6.8 and � 7.2 ppm, and the aromatic stabilization energy of the parent 1,2-digermabenzene estimated
by the hydrogenation reaction is calculated to be about 13 kcal/mol, and accordingly, the aromaticity of 60 is comparable to those
of 1,2-disilabenzenes.

Scheme 32 Synthesis of stannabenzenylpotassium 48 and its reactivity.

Fig. 13 Canonical resonance structures in the parent stannabenzenide anion.

Scheme 33 Reaction of disilyne 52 to afford 1,2-disilabenzenes 53 and 54.

Fig. 14 NICS(1) values of model compounds 530 and 540.
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A 1,4-distannabenzene with unique electronic characteristics has been published. Reduction of bis(chlorostannylene) 61 with
potassium graphite afforded compound 62 (Scheme 36).97 The NMR signals of 62 are broadening due to contribution of its triplet
state detected by EPR spectroscopy. However, the NICS(1) value of 62 is calculated to be�10.2 ppm, indicating its aromatic nature
(resonance form of 62B).

1.18.2.4 Cyclopropenyl cation analogs

The synthesis of heavy analogs of aromatic cyclopropenyl cation98 have been investigated. The first example of this series is cyclo-
trigermenium cation 64 prepared by the reaction of cyclotrigermene 6399 with trityl tetraphenylborate (Scheme 37).100 The X-ray
diffraction analysis reveals that the three GeeGe bond distances (2.321(4) to 2.333(4) Å are almost equal and intermediate
between the GeeGe double bond (2.239(4) Å) and the GeeGe single bond (2.522(4) Å) of precursor 63. Each of the sum of
the bond angles around the three germanium atoms is almost 360�, and the distance between the Ge and B atoms ranges from
6.941(3) to 9.695(3) Å. These structural characteristics indicate that cyclotrigermenium cation 64 is a 2p-aromatic and a free germyl
cation.

A similar synthetic strategy has been applied for the synthesis of a silicon version. Treatment of cyclotrisilene 65 with
Ph3C

þB(TSFPB)4
� afforded cyclotrisilenylium cation 66 (Scheme 38).101 The X-ray diffraction analysis reveals that the three SieSi

bond distances (av 2.217(3) Å) are intermediate between the SieSi double bond (2.1612(8) Å) and the SieSi single bond
(2.3694(8) and 2.3762(8) Å) in precursor cyclotrisilene 65. The NICS(1) value of themodel compound, (H3Si)3Si3

þ for 66, is calcu-
lated to be �12.8 ppm. These characteristics indicate aromatic nature of 66.

Disilacyclopropenyl cation 67 has also been synthesized by the reaction of disilacyclopropene 68 with Ph3C
þB(TSFPB)4

�

(Scheme 39).102 The NICS(1) value of the model compound 69 is calculated to be �13.5 ppm, and the calculated bond orders

Scheme 34 Reaction of diaryldisilyne 55 to afford 1,2-disilabenzenes 56–58.

Scheme 35 Formation of 1,2-digermabenzene 60 from digermylyne 59.

Scheme 36 Synthesis of 1,4-distannabenzene 62 and its resonance structures.

Scheme 37 Synthesis of a germanium analog of cyclopropenyl cation.
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of two SieC and an SieSi bonds in 69 are 1.23 and 1.19, respectively. These characteristics indicate that disilacyclopropenyl cation
67 possesses a 2p-aromatic system.

1.18.2.5 Cyclobutadiene dianion and dication analogs

Cyclobutadiene dianion appears to be considered 6p-aromatic; however, it is not simple. Early calculations predicted a butterfly-
like cyclobutadiene dianion bearing an allylic delocalized anion and a localized anion.103 Another model of a trapezoid structure
bearing a 1,2-localized dianion and a C]C moiety was later proposed.104 More recent calculations suggested that planar aromatic
structure of cyclobutadiene dianion should be stabilized by two Li complexation.105 Indeed, a square-planar aromatic dilithium
cyclobutadienide has been reported.106

Inspired by the preceding studies, the synthesis of a dipotassium salt of tetrasilabutadienide dianion and a dipotassium salt of
1,2-disila-3,4-digermacyclobutadienide dianion has been accomplished; however, their non-planar structures and the NICS(1)
calculations reveal that they are non-aromatic,107 even though coordination to a transition metal enhances aromatic nature of
the heavy cyclobutadiene moiety.108–110

On the other hand, a tetrasilacyclobutadiene dication is 2p-aromatic. Reaction of donor-stabilized chlorosilylene L(Cl)Si: 70111

with bis(silylene) 71112 in the presence of NaBPh4 afforded tetrasilacyclobutadiene dication salt 72 (Scheme 40).113 The four-
membered ring adopts a slightly puckered square-planar geometry with a folding angle of 14�, and the sum of the internal angles
is 358.3�, which only slightly deviates from the perfect planarity (360�). The SieSi bond distances in the four-membered ring are
almost equal (2.2550(6) to 2.2718(7) Å) and intermediate between those of SieSi single (ca. 2.35 Å)114 and double bonds (2.12–
2.25 Å),20 suggesting electronic delocalization in the four-membered ring. The NICS(1) value of a model compound that has
methyl groups instead of t-butyl groups in 72 is calculated to be �12.7 ppm, and therefore it is concluded that tetrasilacyclobuta-
diene dication 72 is 2p-aromatic.

Scheme 38 Synthesis of a silicon analog of cyclopropenyl cation.

Scheme 39 Synthesis of disilacyclopropenyl cation 67 and its model compound 69.

Scheme 40 Synthesis of tetrasilacyclobutadiene dication 72.
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1.18.3 Conclusion and outlook

The replacement of skeletal carbon atoms in aromatic compounds by heavy group 14 atoms (Si, Ge, Sn and Pb) has been
investigated, and in most cases, aromaticity is retained, as evidenced by structural, magnetic and energetic criteria, even though coor-
dination to metals plays an important role in retaining aromaticity in some cases. The concept of p-aromaticity is now expanded to
lead-bearing aromatic compounds; however, characteristics derived from the introduction of heavy atoms are also found to some
extent. The aromatic compounds containing heavy atoms different from group 14 atoms have also been reported, even though this
review does not cover this area.115 Such new knowledge has changed and will change some chapters of synthetic, structural and
theoretical chemistry, and will inspire new materials and catalytic chemistry.
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Nomenclature
[TEF]L [Al{OC(CF3)3}4]

�

18-c-6 18-Crown-6 (1,4,7,10,13,16-hexaoxacyclooctadecane)
2.2.2-crypt [2.2.2]cryptand (4,7,13,16,21,24-hexaoxa1,10-diazabicyclo[8.8.8]hexacosane)
aceNaph 5,6-Acenaphthalendiyl
Ar Aryl (genericdsee also Fig. 2)
E Pnictogen atom (P, As, Sb or Bi)
Fc 1,1-Ferrocenediyl
Ln Lanthanide element (generic)
Naph 1,8-Naphthalendiyl
NHC N-heterocyclic carbene (genericdsee also Fig. 1)

R1BDIR2 [HC(C{R1}N{R2})2]
� (b-diketiminate)

RBIAN 1,2-(RN)2acenaphthene
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Abstract

This chapter describes the synthesis and reactivity of catena-pnictogen compounds containing (one or more) EeE single
bonds (E ¼ P, As, Sb, Bi). It is divided into sections describing linear (E)n chains (including dipnictogen compounds where
n ¼ 2), monocyclic (E)n ring systems and polycyclic (E)n clusters. The ring systems have been organized according to the size
of the ring (n ¼ 3–6) and whether or not it is associated with a metal fragment (metalated). The section on polycyclic cluster
systems begins with a summary of catena-compounds derived from intact or ring-opened P4 and As4 starting materials,
divided according to the nature of the activating agent (s- and p-block, d-block or f-block reagents). The concluding sections of
the chapter describe the chemistry of polycyclic (E)n clusters derived from other sources.

1.19.1 Introduction

This chapter provides an overview of the chemistry of catenated compounds of the group 15 elements phosphorus (P), arsenic (As),
antimony (Sb) and bismuth (Bi), covering material presented in the literature since 2013. This collection of the chemistry of the
group 15 elements differs from previous volumes of this Comprehensive Inorganic Chemistry in which phosphorus was included
in a separate chapter and serves to highlight the many similarities between the chemistry of these four members of the group.
For the purposes of this review, these elements are collectively referred to as the pnictogens, excluding nitrogen as the lightest
member of the group.

The ability of the pnictogens to form catenated compounds through the formation of EeE single bonds dates back to the earliest
chemistry associated with these elements, with for example a major component of ‘Cadet’s fuming liquid’ (cacodyl) synthesized in
1757 being later identified as tetramethyldiarsane.1 Although less stable than corresponding CeC bonds, known to form an exten-
sive array of ring and chain structures (dealt with in the separate discipline of organic chemistry), EeE bonds (where E represents
a generic pnictogen P, As, Sb, Bi) are nevertheless established in the inorganic literature with examples of linear chains, monocyclic
rings and three-dimensional polycyclic (cluster) compounds known for all elements. The relative number of these examples, where
PeP > AseAs > SbeSb > BieBi, likely reflects a decrease in the EeE bond strength as the group is descended.

The catenated compounds surveyed in this chapter predominantly involve three-coordinate group 15 atoms linked by one or
more pnictogen-pnictogen single bonds, EeE. This typically corresponds to the elements in low-oxidation states, with the focus
of this article on (R2E)n species containing formally E(II) centers. This precludes discussion of (RE)n species that contain multiple
bond between the pnictogen atoms, and [En]

x� anions (Zintl ions) that are considered elsewhere in this volume. The remaining
valencies on the pnictogen atom not involved in EeE bonding incorporate supporting ligands that restrict the catenation to generate
molecular species. Synthetic chemists have a vast toolbox of such ligands and they have been utilized in this area, which is not
restricted to purely inorganic systems, but includes extensive work involving metal coordination compounds. This chapter makes
reference to an array of such ligands, many of which have been summarized in this introduction and are collected in the following
categories.

The application of neutralN-heterocyclic carbenes (NHCs) as ligands is established in inorganic chemistry and the ability to tune
the steric and electronic properties has given access to a family of these compounds (Fig. 1). The majority of examples are based on
the imidazole skeleton and involve five-membered rings in which the divalent carbon is supported by two nitrogen functional
groups. Examples of saturated and unsaturated systems have been developed with different substitution patterns at the non-
carbene carbon atoms. A less widely applied but equally relevant system is the cyclic alkyl(amino) carbenes (cAACs).

The use of mono-anionic aryl substituents as supporting ligands in catenated pnictogen chemistry dates back to the earliest
known examples of such compounds. More recent developments that extend this class of ligand to include extremely bulky exam-
ples have facilitated the isolation of highly reactive species that would otherwise confound synthetic chemists (Fig. 2). The majority
of examples rely on the presence of substituents at the 2,6-positions to provide steric protection at the pnictogen atom to which they

Fig. 1 Classification of N-heterocyclic carbenes (NHCs) and cyclic alkyl(amino) carbenes (cAACs) in this chapter.
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are bonded, thereby offering a degree of control over the extent of catenation or the direction of the reactivity. However, the incor-
poration of fluorinated substituents has also been employed to influence the electronic properties of these ligands.

Finally, given the prominent role that metal complexes have played in both the synthesis and stabilization of compounds con-
taining catena-pnictogen groups, a range of substituted cyclopentadienyl groups that have been used in this context is summarized
below (Fig. 3). These predominantly remain h5-bound to their respective metal centers, but through variation in their substitution
pattern around the C5-ring allow specific steric profiles to be established.

Fig. 2 Classification of aryl derivatives in this chapter.

Fig. 3 Classification of cyclopentadienyl-anion derivatives in this chapter.
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The work collected in this chapter is largely based on structural studies performed on compounds and metal complexes contain-
ing (E)n units. This is a reflection of the progress that has been made with X-ray crystallography as an analytical tool, where the time
taken from data collection to a fully refined structure may take a matter of minutes to hours for routine crystals, compared with days
to weeks of data-collection and analysis required in the not too distant past. The accurate determination of the three-dimensional
atomic arrangement in these often highly reactive compounds has enabled the chemistry of these systems to be understood to an
extent previously not possible (or at least substantially more challenging) using conventional spectroscopic techniques. One must,
however, exercise caution when relying solely on crystal structure data, and a recognition of the limitations of the technique to the
solid state (condensed) phase must be appreciated. Neither does the structural data lend accurate information concerning the mech-
anistic processes leading to the formation of the final products. Thankfully, progress in computational techniques for the analysis of
reaction pathways in silico has kept abreast of these experimental developments, thereby complementing the analytical techniques
available to the inorganic chemist and allowing more in depth studies of molecular systems to be conducted.

1.19.2 Dipnictogens

The first part of this chapter describes the simplest class of catena-pnictogens, in which the (E)n unit is restricted to n ¼ 2, with a single
bond between pnictogen atoms to form a dipnictogen EeE unit. It has focused on compounds in which the (E)2 group represents
a major component of interest in the compound, thereby precluding examples in which phosphanes, arsanes and stibanes have
been used in their capacity as a supporting ligand at another pnictogen center that does not participate in the chemical reactivity.
For convenience, the work has been divided into four sections according to the environment around the dipnictogen group (Fig. 4).

Section 1.19.2.1 describes examples of dipnictogen compounds consisting of two pnictogen atoms bonded together, with a non-
cyclic ligand set completing the coordination sphere of each E-atom (Fig. 4A). This includes examples in which one ormoreN-hetero-
cyclic carbene (NHC) ligand have been used in this context in addition to traditional anionic ligands. Section 1.19.2.2 continues this
theme to encompass examples in which the pnictogen atoms are supported by a bidentate ligand set (Fig. 4B), which generate an exo-
cyclic (E)2 unit.

Section 1.19.2.3 describes examples of compounds in which the dipnictogen unit is included as a component of a heterocyclic
group. This can occur in a number of different ways (Fig. 4C), including a series specifically designed to examine the nature of the
donor-acceptor interactions between different pnictogen atoms. The final Section 1.19.2.4 brings together examples of compounds
in which the dipnictogen component forms part of a metal containing cluster. Different bimetallic cases are included (Fig. 4D) that
involve either a single dipnictogen group h2-bonded to two metals in a tetrahedral M2E2 cluster, or two distinct dipnictogens units
that each engage in a m,h2:2-bridging mode between the two atoms.

1.19.2.1 Non-supported, non-cyclic dipnictogens (R2EeER2, R2 [ non-cyclic)

The observation that distibanes (R2SbeSbR2) and dibismuthanes (R2BieBiR2) containing small alkyl substituents (e.g. Me, Et)
possess the unusual characteristic of changing color as their temperature is altered has been noted since the earliest days of

• •

Non-supported, non-cyclic
(Section 1.19.2.1)

Non-supported, cyclic
(Section 1.19.2.2)

• •

• •• •• • •

Supported, heterocyclic  (Section 1.19.2.3)

Supported, metalated  (Section 1.19.2.4)

[M]

•
[M]

•

• • • •

• ••

(A) (B)

(C)

(D) ••
[M]

• •
[M]

Fig. 4 Schematic representations of dipnictogen units included in Section 1.19.2.
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organometallic chemistry. For example, tetramethyl dibismuthane Me2BieBiMe2 is orange in the liquid state, but crystallizes as
a purple solid.2 For many years this thermochromic behavior was attributed to the formation of intermolecular interactions in
the condensed (lower temperature) phase, generating chains of /EeE/EeE/EeE/ atoms. However, a detailed investigation
of the distibane Et2SbeSbEt2 and the structural characterization of both the yellow phase (present at �80 �C) and red phase
(present at �100 �C) concluded that the structures were essentially identical, and that disruption of the chain structure at higher
temperatures was not the cause of the thermochromism.3 Indeed, no firm conclusions to explain the thermochromism were reached
during this study, and the phenomenon retains its mystery. Nevertheless, the accessibility of the antimony centers in such dialkyl-
distibanes has been exploited in their application as bridging ligands in coordination chemistry. This was demonstrated by the reac-
tion of R2SbeSbR2 (R ¼ Me, Et) with cis-Mo(pip)2(CO)4 (pip ¼ piperidine).4 The products contain an Sb4Mo2 core in which the
Sb-atoms are cis at the metal centers, generating a metallacycle that is present in a chair conformation in the solid state.

N-heterocyclic carbenes have been instrumental in stabilizing low-valent pnictogen complexes, including recent breakthroughs
that have allowed the isolation of diatomic molecular species in which group 15 element is formally zero-valent. This has been
previously documented for P2,

5 and As2,
6 but had not been extended to the heavier congeners Sb or Bi. In 2014, researchers showed

that a cyclic alkyl(amino) carbene (cAAC) adduct of SbCl3 was able to support the sequential reduction of the antimony(III) center
to afford the series of Sb(II), Sb(I) and Sb(0) species.7 The triply reduced product, containing formally Sb(0) centers, was isolated as
the dimer (cAAC)SbeSb(cAAC) with an SbeSb bond length of 2.8125(10) Å comparable to the typical value found in distibanes,
R2SbeSbR2.

The saturated N-heterocyclic phosphinidene (S-IMes)PeH can be deprotonated with benzylpotassium to afford the salt K[(S-
IMes)P].8 This anion was reacted with tBu2EX (E ¼ P, As, Sb: X ¼ Cl; E ¼ Bi: X ¼ Br) to produce compounds containing the full
series of PeE bonds in the products, (S-IMes)PeE(tBu)2.

9 Structural characterization indicated that these are best described as con-
taining a C]P double bond between the carbene and the phosphorus atoms, with the PeSb and PeBi derivatives representing rare
examples of phosphorus bonding to these elements.

A non-symmetrical bis-carbene stabilized diphosphorus species was obtained from the reaction of the carbene-phosphinidene
adduct (HIDipp)PeSiMe3 with (HIMes)PCl3.

10 The intermediate chloro species [(HIDipp)PeP(Cl)(HIMes)]Cl was reacted with
potassium graphite (KC8) to afford the neutral product (HIDipp)PeP(HIMes). Parallel work examining the reaction of (HIDipp)
PeSiMe3 with (HIMes)AsCl3 led to the isolation of a carbene stabilized arsenic monophosphide [AsP] unit, its radical cation
[AsP]$þ, and the corresponding dication [AsP]2þ.11

In a separate study it was shown that reaction of the parent phosphinidene (HIDipp)PeH with RPCl2 (R ¼ Ph, NiPr2, NMe2) in
the presence of base afforded the chlorodiphosphanes, (HIDipp)PeP(R)Cl.12 These compounds were reacted with 2 equivalents of
GaCl3 to generate the dimers [{(HIDipp)PeP(R)}2]

2þ containing a cationic tetrasubstituted all-s3 cyclotetraphosphane. When
a single equivalent of GaCl3 was used, the monomeric cation [(HIDipp)P]P(NiPr2)]

þ was isolated, with the presence of a P]P
double bond confirmed from the [4 þ 2] Diels-alder cycloaddition with 2,3-dimethylbuta-1,3-diene to afford the cationic 1,2-
diphosphinanes (Fig. 5).

Modification of the RIDipp carbene by substituting one of the R-groups with the electron-deficient borane B(C6F5)3 generates
a so called ‘weakly-coordinating anionicN-heterocyclic carbene’ (WCA-NHC).13 These compounds were used to form the pnictogen
dihalides (WCA-NHC)ECl2, which were in turn reacted with (HIDipp)PeSiMe3 to form the chloro species (WCA-NHC)E(Cl)eP(HI-
Dipp) containing EeP bonds.14 Chloride abstraction from these compounds using GaCl3 afforded the cationic trans-bent
dipnictenes [(WCA-NHC)E]P(HIDipp)][GaCl4] and one electron reduction with 0.5 equivalents of 1,4-bis(trimethylsilyl)-
1,4-dihydropyrazine generated the neutral [P2]� and [AsP]� radical species.

Fig. 5 Structure of a cationic 1,2-diphosphinanes derived from cycloaddition of 2,3-dimethylbuta-1,3-diene to [(HIDipp)P]P(NiPr2)]þ ([GaCl4]�

anion omitted).
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1.19.2.2 Non-supported, cyclic dipnictogens (R2EeER2, R2 [ cyclic)

The bis(silylamino)naphthyl backbone, [Naph{NSiR3}2]
2� is a known ancillary ligand that supports Sb(III)15 and Bi(III)16 centers.

This stable scaffold was used to isolate the bismuthanylstibane (Naph{NSiEt3}2)SbeBi({Me3SiN}2Naph), which contains a rare
example of a SbeBi bond (Fig. 6).17 The thermally stable product was obtained in a one-pot, high yielding reaction from an amine
elimination reaction between Sb(Naph{NSiR3}2)(H) and Bi(Naph{NSiR0

3}2)(NMe2) (R ¼ Et, iPr; R0 ¼Me, Et). DFT calculations
indicated that stabilization of the otherwise labile SbeBi bond was promoted by the silylnaphthyl ligands through a combination
of inductive and dispersion donor effects. Although unreactive toward a variety of substrates (azobenzene, phenylacetylene, or pyri-
dine N-oxide), it was shown that the SbeBi bond cleanly inserted sulfur to afford the ‘SbeSeBi’ unit, with the expected bent geom-
etry at sulfur.

Monoanionic pincer ligands with an N,C,N0-bonding motif consisting of a central C-bonded aryl group with peripheral neutral
imine donors in the 2- and 6-positions were employed to stabilize stibinidenes containing the Sb(I) center.18 As part of this study, it
was noted that the reaction of Sb(III) precursors, {C6H3-2,6-(CH]NR)2}SbCl2 (R ¼ Ph, tBu, Dipp) with K[B(sBu)3H] proceeded
with a reduction of the imine functionality in preference to the antimony center. This was utilized in the system that contained the
related bidentate C,N-ligand scaffold, {C6H2-2-(CH]NDipp)-4,6-(tBu)2}SbCl2, producing the bis(2-{Dipp}-1He2,1-
benzazastibole) in which both the ligand and Sb were reduced.

The application of chelating oligosilanyl ligands [(RSi)2]
2� in antimony chemistry led to the formation of either the Sb(III) sti-

banes (RSi)2SbX (X ¼ Cl, Br), or the Sb(II) distibanes (RSi)2SbeSb(R
Si)2 during salt-metathesis reactions using the magnesium

reagents Mg[(Me2Si)n{Si(SiMe3)2}2] and SbCl3.
19 When n ¼ 2 the stibane [(Me2Si)2{Si(SiMe3)2}2]SbBr was isolated (where the

bromide ligand resulted from a halogen exchange process), whereas when n ¼ 1 an unanticipated reduction of the antimony occurs
to form the distibane [(Me2Si{Si(SiMe3)2}2)Sb]2. The corresponding Sb(II) compound for the five-membered Si4Sb derivative
(n ¼ 2) was accessed from the reduction of the bromide with KC8.

A relatively unusual ligand framework that has been used to support a distibane derivative was reported by researchers
studying the stabilization of highly strained organic molecules.20 Bicyclo[2.1.0]pentene (commonly known as ‘housene’), which
is a valence isomer of cyclopentadiene, is the smallest unsaturated polycyclic hydrocarbon that has been isolated. The corre-
sponding bis(stibahousene) was isolated directly from the reaction of SbF3 with the lithium salt of the cyclobutadiene dianion,

[Li(THF)]2[C4{SiMe3}4] (Scheme 1). 1H, 13C and 29Si NMR spectroscopy showed only a single set of resonances for the ligand in
solution, interpreted as a rapid migration of one stibahousene fragment around the other. In addition, DFT calculations
confirmed that this isomer was more stable than the corresponding bis(stibapyramidane) in which the C4-group binds as in
an h4-coordination mode to a central ‘SbeSb’ group.

Fig. 6 Structure of the bismuthanylstibane (Naph{NSiEt3}2)SbeBi({NSiMe3}2Naph).
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Scheme 1 Synthesis of bis(stibahousene).
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Increasing the steric bulk of the nitrogen substituents in the distibanes (NONR)SbeSb(NONR) (NONR ¼ [O(SiMe2NR)2]
2�;

R ¼ tBu, Ph, Dmp) resulted in the expected increase in the SbeSb bond length, with the longest distance of 3.0977(5) Å observed
when R ¼ Dmp.21 It was noted during this study that the Dmp complex was red (in contrast with the pale yellow colors of the other
derivatives) and that it reacted with P4 to generate the bicyclo[1.1.0]tetraphosphabutane dianion. This reactivity had previously
been noted when the bismuth(II) species [Bi(NONDipp)]$ reacted with P4,

22 and suggested homolysis of the SbeSb bond in solu-
tion to generate transient Sb(II) radicals. Such an equilibrium between dipnictogens and their corresponding E(II) radicals had
previously been described for distibanes and dibismuthanes supported by the C,C0-chelating dialkyl ligand,
[{CH2C(SiMe3)2}2]

2�.23 In this system, the crystal structures show that the EeE single bonds for both homologues were extremely
long compared with typical EeE single bonds (E ¼ Sb, 3.0297(4) Å; E ¼ Bi, 3.1821(3) Å). Evidence that these compounds disso-
ciate in solution to form persistent [R2E]

$ radicals came from NMR and UV/vis spectroscopy, with a very broad and weak signal in
the EPR for [R2Sb]

$; no observable EPR signal was detected for the corresponding bismuthinyl radical [R2Bi]
$.

The spontaneous reduction of trivalent bismuth to produce Bi(II) species was noted for the phosphanide complex Bi(NONt-

Bu)(PPh2). Under ambient conditions, the BieP bond decomposed homolytically to afford the dibismuthane, (NONtBu)BieBi(-
NONtBu) and Ph2PePPh2.

22 A similar homolytic EeC bond cleavage was noted for the three-coordinate arsanes and stibanes E
{M(MeBDIDipp)Cl}Ph(h1-Cp*) (E ¼ As, M ¼ Ga; E ¼ Sb, M ¼ Al, Ga, In).24 Heating the compounds, which contain pnictogen
atoms bonded directly to a trivalent group 13 metal, eliminated [Cp*]$ radicals from the pnictogen, implied by the formation
of Cp*2. The resulting divalent [E{M(MeBDIDipp)Cl}Ph]� radicals reductively couple to afford the dipnictanes as (m2,h

1:1-PhEeEPh)
ligands.

Toward the application of pnictogen atoms in catalysis, a dibismuthane supported by a chelating sulfide-linked biaryl ligand was
identified as a component in the catalytic dehydrocoupling of PhSiH3 and (2,2,6,6-tetramethylpiperidin-1-yl)-oxyl (TEMPO,
Scheme 2).25 Although previous work had exploited bismuth radicals in a thermally activated process,26 this represented the first
example in which a photochemical approach has been applied to this area.

1.19.2.3 Supported, heterocyclic dipnictogens

In the context of this section, the donor-acceptor properties of phosphanes and a range of pnictogen groups have been examined
using the peri-substituted acenaphthene framework.27 The diphenylphosphino acenaphthyl element dichlorides, 6-Ph2P-(ace-
Naph)-5-ECl2 (E ¼ P, As, Sb, Bi) form two distinct structural variants in the solid state that have notably different PeE bond lengths,
depending on the environment at the E-atom. For example, the 5-AsCl2 derivative has a T-shaped geometry at the pnictogen atom
with a near linear CleAseCl angle (173.75(8)�), whereas the 5-SbCl2 analogue has an acute CleSbeCl angle (87.58(3)�) and
a longer PeSb distance. A detailed synthetic, structural and computational study focusing specifically on the PeBi interactions
has also been conducted.28 As part of this study the 31P chemical shifts of the series 6-iPr2P-(aceNaph)-5-EPhCl were examined,
and it was concluded that dP is proportional to the amount of electron density donated to the acceptor for the lighter congeners
(E ¼ P, As, Sb), but that this trend was disturbed for the case of bismuth, likely due to relativistic effects.

Hydride extraction from the related 6-iPr2P-(aceNaph)-5-EH2 (E ¼ P, As) compounds was achieved with [Ph3C][BF4], to afford
[6-iPr2P-(aceNaph)-5-EH][BF4].

29 Reaction of these salts with NaH abstracted a second hydride to give the neutral 6-iPr2P-(ace-
Naph)-5-E arsanylidene- and phosphanylidene-s4-phosphoranes (Scheme 3). Such phosphanylidene-phosphorane compounds
(E ¼ P) may be considered as masked phosphinidenes ‘RP’, and it was shown that they form coordination complexes with a range
of electrophilic transition-metal fragments AuCl, Mo(CO)4, PtCl2 and Cp*RhCl2.

30

It was noted that under thermal conditions, PeP and PeAs bond formation with 6-iPr2P-(aceNaph)-5-AsRH proceeded in a deal-
kanative pathway.31 The reactions were clean with 100% diastereoselectivity, and the addition of small amounts of azo-
bis(isobutyronitrile) dramatically increased the rate, suggesting a radical mechanism in operation. A related study of the thermal
stability of 6-iPr2P-(aceNaph)-5-AsH2 showed a dehydrocoupling reaction to form an arsanylidine-phosphorane.32 In this instance,

 
Scheme 2 Catalytic dehydrocoupling initiated by a dibismuthane. [Bi] ¼ [(S{CH2C6H4}2)Bi].
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structural characterization assigned the AseP bond length as being consistent with a single bond that has ‘mild double bond char-
acter’. Exposure to limited quantities of air caused cleavage of the PeAs bond and oxidation of the phosphorus centers, with subse-
quent oligomerization of the resulting arsinidene groups to form the cyclic-trimer and -tetramer, [6-{iPr2P]O}-(aceNaph)-5-As]n
(n ¼ 3 and 4).

Work in this area has also examined phosphane–stiborane interactions in which the antimony is present in the þ5 oxidation
state.33 X-ray crystallographic studies of 6-iPr2P-(aceNaph)-5-SbClnPh4 � n complexes represented the first examples of the
s4P / s6Sb interaction to be structurally characterized. This was also observed in the same year by a different group for the P-
phenyl substituted derivative, 6-Ph2P-(aceNaph)-5-SbCl4.

34

The bis-substituted 1,8-naphthalendiyl framework (Naph) has also been used to support dipnictogen groups. The extended
solid-state structures of the distibane, (Naph)2Sb2,

35 and diarsane (Naph)2As2
36 were examined by quantum chemical methods,

which identified that dispersion forces were the most important in stabilizing the complexes, followed by electrostatic E/p(arene)
interactions of neighboring molecules. The donor capabilities of both compounds were assessed through their reaction with
Cr(CO)5(coe) (coe ¼ Z-cyclooctene).36 When E ¼ As, both the mono- and bis-adducts were isolated, whereas only the bis-
adduct was reported for E ¼ Sb.

Siloxane substituted oligoarsanes have been used as ligands at group 2 metals.37 Reaction of 1,1-dichloro-1,1,3,3-
tetraisopropyldisiloxane, O(SiiPr2Cl)2 with Li(dme)AsH2 afforded O(SiiPr2AsH2)2 in addition to a small amount of the 5-
membered diarsanylsiloxane ring, O(SiiPr2AsH)2. When mixtures of these compounds were reacted with M{N(SiMe3)2}2(THF)2
(M ¼ Sr and Ba), metalation of the ring took place to afford dimeric [M{m,h2:2-(O{SiiPr2AsH}2)}(dme)2]2 in which each arsenic
atom in the ring bonds to two metals. Treatment of these compounds with additional O(SiiPr2Cl)2 eliminated MCl2 and gave the
edge-linked bicyclic compound, As2{(SiiPr2)2O}2.

The spontaneous one electron reduction of trivalent bismuth and antimony compounds to give unstable E(II) radicals that
dimerize to form the dipnictonide paddlewheel compounds has been noted for a series of five-membered N-heterocyclic ligand
systems (Fig. 7). 1,2,4-diazaphospholide ligands (3,5-R2dp: R ¼ Ph, tBu, iPr; E ¼ Bi,38 Sb39), pyrazolato ligands (3,5-R2pz:
R ¼ Ph, tBu; E ¼ Bi40) and 1,2,4-triazolato ligands (3,5-R2tz, R ¼ Ph, iPr; E ¼ Bi41) are eliminated from the postulated homoleptic
E(III) compounds as the neutral radical species, which have been trapped using 5,5-dimethyl-1-pyrroline-N-oxide (DMPO) for the
[3,5-R2pz]� and [3,5-R2tz]� radicals. The resultant compounds form a paddlewheel arrangement of bidentate heterocycles around
the EeE core, which were shown by crystallography to contain very short BieBi and SbeSb bonds.

In the reverse (oxidation) direction, it was shown that the dibismuthane [(TttR)2Bi]2 (Ttt
R ¼ 1-R-5-thiotetrazolyl; R ¼Me, Ph)

oxidizes in air to form the Bi(III) complex, Bi(TttR)3.
42 During this process the ligands change their coordination mode from

bridging across the BieBi unit with one of the nitrogen atoms of the N4C heterocycle bonds to one bismuth and the sulfur bonds
to the second bismuth, to form a chelating N,S-mode at a single bismuth center.

1.19.2.4 Supported, metalated dipnictogens

The bimetallic {CpM(CO)2}2(m,h
2:2-E2) (M ¼ Cr, Mo, W) clusters are robust units containing dipnictogen groups that have been

the subject of several studies in recent years (Fig. 4D). The pnictogen atoms both bond to each of the group 6 metal ions to form
a tetrahedral M2E2 core, and research has exploited the availability of the pnictogen lone pair to engage in further reactivity with
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a range of electron-deficient substrates. For example, the planar Lewis acid (perfluoro-ortho-phenylene)mercury43 has been reacted
with the full series of {CpMo(CO)2}2(m,h

2:2-E2) (E ¼ P, As, Sb, Bi) clusters to form supramolecular adducts that differ in the
number and extent of E/Hg interactions.44 Structural analysis was used to determine the extent of E/Hg bonding, noting that
{CpMo(CO)2}2(m,h

2:2-E2) interacts with all three mercury atoms via a single pnictogen atom for E ¼ P or As, whereas the larger
congeners are involved in multiple E/Hg contacts. The CpMo(CO)2(h

3 � P3) tetrahedrane compound was also investigated as
part of this study.

Exploring the concept of crystal engineering, it was shown that {CpMo(CO)2}2(m,h
2:2-P2) formed supramolecular structures

containing P/Ag interactions when reacted with sources of Agþ ions;45,46 the arsenic analogue exhibited analogous behavior.47

This was developed further when three component mixtures were crystallized in the presence of N-donor ligands.48–52 Both the
phosphorus and arsenic analogues have also been used to link Cu(I) units together in a series of coordination compounds,53–56

and they been coordinated to a pre-constructed linear Cu(I) fragment.57 This area of research has been further extended to include
the supramolecular chemistry of the chromium and tungsten species, {CpM(CO)2}2(m,h

2:2-P2) (M ¼ Cr,58 W59). Furthermore, the
heterodiatomic dipnictogen systems, {CpMo(CO)2}2(m,h

2:2-PE) (E ¼ As, Sb) form supramolecular systems with Cu(I) salts.60

An alternative class of bimetallic compound containing dipnictogen units contains two E2-units that span the metal centers with
h2-interactions (Fig. 4D). The bimetallic cobalt complex (Cp000Co)2(m,h2:2-As2)2 was reacted with a series of divalent samarium
compounds Cp*2Sm, Cp*2Sm(THF)2 and Cp*nPr2Sm to afford {Cp000Co}2As4{Sm(h5-Cp*R)2} (R ¼ Me, nPr).61 The core of these
mixed d/f metal complexes contain an acyclic [As4]

4� chain generated from a one electron reduction by samarium, which bonds to
the cobalt centers to generate a Co2As4 trigonal prismatic arrangement (Fig. 8) The redox chemistry of (Cp000Co)2(m,h2:2-E2)2 (E ¼ P,
As) compounds was also investigated using a combination of cyclic voltammetry, computational modelling and preparative scale
chemical synthesis.62 It was shown that complexes can be oxidized and reduced twice, with both processes leading to EeE bond
formation. For example, addition of one equivalent of silver(I) salts gives one electron oxidation to generate the triple decker
[(Cp000Co)2(m2,h4:4-E4)][A] compounds ([A] ¼ weakly coordinating anion, [BF4]

� or [Al(F){OC6F10(C6F5)}3]
�) with a central

(cyclobutadiene-like) [E4]
3� platform containing two short and two long EeE bonds. Using two equivalents of Ag[TEF] afforded

the corresponding dications, [(Cp000Co)2(m2,h4:4-E4)]2þ with cyclo-[E4]
2� middle decks containing four equivalent EeE bonds. In

the other redox direction, chemical reduction was achieved with one equivalent of KC8 to afford the [(Cp000Co)2(m2,h4:4-E4)]� anion.
Different ratios of KC8 or the use of excess of potassium metal afforded the prismatic ‘P4Co2’ structure (E ¼ P), or the bridging,
allylic As3-ligand (E ¼ As).

1.19.3 Non-cyclic catena-pnictogens

This section describes compounds containing catenated pnictogen groups that exist with single EeE bonds between more than two
pnictogen atoms. It includes linear and branched examples (Fig. 9) but precludes cyclic systems that are covered in Sections 1.19.4
and 1.19.5 of this Chapter.

Section 1.19.3.1 describes a collection of compounds in which the catena-pnictogen unit consists of one or more contiguous
chains of (E)n atoms (n > 2), where the pnictogen components are not included in the coordination sphere of a metal
(Fig. 9A). Recent work in this area has described examples of chains consisting of fully saturated EeE bonds, as well as those in
which higher bond orders are also present between the pnictogen atoms. Examples of cationic, anionic and radical species have
been included, with brief descriptions of syntheses, structures and where appropriate, reactivity.

Fig. 8 Molecular structure of {Cp000Co}2As4{Sm(h5-Cp*)2} showing the trigonal prismatic arrangement of the As4Co2 core.
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Section 1.19.3.2 includes examples of linear (E)n groups in which the catena-pnictogen chains are coordinated to one or more
metal fragments (Fig. 9B). Examples of synthetic routes that attach a pre-formed catena-pnictogen group to a suitable metal frag-
ment are presented, in addition to examples that construct the catena-pnictogen chain from (E)n units that are already present as
ligand at a metal center. The final Section 1.19.3.3 contains an example of a catena-pnictogen compound, in which the (E)n
unit is non-linear and is involved in bonding to metal fragments (Fig. 9C).

1.19.3.1 Linear, non-metalated catena-pnictogens

Oligomerization of tert-butyl substituted phosphaalkyne (tBuC^P) was initiated by a series of different NHCs to give a range of
catena-phosphorus containing products.63 When HIDipp was reacted with three equivalents of the phosphaalkyne, the di-1,2-
dihydro-1,2-diphosphete-substituted diphosphene was formed, containing a P6-chain in a zig-zag conformation. Changing the
nitrogen substituents of the NHC to HIMes gave a 1,2,4-triphosphole ring containing compound, whilst reaction with the saturated
carbene S-IDipp generated a 1,2,3-triphosphetene.

Cationic polyphosphanes have been derived from PeP condensation and PeN/PeP metathesis reactions.64 Amongst the prod-
ucts reported was the P4-chain in the salt [Ph2PeP(

MeIMe)eP(MeIMe)ePPh2][OTf]2, accessed from the reaction of [P(MeIMe)(Me-
pyr)2][OTf] (Mepyr ¼ 3,5-dimethylpyrazol-1-yl) with Ph2PePPh2. In a separate study, the 2:1 reactions of tBu2PeP]P(tBu)2CH2Li
with the dichlorophosphanes RPCl2 (R ¼ Ph, Me, NEt2) produced the phosphanylphosphinidene-phosphoranes, {tBu2PeP]
P(tBu)2CH2}2PR, considered by the authors as a ‘P7-chain’ (Fig. 10).65 It was noted during these studies that the P7-chains decom-
pose in solution over a few days to give the P5- and P3-chains.
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Fig. 9 Schematic representation of catena-pnictogen units included in Section 1.19.3.

Fig. 10 An example of a ‘P7-chain’ (R ¼ Ph) formed from the condensation of tBu2PeP]P(tBu)2CH2Li with PhPCl2.
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The phosphaethynolate anion [OeC^P]� (the phosphorus analogue of the cyanate ion, [OeC^N]�) was first isolated in 1992
from the reaction of dimethylcarbonate with lithium bis(trimethylsilyl)phosphide.66 This work was reinvigorated about 20 years
later with the isolation of the sodium salt Na[OCP],67 which has been used as a ‘P’ transfer reagent in several areas of synthetic
chemistry. For example, the reaction of Na[OCP] with the imidazolium salt [(HIDipp)H]Cl afforded the phosphinidene carbene
adduct, (HIDipp)]PH.68 Reaction of this phosphinidene with 0.5 equivalents of ECl3 (E ¼ P, As) in the presence of 1,4-
diazabicyclo[2.2.2]octane (DABCO) afforded [{(HIDipp)]P}2(m-E)][Cl] salts containing bent PeEeP groups. Crystallographic
analysis showed that the carbon-phosphorus distances were significantly longer compared with the double bond in (HIDipp)]
PH, and the PeE bonds were shorter than single bonds, indicating delocalization across the CePeEePeC group (Scheme 4). These
salts were reduced with magnesium to form their neutral radical species, [{(HIDipp)]P}2(m-E)]�.

The reaction of the diarylphosphanide [Na(THF)1.5][P(Dipp)2] with 0.5 equivalents of AsCl3 afforded {(Dipp)2P}2AsCl, which
co-crystallized with (Dipp)2PeP(Dipp)2.

69 Separation of the diphosphane side-product afforded the diphosphanidochloroarsane
as a yellow powder, which was reacted with Li[TEF] to afford the acyclic arsenium cation [{(Dipp)2P}2As]

þ as the [TEF]� salt.
Attempts to synthesize the corresponding diphosphaphosphenium cation were unsuccessful, instead forming the cyclic diphosphi-
nophonium salt, [cyclo-{(Mes)P}2P(Mes)2][B(ArF)4].

The cyclo-arsenido and -stibano phosphanides, [tBu2EP(Li{OEt2})tBu]2 (E ¼ As, Sb) containing Li2P2-rings with exo-cyclic
EtBu2 groups, were reacted with tBu2E0Cl compounds (E0 ¼ As, Sb, Bi) to afford the ternary compounds tBu2E(PtBu)E0tBu2. Exam-
ples containing EePeE0 chains were reported for the combinations of AsePeAs, AsePeSb, SbePeSb70 and SbePeBi
pnictogens.71

The reaction of tris(dimethylamino)arsane, As(NMe2)3 with two equivalents of Mes*PHLi afforded the 1,3-diphosphaarsa-2-
allyl anion, [(Mes*P)2As]

�, an isoelectronic analogue of the allyl anion.72 NMR spectroscopy showed that an equilibrium exists
between the E,E- and E,Z-isomers, which depended on the extent of lithium-ion pairing. Deprotonation of the related amido-
arsanylphosphinidene, Mes*N(H)As]PMes*, afforded the related group 15 allyl-analogue, [Mes*NePeAsMes*]�.73 Although
it was not possible to isolate the anion, quenching it in situ with SbCl3 generated the neutral compound Mes*N(SbCl2)AsPMes*
which contains four adjacent pnictogen atoms.x This approach was extended to the reaction between the tricyclic (tBuNAs)2(tBu-
N)2{ECl} (E ¼ As, Sb, Bi) and [tBu2SbP(Li{OEt2})tBu]2, which afforded a product that formally contains a contiguous chain of
five-pnictogen atomsx (e.g. Fig. 11).74(x the authors of these studies included nitrogen in this count).

A rare example of a catena-Bi4 chain was isolated from the reaction of bis(diisopropylphosphino)amine with BiCl3.
75 The

product contains bridging diphosphane ligands that span the two bismuth atoms in each of the terminal BieBiCl2 units, with
a unsupported BieBi bond at the center of the chain. Structural analysis showed that the BieBi bond lengths do not differ signif-
icantly along the Bi4-chain and are consistent with BieBi single bonds. Extended (Bi)n chains were noted in the ammonia solvated
potassium bismuthide, KBi$NH3.

76 The solid-state structure was shown to consist of a flat zig-zag polymeric chain with two-
connected bismuth atoms, and the compound exhibits metallic properties. This is structurally and physically distinct from the
non-solvated form KBi, which consists of a helical chain of Bi-atoms and is semi-conducting.77

1.19.3.2 Linear, metalated catena-pnictogens

The lithiated diphosphanylphosphide, R2PeP(Li)ePR0
2 (R ¼ tBu, iPr; R0 ¼ NEt2, iPr) was reacted with group 6 metal bis-imido

complexes M(NDipp)2Cl2(dme) (M ¼Mo, W) to afford M(NDipp)2Cl(1,2-h
2-R2PePePR0

2) species.
78 Reaction of these P3-con-

taining products with Ph2PLi proceeded with elimination of diphosphanes (R0
2PePPh2) to give the phosphanylphosphinidene

complexes, Li[M(NDipp)2Cl(h
2-PePR2)]. This reactivity was essentially reversed when [Li(dme)3][W(NDipp)2Cl(h

2-PePtBu2)]
was reacted with Ph2PBr to generate the 1,2-h2-Ph2PePePtBu2 ligand directly at the tungsten center.79 It was demonstrated that
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this process can be exploited to generate longer catena-polyphosphorus ligands by using the dichlorophosphane PhPCl2 to link two
metal units together, forming the {tBu2PeP}2PPh bridging ligand. Related chemistry afforded the phosphanylphosphinidene
ligand in [{Cp*M(CO)3}2(h

2-PePtBu2)]2 from coupling two ‘tBu2PeP’ units at molybdenum and tungsten centers.80

Section 1.19.2.4 includes a description of the coordination chemistry of the organomolybdenum dipnictogen compounds
{CpMo(CO)2}2(m,h

2:2-E2), in which this intact unit is used as a building block for the synthesis of supramolecular structures.
However, when the bimetallic compounds (E ¼ P, As, Sb, Bi) are exposed to the strong one electron oxidant [C12H8S2][TEF]
([C12H8S2]

þ ¼ thianthrenium, the cation of 9,10-dithiaanthracene) a new EeE bond is formed and two units are joined together
to form a dicationic [E4]

2þ chain. This was demonstrated for the full range of pnictogens P, As, Sb and Bi in the compounds
[{CpMo(CO)2}4(m4,h

2:2:2:2-E4)]
2þ.81 X-ray diffraction shows that the structure of the chains is not uniform across this series.

The lighter congeners P and As form zigzag chains with a gauche conformation (Fig. 12), whereas the heavier [Sb4]
2þ and

[Bi4]
2þ chains contain secondary E/E contacts that generate heavily distorted bicyclo[1.1.0]butane (butterfly-like) structures.

The reduction of {Cp000Co}2(m2,h2:2-P2)2 byCp*Sm(THF)2 proceededwith coupling of the two P2-units to form a P4-chainwithin
a trimetallic Co2Sm cluster.82 Computational analysis of the mechanism determined that, rather than a direct reduction of the phos-
phorus atoms the reaction involves the initial localization of spin density on cobalt. A subsequent transfer of positive charge fromCo
to Sm lead to aggregation of the two [P2]

2� units with a weak p*-p * interaction and rearrangement to form the [P4]
4� chain.

The stepwise formation of a 1,3-butadiene analogue containing only phosphorus and arsenic atoms has been reported (Scheme
5).83 The tungsten arsinidene complex (h1-Cp*)As{W(CO)5}2 reacted with di-tbutylcarboimidophosphene tBuN]C]PtBu, to
afford the arsaphosphene compound {W(CO)5}(h

2-Cp*As]PtBu){W(CO)5}. This compound was reacted with a second equiv-
alent of the carboimidophosphene to afford the {W(CO)5}(h

2-{Cp*(tBu)P}As]PtBu){W(CO)5}, whereas at room temperature,
a radical process occurred leading to formation of {tBuP]AseAs]PtBu}{W(CO)5}4 containing two As]P double bonds linked
by an AseAs single bond. The related 2,3-diphospha-1,3-butadiene and 2,3-diarsa-1,3-butadiene ligands, H2C]EeE]CH2 were
stabilized by four W(CO)5 groups, two of which coordinate h1-to the pnictogenide atoms and the remaining two present with
side-on p-interactions with each unsaturated ‘C]E’ group.84

1.19.3.3 Branched, metalated catena-pnictogens

A novel approach for the application of antimony-based ligands in the development of single molecule magnets led to the discovery
of a hydrostibination reaction and the isolation of Sb4Ln3 polymetallic clusters.85 The reaction of in situ generated CpMe

2Ln(nBu)

Fig. 11 Molecular structure of a compound containing a chain of the five different pnictogen atoms, AseNeBiePeSb.

Fig. 12 Gauche conformation of [As4]2þ in dicationic [{CpMo(CO)2}4(m4,h2:2:2:2-As4)]2þ ([TEF]� anions omitted).
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(Ln ¼ Y, Dy) with four equivalents of Sb(Mes)H2 generated (h5-CpMe
2Ln)3{m-(SbMes)3Sb}, containing a cyclic Sb3Ln3 ring in

a chair configuration that is capped by an Sb-atom that links the three ‘Sb(Mes)’ units (Fig. 13). The zero-field anisotropy barrier
of the dysprosium derivative (Ueff ¼ 270 cm�1) was amongst the highest reported, and work is ongoing to extend this to bismuth,
where the larger radius of the pnictogen is predicted to give higher values of Ueff.

1.19.4 Monocyclic catena-pnictogens

This section collates developments in the synthesis and reactivity of catena-pnictogen in which the pnictogen atoms form, or are part
of, a monocyclic system. Sections 1.19.4.1 and 1.19.4.2 contain work on systems in which the cyclic component is comprised of
only pnictogen atoms, whilst Section 1.19.4.3 describes systems in which the catena-pnictogen unit is part of a larger heterocycle.
For convenience, Sections 1.19.4.1 and 1.19.4.2 have been further divided into parts that are associated with the synthesis and reac-
tivity of cyclic systems comprised of different ring-sizes, ranging from cyclo-(E)3 to cyclo-(E)6 groups.

1.19.4.1 Monocyclic, non-metalated catena-pnictogens: (E)n [ 3–6

This Section collects together chemistry of pnictogen compounds with cyclo-(E)n groups that can be summarized according to
(Fig. 14).

1.19.4.1.1 Cyclo-(E)3 units
The reaction of TerMesPH2 (Ter

Mes ¼ 2,6-Mes2C6H3) with excess of PCl3 (in the presence of NEt3) afforded the cyclotriphosphane
(TerMesP)(PCl)P{P(Cl)TerMes}, containing an exo-cyclic chlorophosphanyl substituent (Fig. 15).86 This compound slowly isomer-
ized on heating (75 �C, 4 weeks) to afford the dichloro-cyclotetraphosphane [ClP(m-PTerMes)]2. Related homoleptic triaryl

Fig. 13 The molecular structure of (h5-CpMe
2Ln)3{m-(SbMes)3Sb}, containing a branched catena-pnictogen group.
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cyclotriphosphanes cyclo-[ArP]3 (Ar ¼ Dipp, Tipp, Mes) were synthesized using a mixture of zinc powder and PMe3 to reduce the
ArPCl2 precursors.

87 The reaction of these P3-ring compounds with Cp2Ti(h
2-C2{SiMe3}2), used as a source of the reactive 14 elec-

tron ‘Cp2Ti’ fragment formed by the facile release of Me3SieC^CeSiMe3 from the titanium center, afforded the coordinated
diphosphene compounds, Cp2Ti(h

2-P2Ar2). The corresponding cyclotriarsanes [ArAs]3 (Ar ¼ Dipp, Tipp) were generated using
an analogous synthetic procedure.88 Both derivatives crystallized with the expected cis,trans,trans-configuration, and exhibited
the same reactivity with Cp2Ti(h

2-C2{SiMe3}2), to afford the corresponding diarsene compounds, Cp2Ti(h
2-As2Ar2).

A study examining the reactivity of the alkyl-substituted cyclotriphosphane [tBuP]3 noted that the addition of a range of nitriles
afforded the corresponding 1-aza-2,3,4-triphospholenes in a high yielding, one-pot reaction considered as an ‘inorganic click-
reaction’.89 The HOMO of the electron-rich, five-membered P3CN-heterocyclic product was calculated, and showed prominent
lobes at all pnictogen atoms, indicating the potential for a rich coordination chemistry.

Addition of the [Ph2P]
þ unit (generated in situ from mixtures of Ph2PCl/GaCl3 or Ph2PCl/Me3SiOTf) to the cyclophosphanes

[tBuP]3 and [tBuP]4, gave a ring-expansion to the [{tBuP}nPPh2]
þ (n ¼ 3, 4 respectively).90 Analysis of the [{tBuP}3PPh2]

þ cation
by 31P NMR spectroscopy indicated an AM2X spin system for the P4-ring, consistent with the [Ph2P]

þ group being located between
two P-atoms with the tBu groups in a cis-arrangement; this conformation was subsequently confirmed by X-ray crystallography.

The reactivity of the cyclodiphosphinophosphonium cation cyclo-[{tBuP}2(PtBuMe)]þ toward Lewis bases was explored
(Scheme 6), with formation of new P3- (not shown) and P4-open chain and cyclo-(P)4 catena-phosphorous scaffolds noted.91

Ring-expansion to give cyclo-[{tBuP}2(PtBuMe)(PMe)]þ was observed when the cation was reacted with one equivalent of MePCl2;
the analogous reaction with two equivalents of Me2PCl gave cyclo-[{tBuP}2(PMe2)2]

2þ. In contrast, ring-opening occurred when
exposed to PMe3 or dmap (dmap ¼ 4-dimethylaminopyridine), giving [Me3P-(PtBu)2-PtBuMe]þ and [(dmap)-(PtBu)2-PtBuMe]þ

chains, respectively.

1.19.4.1.2 Cyclo-(E)4 units
The NHC HIiPr, with relatively small nitrogen substituents compared with the more widely applied RIDipp and RIMes derivatives,
has been used to promote dehydrogenative coupling of primary phosphanes to afford the cyclic species [ArP]n (Ar ¼ Ph, p-tol; n ¼ 4,
5, 6).92 The NHC-phosphinidene adduct (HIiPr)]PAr was identified as a key intermediate species in this reaction pathway. An
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Fig. 14 Schematic representation of non-metalated, monocyclic pnictogen units included in Section 1.19.4.1.

Fig. 15 Molecular structure of (TerMesP)(PCl)P{P(Cl)TerMes}.
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analogous reaction to that employed for the synthesis of TerP3(Cl)P(Cl)Ter using Mes*PH2 formed the cyclotetraphosphane
[ClP(m-PMes*)]2 directly as the main product.86 This compound has been coordinated to Agþ cations at low temperature to afford
the dimer [Ag2{ClP(m-PMes*)}2]

2þ as the [TEF]� salt,93 which upon warming to 0 �C eliminated AgCl to give the cation
[Mes*(P4)(Cl)Mes*]þ incorporating a positively charged phosphorus in the bicyclic P4-scaffold. A more direct route to this P4-
cationic species was reported from the reaction of the neutral tetraphosphane [ClP(m-PMes*)]2 with GaCl3, which afforded the cor-
responding bicyclo[1.1.0]tetraphosphabutan-2-ium salt, [Mes*(P4)(Cl)Mes*][GaCl4].

94 In further work, [ClP(m-PMes*)]2 was
reacted with dmap to afford the tricyclic [3.1.0.02,4]-hexaphosphane, Mes*(P6)Mes*, in which the two P3-triangular units project
above and below the central cycloP4 ring (Scheme 7).95 The high symmetry of this species in solution led to an unusual AA0BB0B00B000

spin system observed in the 31P NMR spectrum, consistent with the solid-state structure.

Related studies describing the chemistry of mixed P3N- and P2N2-ring containing analogues have been reported.96,97 The
complete series of 1,3-dichloro-1,3-dipnicta-2,4-diphosphanes, [ClE(m-PTerMes)]2 (E ¼ P, As, Sb, Bi; TerMes ¼ 2,6-Mes2C6H3)
have been isolated, showing puckered four membered rings with the EeCl bonds present in the cis (exo,exo) isomer for E ¼ P,
and the trans (exo,endo) isomer for E ¼ As, Sb, Bi.98 The monocyclic [As(m-PTerMes)]2 ring with a bicyclo[1.1.0]butane core contain-
ing a transannular AseAs bond was also isolated during this work.

During a study of the chemistry of the tetra-cyclic 3a,6a-diaza-1,4-diphosphapentalene it was noted that a diethyl ether solution
slowly changed color from orange to yellow, with concomitant formation of a crystalline precipitate. Analysis of the solid product
showed it to be the 1,2,3-diazaphosphole-substituted cyclotetraphosphane.99 Further study showed that this oligomerization is
promoted when the PeN bond is lengthened by adding weak Lewis acids and bases.

A phosphorus analogue of para-quinodimethane, with a planar P4-ring and trans-apical vinylidene ligands, was synthesized from
the KC8 reduction of (HIDipp)eC{PCl2}2 (Fig. 16).100 Photoinduced ring contraction was observed when the compound was
exposed to UV light, with evidence for the elimination of ‘P2’ presented from a trapping reaction of this reactive species with
1,3-cyclohexadiene.

A series of di-spirocyclic tetrakis(amino) l3,l5-tetraphosphetes [R2Si(NR0)(NR00)P2]2 (R ¼ Me/Ph, R0 ¼ tBu, tert-pentyl) were
prepared by photolysis of the respective bis(trimethylsilyl)phosphanyl diazaphosphasiletidines.101 Detailed computational anal-
ysis of the P4-rings, previously referred to as ‘tetraphosphacyclobutadienes’, revealed a more complex bonding situation in which
the lone-pair density of the s2-P atom is divided into exo- and endo-cyclic parts.
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The reaction of RP(Mepyr)2 (R ¼ Py, Btz ¼ benzo[d]thiazole), with R0
2PH (R0 ¼ Cy, tBu) afforded the triphosphanes R0

2PP(R)
PR0

2.
102 These compounds were examined as ligands in coordination chemistry, showing different coordination modes at Cuþ,

Agþ and Auþ centers. During this study, the formation of cyclopentaphosphanes [RP]5 (R ¼ Py, Btz) was noted, which can only
occur through a selective scrambling reaction. Analogous reactions of RP(Mepyr)2 (R ¼ Ph, Py) with tBuPH2 at �30 �C afforded
the C2v-symmetric tetraphosphetane rings [RPePtBu]2 as the exclusive products.103 The compounds adopt analogous conforma-
tions to their homo-substituted counterparts [PhP]4

104 and [CyP]4,
105 with all trans-arrangement of substituents around a folded

cyclo-P4 rings. Addition of MeOTf to the Py-derivative results in methylation at the pyridine substituents to give the dicationic
[{(Me-Py)PePtBu}2]

2þ along with the trication [{(Me-Py)P}2{PMetBu}{PtBu}]3þ in which one of the ‘PtBu’ groups has also
been methylated. The Py-derivative was also shown to chelate to Cuþ, Agþ and Auþ centers via P,N-interactions.

Treatment of the neutral cyclo-tetraphosphane [(iPr2N)P]4 with a mixture of [NO][SbF6] and Li[TEF] gave the intensely purple
radical cation salt, [{(iPr2N)P}4][TEF].

106 X-ray crystallography showed a slight elongation of the PeP bond lengths in the cation
compared with the neutral cyclo-P4 precursor, prompting a computational analysis of the electronic structure. The results of a DFT
study and EPR measurements show that the spin density for [{(iPr2N)P}4]�

þ lies mainly on the exo-cyclic nitrogen atoms.
Ring systems in which a formal charge is associated with the E4-ring have also been the subject of investigations. The sodium salt

of the tetramesityltetraphosphanide [Mes4P4]
2� is ring-opened by the organotin reagent nBu3SnCl to afford the open chain

phosphane, 1,2,3,4-tetramesityl-1,4-bis(n-butyltin)tetraphosphane.107 When the anion is reacted with five equivalents of cyclohex-
ylisocyanide, a three component mixture of cyclo-{P4Mes4C(NCy)} (containing a five-membered P4C-ring), 1,3,5-triphospha-1,4-
pentadiene and a trace amount of the dimeric iminomethylidenephosphane is formed.108 Adding catalytic amounts of AgBF4
afforded cyclo-{P4Mes4C(NCy)} as the major product. It was shown that this species can be protonated at the exo-cyclic nitrogen
atom to afford the [cyclo-{P4Mes4C(NHCy)}]þ cation.109

The tetracationic, cyclotetraphosphane [(MeIiPr)4P4]
4þ is isolated as the triflate salt from the reduction of the corresponding

[(MeIiPr)PCl2]
þ with 1,4-bis(trimethylsilyl)-1,4-dihydropyrazine.110 Further reduction gave the nortricyclane P7-cluster species

[(MeIiPr)3P7][OTf]3. Reaction of this species with the low oxidation-state transition-metal complexes Fe2(CO)9 and M(PPh3)4
(M ¼ Pd, Pt) gave [2 þ 2]-fragmentation leading to dicationic h2-diphosphene complexes. In contrast, reaction with AuCl(tht)
(tht ¼ tetrahydrothiophene) gave a 5-membered ‘P4Au’ ring species.

This area of chemistry also extends to include cyclic species incorporating antimony. Reaction of the cyclotetrastibane
[Cp*Sb]4

111 with the magnesium(I) guanidinate reagent [Mg(iPr2N{NDipp})]2
112 afforded {Mg(iPr2N{NDipp})}4(m4,h

1:2:2:2-
Sb4), in which the antimony atoms are present in the [1,2]-edge-missing tetrahedral arrangement (Scheme 13).113 When the reduc-
tion was carried out with the gallium(I) reagent Ga(MeBDIDipp), the product was identified as {Ga(MeBDIDipp)}2(m,h

2:2-Sb4)
containing a [1,4]-edge missing tetrahedral arrangement of the Sb4 core (Scheme 8).

The tetracation, [Sb4(PMe3)4]
4þ was isolated from the reaction of SbF3 with trimethylsilyl triflate, followed by the addition of

PMe3.
114 The antimony atoms form a folded square arrangement with four exo-cyclic SbePMe3 bonds. Further Sb/O stabilizing

interactions with the triflate anions were noted in the solid state. Calculations indicate that although this unit can be considered as
an ‘[Sb4]

4þ cation’ with four phosphane ligands, a more accurate description is the neutral cyclotetrastibino group with exo-cyclic
phosphonium groups. The chemistry of these [Sb4(PR3)4]

4þ (R ¼ Me, Et) species was studied in detail,115 with the reductive elim-
ination of catena P2- and P3-cations and formation of Sb(0) dominating the reactivity. This reductive catenation process was utilized
in the formation of related Sb/P cations. The reaction of SbF(OTf)2 with two equivalents of PPh3 gave the bis(phosphino) antimony
compound, SbF(OTf)2(PPh3) with a linear PeSbeP chain.116 This compound spontaneously eliminated the fluorophosphonium
salt [Ph3PF][OTf] to form the [Sb6(PPh3)4]

4þ cation containing the bicyclo[3.1.0]hexastibine cluster. The proposed mechanism
involves formation of intermediate [Sb(PPh3)]

þ units that catenate to form [Sb6(PPh3)6]
6þ, followed by elimination of

[Ph3PePPh3]
2þ.

Fig. 16 Molecular structure of the para-quinodimethane analogue, {(HIDipp)C}2(cyclo-P4).
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Examples of cyclo-(E)4 systems comprised of mixed As/P units have been described. A head-to-tail dimeric cyclic-arsaphosphene
was produced when a catalytic amount of B(C6F5)3 was added to the (arsino)phosphaketene, As{(CH2NDipp)2}(PCO).117 The
product contains a central As2P2 ring that formed from the formal [2 þ 2]cycloaddition of the monomeric cis-arsaphosphene
(Fig. 17). A thermal isomerization occurred when this compound was heated to 110 �C, which generated the corresponding
head-to-head dimer. This study also described the decarbonylation of the (arsino)phosphaketene at 60 �C to afford the dimer of
an arsino-phosphinidene, ‘As{(CH2NDipp)2}(P)’.

The reaction of (iPr2N)2ECl (E ¼ As, P) with Na[OCP] generated transient diphospha- and arsaphospha-acrylamides ‘iPr2NeE]
PeC(O)NiPr2’.

118 The unstable species undergo rapid dimerization to afford four-membered E2P2-rings. In the presence of excess
Na[OCP], the carboxytripnictogenide anions [(iPr2N)EP2CO(CONiPr2)]

� were formed from the [2 þ 2] cycloaddition of [OCP]�

with an intermediate iPr2NP]PCONiPr2.
The bulky Ar** group (Ar** ¼ 2,6-{(4-tBuC6H4)2CH}2-4-Me-C6H2) was used in an attempt to stabilize {(CH2NAr**)2}

P(AsCO) generated from the reaction of the chlorodiazaphospholidine {(CH2NAr**)2}PeCl with Na[AsCO].119 Despite the pres-
ence of these sterically demanding groups, the phosphino arsaketene readily loses CO under ambient conditions to generate the
transient phosphinoarsinidene, ‘P{(CH2NAr**)2}(As)’, which reacts via a cycloaddition with excess [AsCO]� to afford Na
[P({CH2NAr**}2)]2(m,h

2:1-As3), [Na(18-c-6)][P{(CH2NAr**)2}(As2C]O)] or [P{(CH2NAr**)2}]2(m,h
1:1-As4).

The corresponding reactions with the phosphaketene {(CH2NAr**)2}P(PCO) afforded the isolable (phosphino)phosphinidene
{(CH2NAr**)2}P(P) (Scheme 9).120 When sterically less demanding Dipp-substituents were used at the nitrogen positions, the
transient analogue ‘{(CH2NDipp)2}P(P)’ was formed, which dimerizes under ambient conditions to form {(CH2NDipp)2}
PeP]PeP{(CH2NDipp)2}. Interestingly, the electronic ground state calculations of {(CH2NAr**)2}P(P) suggest PeP multiple
bond character with a negative charge at the terminal phosphorus, whereas the observed reactivity with CO, singlet carbenes
and phosphanes indicates electrophilic behaviour.121

1.19.4.1.3 Cyclo-(E)5 units
Group 6 metal carbonyls M(CO)6 (M ¼ Cr, Mo, W) react with cyclo-[PhP]5 to afford adducts in which the metal fragment coordi-
nates to an intact cyclopentaphosphane ring.122 The substitution pattern around the P5-ring depends on the group 6 metal and the
carbonyl-containing starting material. For example, mono-substitution with a mono-dentate P5-ring was observed in the chromium
complex {(CO)5Cr}{cyclo-(P5Ph5)-kP

1}, whereas a bidentate bonding mode was observed in {(CO)4M}{cyclo-(P5Ph5)-kP
1,P3}

(M ¼ Cr, Mo and W). In the latter compound with M ¼ W, both endo- and exo-isomers were observed. An unusual oxidative

Fig. 17 Molecular structure of the head-to-tail dimer of a cis-arsaphosphene.
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addition/acetonitrile insertion was observed when M(CO)4{cyclo-(P5Ph5)-kP
1,P3} was reacted with an additional equivalent of

M(CO)4(L)x (M ¼ Cr, W, L ¼MeCN, x ¼ 2; M ¼Mo, L ¼ 2,5-norbornadiene, x ¼ 1) under forcing conditions (120 �C, toluene).123

The products contain the [{PhP}4CMe]NePPh]2� ligand, which crystallizes with an all trans-arrangement of phenyl groups.

1.19.4.1.4 Cyclo-(E)6 units
The reduction of sodium arsonoacetate, Na3[As(CH2COO)(O)3] with an aqueous mixture of conc. H2SO4 and H3PO2 afforded
orange crystals of arsenoacetic acid, [As(CH2COOH)]n.

124 X-ray diffraction showed a cyclic hexamer formed in the solid state
with a puckered As6-ring with alternating ‘up’ and ‘down’ positions for the organic groups in an idealized C3v structure (Fig. 18).

1.19.4.2 Monocyclic, metalated catena-pnictogens: (E)n [ 3–6

This section collects together the chemistry of pnictogen compounds with cyclo-(E)n groups that are incorporated into the coordi-
nation sphere of one or more metal fragments, and can be summarized according to (Fig. 19).

1.19.4.2.1 Metalated cyclo-(E)3 units
Zirconium and hafnium metallocene complexes Cp2MCl2 (M ¼ Zr, Hf) react with Li[R2PeP(SiMe3)] (R ¼ tBu, iPr, iPr2N) to form
polyphosphorus ligands at the metal center, which the authors consider as intermediates in the formation of the bicyclo[1.1.0]tet-
raphosphabutane skeleton.125 Structurally characterized examples form this study include compounds incorporating the cyclo-(P)3
derivatives (Fig. 20), as well as the bimetallic P6-chain containing compound.

The reducing power of divalent lanthanide complexes has been exploited in this area of research, providing access to metalated
products not otherwise available when using more conventional reducing agents. In this context, the reaction of Cp*Mo(CO)2(h

3-
P3) with Cp*2Ln(THF)2 (Ln ¼ Sm, Yb) afforded the isostructural products (Cp*2Ln)2(P6){Cp*Mo(CO)2}2, in which a one electron
reduction took place at the P3-ligand to form a P6-unit that consisted of two P3-triangles linked by a newly formed PeP single
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Fig. 18 Molecular structure of the arsenoacetic acid cyclic hexamer.
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bond.126 This compound represented the first example of a 4d/4f polyphosphide and highlighted the tendency for the Ln(III)
product to be retained in the bimetallic products.

The sandwich compound Cp000Ni(h3-P3) was reacted with main group nucleophiles and reducing agents to generate a series of
metalated P-cluster compounds.127 Reaction with potassium metal generated the P8 ‘realgar-like’ core within the anion
[(Cp000Ni)2(m,h

2:2-P8)]
2� (Scheme 10), whilst treatment with NaNH2 gave the triple decker anion [(Cp000Ni)2(m,h

3:3-P3)]
�, which

was oxidized to the neutral species using AgOTf. In contrast, reaction with LiPPh2 gave [(Cp000Ni)2(m,h
2:2-P6PPh2)]

� containing
a bicyclic P7 fragment capped by two Cp000Ni groups. Finally in this study, the reaction with LiNMe2 proceeded by nucleophilic
attack at the P3-ring to give [Cp000Ni(h2-P3NMe3)]

�.
The reaction of Cp000Ni(h3-P3) with {Cp000Co}2(m,h4:4-C7H8) afforded the heterobimetallic complex {Cp000Ni}{Cp000Co}(m,h3:3-

P3).
128 It was shown that central P3-deck of the complex was able to accommodate an additional metal in the heterotrimetallic

complex, {Cp000Ni}{Cp000Co}(m3,h3:2:1-P3){W(CO)5}.
Reaction of the niobium anion [Nb(ODipp)3(h

3-P3)]
� with the phosphinidene complex Cp*P{W(CO)5}. resulted in a ring-

expansion to afford the [{W(CO)5}2(m3,h
3:1:1-P4Cp*)Nb(ODipp)3]

� anion.129 The cyclo-(P)4 ring retained a planar h3-interaction
with the niobium center, with the W(CO)5 group bound to one of the three phosphorus atoms. The remaining phosphorus atom of
the P4-unit was located above the P3-plane, h

1-bonded to a Cp* ligand and a second W(CO)5 group.
Although less common than the P3-systems, examples of cyclo-(E)3 units in the coordination spheres of metals also exist for

arsenic and antimony. As part of a study aimed toward understanding the mechanism of Sb]Sb and Ga]Sb multiple bond forma-
tion, the gallium(I) reagent Ga(MeBDIDipp) was reacted with SbCl3, leading to formation of the cyclotristibane, {Ga(MeBDIDipp)
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Fig. 19 Schematic representation of metalated, monocyclic pnictogen units included in Section 1.19.4.2.

Fig. 20 An example of a zirconocene derivatives containing a P3-ring systems formed from the reaction of Cp2ZrCl2 and Li[tBu2PeP(SiMe3)].
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Cl}3(Sb3) (Fig. 21).
130 This product likely formed from the trimerization of ‘{Ga(MeBDIDipp)Cl}Sb’ units that are generated upon

loss of Ga(MeBDIDipp)Cl2 from the initially formed {Ga(MeBDIDipp)Cl}2SbCl intermediate. Studies toward the analogous gallaar-
sene containing the Ga]As double bond from the reaction of Cp*AsCl2 with Ga(MeBDIDipp) afforded a small but reproducible
amount of {h1-Cp*Ga(MeBDIDipp)}{h2-Ga(MeBDIDipp)}(m-As3).

131 The h2:1-coordination of the As3-ring had not been previously
observed.

1.19.4.2.2 Metalated cyclo-(E)4 units
The tantalum compound Cp00Ta(CO)2(h

4-P4) consists of a bent metallocene type structure defined by the planar Cp00 and P4
ligands. It was shown that reaction with tBuLi alkylated the phosphorus ring to afford the salt [Li(THF)4][Cp00Ta(CO)2(h

3-
P4tBu)] (Fig. 22).

132 A similar cyclo-(P)4 unit consisting of the [h3-P3{P(O)H}] ligand was generated when Cp00Ta(CO)2(h
4-P4)

was reacted with IDipp in the presence of H2O. In the absence of H2O, an abstraction of one of the P-atoms from the P4-ring
was observed to afford the salt [(IDipp)2P][Cp00Ta(CO)2(h

3-P3)] with a cyclic P3-ring.
133

In a similar study, the cyclo-(P)4 ligand in the cobalt complex Cp000Co(h4-P4) was examined for its reactivity toward reduction and
maingroupnucleophiles.134Chemical reductionwasachievedusingK[CpFe(CO)2] toafford thedinuclear dianion [{Cp000Co}2(m,h3:3-
P8)]

2� with an ‘open realgar-like’ P8-cage that interacts with the metal fragments via a double h3-coordination. In contrast, reaction of
Cp000Co(h4-P4)with tBuLi or LiCH2SiMe3 gave themetastable alkylated species [Cp000Co(h3-P4R)]� (R ¼ tBu,CH2SiMe3),which reacted
with a second equivalent of the cobalt starting material to give the [{Cp000Co}2(m,h3:3-P8R)]� anions. Using the ring expansion devel-
oped for the niobium anionswith h3-P3 ligands (see Section 1.19.4.2.1), Cp*E{W(CO)5} (E¼ P, As) was reacted with Cp000Co(h4-P4)
to give Cp000Co(m3,h4:1:1-P5Cp*){W(CO)5}2 and three isomeric forms of Cp000Co(m3,h4:1:1-AsP4Cp*){W(CO)5}2.

129

Fig. 21 Molecular structure of {Ga(MeBDIDipp)Cl}3(Sb3).
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1.19.4.2.3 Metalated cyclo-(E)5 units
This area of research remains largely dominated by the chemistry of the pentaphosphaferrocene molecules CpFe(h5-P5) and
Cp*Fe(h5-P5), with some recent advances extending this to compare and contrast with that of the heavier analogues incorporating
the h5-As5 ligand. A fundamental study comparing the redox chemistry of ferrocene and pentaphosphaferrocene CpFe(h5-P5),
concluded that Cp2Fe features mainly iron-based redox chemistry, whereas the P5-ring is involved during redox processes for the
phosphorus containing derivative.135 This is manifest in a tilting of the P5-ligand facilitating dimerization to give P10 complexes
of iron.

The reactivity of Cp*Fe(h5-P5) toward a range of NHCs (MeIMe, HIMes and HIDipp) was investigated, affording the neutral
complexes Cp*Fe(h4-P5{NHC}) in which the P5-ring loses its planarity and adopts an envelope conformation.133 Analogous results
were observed when the iron complex was reacted with sources of main group element nucleophiles (LiCH2SiMe3, LiNMe2).

136

When NaNH2 was used however, the trianionic complex [{Cp*Fe(h4-P5)}2N]3� was formed whereas LiPH2 yielded a mixture of
[Cp*Fe(h4-P5PH2)]

� (main) and [{Cp*Fe(h4-P5)}2PH]2� (minor).
The iodination of the pentaphosphaferrocene derivative Cp*Fe(h5-P5), and its ruthenium analogue Cp*Ru(h5-P5) proceeded in

a one-pot procedure to afford the all cis-tripodal triphosphino-cyclotriphosphane ligand, cyclo-{P(PI2)}3.
137 The core of the result-

ing molecule contains an MP6-unit that resembles the nortricyclane structure observed in the [P7]
3– anion. Cp*Fe(h5-P5) was also

used as a synthon for the formation of the heterobimetallic {Cp*Fe}{Cp000Co}(m,h5:4-P5), which when reacted with W(CO)5(THF)
afforded the mono- and bis-tungsten adducts.128

In p-block chemistry, Cp*Fe(h5-P5) was used as a polyphosphorus source to generate silicon and germanium phosphide species.
The reaction with silylene (PhC{NtBu}2)SiCl leads to formation of Cp*Fe(h4-P4Si(PhC{NtBu}2)), in which the silicon has inserted
into a PeP bond.138 No reaction was observed when the corresponding germylene (PhC{NtBu}2)GeCl was used. However the
digermylene [(PhC{NtBu}2)Ge]2, containing formally Ge(I) centers reacted to afford Cp*Fe(m,h4-P5){Ge(PhC{NtBu}2)}2
(Fig. 23).139 In related chemistry, the Al(I) species Al(MeBDIDipp) inserts into a PeP bond of Cp*Fe(h5-P5) to afford the

Fig. 22 Molecular structure of the anion [Cp00Ta(CO)2(h3-P4tBu)]� obtained from the alkylation of the P4-ring of Cp00Ta(CO)2(h4-P4) ([Li(2.2.2-
crypt)]þ cation omitted).

Fig. 23 Molecular structures of the product of Cp*Fe(h5-P5) with a source of Ge(I)d[(PhC{NtBu}2)Ge]2.
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triple-decker {Al(MeBDIDipp)}(m,h3:4-P5)(FeCp*), with an envelope-shaped P5-deck.
140 The reaction with [Cp*Al]4 however results

in a six-fold reduction of the P5-ring by three equivalents of ‘Cp*Al’ to give (m3-P)(Cp*Al)2{P4(AlCp*)}(FeCp*).
The chemistry of the corresponding iron-arsenic compound, Cp*Fe(h5-As5) is often very distinct when compared with the phos-

phorus analogue. For example, the reaction of Cp*Fe(h5-As5) with I2 afforded the triple-decker [(Cp*Fe)2(m,h
5:5-As5)]

2þ cation as
the [As6I8]

2� salt, in addition to the arsenic-iodide anions [As6I8]
2� and [As4I14]

2� anions which formed as the [Fe(CN)6]
2þ salts.137

Using the Ru complex in an attempt to prevent cleavage of the arsenic ligand during the reaction was successful, but again formed
a mixture of species from which [(Cp*Ru)2(m,h

5:5-As5)][As6I8]0.5, (Cp*Ru)2(m,h
4:4-As4I4) and (Cp*Ru)2(As8I6) were separated and

characterized. Crystallographic analysis of the latter complex showed that it contains bridging {AsI2} and {As7I4} ligands.
Reacting Cp*Fe(h5-As5) with the triple decker complex {Cp000Co}2(m,h4:4-C7H8) formed the metastable

(Cp*Fe)(Cp000Co)(m,h5:4-As5).141 This compound was found to decompose in MeCN to form mixtures of
(Cp*Fe)(Cp000Co)(m,h3:3-As3) and (Cp*Fe)2(Cp000Co)(m4,h4:4:4:3-As11), the latter structure containing the As11-unit as a cyclo-(As)5
group in an envelope conformation joined to a cyclo-(As)6 group in a chair conformation. Further fragmentation was observed
under thermolysis conditions, affording (Cp*Fe)2(Cp000Fe)(m3,h2:2:2-As3)2 as the major product.

When divalent samarocenes Cp*R2Sm(THF)2 (R ¼ Me, nPr) were reacted with Cp*Fe(h5-P5), a reductive dimerization was
observed.142 The {Cp*Fe}2P10{Sm(h5-C5Me4R)2}2 (R ¼Me, nPr) products contain a central P10 unit consisting of two P5-rings
in an envelope conformation formed by a PeP bond between the non-planar P-atom. This reductive coupling of two Pn-groups
mirrors that described above during the synthesis of (Cp*2Ln)2(P6){Cp*Mo(CO)2}2 (see Section 1.19.4.2.1).

Reduction of the Cp*Fe(h5-E5) (E ¼ P, As) with the Sm(II) formamidinate compound Sm(HC{NDipp}2)2(THF)2 provoked
ring-opening of the THF solvent and formation of (HC{NDipp}2)2Sm(Cp*Fe)(E5){(CH2)4O}Sm(HC{NDipp}2)2(THF).143

Reduction of the [E5]
� anion causes one of the pnictogen atoms to move out of the plane of the remaining four E-atoms to generate

an ‘envelope’ conformation, in which the non-planar E-atom bonds to the methylene group of the ring-opened THF (Scheme 11).

The analogous reaction with Cp002Sm(THF) led to formation of {Cp002Sm}{Cp*Fe}(m,h4:4-As4) and {Cp002Sm}2{Cp*Fe}(m3,h
3:3:4-

As7).
144 The [As7]

3� cage in the latter complex has a norbornadiene-like structure, with two short AseAs bonds.
The complexity associated with the chemistry of Cp*Fe(h5-As5) is further illustrated by its reaction with KH in dme, which

afforded a complex mixture of iron stabilized polyarsenide anions. Compounds that were characterized included the triple decker
[{Cp*Fe(m,h2:2-As2)}2]

�, [{Cp*Fe}2(m,h
4:4-As10)]

2�, [{Cp*Fe}2(m,h
2:2:2:2-As14)]

2� and [{Cp*Fe}4(m4,h
4:3:3:2:2:1:1-As18)]

2�

(Fig. 24).145

The [Cp*Fe(h4-P5R)]
� (R ¼ CH2SiMe3, NMe2) anions that contain amono-substituted P5-ring react with dimeric [Cp000M(m-X)]2

(M ¼ Cr, Fe, Co, Ni; X ¼ Cl, Br) compounds to afford triple decker compounds with a bent cyclo-(P)5 middle ring.146 Whilst the h4-
coordination of the P5-ring is maintained at iron, interaction with the other transition-metal varies from h3- (for Co, Ni) to h5- (for
Cr).

Finally it was noted that the heterobimetallic complex [K(dme)2][(
MesBIAN)Co(m,h4:2-P4)Ga(MeBDIDipp)] (MesBIAN ¼ 1,2-(Mes-

N)2acenaphthene) reacted with R2PCl (R ¼ iPr, tBu, Cy) with elimination of Ga(MeBDIDipp) to afford (MesBIAN)Co(P5R2) contain-
ing an 1,1-dialkylated P5-ring present in an envelope conformation that is h4-bonded to the cobalt.147 The intermediate (MesBIAN)
Co(m,h4:2-P5R2)Ga(MeBDIDipp) was identified by 31P NMR spectroscopy and single crystal X-ray diffraction.

1.19.4.2.4 Metalated cyclo-(E)6 units
In contrast to the reaction of MeIMe carbenewithCp*Fe(h5-P5) that formed the (h4-P5{

MeIMe}) ligand at iron (see Section 1.19.4.2.3),
a carbene induced ring contraction of the polypnictonide ligand was observed when MeIMe was reacted with {Cp*Mo}2(m,h

6:6-E6)
(E ¼ P, As) and Cp000Co(h4-P4).148 The products contain the anions [{Cp*Mo}2(m,h

5:5-E5)]
� and [Cp000Co(h3-P3)]�, respectively,
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chargebalanced by the corresponding [(MeIMe)2E]
þ cation.When the reactionwas repeatedusing{Cp*V}2(m,h

6:6-P6), amixture of the
expected salt [(MeIMe)2P][{Cp*V}2(m,h

5:5-P5)] was generated, in addition to [(MeIMe)2P][{Cp*V}2(m,h
6:6-P6)] and {Cp*V}2(m,h

3:3-
P3)(m-P

MeIMe).
The reaction of {Cp*Mo}2(m,h

6:6-P6) withCuX (X ¼ Br, I) leads to self-assembly to give 2-Dnetworks of [({Cp*Mo}2P6)(CuBr)4]n
and [({Cp*Mo}2P6)(CuI)2]n.

149When the reactionwas repeatedwith ‘naked’ cationsCuþ, Agþ andTlþ (introduced as the [TEF]� salts)
inCH2Cl2, a single electronoxidation gave the corresponding triple decker cations inwhich themiddle phosphorus deck adopted a bis-
allylic distorted cycloP6 ring structure.150 Changing the solvent to toluene avoided oxidation and afforded compounds with the
{Cp*Mo}2(m,h

6:6-P6) coordinated to the metal cation via a side-on interaction with the P6-ring.
Although once again less well represented than the lighter P and As pnictogens, it is worthy to note that the anionic [Bi6]

4� ring
was obtained from reduction of K5Bi4 with [Zn(MeBDIMes)]2 or a mixture of K3Bi2 and K4Ge9 in liquid ammonia.76 The rings adopts
a ‘strongly flattened’ chair conformation with potassium cations above and below in an ‘inverse-sandwich’ type structure (Scheme
12).

1.19.4.3 Monocyclic heterocycles containing catena-pnictogen groups

This section contains reference to the chemistry of compounds in which the catena-pnictogen unit is a component of a larger hetero-
cyclic system, and can be summarized according to (Fig. 25). Examples are limited to (E)n units where n ¼ 2 or 3, and include
mono- and bicyclic systems.

Phospholyl anions, analogues of the cyclopentadienyl anion in which one or more methine groups are placed by phosphorus,
[{CH}n{P}5�n]

�, have been studied in depth for n ¼ 1, 3 and 5. However, the corresponding arsolyl anions are less common. The

Fig. 24 Molecular structure of the dianion [{Cp*Fe}4(m4,h4:3:3:2:2:1:1-As18)]2�.
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first 1,2,4-triarsolyl and tetraarsolyl anions can now be added to this family of compounds, isolated as (a mixture of) the cesium
salts from the one-pot reaction of TippC(O)Cl and As(SiMe3)3 with CsF in refluxing dioxane.151 The corresponding phospholyl
anions were produced when P(SiMe3)3 was used.

A versatile route to a series of 1,2,3-tripnictolide anions [E3C2RR0]� (E ¼ As, P; R/R0 ¼ H, Ph) was demonstrated from the reac-
tion of the corresponding [E7]

3� or [HE7]
2� clusters with alkynes RC^CR0 (R ¼ R0 ¼ H; R ¼ H, R0 ¼ Ph; R ¼ R0 ¼ Ph).152 The

compounds were isolated directly as the potassium salts, which were reacted with Mo(CO)3(L)3 (L ¼ CO, MeCN) to demonstrate
h5-coordination to the molybdenum in the anions [Mo(h5-E3C2R2)(CO)3]

�.
The coordination chemistry of the triphosphenium zwitterion tBu(C5H2)(Ph2P)2P (Fig. 26A), comprised of a 2,3,4-

triphosphabicyclo[3.3.0]octane skeleton, has been explored. When reacted with metal carbonyl fragments the compounds adopts
either a monodentate coordination through the P(I) center (Fig. 26B. [M] ¼ Cr(CO)5, Mo(CO)5, W(CO)5, Fe(CO)4), or bridges
between two metals (Fig. 26C. [M]2 ¼ Mn2(CO)8, Co2(CO)6).

153 However, reaction with the metal(0) complexes Ni(cod)2
(cod ¼ 1,5-cyclooctadiene) or Pd2(dba)3 (dba ¼ dibenzylideneacetone) proceeded with insertion of the metal into one of the
PePR3 bonds of two ligands, with a dimerization of the P(I) atoms to form a diphosphoniodiphosphene fragment that coordinates
with an h2-mode to the metal (Fig. 26D).154

A phosphorus rich heterocyclic ring has been prepared from the reaction of the triphosphenium bromide P(I) precursor [(dppe)
P]Br (dppe ¼ diphenylphosphinoethane) with Li[N(PPh2)2].

155 The resulting [({Ph2P}2P)N]2 compound contains a cyclo-(P6N2)
ring that was used to coordinate MBr (M ¼ Ag, Cu) metal fragments through the P(I) centers. In contrast, when [(dppe)P]Br was
reacted with Li[N(PiPr2)2] the product consisted of two five-membered P4N-rings linked by a PeP bond.

1.19.5 Polycyclic catena-pnictogens

In recognition of the prominent role that white phosphorus (P4)
156–158 and yellow arsenic (As4)

159 have contributed to the area of
polycyclic catena-pnictogen compounds, the first two sections in this part of the chapter are dedicated to chemistry associated with
these allotropes. Section 1.19.5.1 summarizes developments in the chemistry of P4 and As4 in which the tetrahedral arrangement of
pnictogen atoms is retained in the product. It includes examples of systems that have been used to encapsulate E4-units, as well as
complexes in which a metal fragment is coordinated to the E4 group without causing any EeE bond disruption.

Section1.19.5.2 collates the extensivework that hasutilized theP4 andAs4 tetrahedra as startingmaterials for the synthesisof catena-
polyphosphorus and -polyarsenic compounds. The material has been further organized into areas describing the reactivity of with
main-group (s- and p-block), transition-metal (d-block) and lanthanide/actinide (f-block) reagents with P4 and As4. Many of the
complexes isolated from these reactions retain a polycyclic E4-arrangement of the pnictogen atoms, which are generated from the
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Fig. 25 Schematic representation of monocyclic heterocycles containing catena-pnictogen atoms included in Section 1.19.4.3.
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sequential cleavage of EeE bonds from the original tetrahedral cluster (Scheme 13). Thus breaking a single EeE bond generates the
bicyclo[1.1.0]butane core, commonly referred to as a ‘butterfly’ arrangement of atoms. Breaking a second EeE bond can occur in
two ways to generate [1,2]- and [1,4]-edge missing tetrahedra and examples of each type of structure are presented herein.

The remaining sections cover the synthesis (Section 1.19.5.3) and chemistry of non-metalated (Section 1.19.5.4) andmetalated
(Section 1.19.5.5) polycyclic pnictogen clusters.

1.19.5.1 Coordination chemistry of P4 and As4 tetrahedra

Building on the seminal report that described the encapsulation of P4 in a self-assembled tetrahedral capsule that was first reported
in 2009,160 several new organic cages have been used to capture and stabilize the P4 unit. This has also been extended to the highly
reactive As4 molecule. For example, anion coordination based tetrahedral cages that combine oligo-bis(urea) ligands and phos-
phate anions were used to incorporate both molecules.161 Computational analysis indicated that in addition to the presence of
a tetrahedral cavity, the presence of multiple aromatic groups enabled s-p and (lone-pair)-p enhanced the stabilization. A related
study described a purely organic cage prepared from the condensation of a triamino linker with a triformyl precursor that was able
to accommodate P4.

162 This system differed from the previous example that can manipulate uptake and release of the E4 tetrahedra
through acid-base modulation, as the presence of only covalent linkages in the latter cage produces a stable system that is not prone
to lability or exchange processes.

The P4 and As4 units have also been incorporated into tetrahedral voids within the crystal structure of a copper/iron system. The
reaction of CuCl with Cp*Fe(h5-P5) in the presence of P4 or As4 afforded the isostructural compounds [Cu2Cl2{Cp*Fe(h

5-
P5)}2]$(E4)x (E ¼ P, x ¼ 1; E ¼ As, x ¼ 0.75).163 The resulting crystals are light and air stable for days, and furthermore this study
represented the first structural determination of the As4 tetrahedron by single-crystal X-ray diffraction.

In addition to encapsulation within the voids of a crystalline material, the P4 tetrahedron has also been used as a ligand in the
coordination sphere of transition-metal groups. It was shown that the coordination of P4 to iron centers in [CpFe(CO)(L)(h1-P4)]
[TEF] (L ¼ CO, PPh3) decreased the average PeP bond length and blue-shifted the P4 breathing mode in the Raman spectrum.164

This was interpreted as a shift toward a more ‘phosphonium-like’ situation upon coordination to the electron-poor metal centers.
NHC adducts MCl(HIDipp) (M ¼ Cu, Au) react with P4 in the presence of Li[TEF], which acts as a chloride scavenger, to give

[M(HIDipp)(h2-P4)][TEF].
165 The crystal structure revealed distorted trigonal planar metal coordination environments and essen-

tially equivalent MeP bond distances. Addition of LiAr (Ar ¼ Dmp, Mes) to the gold derivative gave the bimetallic compounds,
[{Au(HIDipp)}2(Ar)(m,h

1:1:1-P4)][TEF], in which two gold fragments were coordinated to the same P-atom (Scheme 14). Gold
and copper phosphane/NHC compounds were also used in this context, showing analogous h2-P4 coordination at the metal.166

Coordination chemistry with the manganese compound CpBIGMn(CO)2(THF) proceeded to give either the 1:1 adduct
CpBIGMn(CO)2(h

1-P4) or the bimetallic compound {CpBIGMn(CO)2}2(m,h
1:1-P4).

167 NMR analysis confirmed that both species
were fluxional in solution, attributed to a ‘tumbling’ of the coordinated P4 ligand. In a separate study, the ruthenium salt
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[Ru(MeIMe)4(H)(h1-P4)][BAr
F
4] was prepared as part of an experiment examining the 1H NMR chemical shift of the hydride ligand

by density functional theory.168 The results showed a good correlation between the computational and experimental data when
a scalar relativistic correction was included, with an even greater improvement in the quantitative agreement when spin-orbit effects
were included in the model.

It has been shown that two As4-tetrahedra will coordinate with a previously unknown side-on mode in the homoleptic silver
complex [Ag(h2-As4)2][TEF].

169 The reaction of this salt with AuCl(PPh3) transferred an intact As4 unit to the gold center to
form the heteroleptic gold salt, [Au(h2-As4)(PPh3)][TEF]. Alternatively, an end-on coordination of the As4 group was observed
when [Ag(h2-As4)2][TEF] was reacted with Cp*Ru(dppe)Cl, giving the [Cp*Ru(dppe)(h1-As4)][TEF] salt (Fig. 27).

170 Reaction of
this complex with [CpRu(PPh3)2][TEF] as a source of cationic ruthenium cleaved one of the AseAs bonds to give [{Cp*Ru(dp-
pe)}(m,h1:3-As4){CpRu(PPh3)2}][TEF]2.

Related work showed that a Cu(I) fragment supported by a BDI-ligand was also able coordinate to E4-tetrahedra in the bimetallic
complexes {Cu(MeBDIDipp)}2(m,h

2:2-E4) (E ¼ P, As), in which the two metals span opposite edges of the tetrahedron.171 Low
temperature work-up of the exchange reaction between {Cu(MeBDIDipp)}2(m,h

2:2-P4) with additional P4 allowed the monometallic
compound {Cu(MeBDIDipp)}(h2-P4) to be isolated in which the ligand retains an h2-bonding mode.

An investigation of the influence of the phosphane ligand on the reactivity of [CpRu(PR3)2]
þ cations with P4 showed differing

behavior between the PPh3 and the (less sterically demanding and more basic) PMe3 derivatives. The PPh3 derivative was known to
form the mono-metallic cationic adduct, [CpRu(PPh3)4(P4)]

þ,172 whilst the PMe3 complex gave the bimetallic dication [{CpRu(P-
Me3)2}2(m,h

1:1-P4)]
2þ.173

1.19.5.2 Synthesis of polycyclic catena-pnictogens from P4 and As4 tetrahedra

1.19.5.2.1 Activation of P4 and As4 with main-group (s- and p-block) reagents
A series of electrophilic ‘carbonyl-decorated carbenes’ (CDCs) were investigated for the functionalization of P4 (Fig. 28).

174 Three
equivalents of the symmetric carbene CDC1 cleaved three of the PeP bonds to give P{P]CDC1}3 whilst the non-symmetric
analogue CDC2 gave a P8-species consisting of a [1,4]-edge missing tetrahedron of P4 decorated at each P-atom with ‘P]CDC2

’

groups. When P4 was present in excess, CDC1 reacted to give the tetracarbene P8-cluster consisting of a central P4-ring with four
{P]CDC1} groups bonded to the P-atoms.175 In contrast, the seven-membered CDC3 inserted the carbene C-atom into one of
the PeP bonds, a mode reminiscent of the insertion of main group and transition-metals (see Section 1.19.5.2.2).

The stoichiometric reaction between chlorophosphanes R2PCl (R ¼ Cy, iPr, Et, Me, Ph, C6F5, Mes, Dipp), GaCl3 and P4 afforded
a series of cationic [R2P5]

þ cages.176 The subsequent reaction with elemental sulfur or selenium was investigated, leading to the
formation of [R2P5(S/Se)2]

þ cations with a nortricyclane ‘P5(S/Se)2’-core.
Functionalization of P4 was achieved with aryllithium reagents when 1:1:1 mixtures of P4, LiAr (Ar ¼ Mes*, TerMes) and BAr3

(Ar ¼ Ph,177 C6F5
178) were combined. The products consisted of the lithium salt of the bicyclo[1.1.0]tetraphosphabutane anion,

which was stabilized at phosphorus by the Lewis acidic borane. Alkylation at the nucleophilic P-site was achieved using [Ph3C]
[PF6] or MeI, leading to the formation of non-symmetric derivatives. The triphenylborane adduct Li[Mes*(P4)$BPh3] reacted
with an imidazolium salt or phenylisocyanate via a ‘P1-extrusion’ to generate the transient triphosphirane Mes*P3, which was iso-
lated as the dimer or the Diels-alder adduct with 1,3-cyclohexadiene.179

A related study showed that 1,4-dilithio-1,3-butadienes react with P4 to afford phospholyl lithium in a highly efficient one-pot
procedure.180 The residual ‘LiP3’ unit was found to aggregate to give a series of [P7]

3�, [P14]
4�, [P16]

2� and [P26]
4� clusters.181

Silanide anions [SiR3]
� have also been applied in this area. The reaction of P4 with one equivalent of Li[SitBu3] afforded

a number of different products including the bicyclo[1.1.0]tetraphosphabutane P4(SitBu3)2, the heptaphosphanortricyclane
P7(SitBu3)3, the tetraphosphides Li3[P(PSitBu3)3], and the pentaphosphacyclopentadienide Li[P5].

182 As part of the same study
it was shown that the reaction of the siloxide Li[OSitBu3] generated Li[P7(SitBu3)2]. This salt crystallized as a cluster consisting

Fig. 27 Molecular structure of [Cp*Ru(dppe)(h1-As4)]þ ([TEF] anion omitted).
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of three crystallographically distinct and configurationally identical (chiral) lithium heptaphosphanotricyclanide units, a silanolate
Li[OSitBu3] with a benzene solvate.

The dimeric cyclodiphosphazane [DmpNPCl]2 was reacted with two equivalents of GaCl3 to afford a mixture of the cationic
species [(DmpN)2P2Cl]

þ and [(DmpN)3P3Cl2]
þ.183 Each of these cations reacts with P4 via insertion of the charged P-atom into

a PeP bond of the cluster to generate a new P5-cluster fused to the PN2 or P2N3-ring.
The organomagnesium reagent Mg(MeBDIDipp)(nBu) was reacted with P4 in a 2:1 ratio to afford {Mg(MeBDIDipp)}2(m,h

2:2-
P4(nBu)2), in which the alkyl groups are present on adjacent P-atoms in a non-planar P4-ring.

184 Further reaction incorporated
a second equivalent of P4 to give the [P8(nBu)2]

2� ligand. Reactions of the magnesium hydride [Mg(MeBDIDipp)H]2 or theN-mesityl
analogue Mg(MeBDIMes)(nBu) with P4 were less discriminating, affording a mixture of products including structurally characterized
primary phosphide [Mg(MeBDIDipp)(PH2)]3 and the [P7]

3� Zintl ion complex, {Mg(MeBDIMes)}3(m3,h
2:2:2-P7).

The aluminacyclopentadienes [Li(THF)2][Al(C4R2{SiMe3}2)Et2] (R ¼Me, {CH2}4) react with P4 to give cyclotetraphosphanes
containing an anti-arrangement of two 5,6-diphospha-7-aluminanorbornene groups (Scheme 15).185 These products result from

‘an unexpected 1,1-P-insertion/Diels-Alder/isomerization cascade process’. Furthermore, it was demonstrated that the phosphorus
component can be removed from the metal as the neutral [(C4R2{SiMe3}2)P2]2 compound on addition of p-benzoquinone.

The reaction of Ga(MeBDIDipp) with P4 was first reported in 2010,186 with the product identified as {Ga(MeBDIDipp)}(h1:1-P4)
resulting from the insertion of the gallium into one of the PeP bonds. However, a more detailed investigation that explored
different reaction conditions showed a range of products are formed (Fig. 29), including the di-inserted {Ga(MeBDI-
Dipp)}2(m,h

2:2-P4) (Fig. 29A) and the larger polyphosphorus compounds {Ga(MeBDIDipp)}2(P6), {Ga(MeBDIDipp)}2(P8)
(Fig. 29B), {Ga(MeBDIDipp)}2(P12) (Fig. 29C), {Ga(MeBDIDipp)}2(P14) (Fig. 29D) and {Ga(MeBDIDipp)}2(P16) (Fig. 29E).187

The selective derivatization of the P6-cage complex with Brønsted acids, MeOTf, Ph2ECl (E ¼ P, As) and Na[OCP] was also inves-
tigating, leading to the formation of a range of functionalized hexa- and heptaphosphanes.

A bicyclic NePeSi heterocycle, containing an [NP]2-ring bridged at each phosphorus by the N,N0-bound ‘Cl2Si{Me3SiN}2’ unit
(A), reacts with GaCl3 and P4 to afford products in which the phosphorus atoms from the four-membered ring have inserted into
one of the PeP bonds of P4 (Scheme 16).188 The reactions were performed with a 1:1 and 1:2 ratio of P4, yielding
[ClP(NSiMe3)2Si(NSiMe3)2P5]

þ (B) and [P5(NSiMe3)2Si(NSiMe3)2P5]
2þ (C), respectively.

The two-coordinate acyclic iminosiloxysilylene ({IDipp}]N)Si(OSitBu3) oxidizes P4 to give the four-coordinate silicon
compounds with an h2-P4 ligand generated by insertion of Si into a PeP bond.189 The germylene Ge(TerMes)2 gives an analogous
product that was shown to be a reversible process that reverts to the starting materials on exposure to UV light.190 The P4-activated
product was however trapped as an adduct at M(CO)5 (M ¼ Cr, Mo, W) and AuCl fragments.191 Similar reactions between the vinyl
silylsilylene (MeIDipp)Si{Si(SiMe3)3} and P4 afforded a new bonding mode for the [1,2]-edge missing tetrahedral P4-group that
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binds with a PeP side-on and terminal SieP bond as a result of 1,2-migration of the hypersilyl ligand.192 In contrast, the reaction of
the amidinate supported silylene (PhC{NtBu}2)SieN{SiMe3}2 with As4 gave an unprecedented As10-cage structure consisting of an
As7-nortricyclane core with three-coordinated arsasilene groups.193 The same study reported the reaction of the disilene
[({Me3Si}2N)(h1-Cp*)Si]2 with As4 which gave low yields of the bicyclo[1.1.0]-1,3-diarsa-2,4-disila butane, [({Me3Si}2N)(h1-
Cp*)SiAs]2.

The organic-substituted bicyclo[1.1.0]tetraarsabutane compound (Cpbig)2As4 was formed when a solution of [Cpbig]� radicals
was reacted with As4.

194 The fold angle in the As4-core (97.574(13)�) is greater than the corresponding angle in {Cp000Fe(CO)2}
(96.10(7)�) {CpBIGFe(CO)2} (89.033(13)�) and {Cp*Cr(CO)3} (90.50(3)�–92.39(3)�) derivatives, consistent with the high steric
demand of the h1-Cpbig ligand. This work followed an earlier study describing the reaction of NaCpR (CpR ¼ CpBIG, Cp000, Cp* and
Cp4iPr) with P4 (performed in the presence of CuBr or FeBr3 to generate the [CpR]� radicals), which gave the corresponding (CpR)2P4
bicyclo[1.1.0]tetraphosphabutane compounds.195

Finally, it was reported that an isolable bismuth(II) radical196 promoted the homoleptic cleavage of a PeP bond to afford the
substituted bicyclo[1.1.0]tetraphosphabutane core with BieP bonds to the wing-tip phosphorus atoms (Fig. 30).22 NMR spectros-
copy performed on a sample of the isolated crystals confirmed a mixture of the product and starting materials was present in solu-
tion, indicating a reversible process, confirmed with variable temperature studies.

Fig. 29 Core structures of the products of the reaction of Ga(MeBDIDipp) with P4. (A) {Ga(MeBDIDipp)}2(P4); (B) {Ga(MeBDIDipp)}2(P8); (C)
{Ga(MeBDIDipp)}2(P12); (D) {Ga(MeBDIDipp)}2(P14); (E) {Ga(MeBDIDipp)}2(P16).

 
Scheme 16 Reaction of a bicyclic NePeSi heterocycle (A) with mixtures of P4/GaCl3 affording cationic (B) and dicationic (C) products from the
insertion of phosphorus into a PeP bond of P4.
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1.19.5.2.2 Activation of P4 and As4 with transition-metal (d-block) reagents
An improved synthesis of Cp002Zr(h1:1-P4) was developed by heating solutions of Cp002Zr(CO)2 with P4 in xylene.197 The capacity of
the compound to behave as a phosphorus-centered Lewis base toward various transition-metal fragments (W(CO)5, CpMn(CO)2,
Fe(CO)4) and main group Lewis acids AlR3 (R ¼ Me, Et) was probed, resulting in polymetallic complexes with PeM bonds formed
to phosphorus atoms from each of the two inequivalent positions of the P4 ligand in various combinations. Analogous reactions
with As4 afforded Cp002Zr(h1:1-As4) in good yield.198 This compound served as a transfer reagent for the ‘As4’ group, demonstrated
by reactivity with [Cp000Fe(m-Br)]2 to afford a mixture of (Cp000Fe)2(m,h4:4-As4) (with a non-cyclic As4-unit between the two iron
centers) and (Cp000Fe)2{m,h4:4-cyclo-(As)4} (Scheme 17). The reaction with [CpBzFe(m-Br)]2 gave exclusively (CpBzFe)2(m,h

4:4-As4).

Bulky Lewis acids (LA) (LA ¼ BPh3, B(C6F5)3) were used to trap the products of P4 activation by [Cp*Fe(CO)2]
�, affording the

anionic [Cp*Fe(CO)2(h
1-P4$LA)]

� adducts in which the bicyclo[1.1.0]tetraphosphabutane framework is supported by the iron and
boron groups at the wing-tip positions.199 The nucleophilic phosphorus was protonated using [Me3NH][BPh4] to generate the
neutral Cp*Fe(CO)2(h

1-P4H) compounds that exist as exo,endo- and exo,exo-isomers.
Synthesis of iron and chromium substituted phosphorus and arsenic species, {Cp000Fe(CO)2}2(m,h

1:1-E4) and
{Cp*Cr(CO)2}2(m,h

1:1-E4) (E ¼ As, P) with the bicyclo[1.1.0]butane arrangement of pnictogen atoms was achieved from the reac-
tion of P4 and As4 with MeM bonded dimers, [Cp000Fe(CO)2]2 and [Cp*Cr(CO)3]2.

200 Photolysis of the Fe/As complex resulted in
loss of CO and formation of {Cp000Fe(CO)2}{Cp000Fe(CO)}(m,h1:2-As4) and {Cp000Fe(CO)2}2{Cp000Fe(CO)}2(m4,h

1:1:2:2-As8), the
latter containing a [As8]

4� cuneane core with terminal ‘Cp000Fe(CO)2’ groups and bridging ‘Cp000Fe(CO)’ groups. The Cr/As analogue
gave the related {Cp*Cr(CO)3}4(m4,h

1:1:1:1-As8) when left under ambient conditions in solution. The {Cp000Fe(CO)2}2(m,h
1:1-E4)

compounds have been examined as chelating ligands in coordination chemistry.201 Both mono- (E ¼ P) and bis- (E ¼ P, As)
adducts were formed when reacted with [Cu(MeCN)4][BF4], showing the expected coordination at copper via the ‘wing-tip’ pnic-
togen atoms (Fig. 31). Reactivity of the phosphorus analogue with other transition-metal fragments has allowed further elaboration
of the intact m,h1:1-P4 ligand in the compounds {Cp000Fe(CO)2}2(m3,h

1:1:1:1-P4){Au(PPh3)}, {Cp000Fe(CO)2}2(m3,h
1:1:1:1-P4)

{M(CO)4} (M ¼ Cr, Mo, W) and the spiro complex [({Cp000Fe(CO)2}2{m3,h
1:1:1:1-P4})2Ag][PF6].

202 On the other hand, reaction
with Co2(CO)8 and Fe2(CO)9 caused a rearrangement of the P4-group to give a folded cyclo-(P)4 in {Cp000Fe(CO)2}2{Co(-
CO)3}2(m4,h

2:2:1:1-P4) and a tetraphosphole structure in {Cp000Fe(CO)2}2(m4,h
1:1:1:3-P4CO){Fe(CO)4}{Fe(CO)3}.

For reactions in which the low-valent iron is generated in situ, it was noted that nature of the reducing agent can lead to the
formation of different activation products when exposed to P4. For example, the reduction of [CpBIGFe(m-Br)]2 with potassium
naphthalenide followed by the addition of P4/18-crown-6 afforded [K(18-c-6)][CpBIGFe(h4-P4)] as a ‘pseudo-triple decker’ complex
with a cyclo-(P)4 ligand bridging the Fe and K centers.203 When sodium amalgam was used in the presence of P4 the bis-iron complex

Fig. 30 Molecular structure of {Bi(NONDipp)}2(m,h1:1-P4).
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[Na2(THF)5][{Cp
BIGFe}2(m,h

4:4-P4)] resulted. The analogous neutral {Cp
BIGFe(CO)2}2(m,h

1:1-E4) (E ¼ P, As) species were formed
when the isolated low-valent complex [CpBIGFe(CO)2]2 was reacted directly with P4 or As4.

204 Reactivity studies of these two
complexes showed different reaction pathways under thermolysis and photolysis conditions.205 For example, exposing the
compounds to UV light resulted in complete decarbonylation of the iron centers to afford the triple decker {CpBIGFe}2(m,h

4:4-
E4) compounds that contain either the cis-tetraphosphabutadiene ligand (E ¼ P) or a cyclo-(As)4 ligand (E ¼ As); the phosphorus
reaction also afforded a small amount of bimetallic {CpBIGFe}{CpBIGFe(CO)2}(m,h

4:1-P4). In contrast, heating the arsenic analogue
(in the presence of excess As4) gave a mixture of the arsenic rich iron compounds, CpBIGFe(h5-As5), the same {CpBIGFe}2(m,h

4:4-As4)
derivative that was also isolated from the photolysis experiment, and {CpBIGFe}3(m3,h

4:4:4-As6) containing a trigonal prismatic core
of As-atoms triply capped by ‘FeCpBIG’ units.

The products of the reaction of low-valent iron complexes Fe(R1BDIR2)$(toluene) (R1 ¼Me, R2 ¼ Dmp; R1 ¼ H, R2 ¼ Dmp;
R1 ¼ Me, R2 ¼ Dipp) with P4 were shown to be dependent on the R1 and R2 substitution of the b-diketiminate ligand.206

When flanking Dmp groups are present reactions proceed to afford the tetrametallic {Fe(R1BDIDmp)}4(m4,h
2:2:2:2-P8) with

a realgar-type P8-cluster, irrespective of the backbone substituent, R1. When the bulkier MeBDIDipp-ligand is employed, the bime-
tallic compound {Fe(MeBDIDipp)}2(m,h

4:4-P4) formed with a cyclo-[P4]
2� ligand, whereas Fe(HBDIDipp)(h6-toluene) cleaved the

P4 tetrahedron into two P2 units under mild conditions to afford the bimetallic compound {(HBDIDipp)Fe}2(m2,h
2:2-P2)2.

207

The rhenium(II) complex CpRe(MeBDIDipp) reacts with P4 to give the Re(V) product CpRe(MeBDIDipp)(h3-P3) with a cycloP3
ligand.208 This complex was oxidized further with AgOTf to give the Re(VI) salt, [CpRe(MeBDIDipp)(h3-P3)][OTf].

Fig. 31 Molecular structure of [({Cp000Fe(CO)2}2(m3,h1:1:1-P4))2Cu]þ ([BF4]� anion omitted).
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Work with ruthenium compounds showed the two equivalents of the sixteen electron complex Cp*RuX(PCy3) (X ¼ Cl, Br) react
with P4 to generate the bimetallic complex {Cp*Ru(PCy3)}{Cp*Ru}(m,h

2:4-P4X2), in which the planar P4X2 ligand is best described
as a tetraphosphabutadiene, XeP]PeP]PeX.209 In further reactivity, the halogen atom was sequentially removed from the phos-
phorus ligand using either GaCl3 (remove one halide) or Mg (remove two halides) (Scheme 18). The study also described the reac-
tion with nBuLi that alkylated the P4 group to generate the [{Cp*Ru}(m3,h

2:4:4-P4{nBu}2){RuCp*}]2 dimeric cluster.
Low-valent cobalt compounds have also been investigated as reagent for the activation of E4 (E ¼ P, As). The formally zero-

valent cobalt complex, K2[{Co(MeBDIDipp)}2(m,h
1:1-N2)] was reacted with P4 to give a mixture of the P-containing anions

[K(THF)6][{Co(MeBDIDipp)}2(m,h
4:4-P4)] and [K(THF)6][{Co(MeBDIDipp)}2(m,h

3:3-P3)] containing the cyclo-(P)4 and cyclo-(P)3
groups, respectively.210 When Co(RBDIDipp)$(toluene) (R ¼ H, Me) or [Co(MeBDIDep)]2 were used, the neutral species {Co(RB-
DIR2)}2(m,h

4:4-P4) (R2 ¼ Dipp, Dep) were obtained.211 In a separate study, the cobaltate anion, [(PHDI)Co(h4-cod)]�

(PHDI ¼ (Dipp)2phenanthrene-9,10-diimine) was reacted with P4 to generate the cyclo-(P)4 complex, [K(18-c-6)][(PHDI)Co{h4-
cyclo-(P)4}].

212 Addition of R2PCl (R ¼ Cy, tBu, pH, Mes, NiPr2) to this product functionalized the phosphorus ring to give
(PHDI)Co(h4-P5R2), which contains the P5-ring in an envelope conformation.

The cobalt complex {Cp000Co}2(m,h4:4-C7H8) was reacted with P4 at 0 �C to give the cyclo-(P)4 complex Cp000Co(h4-P4).213 When
the reaction mixture was allowed to warm to room temperature, the compound converted to two isomeric species with formula
{Cp000Co}2(m,h4:2:1-P8), which differ in how the P5-P3 ring topology binds to the cobalt centers. When the same cobalt complex
was reacted with As4, a mixture of arsenic Asn-ligands were formed at the metal centers.214 Structurally characterized examples iso-
lated from the mixture include [Cp000Co(m,h2:2-As2)]2, {Cp000Co}4(m4,h4:4:2:2:1:1-As10) and {Cp000Co}3(m3,h4:4:2:1-As12), which were
all separated from the mixture and fully characterized. The first of these compounds was shown to be a triple decker compound
with two As2-units in the middle deck, each with bond lengths consistent with double bonds. The As10-unit in the second complex
was considered as an ‘all arsenic’ analogue of dihydrofulvalene consisting of two As5-rings joined by an AseAs bond and the last
compound from this list was related to the As10-complex by replacing one of the ‘As5(Cp000Co)2’ units with a norbornane-like
‘As7(Cp000Co)’ unit (Scheme 19).

It was also shown that low-valent cobalt compounds of general formula Co(R1BDIR2)(toluene) (R1 ¼ H, Me; R2 ¼ Dmp, Dipp)
oxidatively cleave AseAs bonds in As4.

215 The BDI-ligand substitution pattern was found to influence the Co2As4 core of the prod-
ucts (Fig. 32), with trans-octahedral (Fig. 32A. R1 ¼ H, R2 ¼ Dipp), trigonal prismatic (Fig. 32B. R1 ¼Me, R2 ¼ Dmp) and
‘asterane-like’ (Fig. 32C. R1 ¼ Me, R2 ¼ Dipp) structures reported. Heating the latter compound thermally extruded a single ‘As’
atom to afford {Co(MeBDIDipp)}2(m,h

3:3-As3). This study was subsequently extended to the corresponding low-valent iron
compounds, Fe(R1BDIR2)(toluene).216 In this case, the sterically more demanding Dipp-substituted ligands afford bimetallic
{Fe(R1BDIDipp)}2(m2,h

4:4-As4) complexes containing the cyclo-(As)4 group, whereas the sterically less demanding Dmp substituted
ligands lead to formation of the realgar-type As8 cluster, {Fe(R1BDIDmp)}4(m4,h

2:2:2:2-As8). A related {Fe(tBuBDIDipp)}2(m4,h
2:2-As2)

compound was accessed from the reaction of Fe(tBuBDIDipp)Cl with Na[OCAs]$(dioxane)2.1 (a source of the arsaethynolate anion
[AsCO]�).217 This Fe2As2-species was used as a single source precursor to FeAs nanostructured materials.

Reaction of the coordinatively and electronically unsaturated nickel(0) complexes Ni(NHC)2 (NHC ¼ HIMes, HIDipp) with P4
gave a series of NixPy cluster compounds.218 For example, reacting Ni(HIMes)2 with P4 in toluene gave Ni3P4(

HIMes)3, consisting of
a Ni3 triangle capped on each face by a phosphorus atom, one of which is part of a P3-chain. Repeating the reaction in THF afforded
a mixture of Ni3P6(

HIMes)3, comprised of a distorted trigonal prism of six P-atoms capped on each face by Ni groups, and {Ni(HI-
Mes)}2(m,h

5:5-P5). Changing to the bulkier HIDipp carbene gave Ni3P8(
HIDipp)3 as an eleven-vertex closo-cluster. The related Ni(I)

complexes CpNi(NHC) (NHC ¼ HIMes, HIDipp) reacted with P4 to give the bicyclo[1.1.0]tetraphosphabutane products,
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{CpNi(NHC)}2(m,h
1:1-P4).

219 A reversible insertion reaction was noted when these compounds were exposed to phenylisothiocya-
nate, affording an unusual bicyclo[3.1.0]-2-thia-1,4,5,6-tetraphosphahexane group.220

1.19.5.2.3 Activation of P4 and As4 with lanthanide and actinide (f-block) reagents
A four-coordinate yttrium complex supported by the N,N0-Dipp2-1,4-diazabutadiene ligand, a 2-N-dimethylbenzyl group (R) and
THF was reacted with P4 to give the 1,2-R2-cyclo-(P)4 ligand which bridges two metal centers.221 This species converted into the R2P-
substituted cyclo-(P)3 complex on heating, and eliminated one equivalent of PR3 when KR was added to afford the a complex con-
taining the (m,h3:3-P3)-ligand.

A study examining the reaction of P4 with rare-earth metallacyclopentadienes [Li(THF)3][Cp*
RLnCl(C4Ph2{SiMe3}2)] (R ¼ Me,

Ln ¼ Lu and Y; R ¼ SiMe3, Ln ¼ Lu) showed a related extrusion of ‘P’ from P4 to form a three component mixture (Scheme 20).222

Analysis revealed formation of the phospholyl lithium species [Li(THF)2][2,5-(SiMe3)2-3,4-(Ph2)C4P], [Cp*
RLnCl2]3 and a new

organolanthanide anion in which a P3 unit was trapped in a bicyclo[4.1.0]triphosphaheptanide ligand. This unusual bicyclic ligand
which binds to the lanthanide metal via 2 carbon atoms and all three phosphorus atoms, with the unique P-atom forming a bond to
the Li(THF)3 counter-ion.

The bimetallic ferrocene dianionic, diamido ligand Fc{NSitBuMe}2 (NNFc) has been used to support lanthanum and lutetium
compounds {(NNFc)M}2(m-C10H8) (M ¼ La, Lu) that incorporate a bridging naphthalene ligand. These react with P4 to give the
heptaphosphanortricyclane complex {(NNFc)M}3(P7), regardless of the stoichiometry of the reaction.223

Extending this area of metal activation of P4 to the actinide elements, it was shown that uranium is active toward the conversion
of P4 into P7-cluster species.

224 The 1:1.1 stoichiometry reaction of {U(TsTol)}2(m,h
6:6-C7H8) (Ts

Tol ¼ [HC(SiMe2NAr)3]
3�, Ar ¼ 4-

MeC6H4) with P4 afforded the tris-uranium complex {U(TsTol)}3(m3,h
2:2:2-P7) (Fig. 33). It was shown that the reaction of this

complex with the electrophilic reagents Me3SiCl, LiCl (in tmeda), MeI and PhI enabled the cage to be isolated as P7R3 (R ¼ SiMe3,
Li(tmeda), Me and Ph, respectively) species.

Fig. 32 Different Co2As4 core structures in {Co(R1BDIR2)}2(m-hx:y-As4). (A) R1 ¼ H, R2 ¼ Dipp; (B) R1 ¼ Me, R2 ¼ Dmp; (C) R1 ¼ Me, R2 ¼ Dipp.
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1.19.5.3 Synthesis of polycyclic catena-pnictogens from other sources

Although the reactivity of the P4 allotrope has dominated the molecular chemistry of phosphorus, a report of the generation of
soluble polyphosphide anions from polymeric red phosphorus offers possibilities for further chemistry starting from this more
stable source of the element. The reaction of commercial red phosphorus with potassium ethoxide gave mixtures of [P5]

�,
[P16]

2� and [P21]
3�, with a crystal structure of the P16-dianion reported as the [N(nBu)4]

þ salt.225

Although the exo,exo-derivative of Mes*(P4)Mes* (containing the bicyclo[1.1.0]tetraphosphabutane arrangement of phosphorus
atoms) was reported in 1995,226 attempts to repeat the preparation afforded a mixture of the exo,exo- and exo,endo-isomers, allowing
the latter to be fully characterized for the first time.227

It was shown that the diarsadiazanediyl compound [TerMesNAs]2, an arsenic centered biradical consisting of As2N2 core, reacts
with PhP]PPh (generated in situ from the magnesium reduction of phenyldichlorophosphane) via a [2 þ 2] addition to give the
[2.2.1]-bicyclic species.228

The hexa-tBu-octaphosphane [cyclo-(P4tBu3)]2, consisting of two four-membered P4-rings joined by a PeP bond, was prepared
by the reductive coupling of two cyclo-(P4tBu3Cl) units.

229 The compound is a versatile ligand with examples of its complexation at
AuCl, RhCl(CO), PdCl2, Co(CO)(NO), CuBr (Fig. 34) and PdPPh3 fragments with a k2P2,P40-coordination mode.230 Addition of
a second equivalent of CuBr to the copper complex generated a dinuclear metal complex with a k2P2,P20,k2P4,P40-coordination.
When hexa-tBu-octaphosphane was reacted with Lewis acidic metal centers MX2 (M ¼Mg, Mn, Fe, Co, Zn, Cd, Sn and X ¼ Cl,

Fig. 33 Molecular structure of {U(TsTol)}3(m3,h2:2:2-P7).

Fig. 34 Molecular structure of copper(I) bromide complex with a k2P2,P40-(hexatBu-octaphosphane) ligand.
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Br) an unexpected isomerization was observed to form the constitutional isomer 2,20,200,2000,3,30-hexa-tBu-bicyclo[3.3.0]octaphos-
phane.231 Once isolated, this new bicyclic octaphosphane was also used as a ligand for ‘AuCl’ and ‘PdCl2’ groups.

The versatile As(V) reagent Ph3As(OTf)2 facilitates the reductive coupling of PCl3 to afford the tricationic [P7(AsPh3)3][OTf]3 salt
in a one pot reaction.232 The molecular structure of the product shows that the three AsPh3 groups are coordinated to the bridging
phosphorus atoms of a heptaphosphanortricyclane cage. The PeP bond lengths are comparable to other [P7R3]

3� clusters suggest-
ing little influence from the AsPh3 substituents.

Although less well developed than the polycyclic chemistry of the lighter pnictogens, the construction of polybismuthane
compounds has been demonstrated by a controlled bond formation approach, giving access to Bi4 and Bi8 cluster species.233

The reaction of Cp*2BiCl with Ga(MeBDIDipp) generated the thermally unstable dibismuthane [{Ga(MeBDIDipp)Cl}Bi]2, which
formed the tetrabismuthane product {Ga(MeBDIDipp)Cl}2(m,h

1:1-Bi4) with the bicyclo[1.1.0]butane arrangement of bismuth atoms
on warming to room temperature. The reaction of tetraphenyldibismuthane with Jones’ Mg(I) reducing agents was also studied,
affording the tetra-magnesium coordinated Bi8 cluster, {Mg(MeBDIMes)}4(m4,h

2:2:2:2-Bi8) (Fig. 35). The analogous Sb4-
234,235 and

Sb8-clusters
21,236 have also been isolated using similar synthetic strategies, as well as the corresponding {Cp*2Sm}-supported

Sb8-cluster, which was isolated from heating a mixture of antimony amalgam with Cp*2Sm to 120 �C for 2 days.237

During research into the formation of SbeBi bonds from themetathesis of ‘R2SbLi’ and R2BiCl (R2 ¼ [Naph(NSiR3)2]
2�), (Naph

{NSiR3}2)SbCl was reacted nBuLi in an attempt to make the stibanide anion. However, the instant formation of an insoluble red
product was observed, which was identified crystallographically as the Sb12 cluster consisting Sb8-realgar core supported by four
‘Sb(Naph{NSiEt3}2)’ groups bonded via additional SbeSb bonds.17

1.19.5.4 The chemistry of non-metalated polycyclic catena-pnictogens

The reaction of the protonated heptaphosphide anion [HP7]
2� with E{N(SiMe3)2}2 (E ¼ Ge, Sn, Pb) proceeded via protonolysis of

one of the EeN bonds to give the substituted anions, [P7(E{N(SiMe3)2})]
2�.238 The tin and lead compounds were stable, but the

germanium analogue decomposed at room temperature to give the dimeric anion, [(P7Ge)2N(SiMe3)2]
3�.

The nature of the products of the reaction between the silicon complex (L)Si(h2-P4)
239 (L ¼ [HC{C(Me)NDipp}{C(CH2)

NDipp}]2�) and the Ni(0) source, Ni(NHC)(vtms)2 (NHC ¼ HIMes, HIDipp; vtms ¼ vinyl trimethylsilyl) was found to be temper-
ature dependent.240 At �50 �C, both derivatives formed the bis-substituted Si complex, {(L)Si(m,h2:2-P4)}Ni(NHC), which
contains two bridging P4-groups that each bind in a side-on mode to the Ni. At room temperature the HIDipp derivative formed
the mono-adduct {(L)Si(m,h2:2-P4)}Ni(HIDipp) whilst at 60 �C, an asymmetric Ni2Si2P8 cluster was formed.

The neutral trisubstituted cluster P7(SiMe3)3 reacted with CuCl(HIDipp) to form the h4-bonded anion [(HIDipp)
Cu(P7{SiMe3})]

� as the [Cu(HIDipp)]þ salt (Fig. 36).241 In contrast, the corresponding reaction with AuCl(HIDipp) gave the
neutral trimetallic compound {Au(HIDipp)}3(P7) containing three linear Au(I) fragments bonded to the cluster.

The [DippP5Cl][GaCl4] salt (formed from the insertion of [DippPCl]þ cations into a PeP bond of P4)
242 reacted with the chlo-

rinated N-heterocyclic carbene (ClIDipp) via a [3 þ 2] fragmentation to form P2 and P3
þ species, (ClIDipp)P2(Dipp)Cl and [{(ClI-

Dipp)P}2P][GaCl4].
243 Related [P5R2][GaCl4] (R ¼ iPr, Mes) salts react with [CpbigFe(m-Br)]2 or K[Cpbig] to afford bicyclo[1.1.0]

pentaphosphanes with a nonsymmetric substitution pattern.244 When [CpbigM(m-Br)]2 (M ¼ Co, Ni) was used, [CpbigCo(h4-
P5R2)]

þ and [{CpbigNi}2(h
3:3-P5R2)]

þ were produced.

Fig. 35 Molecular structure of {Mg(MeBDIMes)}4(m4,h2:2:2:2-Bi8).
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1.19.5.5 The chemistry of metalated polycyclic catena-pnictogens

Reaction of the gallium complex {Ga(MeBDIDipp)}(h1:1-P4) with R2PX (R ¼ Ph, Cy, Mes, C6F5; X ¼ Br, Cl) afforded the endo,exo-
pentaphosphanes, which isomerized to the corresponding exo,exo-isomers.245 During this study it was found that the pentafluor-
ophenyl product {Ga(MeBDIDipp)Br}(m,h1:1-P4){P(C6F5)2} dimerized to generate a decaphosphane, in which the exo,exo[1.1.0]
octane bicycle is linked to a bis(phosphanyl)-substituted four membered ring, and that this species spontaneously eliminated
(C6F5)4P2 to afford the tetracyclo[3.3.0.02,7.04,6]octaphosphane {Ga(MeBDIDipp)Br}2P8 (Scheme 21). It was also shown that

{Ga(MeBDIDipp)}(h1:1-P4) reacted with [K(Et2O)][(MesBIAN)Co(h4-1,5-cod)] to afford [K(dme)2][{(
MesBIAN)Co}(m,h4:2-P4)

{Ga(MeBDIDipp)}] containing a non-cyclic P4-ligand bridging the two metals.147 When the anthracene complexes [K(18-c-
6)(THF)2][Fe(h

4-C14H10)2] or [K(dme)2][Co(h
4-C14H10)2] were used as a source of low-valent transition-metal, analogous

m,h4:2-P4 chains were formed.246

{Cp000Fe(CO)2}2(m,h
1:1-P4) was reacted with different iron complexes to promote rearrangement of the P4-ligand.

247 Reaction
with FeBr2(dme) resulted in coordination of the FeBr2 fragment to the wing-tip P-atoms in the tris-iron complex

Fig. 36 h4-bonded [P7(SiMe3)]2� at a Cu(I) center in the anion [(HIDipp)Cu(P7{SiMe3})]� ([Cu(HIDipp)]þ cation omitted).
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{Cp000Fe(CO)2}2(m3,h
1:1:2-P4){FeBr2}, whereas reaction with [Fe(MeCN)6][PF6]2 gave the sandwich compound [{(Cp000Fe(-

CO)2)2(m3,h
1:1:4-P4)}2Fe][PF6]2, in which the P4-ligand transformed to the 6p aromatic P4R2-ligand.

The chromium complex {Cp*Cr(CO)3}2(m,h
1:1-P4) will coordinate a tungsten carbonyl group in the trimetallic

{Cp*Cr(CO)3}2(m3,h
1:1:1:1-P4){W(CO)4}.

248 In contrast, reaction with Cr and Mo carbonyl fragments proceeded to the stepwise
formation of {Cp*Cr(CO)2}2(m3,h

3:1:1-P4){M(CO)5} and {Cp*Cr(CO)2}2(m4,h
3:1:1:1-P4){M(CO)5}2 containing folded cyclo-P4

units.
An approach to mixed PnAsm ligands has been successfully developed, based on the reaction of the bimetallic {Cp000Fe(-

CO)2}2(m,h
1:1-P4) with As4, which yields {Cp000Fe}2(m,h4:4-PnAs4-n) and Cp000Fe(h5-PnAs5-n).249 The crystal structures show these

to contain mixtures of the [P3As]/[P2As2] and [P4As]/[P3As2]/[P2As3] ligands, respectively.

1.19.6 Miscellaneous reactions forming catena-polypnictogens

The short section collects together reactions that generate a range of catena-pnictogen containing molecules that do not fit in well
with the previous classifications but are worthy of inclusion in this chapter.

Phosphaalkynes (ReC^P) are known to react with themselves under various conditions to generate different oligomers, some
of which contain PeP groups. An unusual cascade reaction involving four consecutive [4 þ 2]/[4 þ 2] phospha-ene/[4 þ 2] steps
was noted when di-2-pyrone was exposed to excess trimethylsilylphosphaalkyne Me3SieC^P.250 The polycyclic triphosphatricyclo
[3.2.1.02,7]oct-3-ene product was formed in high yield, and was applied as a ligand at Au(I) and Cu(I) centers.

The reaction of K5Bi4 with M(h6-Ar)(CO)3 (M ¼ Cr, Ar ¼ C6H6; M ¼Mo, Ar ¼ C7H8) and 2.2.2-cypt in liquid ammonia
afforded the [(h3-Bi3)M(CO)3]

3� anions containing the cyclic tribismuthide ion, [Bi3]
3�.251 These compounds complete the series

of h3-E3 ligands that have previously been reported for E ¼ P, As and Sb.
The addition of ECl3 (E ¼ As, P) to [NEt4]2[AsH{Fe(CO)4}3] generated amixture of compounds fromwhich the octahedral clus-

ters [NEt4][Fe2(CO)6(m3-As){m3-EFe(CO)4}2] were isolated.252 Crystallographic analysis revealed a square-based pyramidal core
with an AsE2Fe basal plane and apical Fe(CO)3 unit.

The reaction of SbCl3 with tin granules in the presence of mercury gave the Sb/Hg amalgam as a grey solid. Powder X-ray diffrac-
tion gave peaks that could be assigned to elemental antimony allowing this material to be investigated as a source of Sb(0).237 The
reaction of Sb/Hg with Cp*2Sm gave a mixture of products including {Cp*2Sm}2(m-h

2:2-Sb2) and the mercury bridged species
{(Cp*2Sm)2Sb}2(m-Hg). The product mixture also contained a Sb8Sm6Hg cluster in which two Sb4 [1,2]-edge missing tetrahedra
are joined bonded to a central m-Hg atom within an SbeHgeSb unit (Fig. 37).

The bimetallic Bi4{Fe(CO)3}3 cluster contains a Bi4 core with 3 � Fe(CO)3 groups m3-capping three of the four faces.253 The
compound crystallized as toluene solvate and X-ray analysis showed that in the solid state the Bi4Fe3 core is encapsulated with
toluene solvate molecules that interact via low-valent Bi/p(arene) contacts.

1.19.7 Conclusions

The chemistry of catena-pnictogen compounds containing chains, rings and clusters of (E)n atoms (E ¼ P, As, Sb and Bi) since the
year 2013 has been surveyed. Dipnictogens represent the simplest examples of such compounds, with the addition of further E-
atoms either extending the chain or closing the ring in cyclic systems. Both classes of compounds exist as both independent species
supported by ancillary ligands, or as a component of a coordination compound at a metal center. More complex three-dimensional
structures composed of polycyclic systems are also included, with individual cyclo-(E)n units either linked by additional EeE bonds

Fig. 37 Molecular structure of [{Cp*2Sm}3(m3,h2:2:2-Sb4)]2(m-Hg).
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or fused into clusters. The structural aspects of each class of compound have been reported as well as key details of their synthesis
and reactivity.

It is this author’s opinion that advances in analytical and computational techniques that complement existing knowledge in the
field ensure that the area of catena-pnictogen chemistry is in a healthy position for its continued growth and development as
a research topic. It is anticipated that this will lead to the contribution of many new and unusual compounds containing the pnic-
togens to the scientific community, advancing the understanding of the fundamental chemistry of these elements.
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Abstract

Zintl chemistry is an aged and vital research topic in inorganic chemistry and attracts much more attention of inorganic and
theoretical chemists as well as materials scientists. Its antiquity lies in durable research interests from 1890s to now; however,
the thriving innovative potential in interdiscipline is the embodiment of its vitality. In the past two decades, Zintl chemistry
has experienced an unprecedented renaissance as a result of many important breakthroughs in the synthetic methods,
characterization techniques and quantum chemical calculations. This chapter will report systematically on the synthesis of
related anions or clusters, which includes intermetalloid and heterometallic clusters as well as their derivatives functionalized
with organic-group(s). We will also discuss the formation mechanisms of Zintl anions in solution by ex situ investigations
(the characterization and even isolation of key intermediates) and quantum chemical investigations. Additionally, the
chapter will shed light on the relationships between the electronic structures and topologies by some selected examples.
Finally, some recent progress of material science using Zintl cluster as precursor will also be shown in the end of this chapter.

1.20.1 Introduction

1.20.1.1 The development of Zintl chemistry

The intrinsic appeal of Zintl chemistry lies in the fact that Zintl anions are building blocks which can, through the judicious use of
oxidizing agents, be used to generate higher nuclearity clusters and hybrid materials. Those newly formed materials often exhibit
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unprecedented structural motifs and unique modes of bonding, and have, as a result, captured the attention of theoretical chemists
as well as materials scientists interested in exploiting their extraordinarily versatile structural chemistry. The field of Zintl chemistry
can be traced back to experiments by Joannis performed in 1891, which showed that main group (semi)-metals can react with the
liquid ammonia solutions of sodium.1 Based on electrochemical data, Smyth and Kraus2–4 subsequently predicted the presence of
highly negatively charged poly-anions but it was not until 1931 that Eduard Zintl confirmed the compositions of these solutions
using potentiometric titrations.5 Zintl also noted the similarity between the soluble poly-anions formed by reduction of metals and
those obtained from dissolution of the binary alloy Na4Pb9 in liquid ammonia. Some 10 years later, in recognition of the pioneer-
ing work of Zintl, Laves coined the word ‘Zintl phase’ to describe these alloy materials.6 From that promising beginning, relatively
little progress was made until the 1970s, probably due to their extreme air sensitivity and the lack of high-vacuum experimental
apparatus. The first characterization of a Zintl anion by X-ray single-crystal diffraction, a nido-type Sn9

4� anion obtained from disso-
lution of a NaeSn alloy in liquid ammonia, was reported by Kummer and Diehl in 1970.7,8 The advent of cation sequestering
agents such as 2,2,2-crypt and 18-crown-6 allowed for a rapid expansion of the field, and the reactions of Zintl anions with tran-
sition metal complexes such as Pt(PPh3)4

9 and Cr(CO)3(Mes)10 gave rise to a new class of compounds containing both transition
and main-group metals. In more recent times, Zintl chemistry has very much been focused on their unique structural chemistry and
chemical bonding patterns, and the emergence of density functional theory as a reliable computational tool has played a significant
role in expanding our understanding of increasingly complex structures. More recently, attention has turned to mechanistic ques-
tions, relating both to cluster growth and to catalysis of small-molecule activation. The significant recent developments in the field
can broadly be grouped into four distinct categories: (1) the synthesis of homoatomic and heteroatomic Zintl anions, organic
ligand-protected Zintl anions and Zintl clusters with transition metal atoms; (2) the study of the electronic structure and bonding
of Zintl anions; (3) the elucidation of cluster-growth mechanisms for Zintl clusters, an area where quantum chemical calculations
have played a particularly prominent role and (4) the incorporation of Zintl phases or clusters into hybrid materials. An 2010 article
entitled “Zintl anions” featured in Comprehensive Inorganic Chemistry II, in which Corbett discussed their history, synthetic routes
and reactivity. The field has moved on substantially over the past decade, with many new types of cluster anions being formed, and
our understanding of their electronic structures and bonding has also evolved through concepts such as superatoms and “aroma-
ticity.” Our purpose in this chapter is to review these advances in the decade since the publication of Comprehensive Inorganic
Chemistry II.

1.20.1.2 Definitions

The broad subject of Zintl chemistry encompasses studies of Zintl phases as well as of salts containing discrete Zintl polyanions.
Zintl phases, typically formed through high-temperature solid-state techniques, contain (semi-)metal polyanions along with
alkali/alkaline-earth metals which are directly bound to the clusters whereas Zintl salts are generally based on discrete anions
and sequestered or complex cations such as [K(2.2.2-crypt)]þ, [Na(18-crown-6)]þ and [(C4H9)4P]

þ. The distinction is, however,
not absolutely clear, and there are many examples where both directly-bound and sequestered alkali metal cations are present in
the same compound. In this chapter, we focus on the Zintl salts and the related solution-based chemistry. The diverse nature of the
field requires a clear frame of reference, and for that purpose we adopt the following conventions: clusters containing only main
group (semi-)metal atoms are described as “Zintl anions” or “Zintl polyanions” (e.g., Ge9

4�.11 Sb7
3–12 and (Sn2Sb2)

2�).13 If a struc-
ture contains both main group and transition metal elements, the term “Zintl cluster” is more appropriate and more widely used.
From a structural perspective, Zintl clusters can be divided into two classes based on the presence or absence of one or more tran-
sitionmetal atoms/ions at the center of the cluster. For the former, we will adopt Fässler’s definition: an inter-metalloid cluster is one
where one or more inner (usually transition) metal atoms is encapsulated inside a cluster shell made up of a significantly larger
number of (semi) metal atoms.14 Inter-metalloid clusters of this type can be written as [Mx@Ey]

q� or [Mx@EyMz]
q� (M: transition

metal, lanthanide, or actinide atoms; E: p-block (semi) metal atoms), where x is generally much smaller than y or y þ z. Examples of
this kind include [Pt@Pb12]

2–15 and [Zn@Zn5Sn3Bi8]
4�).16 In contrast, clusters such as [Bi4Ni4(CO)6]

2–17 which lack a transition
metal atom/ion at their center will be termed “heterometallic clusters” and designated as [EyMz]

q�.

1.20.2 New members of main group Zintl polyanions

Beyond the definitions noted in the previous paragraph, main group Zintl poly-anions can be further divided into homo- and
hetero-atomic cases. The utility of Zintl poly-anions as building blocks in the construction of novel Zintl anions or clusters will
be documented in Sections 1.20.3 and 1.20.4, so we begin this review with a summary of the many new homo- and hetero-
atomic Zintl anions that have emerged in the recent literature.

1.20.2.1 Homo-atomic Zintl anions

The nido-Tt9
4� anions of group 14 have been well established for some time, as have the 2-electron oxidized closo equivalents, Tt9

2�

(E ¼ Si, Ge) and also the radical species Tt9
3� (E ¼ Si-Pb). Smaller closo-Tt5

2� (E ¼ Si-Pb) and Tt4
4� (E ¼ Si-Pb) are known, as are the

larger Tt10
2� (Tt ¼ Ge, Pb). Icosahedral stannaspherene (Sn12

2�)18 and plumbaspherene (Pb12
2�)19 were detected in the gas phase by

Wang and co-workers in 2006, but have still not been isolated from the solution. The square antiprismatic Sn8
6� has been observed
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in the solid state but has not been isolated from solution.20 Turning to group 15, nortricyclane-type Pn7
3� and ufosane-type Pn11

3�

(Pn ¼ P-Sb) anions are well known, but the recent synthesis of analogous bismuth poly-anions Bi7
3� (Fig. 1A)21 and Bi11

3� (Fig. 1B)22

using pyridine (py) solvent as an oxidizing agent has completed the series of ufosane-type and nortricyclane-type polypnictide
anions for the pnictogens PeBi.

1.20.2.2 Heteroatomic Zintl anions

The reactivity of the Tt4
4� anions (Tt ¼ Ge-Sn) is of considerable interest because they are isoelectronic and isostructural with P4 and

As4, both of which have an extensive coordination chemistry. However, the 4� charge mitigates against solubility, and prevents
their isolation from common solvents such as en, py and DMF. One strategy to overcome this problem is to turn instead to binary
pseudo-tetrahedral Zintl anions with lower charge such as [TrBi3]

2� (Tr ¼ Ga,23 In,23 Tl24) or [Tt2Pn2]
2� (Tt/Pn ¼ Ge/P,25 Sn/

Sb,13,26 Sn/Bi,27 Pb/Bi28), all of which can be extracted from the corresponding ternary Zintl phases. Further oxidation of these
anions with solvent or organic or organometallic compounds has opened up pathways to several novel ternary clusters (Section
1.20.4.5) as well as binary Zintl anions such as [Tr4Bi5]

2–23,29 and [Tt2Pn7]
2–.16,25,28,30 For example, the eight-vertex heteroatomic

Zintl anion [Sn5Sb3]
3–31, an arachno-type cluster within the Wade-Mingos framework, has been isolated from an en solution of

K2SnSb in the presence of [nBu4P]Br (Fig. 2A). The [Sn5Sb3]
3� anion is found in the ternary cluster dimer {[CuSn5Sb3]

2�}2
26 while

different combinations of tetrel and pnictide elements are found in the family of {[AuTt5Pn3]
2�}2 anions (Tt/Pn ¼ Pb/Sb; Sn/Sb;

Sn/Bi).32 It is possible that the discrete [Pn5Tt3]
3� anions are active intermediates for the formation of the ternary hetero-metallic

clusters. A much larger binary anion, [Ge4Bi14]
4� (Fig. 2B),33 is obtained by extraction from a ternary Zintl phase with a nominal

Fig. 1 Molecular structure of new members of homoatomic Zintl anions: (A) Bi73� and (B) Bi113�.

Fig. 2 Molecular structure of new members of heteroatomic Zintl anions: (A) [Sn5Sb3]3�, (B) [Bi14Ge4]4�, (C) [Sn3Bi5]3�, [Sn3Bi3]5�, [Sn4Bi4]4�,
(D) [Pn@In8Pn12]3� (Pn ¼ Sb, Bi) and (E) [Pn@In8Pn12]5� (Pn ¼ Sb, Bi).

Zintl chemistry: From zintl ions to zintl clusters 905



composition of “K2GeBi.” The structure can be described either as two Bi7 anions connected by a zigzag Ge4 chain or, alternatively,
as a coalescence of Bi7 and Ge4Bi7 anions. The 4� charge is consistent with the pseudo-element concept in the sense that all 18
atomic centers have a stable octet (there are two 3-connected Ge� centers, two 2-connected Bi� centers, ten 3-connected Bi0 and
two 4-connected Ge0). The first hypho-type anion with a high negative charge, [Sn3Bi3]

5�.34 has also been isolated from a liquid
ammonia solution of the mixed Zintl precursors RbSn2/Rb3Bi2. This anion may be an intermediate on the pathway to the two
8-vertex anions [Sn3Bi5]

3� and [Sn4Bi4]
4–35 (Fig. 2C).

Very recently, two novel binary Zintl anions containing only Group 13 and 15 elements, [Pn@In8Pn12]
q� (Pn ¼ Sb or Bi; q ¼ 3

or 5, Fig. 2D and E),36,37 have been synthesized through wet chemical routes. The Sb compounds was obtained by the reaction of
K5Sb4 with In(benzyl)3 while the Bi analogs were formed from K5In2Bi4/ZnMes2. The tri-anions [Pn@In8Pn12]

3� are perfectly Th-
symmetric (the only structurally characterized pure inorganic anions to displaying this unusual point symmetry) and contain an
inner [Sb@In8]

21þ cube capped by six (Pn2)
4� dimers. The penta-anions, in contrast, have a rather more distorted structure consis-

tent with the reduction of In from InIII. The electronic structures of these systems will be discussed in detail Section 1.20.6.

1.20.3 Zintl anions functionalized with organic groups

1.20.3.1 Group 14 Zintl anions functionalized with main group elements or organic groups

The first example of functionalization of [E9] clusters, [Ph2Pn-(Ge9)-PnPh2]
2�.38 came from the treatment of K4Ge9 with the heavier

analogs of tri-phenylphosphine, PnPh3 (Pn ¼ Sb and Bi) and were crystallized from en/tol solutions. These anions can be viewed as
two PnPh2 fragments attached to the open face of a nido-type Ge9 cage by two exo bonds and the formation process involves a step-
wise nucleophilic attack. Subsequently, the [Ph2Sb-Ge9Ge9-SbPh2]

4� and [Ph2Sb-Ge9-Ph]
2� anions were also obtained from similar

reactions,39 along with [Ge9-TtR3]
3�, [R3Tt-Ge9-TtR3]

2�, [R3Tt-Ge9-Ge9-TtR3]
4� (Tr ¼ Sn, Ge; R ¼ Ph, Me)40 and [(SbGe8)-

SbPh2]
2�.41 where the PnPh2

�, Ph� and TtPh3
� anions act as nucleophiles. This pattern of reactivity bears close comparison, at least

conceptually, with the simpler oxidation reactions wherein the known dimer and trimer of [Ge9] can be obtained by the reaction of
K4Ge9 with PPh3 and AsPh3 in en solution.42

In addition to these oxidation reactions with PnPh3, alkylation of Ge9
4� can also be achieved by reacting with alkyl halides ReCl

to generate structures of the type [ReGe9eR]
2� and [Re(Ge9)2eR]

4� (R ¼ tBu, nBu, sBu, tAm, cPrMe).43,44 A radical mechanism has
been proposed to rationalize their formation, wherein the LUMO of Ge9

2� or the SOMO of Ge9
3� provides a low-lying orbital to ac-

commodate the organic radical, forming [ReGe9]
2� or [ReGe9]

3� fragments which can the undergo further self-oligomerization or
alkylation to afford [ReGe9eR]

2� and [Re(Ge9)2eR]
4�. The Ge9

4� anion can also react with AgMes to form [Ge9Mes]3� via the
initial cleavage of the AgeC bond (Fig. 3A).45 Interestingly, alkenylation of Ge9

4� can also be achieved by treatment with alkynes
such as HC^CePh,46 PhC^CPh,46 tBuC^CH,46 HC^CeFc,46,47 HC^CePheOMe,46,47 HC^CeCH2eNH2,

48 (Fig. 3B),
Me3SieC^CeSiMe3 (Fig. 3C),45,49,50 Me3SieC^CeImeCH3

47 and H3CeC^CeCH2eCH3,
43 affording mono-, bis- and even

tris- vinyl-substituted [Ge9] clusters, the vinylization being completed by capture of protons from the en solvent. When 1,4-

Fig. 3 Representative examples of Group 14 Zintl anions decorated with organic groups: (A) [Ge9Mes]3�, (B) [Ge9(CHCHCH2NH2)2]2�, (C)
[(CH2CH)Ge9Ge9(CHCH2)]4�, (D) [Ge9(CHCHCHCH)Ge9]6�, and (E) [(CH2CH)Ge9(CH)4Ge9(CHCH2)]4�.
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bis(trimethylsilyl)butadiyne is allowed to react with Ge9
4� in en solution, a remarkable 1,3-butadiene-1,4-diyl-bridged structure,

[Ge9eCH]CHeCH]CHeGe9]
6–51 (Fig. 3D). The two available reaction sites on the C4-linked dimer with can be further func-

tionalized by organic groups, affording extended delocalized systems such as [CH2]CHeGe9eCH]CHeCH]CHeGe9eCH]

CH2]
4� (Fig. 3E)52 and [NH2N(CH2)2]CHeCH]C(CH3)eGe9eCH]CHeCH]CHeGe9eC (CH3)]CHeCH]

N(CH2)2NH2]
4–52.

In an elegant extension of the extensive alkylation and alkenylation chemistry reported in the previous paragraph, the analogous
silylation reactions of Ge9

4� have also been reported. The hypersilyl (Hyp, Si(SiMe3)3) trisubstituted monoanion
[Ge9{Si(SiMe3)3}3]

� (Fig. 4A) was first synthesized in low yields by the Schnepf group by the disproportionation of GeI,53 but
Sevov subsequently reported its isolation in quantitative yield from the reaction of K4Ge9 with HypCl in acetonitrile.54 The mono-
anion is very soluble in commonly-used organic solvents (acetonitrile, tetrahydrofuran, toluene), which offers opportunities to
probe its reactivity toward transition metal organometallics (which will be the subject of Section 1.20.4.2.3) as well as main-
group organometallics and organic halides. The reactions with main-group organometallics and their halides, as well as organic
halides, afford a range of the tetra-substituted neutral clusters including [Ge9{Si(SiMe3)3}3R] (R ¼ SnPh3 (Fig. 4F),55 SnnBu3, Et
(Fig. 4G),56 or Tl (Fig. 4E).56 The alkenyl-functionalized neutral deltahedral [Ge9] anions, [Ge9{Si(SiMe3)3}3(CH2)3CH]CH2]
and [Ge9{Si(SiMe3)3}3CH2CH]CH2],

57 have also been prepared by Fässler and coworkers through the reaction of
[Ge9{Si(SiMe3)3}3]

� with the corresponding organic halides. The corresponding acyl chlorides also react in hexane or toluene
to form the family of tetrasubstituted carbonyl-derivatized compounds [{Si(SiMe3)3}3Ge9(CO)R0] (R0 ¼ Me, tBu, iPr (Fig. 4D),
Ph, Bn, phenethyl, 4-vinylphenyl, cyclopropylmethyl).58 With the exception of the compounds with Ph or Bn substituents, the
neutral carbonyl-containing species [Ge9{Si(SiMe3)3}3(CO)R0] undergo a temperature-dependent decarbonylation process via
a radical Norrish-type I a-bond cleavage, leading to the formation of [Ge9{Si(SiMe3)3}3R0]�. Compared with the extensive chem-
istry of the hypersilyl trisubstituted monoanion [Ge9{Si(SiMe3)3}3]

�, reports of mono-silylated and bis-silylated analogs are sparse
but [CH3CH2Ge9{Si(SiMe3)3}]

2� (Fig. 4C)59 [Ge9{Si(SiMe3)2(SiPh3)}2]
2–60 and [Ge9{Si(

iBu)3}2]
2–61 (Fig. 4B) are all known. The

functionalization of Sn9
4� and the heteroatomic Ge/Sn analogs [Ge9� xSnx]

4� is relatively uncommon in comparison to Ge9
4�, and

indeed in the known [Ge9� xSnx(CH¼CHR)n]
4�n (R ¼ H, cPr, Ph)62 anions, the substituents are invariably attached to the Ge

atoms rather than to Sn, just as they are in [(SbGe8)eCH]CH2]
2–.41 All of these observations suggest that the incipient inert

pair effect in Sn acts as a barrier to bond activation at the heavier tetrel elements.

1.20.3.2 Group 15 Zintl anions functionalized with organic groups

In analogous fashion to the group 14 Zintl anions, the functionalization of group 15 Zintl anions with main group elements or
organic groups, is mainly the preserve of the lighter members of the group. A very simple example is the common observation of
the protonation of Pn

q� and Asn
q� anions in mass spectra. In condensed phases, the functionalization of poly-phosphides or poly-

arsenides can be achieved by the reduction of the P4 or As4 or, alternatively, via salt elimination reactions.63 In the latter class,
nucleophilic attack of Pn7

3� on R-X generates a series of 7-atom cages through formation of a 2center-2electron exo-bond between
the cage and the substituents. Only a single non-hydrogen-substituted [P7R]

2� cage has been characterized crystallographically,

Fig. 4 Representative examples of silylated Group 14 Zintl anions and their organic and main group derivatives (A) [Ge9R3]� (R ¼ R0 ¼ Hyp,
SiHtBu2, Si(SiMe3)2(SiiPr3); R/R0]Si(SiMe3)2(SiPh3)/Hyp), (B) [Ge9R2]2� (R]Si(iBu)3, Si(SiMe3)2(SiPh3), (C) [Ge9REt]2�, (R ¼ Hyp) (D)
[Ge9Hyp3(CO)C2H5], (E) [Ge9Hyp3Tl], (F) [Ge9Hyp3Sn(Ph)3] and (G) [Ge9Hyp3(CH2)3CH]CH2].
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that being [P7{SiMe(SiMe3)2}]
2� which was synthesized via cleavage of two R groups from neutral P7R3.

64 The di-substituted
[Pn7R2]

� cages (R ¼ Me, Et, Bu, PhCH2, EtOC(O)CH2, EtOC(O)CHMe; Pn ¼ As: R ¼ PhCH2)
65,66 were also synthesized from

the reaction of Pn7
3� with [RR0

3N][X] salts (R ¼ R0 ¼ Me, Et, Bu; R ¼ PhCH2, EtOC(O)CH2, EtOC(O)CHMe, R0 ¼Me; X ¼ Cl,
Br, I). This reaction involves nucleophilic attack by the 2-connected vertices of [Pn7]

3� (those that carry the formal negative
charges) at the a-carbon atom of the ammonium salts. The [Pn7R2]

� (R ¼ iPr, iBu) clusters67 can also be prepared by the reaction
of alkyl tosylates with Pn7

3�. Tri-substituted cages with organic, main-group, and transition-metal substituents can also be ob-
tained by salt metathesis reaction with a corresponding halide. Compounds of this type include the alkyl-substituted [P7R3]
(R ¼ Me, Et, iPr, Bu, iBu),68–70 main group-decorated [Pn7R3] (Pn/R]P/SiH3, SiH2Me, SiMe3, SiMe2PEt2, SiPh3, GeMe3,
SnMe3, P

tBu2, Sb
tBu2; As/SiMe3),

69–72 and the hetero-metallic cluster [P7{Fe(Cp)(CO)2}3].
73 Functionalization of group 15 Zintl

anions can be also achieved by using the un-catalyzed hydro-pnictination of the anions [HPn7]
2� (E]P, As) with both carbodii-

mides RN]C]NR (R]Dipp, Cy, iPr) and isocyanates RN]C]O (R¼ 1-adamantyl) (Fig. 5A and B).74–76 The [Pn7]
3�/[HPn7]

2�

(Pn ¼ P, As) clusters can also react with diphenylacetylene and phenylacetylene in DMF solution to afford a series of 1,2,3-
tripnictolide anions with the general formula [Pn3C2RR0]� (Pn ¼ P, As; R/R0 ¼ H/H, Ph/H, Ph/Ph, o-py/H, CH2NH2/H, Fc/H)
(Fig. 5C),77 which can further coordinate to an Mo(CO)3 fragment (Fig. 5D).78,79 When using diphenylacetylene and Cs3As7
as starting material in liquid ammonia, the dianion (Z)-1,2-diphenylethenyl-heptaarsenide was isolated (Fig. 5F).80 Using
Rb3As11 or Cs3As11 instead of Cs3As7 generates a diarsabarrelene, [As2C6H6]

2�, which was crystallized as the [Cs(18-crown-
6)]þ or [Rb(18-crown-6)]þ salts from liquid ammonia solution (Fig. 5E).80

1.20.4 Inter-metalloid and heterometallic clusters

Zintl anions can react with organic halides, d- or f-block organometallic complexes to form oligomers and polymers and organic
ligand-protected Zintl anions (Section 1.20.3) as well as the inter-metalloid and heterometallic clusters that are the subject of this
section. The expansion of research into inter-metalloid and heterometallic clusters in Zintl chemistry has been driven to a large
extent by their unique electronic structures as well as their potential applications. We first introduce binary inter-metalloid and het-
erometallic clusters before turning to ternary analogs.

1.20.4.1 Binary inter-metalloid clusters of the group 14 elements

The general synthetic route to binary inter-metalloid clusters of the tetrel elements containing a single transition metal atom
involves treatment of the binary Zintl phase with d- or f-block organometallic complexes in polar solvents. The resulting cluster
products can be either deltahedral and non-deltahedral with a range of different vertex counts.

1.20.4.1.1 Deltahedral clusters with 9, 10, 11 and 12 vertices
The isolobality of the tetrel elements with a BH fragment means that the structures of typical binary inter-metalloid clusters are very
similar to the isoelectronic boranes, and are generally based on triangular faces. Their electronic structures can be rationalized using

Fig. 5 Structure of the group 15 Zintl anions functionalized with organic groups (A) [Pn7C(NR)(NHR)]2� (Pn ¼ P, As, R ¼ iPr, NCy, Dipp), (B)
[Pn7C(O)(NHC10H15)]2� (C) [Pn3(CR]CR)]2�, (Pn ¼ P, As, R/R0]H/H, Ph/H, Ph/Ph, o-py/H, CH2NH2/H, Fc/H) (D) [{Pn3(CR]CR)}Mo (CO)3]�

(Pn ¼ P, As, R/R0 ¼ H/H, Ph/H, Ph/Ph, o-py/H, CH2NH2/H, Fc/H), (E) [(CH]CH)3As2]2�, and (F) [As7(CPh]CHPh)]2�.
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theWade-Mingos rules developed in the context of borane chemistry. Synthetic routes to these deltahedral clusters involve either the
reaction of the binary Zintl phases, K4Tt9, with an organometallic complex with labile ligands or extraction from ternary phases that
already contain the transition metal atoms. The reported deltahedral structures with different vertex counts for group 14 elements
are listed in Fig. 6. Structurally characterized examples of endohedral 9-vertex cages include [M@Sn9]

4�(M ¼ Co, Ni) (Fig. 6A),81,82

[Ni@Tt9]
3�(Tt ¼ Ge, Sn)83,84 and [Cu@Tt9]

3�(Tt ¼ Sn, Pb)85 (Fig. 6B). The tetra-anionic clusters are obtained by the dissolution
of the corresponding ternary K-M-Sn phase from en solution, and adopt a capped square anti-prismatic shape. The tri-anions, in
contrast, are typically isolated from solutions of K4Tt9 and low-valence transitionmetal complexes, and have structures that are close
to an ideal tricapped trigonal prism. The absence of a paramagnetic moment in [Cu@Tt9]

3� indicates the presence of a closed-shell
d10 Cuþ ion. It is striking that the [Cu@Tt9]

3� clusters adopt this tri-capped trigonal prismatic shape rather than the capped square
anti-prism which would be more consistent with the nido geometry expected for a 22 valence electron count. However, 63Cu and
119Sn NMR studies on [Cu@Sn9]

3� indicated that the 9-vertex cage is highly fluxional, suggesting the energetic difference between
formally closo tri-capped trigonal prism and formally nido capped square anti-prism is, in this case, marginal.

From a coordination chemistry perspective, [M@Tt9]
q� can also act as a ligand, binding to a variety of transition metal atoms to

formmetal fragment-decorated inter-metalloid clusters such as [Co@Sn9Ni(CO)]3�, [Co@Sn9Ni(C2H4)]
3�, [Co@Sn9AuPh]

3� and
[Co@Sn9Pt(PPh3)]

3�,86 all of which can be synthesized by reacting K5Co3Ge9 with an appropriate low-valent transition metal
complex. The [Sn9] cages attached to Ni fragments adopt a C4v-symmetric mono-capped square anti-prismatic geometry, while
the Au and Pt clusters are C3v-symmetric tricapped trigonal prisms. This again seems to reflect the small energetic differences
between the two structural types. Sn clusters containing group 10 elements such as [Pt@Sn9Pt(PPh3)]

2� and [Pd@Sn9SnCy3]
2–87,88

(Fig. 6D and E), can also be obtained from Sn9
4� clusters in one-pot reactions. Germanium analogs such as [Ni@Ge9(NiL)]q� (L/

q]CO/2, PPh3/2, en/3, Fig. 6C) have been synthesized in this way, while [Ni@Ge9Pd(PPh3)]
2� has been reached through a two-

step process, involving the initial formation of [Ge9Pd(PPh3)]
3� followed by insertion of a Ni atom into the cluster framework.89

The availability of one-pot and step-wise synthetic routes hints at a complex reaction chemistry with multiple pathways leading to
the observed products.

In 2020 Sun and co-workers reported the first 11-vertex deltahedral cluster, [Ag@Pb11]
3� (Fig. 6F),90 formed from the reaction

of K4Pb9 with (AgMes)4 in en solution in the presence of 2.2.2-crypt. This anionic cluster, with a 48 (¼ 4n þ 4) valence-electron
count (if the d10 core of Agþ is ignored) adopts an approximately C5v-symmetric nido structure. The characterization of this
[Ag@Pb11]

3� cluster also offers important clues about the mechanism of formation of the larger [Au8Pb33]
6� and [Au12Pb44]

8�

clusters (Fig. 8M and N)90 reported in the same paper. These two Au/Pb clusters can be considered as the zero-valent Au5 and
Au8 subunits that are bound to three and four [Au@Pb11]

3� units via the open Pb5 face of the nido [Pb11] units, respectively.

Fig. 6 Molecular structures of intermetalloid deltahedral clusters with 9, 10, or 12 vertices and their derivatives for group 14 Zintl clusters (A)
[M@Sn9]4� (M ¼ Co, Ni), (B) [M@Tt9]3� (M/Tt ¼ Ni/Ge, Ni/Sn, Cu/Sn, Cu/Pb), (C) [(M@Sn9)Ni(L)]3�(M/L]Co/CO, Co/C2H4, Ni/CO), (D) [(M@Tt9)}
M0(L)]q� (M(¼M0)/Tt ¼ Ni/Ge, L/q ¼ PPh3/2, en/3, CO/2, CCPh/3; Tt]Sn, M(¼M0)/L/q]Pt/PPh3/2, M/Tt/M0/L/q ¼ Ni/Ge/Pd/PPh3/2; M ¼ Co,
Tt ¼ Sn, q ¼ 3, M0/L ¼ Pt/PPh3, Au/Ph), (E) [(Pd@Sn9)SnCy3]3�, (F) [Ag@Pb11]4�, (G) [(Cu@Pb11)RuCp*]2�, (H) [Ni@Pb10]2�, (I) [M@Tt12]q� (M/
Tt/q ¼ Ni,Pd,Pt/Pb/2, Au,Co,Rh,Ir/Pb/3; Ir/Sn/3), and (J) [Mn@Pb12]3�.
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DFT calculations indicated that the secondary interactions between the Pb11 units and the atoms of the Au cluster play an important
stabilizing role, and in fact they contribute more to the integrity of the clusters than direct AueAu bonding. The role of the Pb11
units is reminiscent of the ‘divide and protect’ mode of stabilizing Aux core seen in the family of gold thiolate cluster clusters
with ‘staple’ ligands, [(RS)Auþ(SR)]� and [(RS)Auþ(SR)Auþ(SR)]�. A naked [Pb11] cage can also act as a ligand to a Cp*Ru frag-
ment in the presence of 18-crown-6 to form the first non-centered Zintl icosahedron, [Cp*RuPb11]

3� (Fig. 10E) as well as the endo-
hedral Cuþ derivative [Cu@Pb11RuCp*]

2� (Fig. 6G).91

The 10- and 12-vertex clusters [Ni@Pb10]
2� (Fig. 6H)92 and [M@Pb12]

q� (M /q]Ni, Pd, Pt/293; Co, Rh, Ir/394) (Fig. 6I) can be
formed reproducibly from the reaction of naked [Tt9]

4� with the appropriate low-valent transition metal complexes, ML (ML]
Ni(COD)2, Pd(PPh3), Pt(PPh3), Co(dppe)Cl2, Rh(PPh3)3Cl and [Ir(COD)Cl]2). The [M@Pb12]

q� clusters share a common 50
(¼ 4n þ 2) valence-electron count (if the transition metal is assumed to adopt a d10 configuration) and all adopt almost perfectly
icosahedral geometries. 207Pb NMR spectroscopy of these clusters shows a marked downfield chemical shifts compared to other
reported lead clusters, which may be attributed to the s-aromatic character of the clusters in Ih point symmetry. The 52-electon
[Au@Pb12]

3� cluster has also synthesized by the reaction of K4Pb9 with Au(PPh3)Ph in py solution,95 and while the presence of
two additional electrons does not induce a transition to a recognizably nido geometry, the Pb12 unit is markedly elongated along
one 3-fold axis, consistent with a strong first order Jahn-Teller distortion in a Pb12

4� cluster which has a gg
2 configuration at the icosa-

hedral limit. The [Mn@Pb12]
3� (Fig. 6J)96 is also substantially distorted away from the perfect icosahedron, in this case along a 2-

fold axis to generate aD2h-symmetric structure. EPR spectroscopy and DFT calculations confirm that the ground state is a triplet, and
it represents the first inter-metalloid cluster incorporating an open-shell transition metal ion. The total valence electron count, in
this case including the metal d electrons, is 58, but the distribution of these electrons between the cluster and transition metal is
somewhat ambiguous. The half-filled d5 configuration at Mn appears to be a significant stabilizing influence, and so to a first
approximation the cluster can be viewed as [(Mn2þ)@(Pb12

5�)], the strong distortion along a 2-fold axis arising from a gg
3 config-

uration in this case. Distortions were also observed in the approximately icosahedral [Co@Ge12]
3�,97 which can, in the limit of

substantial elongation along one C5 axis, be viewed approximately as a sandwich cluster with a Co atom flanked by two Ge6
‘hats.’ This cluster is, however, valence isoelectronic with [Co@Pb12]

3� which is, as noted above, perfectly icosahedral, as might
be expected for a 50-electron count. Quantum chemical calculations indicate that the distortion from Ih to D5d topologies stems
from size mismatch between the embedded Co atom and the cluster framework rather than any electronic degeneracy.

1.20.4.1.2 Non-deltahedral cluster with 10 and 12 vertices
Inter-metalloid clusters with non-deltahedral geometries are very rare in group 14, the only known examples being [M@Ge10]

3�

(M ¼ Fe,98 Co99) and [Ru@Ge12]
3�.100 The [M@Ge10]

3� clusters, with pseudo D5h symmetry, were obtained through the reaction
of K4Ge9 with low-valent organometallic precursors FeAr2 (Ar ¼ 2,6-Mes2C6H3) and [Co(C8H12)(C8H13)] in en solution, respec-
tively. The TteTt bonds between two five-membered rings are slightly elongated in the pentagonal prismatic cluster (Fig. 7A).
DFT studies indicated a substantial charge transfer from the central metal to the [Ge10] cage. The [Fe@Sn10]

3� anion, valence
isoelectronic with [Fe@Ge10]

3�, is also known although the structure is highly disordered. DFT calculations revealed that the poten-
tial energy surface of [Fe@Sn10]

3� is flat, with very little energy separating three pseudo-deltahedral topologies, C2v, C3v and D4d.
Despite the disorder problem, it is clear that [Fe@Sn10]

3� is very different, structurally, from its isoelectronic Ge analog, an obser-
vation that is reminiscent of the [Co@Ge12]

3�/[Co@Pb12]
3� comparison, and again probably reflects the very small radius of the

Ge cage.101 The non-deltahedral 12-vertex cluster [Ru@Ge12]
3� (Fig. 7B) was synthesized by the reaction of K4Ge9 with

Ru(COD)(Me-allyl)2. The anionic cluster with approximate D2d symmetry can be considered as a fusion of two mutual vertical
Dewar benzene-like segments The 59 valence-electron count is one short of the 60 electrons required for an electron-precise (3-
connected) cluster. DFT calculations showed that there is extensive mixing of the Ru 4d orbitals and those of the [Ge12] unit,
but the unpaired electron occupies an orbital that is localized entirely on the Ge12 unit, consistent with the Ge hyperfine couplings
observed in the EPR spectrum.

Fig. 7 Molecular structures of inter-metalloid non-deltahedral clusters with 10, or 12 vertices, involving group 14 atoms and transition metal atoms;
(A) [M@Ge10]3� (M ¼ Fe, Co), (B) [Ru@Ge12]3�.
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1.20.4.1.3 Larger intermetalloid clusters of the group 14 elements
Larger inter-metalloid clusters (defined here as those with more than 12main-group atoms andmore than one interstitial transition
metal atom) are generally viewed as fusion products formed by the sharing of vertices, edges and faces of smaller component clus-
ters, and their complex structures present substantial challenges to electron-counting models such as the Wade-Mingos rules. An
example is the [Co2@Ge16]

� cluster which was first observed by mass spectrometry in the reaction of K4Ge9 with Co(P-
PhEt2)2(Mes)2,

102 but the structure of the cluster remained elusive as a result of extensive crystalline disorder. However, high quality
crystals were subsequently obtained by using [{(ArN)2C

tBu}Co(6s-tol)] as the Co source in place of Co(PPhEt2)2(Mes)2.
103 The X-

ray diffraction experiment showed that the anionic clusters adopt two quite distinct geometries, the so-called a and b configurations
(Fig. 8A and B), which are almost isoenergetic and are connected by several low-lying transition states. The skeleton of the a isomer,
with D2h symmetry, is approximately 3-connected and can be understood in terms of localized bonds, whereas the more highly
connected C2h-symmetric b configuration is better viewed in the framework of delocalized bonding.

The corresponding chemistry of Sn has generated a diverse range of products, all of which are based on fused deltahedral archi-
tectures. The [(Co@Sn8)Sn(Co@Sn8)]

5� cluster has been obtained by extraction from en the ternary phases K5� xCo1�xSn9 and
K4.79Co0.79Sn9 in en solution.81,104 The structure is based on a fusion of two endohedral [Co@Sn9]

q� through sharing of a Sn
vertex, and the odd number of electrons is reflected in the EPR spectroscopy. In contrast, the Ni analog [(Ni@Sn8)
Sn(Ni@Sn8)]

4�,105 formed from the reaction of K4Sn9 with [Ni(COD)2], is diamagnetic. 119Sn NMR spectroscopy at�64 �C shows
four different types of Sn atoms in the ratio expected for the equilibrium structure shown in Fig. 8C, confirming the absence of
fluxionality on the NMR timescale The Pt analog [Pt2Sn17]

4�, formed in the reaction of K4Sn9 with Pt(norbornene)3, adopts a rather
different structure with an ellipsoid shape, (Fig. 8G),106 and is, in contrast, highly fluxional in solution. Changing the organome-
tallic precursor from Pt(norbornene)3 to Pd(PPh3)4, gives rise to the 18-vertex cluster [Pd2@Sn18]

4� (Fig. 8H)107,108 where a Sn6
hexagon links the two M@Sn6 caps rather than the Sn5 pentagon present in [Pt2@Sn17]

4�. The extent to which these differences
reflect the different electronic properties of Pd vs Pt rather than subtle differences in reaction conditions remains unclear. Sun
and coworkers have recently reported two further 18-vertex clusters with an interstitial Cu4 unit, [Cu4Tt18]

4� (Tt ¼ Sn, Pb).109

The 18-vertex tin or lead cage is made up of two Tt10 “sphenocorona” fused along a Tt-Tt edge, giving an approximately D2h-
symmetric structure (Fig. 8I). DFT calculations suggest that the Cu atoms are present as Cuþ. The two Cu ions at the foci of the
Tt10 units act as a template to stabilized the Tt18 skeleton, while the outside Cu ions function as counter ions, similar to the “tightly
bound” alkali metal ions in highly charged Zintl anions such as K12[Sn@Cu12@Sn20]

110 and [K3Rh2Sn17]
3–.111

A striking example of the coalescence of small fragments into large intermetalloid clusters comes from the structure of
[(Ni@Ge9)Ni(Ni@Ge9)]

4�,112 which can be viewed either as two Ni@Ge9Ni sharing a common (Ni) vertex or, alternatively as
a Ni3 filament inserted into a [Ge18] cluster (Fig. 8D). The [(Ni@Ge9)Ni(Ni@Ge9)]

4� cluster is reminiscent of [(Ni@Ge9)
Ni(PPh3)]

2� and [(Ni@Ge9)Ni(en)]2�,83,113 in which Ni-L fragments are coordinated to the 9-atom cage in an s3 mode. The labile
ligands en and PPh3 can be replaced by an additional [Ni@Ge9]

q� unit to form the [(Ni@Ge9)Ni(Ni@Ge9)]
4� cluster. Similar

chemistry has been observed in the formation of two isomers of a Ni/Sn/In cluster, {[s3-(Ni@Sn9)]In[s
3-(Ni@Sn9)]}

5� and
{[s3-(Ni@Sn9)]In[s

4-(Ni@Sn9)]}
5� (Fig. 8E and F),114 which differ only in the identity of the countercations in the unit cell.

The s3,s3 isomer is formed from the reaction of [Ni@Sn9]
3� with In3þ in DMF in presence of 2.2.2-crypt while s3,s4 form is ob-

tained from the reaction of K4Sn9 with In(CH2Ph)3, followed by insertion of Ni0 delivered in the form of Ni(COD)2. The computed
energies of the two isomers are very similar, suggesting that the isomerism probably reflect the different packing environments in the
two crystals rather than the synthetic route by which they were obtained.

Even larger inter-metalloid clusters can also be prepared by the re-arrangement and fusion of small components such as the
[M@Tt9]

q� anion. The first triply-fused stannide [Rh3@Sn24]
5� was isolated from the reaction K4Sn9 with [(COE)2Rh(m-Cl)]2,

although a range of other products including [Rh@Sn10]
3�, [Rh@Sn12]

3� and [Rh2@Sn17]
6� could also be obtained by subtle

changes in the reaction conditions.111 The approximately C3v-symmetric geometry of the [Rh3@Sn24]
5� cluster can be viewed as

a fusion of three [Rh@Sn10]
3� subunits through sharing of rectangular edges (Fig. 8L). The simultaneous observation of

[Rh@Sn10]
�, [Rh@Sn12]

� and {K[Rh3@Sn24]
� in ESI-MS spectroscopy of the reaction mixtures, along with the acquisition of

[Rh3@Sn24]
5� via an alternative route of thermolysis of [Rh@Sn10]

3�, suggests a very dynamic solution-phase picture, with
many different species present in equilibrium. The dominant product obtained will then reflect a balance of intrinsic stability of
the anionic cluster and the lattice energy of the resulting solid product.

Some larger inter-metalloid clusters bearing M-L units have also been characterized, including [Ni2@Ge13Ni4(CO)5]
4–113 and

[Ti@Sn15Ti3Cp5]
4/5–.115 The former was isolated from an en solution of K4Ge9 and [Ni(CO)2(PPh3)2], and its 17-atom deltahedral

geometry can be viewed as a fusion of two nido 11-vertex clusters by sharing a Ge3Ni2 five-membered ring (Fig. 8K). The [Ti@Sn15-
Ti3Cp5]

4/5� cluster was obtained from the reaction of K12Sn17 with TiCp2Cl2 in liquid solution. Notably, the oxidation state of this
structure is unclear because two independent anionic clusters are balanced by nine counter cations in the asymmetric unit cell,
implying the presence of 9 negative charges distributed over the two cluster units. The [Ti@Sn15Ti3Cp5]

4/5� cluster contains two
TiCp2 groups bridging one CpTi@Sn6 unit and the central three Sn atoms further connected to the other Ti@Sn6 unit (Fig. 8J).
It is possible that the [CpTi@Sn8]

3� fragment serves as an intermediate in the growth of these larger intermetalloid clusters.

1.20.4.2 Coordination compounds and heterometallic clusters of the group 14 elements

1.20.4.2.1 Coordination compounds of Tt4
4�, Tt5

2� and Tt9
4�

The Tt4
4� anions, which are isoelectronic and isostructural with the P4 and As4, are of particular interest as a result of their flexible

coordination modes. The Tt4
4� anions are found in the binary Zintl phases K4Tt4 and also K12Tt17, which contains both Tt4

4�and
Tt9

4� in a 2:1 ratio; both phases are only soluble in liquid ammonia. The homo-atomic tetrahedral anions Tt4
4� can replace a ligand
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of a transition metal complex, coordinating either via an edge in an s2 fashion, or via a face in an s3 mode. They can also bridge two
or more transition metal atom to form dimers or one-dimensional chain structures. The [Si4(CuMes)2]

4�and
[Si4� xGex(CuMes)2]

4� clusters, obtained by treatment of the Zintl phases K6Rb6Si17 and K12Si17� xGex with CuMes, have Tt4
4�

anions decorated with M-L fragments bound in an s3 fashion via triangular faces. A closely related cluster, Sn4(ZnEt)2, was obtained
recently from the reaction of K12Sn17 with ZnEt2 in liquid ammonia (Fig. 9B).116–118 The Sn4 tetrahedron is distorted by a marked
elongation of the SneSn edge shared by the two ZnEt fragments. In contrast, the [HGe4ZnPh2]

3�cluster,119 isolated from a liquid
ammonia solution, has a tetrahedral Ge4

4� anion stabilized by a ZnPh2 molecule and an H atom bound to opposite edges (Fig. 9A).

Fig. 8 Molecular structures of larger inter-metalloid clusters for group 14 elements (A) a-[Co2@Ge16]4�, (B) b-[Co2@Ge16]4�, (C) [(M@Sn8)
Sn(M@Sn8)]q� (M/q ¼ Co/5, Ni/4), (D) [(NieNieNi)(Ge9)2]4�, (E) [{s3-(Ni@Ge9)}2In]5�, (F) [{s3:4-(Ni@Ge9)2}In]5�, (G) [Pt2@Sn17]4�, (H)
[Pd2@Tt18]4� (Tt ¼ Ge, Sn), (I) [Cu4@Tt18]4� (Tt ¼ Sn, Pb), (J) [Ti@Sn15Ti3Cp5]4�/5�, (K) [Ni2@Ge13Ni4(CO)5]4�, (L) [Rh3@Sn24]5�, (M)
[Au8Pb33]6�, (N) [Au12Pb44]8�.
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Homoleptic complexes where two tetrahedral anions coordinate to a single transition metal atom are also known, examples
including [(s3-Ge4)Zn(s

3-Ge4)]
6�.120 [(s2-Sn4)Zn(s

2-Sn4)]
6–118 and [(s2-Tt4)Zn(s

3-Tt4)]
6� (Tt ¼ Ge,117 Sn122) (Fig. 9C and D).

A related cluster [(s2-Sn4)Au(s
2-Sn4)]

7� was isolated from the reaction of K12Sn17 with Au(PtBu3)Cl in liquid ammonia and can
be viewed as an Auþ ion coordinated to one edge of each Tt4

4� anion.123 The uncoordinated edges of the tetrahedra provide further
opportunities to form one-dimension infinite chains such as Au(s2:s2-Tt4

124 and Au(s2:s2-TlSn3)
125 in the solid phase along with

the remarkable [M6Ge16]
4� (M ¼ Zn, Cd)126 clusters that will be discussed in Section 1.20.5.1. Pseudo-tetrahedral Zintl anions

[Sn2Sb2]
2�, [Ge3P]

3� and [Ge3As]
3� can also act as ligands to transition metals, for example in [Au(Sn2Sb2)]

2�,127 [Cd(Ge3P)]
3�25

and [Au6(Ge3As)(Ge2As2)3]
3�,32 where the coordination modes are similar to those in homo-atomic anionic Tt4

4�.
In contrast to the rather extensive coordination chemistry of the Tt4

4� anions, the corresponding chemistry of Tt5
2� is rather

sparse, with only one well-characterized example, [Ge5Ni2(CO)3]
2�, isolated from the reaction of KGe1.67 with [Ni(CO)2(PPh3)]

in en solution in the presence of 2.2.2-crypt.128 In this hetero-atomic cluster two NiCO fragments bind to adjacent faces of a trigonal
bipyramidal Ge5

2� unit, with a third CO unit bridging the two Ni atoms (Fig. 10A). DFT calculations indicated that the stability of
[Ge5Ni2(CO)3]

2� is dominated by four 3c-2e Ge3 s-delocalized bonds and two 4c-2e delocalized bonds between the Ni atoms and
the triangular Ge3 faces.

Coordination compounds containing the homo-atomic anions Tt9
4� are extremely common due to the ready availability of

Tt9
4� in aprotic polar solvents. The hetero-atomic closo-10 atom 22-electron cluster, [Sn9Cr(CO)3]

4�, was isolated by Eichhorn
from the reaction of K4Sn9 with Cr(CO)3Mes,10 and subsequently a series of group 6/group 14 analogs have emerged including
[s4/5-Tt9M(CO)3] (Tt ¼ Sn, Pb; M ¼ Cr, Mo, W)10,129–132 (Fig. 10B and C). In addition to these metal carbonyl complexes, the
Tt9

4� cages have been coordinated to a wide range of different M-L fragments including Ir(COD),121,133 Ni(CO),83 Pd(PPh3),
89

CuNHCDipp,134 CuPR3 (R ¼ iPr3,PCy3),
135 AgNHCDipp,136 AuNHCDipp,136 ZnMes,137 ZnPh,138 ZniPr137 and CdPh139) via the

open square face of a mono-capped square antiprism (Fig. 10D).
Coordination to naked transition metals leads to the formation of oligomers and polymers with a general formula of

[Tt9MTt9]
q� (M ¼ transition metal atom or subunit), [(Tt9M)nTt9]

q� (n ¼ 1, 3 andN). There is now an extensive literature covering
the properties of “oligomers” such as [(s4-Tt9)M(s1-Tt9)]

7� (M/Tt ¼ Cu/Ge,135 Ag/Sn136) (Fig. 10F), [(s3/4�Ge9)Zn(s
3�Ge9)]

6�

(Fig. 10J and K),140 [(Tt9)M-M(Tt9)]
6� (M/Tt ¼ Zn/Ge,141 Cd/Pb142) (Fig. 10M), [(s2-Sn9)Hg(s2-Sn9)]

6� (Fig. 10H),143 [(Ge9)
Zn(Ge9)Zn(Ge9)]

8�,141 [(Ge9)Hg(Ge9)Hg(Ge9)Hg(Ge9)]
10–144 and the polymers N

1[M(Ge9)]
2�(M ¼ Zn, Hg)141,144–146

(Fig. 11). The Tt9
4� anions are highly flexible ligands in so much as they can coordinate to transition metals via a vertex, an

edge, a triangular face or an open square face (s1, s2, s3 and s4, respectively). The spherical Zn2þ ion, for example, is known to adopt
s1, s3 and s4 modes in [(s3/4-Ge9)Zn(s

3-Ge9)]
6�, [(s4-Ge9)Zn(m2, s

1
, s

1-Ge9)Zn(s
4-Ge9)]

8� and N
1[(s1-Ge9)Zn(s

4-Ge9)]
2�.

1.20.4.2.2 Other coordination compounds and heterometallic clusters
The coordination complexes in Section 1.20.4.2.1 were derived from the Tt4

4�, Tt5
2� and Tt9

q� (q ¼ 2, 3 or 4) anions through the
replacement of ligand(s) of a transition metal complex, usually without any associated oxidation or fragmentation processes. There
are also a number of complexes formed from fragmentation and rearrangement products of the precursor anions Tt4

4�, Tt5
2� and

Tt9
q�, although the precise mechanism by which they are formed remains a matter of debate. For example, the cluster anion

[(CO)3Mo(Pb5)Mo(CO)3]
4�, which contains a planar five-membered Pb5

4� ring bridging two zero-valent Mo(CO)3 fragments in
an inverse sandwich structure (Fig. 12A),147 was isolated from an en solution of K4Pb9 with Mo(CO)3Mes in the presence of
2.2-crypt. Density functional theory suggests that the Pb5

4� unit in fact transfers two electrons to the Mo(CO)3 fragments, resulting
in a 2p aromatic Pb5

2�. A highly anionic Ge8
6� fragment with a distorted square anti-prismatic structure (Fig. 12B),148 was formed in

a reaction of K4Ge9 with Fe(cot)(CO)3 (cot ¼ cyclooctatetraene) in solution. The Ge8
6� fragment is isoelectronic with the Sn8

6� unit

Fig. 9 Structures of coordinated compounds of tetrahedral Tt44� anion. (A) [(Ph)2ZnGe4H]4�, (B) [(LMTt4ML)] (M/Tt/L ¼ Cu/Ge/Mes, Zn/Ge/Et, Cu/
Si/Mes), (C) [(s2-Sn4)M(s2-Sn4)]q� (M/q ¼ Zn/6, Au/7), (D) [(s2-Tt4)Zn(s3-Sn4)]6� (Tt ¼ Ge, Sn).
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found in A4Li2Sn8.
20 EPR spectroscopy confirms that the [Ge8Fe(CO)3]

3� cluster is paramagnetic with 21 (8 � 2 þ 3 þ 2) skeletal
electrons (the Fe(CO)3 fragment is considered as a 2-electron donor), and is isoelectronic and isostructural with the known Ge9

3�

anion. A further 9-atom cluster, [Sn8TiCp]
3� (Fig. 12C),115 has been isolated from a liquid ammonia solution of K4Sn9 and

[TiCp2Cl2], and may be an important intermediate in the formation of the larger intermetalloid cluster [Ti@Sn15Ti3Cp5]
4/5�.

The long TieSn bonds in this cluster were attributed to the high coordination number of the Ti atom (6 tin and 5 carbon atoms
in the [Sn8TiCp]

3� cluster). Similarly, a chair-like 6-membered ring bearing a high formal charge, Sn6
12�, was trapped by two

formally Nb5þ fragments in the cluster [(tol)Nb(s3:s3-Sn6)Nb(tol)]2� (Fig. 12f).149 An Mo2(CO)6 fragments with a direct MoeMo
bond can also be used to cap a Ge8 cluster in the bicapped square anti-prismatic [Ge8Mo2(CO)6]

4–.150 The skeletal electron count of
20 in this cluster, 2 fewer than the closo count of 22 for a 10-atom cage, may account for its marked distortion.

Fig. 10 Molecular structures of coordinated compounds of Tt52� and Tt9q� anions. (A) [Ge5Ni2(CO)3]2�, (B) [(s4-Tt9)M(CO)3]4� (Tt ¼ Sn, Pb,
M ¼ Cr, Mo, W), (C) [(s5-Tt9)M(CO)3]4� (Tt/M ¼ Sn/W, Pb/Mo), (D) [(s4-Tt9)ML]3� (Tt/M/L ¼ Si/Cu/NHCDipp, Si,Ge,Sn,Pb/Zn/Ph, Ge,Sn,Pb/Zn/
Mes,iPr, Sn,Pb/Cd/Ph, Ge/Cu/PiPr3,PCy3, Sn/Ag/NHCDipp, Ge/Ni/CO, Ge/Pd/PPh3, Sn/Ir/COD, Pb/Ir/COD), (E) [(Pb11)RuCp*]2�, (F) [(s1-Tt9)M(s4-
Tt9)]7� (Tt/M ¼ Ge/Cu, Sn/Ag), (G) [(Ge9)Au3(Ge9)]5�, (H) [(s2-Sn9)Hg(s2-Sn9)]6�, (I) [(Ge9)2(s6-Ge(PdPPh3)3]4�, (J) [(s3-Ge9)Zn(s3-Ge9)]6�, (K)
[(s3-Ge9)Zn(s4-Ge9)]6�, (L) [Ag(Sn9-Sn9)]5�, (M) [(Tt9)M-M(Tt)9]6� (Tt/M ¼ Ge/Zn, Pb/Cd).
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The [Ag(Sn9-Sn9)]
5� cluster, where two Sn9

4� units are oxidatively coupled, is isolated from the reaction of K4Sn9 with
[Ag4Mes4].

151 The formation of the [Ag(Sn9-Sn9)]
5� cluster involves two formal steps: (1) the oxidative coupling of two Sn9

4�

through formation of an exo SneSn bond to generate [Sn9-Sn9]
6� and (2) the coordination of the newly formed [Sn9-Sn9]

6�
‘pincer’

ligand to the Agþ ion (Fig. 10L). The related [Sn14Ni(CO)]4� cluster152 is obtained by heating a DMF solution of the known cluster
[Ni@Sn9Ni(CO)]3�. Its structure can be viewed as the coordination of a Ni(CO) fragment to a Sn14 unit formed by fusion of two
[Sn8] cages via a shared SneSn edge (Fig. 12E). Recently, a sandwich-like structure, [(Ge9)2(s

6-Ge(PdPPh3)3]
4�, was synthesized by

treatment K4Ge9 with Pd(PPh3)4. This novel structure can be considered as a Ge@Pd3 heterometallic sheet sandwiched between the
identical Ge9

2� anions with D3h symmetry (Fig. 10I).153 Quantum chemical investigations suggest a zero-valent central Ge atom in
the Ge@Pd3 unit and the cluster is supported by three 2c-2e PdeGe s bonds in Ge@Pd3, six 2c-2e PdeGe s bonds and two 4c-2e
bonds between the Ge@Pd3 sheet and the two nona-germanide caps. The sandwich structure is reminiscent of [(Ge9)Au3(Ge9)]

5�,
which contains a triangular Au3

þ cluster flanked by one mono-capped square antiprismatic Ge9
4� anion and a tricapped trigonal

prismatic Ge9
2� anion (Fig. 10G).154 Although the AueAu contacts are relatively short, in the range of 2.900–3.095 Å, DFT studies

reveal only weak AueAu interactions. The same reaction also yielded a complex cluster, [Au3Ge45]
9�, which contains four polyhe-

dral {Ge9} units covalently linked by nine further Ge atoms to form a [Ge45] pentamer (Fig. 12G),155 and three well-separated Au
atoms. DFT studies indicated that the Au ions are more highly oxidized in [Au3Ge45]

9� than in [Au3@Ge18]
5�.

1.20.4.2.3 Coordination compounds of substituted Zintl anions
The potential applications of Zintl anions in synthesis and catalysis are understood to be limited by their low solubility and high
reactivity. To address this problem, Zintl anions such as Ge9

4� and Sn9
4� have been decorated with organic ligands to improve both

solubility and stability. Alternatively, ligand-protected Zintl clusters can be obtained through the reaction of mono-halides (e.g.,
GeBr)53 with an alkali metal silyl compound such as LiHyp; Hyp ¼ Si(SiMe3)3. The tri-silylated mono-anions [Tt9(SiR3)3]

�

(R ¼ Et, iPr, iBu, TMS) prepared by either of the two methods mentioned above have good solubility in typical organic solvents
(e.g., THF, MeCN).54,156 The known tri-silylated mono-anions can further react with transition metal complexes to reduce the
charge density, a process which further enhances their potential use in applications.157 The first alkane-soluble Zintl cluster-
based homogeneous catalysis [h4-Ge9(Hyp)3]Rh(COD)158 was very recently reported by Goicoechea and co-workers, and will
be discussed in detail in Section 1.20.7. The tri-silylated mono-anions [Tt9(SiR3)3]

� coordinate to a Rh(COD) fragment via the
open square in an h4 mode to form a bi-capped square antiprism (Fig. 13A). The same coordination mode was also observed
in [{Ge9(SiPh3)2}{Cu(P

iPr3)}2]2
159 where one h4-{Cu(PiPr3)} moiety caps the open square face of {Ge9(SiPh3)2}while the other

{Cu(PiPr3)} fragment is bound to two{Ge9(SiPh3)2} units in a (m2-h
3,h1) fashion (Fig. 13B). Another closely-related dimeric

cluster is [{Ge9Hyp2Cu(P
tBu2)}2], where each {Cu(PtBu2)} fragment acts as a bidentate ligand, with h3-Cu and h1-P atoms

chelating two [Ge9Hyp2] clusters (Fig. 13C).
160

The complex coordination modes in [{Ge9(SiPh3)2}{Cu(P
iPr3)}2]2 and [{Ge9Hyp2Cu(P

tBu2)}2] contrast markedly with the
h3-coordination mode found in [(Ge9R2R0)M(L)]q,61,157,159–165 [(L)M(Ge9R2R0)M(L)],157,160,164,165 [(Ge9R3)
M(Ge9R3)],

61,157,161,166,167 [(Ge9Hyp3)Cu(Ge9Hyp3)Cu(PPh3)]
168 and [(Hyp)M0(Tt9Hyp3)M(Tt9Hyp2)M0(Hyp)].169

The coordination compounds [(Ge9R2R0)M(L)] (Fig. 13D) can be obtained by treatment [Ge9Hyp3]
� with a series of transition

metal complexes, in which the transition metal fragment was bound to an triangular face of [Ge9Hyp3]
� (R ¼ R0]Hyp/M(L)]

Ni(dppe),157 Cu(PiPr3), ZnCp*,159 (Cu, Ag, Au)NHCDipp,162 Cu(MIC/ CAAC)160; R ¼ R0 ¼ Si(iPr)3, Si(iBu)3, P(NiPr2)2,
P(NiPr2)

tBu/M(L) ¼ CuNHCDipp),61,164,165 R ¼ Hyp, R0 ¼ P(Mes)2/q ¼ 0/M(L) ¼ Cu(NHCDipp)163). Interestingly, the resulting
cluster [(Ge9R2R0)M(L)] can be further decorated with the second transition metal fragment. For example, excess [Ni(dppe)2Cl2]
can further coordinate with a second triangular face of [(Ge9Hpy3)Ni(dppe)] to produce a di-substituted cation [(dppe)

Fig. 11 Molecular structures of selected metal bridged Group 14 Zintl clusters. (A) [(Ge9)Zn(Ge9)Zn(Ge9)]8�, (B) [(Ge9)Hg(Ge9)Hg(Ge9)Hg(Ge9)]10�,
(C) N 1[(s1-Ge9)Zn(s4-Ge9)]2�, (D) N 1[(Ge9)Hg(Ge9)]2�.
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Ni(Ge9Hpy3)Ni(dppe)]þ (Fig. 13E).157 A similar di-substituted cluster [(NHCDipp)Cu(Ge9Hyp2) Cu(NHCDipp)]164 was obtained
from the acetonitrile solution of K2(Ge9Hyp2) and [Cu(NHCDipp)Cl]. The analogous Ag and Au compounds have also been
detected by NMR spectroscopy but have not been structurally characterized.164 In the case of [(Ge9R3)M(Ge9R3)] (M ¼ Zn, Cd,
Hg, Mn, Au, Ag, Cu, Pd), all the ligands of transition metal complexes such as M(L)Cl (L ¼ Cl, M ¼ Zn, Cd, Hg,159,166 Mn157;
L ¼ PPh3, M ¼ Pd/Au; L ¼ NHCDipp, M]Ag, Cu{Al[OCH(CF3)2]4}2, Ag[Al(OC4F9)4], were replaced by [(Ge9R3)] to produce
“sandwich” clusters (Fig. 13F). The six-coordinate transition metals in these clusters were sandwiched between two Ge3 triangles
of the tri-substituted Ge9 cages in an eclipsed configuration. The [(Ge9Hyp3)Mn(Ge9Hyp3)] and [Mn@Pb12]

3� clusters are both
open-shell species whose paramagnetic properties have been confirmed by EPR spectroscopy. The sandwich clusters (Ge9R3)
M(Ge9R3) can also react with transition metal fragments to form oligomeric species or one-dimension chains such as
[(Ge9Hyp3)Cu(Ge9Hyp3)CuPPh3]

168 and [HypZn(Ge9Hyp3)Pt(Ge9Hyp3)ZnHyp]169 (Fig. 13I and G), similar to [{Au(s2: s2-
Tt4)}n]

3� and [M(Ge9)n]
2� (M ¼ Zn, Hg) noted above. The Cu compound was formed in the reaction of K(Ge9Hyp3) with

CuPPh3Br in acetonitrile, while the Pt/Zn analog, the longest chain in this series, was synthesized in the reaction of [ZnGe18(Hyp)6]

Fig. 12 Molecular structures of heterometallic clusters involving the group 14 elements and transition metal elements. (A) [Pb5Mo2(CO)6]4�, (B)
[Ge8Fe(CO)3]3�, (C) [Sn8TiCp]3�, (D) [Ge8Mo(CO)6]4�, (E) [Sn14Ni(CO)]4�, (F) [(tol)NbSn6Nb(tol)]2� and (G) [Au3Ge45]9�.
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with Pt(PPh3)4 in THF solution. Only one Sn analog is known, [(Hyp)3Au(Sn9Hyp3)Au(Sn9Hyp3)Au(Hyp)3]
�,170 which was ob-

tained by reacting [Sn10Hyp4]
2� with [Au(PPh3)Hyp] in THF: the starting material [Sn10Hyp4]

2� clearly undergoes re-arrangement
while [Ge9Hyp3]

� does not. Mono-anionic [Ge9R3]
� can also react with [M(CO)3(NCMe)3] to form a bi-capped square anti-

prismatic 10-vertex cage {s5-(Ge9Hyp3)}Mo(CO)3 (Fig. 13H),171,172 along with gradual release of the NCMe ligand. Quantum
chemical investigations, indicate that the M(CO)3(NCMe)2 first coordinates to one Ge atom of the mono-anionic cluster
[Ge9Hyp3]

�, a proposal that is supported by the reaction of [Ge9Hyp3]
� with Cr(CO)5COE (COE ¼ cyclooctene) which generates

Fig. 13 Molecular structures of coordination compounds of substituted Zintl anions involving the group 14 elements and transition metals. (A)
[(COD)Rh(s4-Ge9Hyp3)], (B) [{Ge9(SiPh3) 2}{Cu(PiPr3)}2]2, (C) [{Ge9Hyp2Cu(PtBu2)}2], (D) [(Ge9R2R0)ML] (R ¼ R0 ¼ Hyp, M(L) ¼ Ni(dppe), Cu(PiPr3),
ZnCp*, (Cu,Ag,Au)NHCDipp, Cu(MIC/CAAC); R ¼ R0 ¼ Si(iPr)3, Si(iBu)3, P(NiPr2)2, P(NiPr2)tBu/M(L) ¼ CuNHCDipp), R ¼ Hyp, R0 ¼ P(Mes)2/q ¼ 0,
M(L)]Cu(NHCDipp), (E) [LM(Ge9R2R0)ML] (R ¼ R0 ¼ Hyp, M]Ni, L ¼ dppe; R ¼ R0 ¼ Hyp, L ¼ NHCDipp, M ¼ Cu, Ag, Au; L ¼ CAAC, M]Cu,
R ¼ P(NiPr2)2, R0 ¼ Cr(CO)5, L ¼ NHCDipp, M ¼ Cu), (F) [(Ge9R3)M(Ge9R3)]q�, (M/R/q ¼ Mn/TMS/0, Zn,Cd,Hg/TMS/0, Cu,Ag,Au/TMS/1, Au/iBu/1,
Pd/TMS/2), (G) [(Hyp)M0(Tt9Hyp3)M(Tt9Hyp3)M0(Hyp)]q�, (Tt/M/M0/q ¼ Ge/Pt/Zn/0, Sn/Au/Au/1), (H) [(s5-Ge9Hyp3)M(CO)3] (M ¼ Cr, Mo, W), (I)
[(Ge9Hyp)Cu(Ge9Hyp3)Cu(PPh3)], (J) [(s5-Ge9Hyp3Et)M(PPh3)] (Ni, Pd, Pt), (K) [{Ge9(SniPr3)3}Pd3{Ge9(SniPr3)3}], (L) [{Ge9(SiiPr3)3}Pd3{Ge9(SiiPr3)3}].

Zintl chemistry: From zintl ions to zintl clusters 917



[Ge9R3Cr(CO)5]
�, in which the Cr atom is coordinated to the Ge9 cage in an s1 fashion.171 The intermediate then releases MeCN

and undergoes a rearrangement process, resulting in the distorted bicapped square antiprism. A closely-related cluster [{s5-(Ge9Hy-
p3Et)}Pd(PPh3)] (Fig. 13J),

173 is the first to contain a penta-functionalized deltahedral Zintl cluster. It was synthesized by the reac-
tion of the tetra-substituted nona-germanium cluster [(Me3Si)Si]3EtGe9 with Pd(PPh3)4 in toluene solution, and its formation
mechanism is thought to be similar to those of the tetra-functionalized anions [Ge9R3M(CO)3]

�. NMR experiments suggested
that the cluster itself is not fluxional in solution, suggesting that the insertion of a {Pd(PPh3)} fragment prevents the rapid
exchange of the atoms in this cluster. In contrast, the reaction of Pd(PPh3)4 with the tri-substituted clusters [Ge9(E

iPr3)3]
�

produced the fused cluster [{Ge9(E
iPr3)3}Pd3{Ge9(E

iPr3)3}]
2�, which can be considered as two [{Ge9(E

iPr3)3}Pd3] icosahedral
clusters sharing a Pd3 face. The silyl and stannyl groups on the Pd3Ge18 core adopt eclipsed and staggered conformations
(Fig. 13K and L),174,175 respectively, presumably due to the lower steric bulk of the silyl groups. DFT studies confirmed that the
conformations of the two clusters are determined by the repulsive interactions between lone-pair electrons on the vicinal Ge atoms.

1.20.4.3 Binary intermetalloid clusters of the group 15 elements

Binary intermetalloid clusters containing group 15 elements are generally prepared by the reaction of binary Zintl phases such as
K5Pn4 (Pn ¼ P-Bi) and K3Pn7 (Pn ¼ P-Sb) with transition metal complexes in polar solvents. Common Zintl anions include Pn2

2�

(Pn ¼ Sb, Bi), aromatic Pn3
� (Pn ¼ Sb-Bi), Pn4

2� rings (Pn ¼ P-Bi) and nortricyclane-like Pn7
3�. The formation of Zintl clusters of

group 15 involves the oxidation and rearrangement of the anions mentioned above. Alternative methods to prepare novel group15
Zintl clusters include the activation of P4 and As4 and the reduction of the complexes containing Pn element (Sb2R4, [Cp*Sb]4,
SbX3, AsN and BiN). While group 14 clusters tend to adopt delocalized structures based on electron-deficient bonding, the group
15 analogs tend to form 2c-2e localized bonds. The first intermetalloid cluster of a group 15 element, [Nb@As8]

3�, was obtained
accidently by extracting the Zintl phase ‘RbAs’ with en in the presence of 2.2.2-crypt. It contains a cyclic-[As8]

8� unit, isostructural
and isoelectronic with S8 and Se8, and an endohedral Nb5þ ion.176–178 The introduction of the niobium atom resulted from oxida-
tive attack by arsenic on the Nb ampoule at the high temperature prevalent in the reaction. Since that time, a series of [M@Pn8]

q�

(M/Pn/q ¼ Nb/As/3, Mo/As/2; Cr/As/3, Nb/Sb/3, Mo/Sb/3)176–179 where cyclo-Pn8
8� is stabilized by an endohedral high oxidation

state transition metal atom (Fig. 14A), have been isolated from the reactions of K3Pn7 with the corresponding complexes of the
group 5 and 6 elements. Quantum chemical calculations indicate that the bonding between cyclo-Pn8

8� and M(8-q)- is dominated
by covalent interactions, and that the low-lying non-bonding orbitals of [M@Pn8]

q� remain available for further reaction. In addi-
tion, a series of isomorphic lanthanide ion-centered clusters [Ln@Sb12]

3�(Ln]La, Y, Ho, Er, Lu)180 was recently isolated in the
form of [K(2.2.2-crypt)]þ salts obtained from pyridine solutions of K5Sb4 and [Ln(benzyl)3(THF)3]. The structures feature three
slightly distorted Sb4 rings surrounding a Ln3þ ion (Fig. 14B), and quantum chemical calculations indicate that the interactions
between the Sb4 rings and Ln3þ ion are delocalized 5c-2e bonds. A heavier analog, [U@Bi12]

3�, is also obtained from an en solution
of [K(2.2.2-crypt)]2(GaBi3) with [U(C5Me4H)3] or [U(C5Me4H)3Cl],

24 and contains three distorted Bi4 rings, perhaps as a result of
the stronger interactions between the Bi12 unit and the central metal atom. DFT calculations showed that the [U@Bi12]

3� cluster was
formed from the stepwise replacing the ligands of the U-containing complex by Bi4

2� rings (Fig. 14C) the uranium ion acting as
a template for the process. The [U@Bi12]

3� cluster is formulated as Bi12
7� rings coordinated to a U4þ ion, a description consistent

with both the magnetic measurements and the quantum chemical investigations. A cluster with the same geometry as [U@Bi12]
3�,

[Th@Bi12]
4�.181 has also been synthesized using the ternary Zintl precursor with [Th(C5Me4H)3Cl]. DFT calculations indicated that

this cluster can be described as Th4þ embedded in a Bi12
8� shell, which is somewhat different from the [U@Bi12]

3� analog. Further
calculations suggested that the systems are aromatic due to the delocalization of 2p-electrons over the ring atoms and the large ring
current and the negative NICS value. In contrast to the non-deltahedral clusters [Ln@Sb12]

3� and [M@Bi12]
q�, intermetalloid clus-

ters with triangular faces such as [Ni@Bi6Ni6(CO)8]
4–182 and [Zn@Zn8Bi11]

5–183 have also been isolated. The Ni cluster has
a pseudo icosahedral topology (Fig. 14D), and can be considered as a chair-like Bi6 ring capped by two Ni3 triangles on opposite
sides. The eight CO units are bound to the six Ni atoms and two Ni3-triangles. There are 26 skeleton electrons, (6 � 3 from Bi atoms,
2 � 2 from 2 Ni(CO)2 fragments, 4 from the charge and 0 from 4 Ni(CO) units) consistent with an icosahedral structure predicted
by the Wade-Mingos rules. The cluster anion [Ni@Bi6Ni6(Bi3)2(CO)4]

4� was isolated in a similar way to [Ni@Bi6Ni6(CO)8]
4�

although heating was necessary in the presence of 2.2.2-crypt. The cluster adopts the same pseudo-icosahedral structure, although
two Ni atoms in the shell are capped by two Bi3 rings in an s3 fashion (Fig. 14E). The cluster can therefore be viewed as a fusion of 8
tetrahedra via shared vertices, edges and faces. The second cluster, [Zn@Zn8Bi11]

5�, with a pseudo-icosahedral core, was synthesized
by the reaction of K5Bi4 with ZnPh2 in the presence of 2.2.2-crypt. It contains an endohedral Zn atom and a distorted icosahedral
[Zn8Bi4] core with seven triangular faces capped by seven h3eBi atoms (Fig. 14F). The icosahedral [Zn8Bi4] unit is isostructural and
isoelectronic with the homoatomic Al12 and Ga12 icosahedra. The total valence-electron count of 50 for [Zn@Zn8Bi11]

5�, made up
of 36 from Zn8Bi4, 2 from the central zinc atom, 5 from the charge of the cluster and 7 from the seven exo-Bi atoms, is consistent with
the 12-vertex closo icosahedral cluster geometry. Icosahedral symmetry is also found in the so called “onion-type” or “matryoshka-
type” structures shown in Fig. 14H, which are formed in the reaction of Pn7

3� anions with Ni(0) and Pd(0) complexes, involving an
oxidation and re-arrangement. The first example of a cluster of this type, [As@Ni12@As20]

3�,184 was isolated from an en solution of
K3As7 and Ni(COD)2 in the presence of [nBu4P]Br. The cluster can be described as an As20 dodecahedral cage encapsulating an
[As@Ni12]

3� icosahedron. Isoelectronic and isostructural [Sb@Pd12@Sb20]
3� was later synthesized by the reaction of K3Sb7

with Pd(PPh3)4, along with small amounts of [Sb@Pd12@Sb20]
4�. The isolation of the cluster in both oxidation states suggests

that the 3– and 4– charge states may coexist in solution.185 The tetra-anion [Sb@Pd12@Sb20]
4� can also be prepared from an
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en solution of K5Sb4/Pd(PPh3)4/[
nBu4P]Br and its paramagnetic properties were confirmed by EPR measurements. LDI-TOF MS

studies of the crystalline samples show signals due to [Sb@Pd12@Sb20]
� and [Sb@Pd12@Sb20]

þ along with their fragments, indi-
cating the accessibility of multiple oxidation states for this type of cluster. Similar reactions were performed using Ni(COD)2 instead
of Pd(PPh3)4, from which black precipitates instead of crystals corresponding to [Sb@Ni12@Sb20]

n�, corroborated by LDI-TOF MS
studies, were obtained. The redox pair [Sb@Pd12@Sb20]

3�/4- can also be isolated separately by varying the cation sequestering
agent: 18-crown-6 stabilizes the tetra-anion while 2.2.2-crypt captures the tri-anion.186 The frontier molecular orbitals and spin
densities reveal that the unpaired electron of [Sb@Pd12Sb20]

4� is located on the outer shell of the cluster, giving rise to a paramag-
netic {Sb20} cage (Fig. 14G). A further example of a cluster isostructural with [Sb@Pd12@Sb20]

3�/4� is [Sn@Cu12@Sn20]
12�.110

which is found only in the solid state due to its high negative charge. All of these [E@M12@E20]
n� clusters are characterized by

strong radial M12–E20 bonding and weak M–M and E–E bonding.

1.20.4.4 Coordination compounds and heterometallic clusters of the group 15 elements

The group 15 poly-anions can react with transitionmetal complexes to yield many novel structures. For example, Pn7
3� can act as 6e

donor or 4e donor in replacing labile ligands of a transition complex, generating [(s4-Pn7)M(CO)3]
3–187–189 or [(s2-Pn7)M(s2-

Pn7)]
q�(Pn ¼ P, As, Sb, Bi; M ¼ Zn, Cd)190–194 respectively. The Pn7

3� anion can also coordinate to bimetallic M2 units (dumb-
bells) to give [Pn7M2Pn7]

q� (M ¼ Pd, Cu, Au, Hg).190,195–197 The formation of all of these clusters involves coordination without
further fragmentation or rearrangement, but such processes are commonly observed in other reactions. The all-metal aromatic sand-
wich cluster [(Sb3)Au3(Sb3)]

3� (Fig. 15A)198 with pseudo-D3h symmetry, for example, was synthesized through the reaction of
K5Sb4 with Au(PPh3)Ph, and density functional theory indicates that the Sb3

3� and Au3
3þ ring were connected by 6 2c-2e bonds

and that each Sb3 ring contains three 3c-2e bonds. When the same reaction is carried out using K3Sb7 instead of K5Sb4, the
hetero-metallic cluster [Au2Sb16]

4–199 is produced, in which an AuSb2Au chain is connected by two Sb7 cages, a transformation
that involved substantial rearrangement of the ligand framework (Fig. 15B). The coordination geometry about the Au centers in

Fig. 14 Molecular structures of selected coordination compounds and heterometallic cluster of the group 15 elements. (A) [M@Pn8]q� (M/Pn/
q ¼ Nb/As/3, Mo/As/2; Cr/As/3, Nb/Sb/3, Mo/Sb/3) (B) [M@Sb12]3� (M ¼ Y, La, Ho, Er, Lu) (C) [M@Bi12]q� (M/q ¼ U/3, Th/4), (D)
[Nix@Ni6Bi6(CO)8]4� (x ¼ 0, 1), (E) [Ni@Ni6Bi6(Bi3)2(CO)4]4�, (F) [Zn@Zn8Bi11]3�, (G) [Pn@M12@Pn20]q� (Pn/M/q ¼ Ni/As/3; Pd/Sb/3,4), (H)
[Sn@Cu12@Sn20]12�.
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[Au2Sb16]
4� is approximately square planar with six delocalized s electrons. This cluster is reminiscent of the [(Pn7)M2(Pn7)]

4�

(M ¼ Pd, Cu, Au and Hg) and [MAs15]
3� (M ¼ Zn and Hg),192,193 which also contain two Pn7 cages, bound either to an M2 or

an M-Pn unit (Fig. 15C). A hexa-iridium cluster, [(h3-Bi3)2Ir6(CO)6(m4-Bi)3]
3�,200 was synthesized by the reaction of K5Bi4 with

Ir(CO)2(acac) (acac ¼ acetylacetonate) in en solution. It is composed of two cyclo-Bi3
3� anions and a central Ir6(CO)6(m4-Bi)3

trigonal prism (Fig. 15D). DFT investigations indicate that the stability of this cluster is a result of the presence of 14 3c-2e bonds
localized on two Bi3 faces, six Bi2Ir faces and the six Ir3 faces of the trigonal prism.

In contrast to the cyclo-Sb3
3� and Bi3

3� units described in the previous paragraph, an ozone-like C2v-symmetric Bi3
3� cluster is

present in the trigonal bi-pyramidal [Bi3M2(CO)6]
3� clusters synthesized in the reaction of K5Bi4 with M(CO3)L (M/L ¼ Cr, W/Mes;

Mo/COT) in en solution.201 The skeletal electron count of 12, 3 from each Bi atom and 3 from the charge, is consistent with the closo
structure according to the Wade-Mingos rules (Fig. 15E). The cluster is isoelectronic and isostructural with the known trigonal
bipyramidal Tt5

2� anions (Tt ¼ Ge, Sn, Pb) and also the Bi5
3þ cation. A similar reaction with [Ni(CO)2(PPh3)2] yielded pentagonal

bi-pyramidal [Bi3Ni4(CO)6]
3� (Fig. 15F)17 and bis-disphenoidal [Bi3Ni6(CO)9]

4� (Fig. 15G).17 The former has a closo 7-atom struc-
ture consistent with the presence of 16 skeletal electrons and is isolobal with the binary Zintl anions [Tl4Bi3]

3–.202 The lighter
analog, [Sb3Ni4(CO)6]

3� has also been isolated using K5Sb4 instead of K5Bi4. When a crystalline sample of [Bi3Ni4(CO)6]
3� was

dissolved in pyridine, an additional Bi atom is incorporated into the cluster to form the bis-disphenoidal [{(CO)3Ni2}
Bi4{Ni2(CO)3}]

2� (Fig. 15H),17 now with 18 skeletal electrons. The [Bi3Ni6(CO)9]
4� cluster can also be isolated from the same

reaction, suggesting that it may be an intermediate on the path to the endohedral cluster [Ni@Bi6Ni6(CO)8]
4� which is formed

upon further oxidation.17

The reaction of K3Sb with Ru(COD)Cp*Cl generates the cluster [Cp*Ru(Sb6)RuCp*]
2� which contains a chair-like Sb6 unit.

203

The Sb6 framework can be regarded as a distorted Sb6
4� trigonal prism capped by two Ru(Cp*) fragments (Fig. 15I). The two Cp*

groups are symmetry distinct, but 1H and 13C NMR spectroscopies indicate that the cluster is dynamic in solution on the NMR time
scale. Another ligand-protected Ru-containing cluster [(COD)Ru(Bi9)Ru(COD)]3�was isolated as the [K(2.2.2-crypt)]þ salt from an
en solution of [TlBi3]

2� and Ru(COD)(H2CC(Me)CH2)2.
29 The {Ru2Bi9} core can be considered as a Bi4 zigzag chain capped by an

elongated Bi5Ru2 hexagonal pyramid (Fig. 16A). DFT studies have identified the presence of localized bonds in the Bi4 chain and

Fig. 15 Molecular structures of selected coordination compounds and heterometallic cluster of the group 15 elements. (A) [Au3Sb6]3�, (B)
[Au2Sb16]4� (C) [As15M]3� (M ¼ Zn, Hg), (D) [(s3-Bi3)2(IrCO)6(m4-Bi)3]4�, (E) [Bi3M2(CO)6]3� (M ¼ Cr, Mo) (F) [Pn3Ni4(CO)6]3� (Pn ¼ Sb, Bi), (G)
[Bi3Ni6(CO)9]4�, (H) [{(CO)3Ni2}Bi4{Ni2(CO)3}]2�, (I) [Cp*Ru(Sb6)RuCp*]2�.
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delocalized bonds in Ru2Bi5 unit. The Ru ions have a d6 configuration (Ru2þ) and attain a closed-shell 18 electron configuration by
coordinating to four formally 2-electron donor Bi� ions and one 4-electron donor COD ligand (4e donor). A second product iso-
lated from the same reaction, [Tl2Bi6{Ru(cod)}]

2�,29 will be discussed in detail in Section 1.20.4.5.1.
Two functionalized Bi7 clusters [Bi7M3(CO)3]

2� (M ¼ Co, Rh),204 were prepared in reactions of K5Bi4 with the organometallic
precursors CpCo(CO)2/Rh(CO)2(acac) or Rh2(CO)4Cl2, in en solution in the presence of 2.2.2-crypt. These clusters can be viewed
as three M(CO) fragments inserted into the Bi7

3� cage (Fig. 16B). The formation of Bi7
3� with a classic but expanded nortricyclane-

type structure results from the oxidation of K5Bi4 by MCOþ. Subsequently, each MCOþ unit is coordinated to the resulting Bi7
3� in

an s5 mode to form the unprecedented 10-vertex deltahedral cluster. Quantum chemical calculations revealed that the cluster is
dominated by 9 3c-2e RhBi2 delocalized bonds. A second RheBi hybrid, [Rh@Bi10Rh6(CO)6]

3�, was also isolated from the
same reaction by using the approximately flat sequestering agent, [K(18-crown-6)]þ in place of 2.2.2-crypt.205 This cluster can
be considered to contain a Bi6 crown and Bi4 pyramid stabilized by six þRh-CO units (Fig. 16C). Interestingly, on heating, a het-
erometallic [Rh@Bi9Rh5(CO)5]

3� cluster was also observed in the same reaction.205 The [Rh@Bi9Rh5(CO)5]
3� cluster contains

a Bi9 bowl encapsulating a Rh6 cluster unit (Fig. 16D). Although the two clusters are not strictly deltahedral, their 36 and 34 skeletal
electron counts are consistent with 16-vertex nido and 14-vertex arachno structures, respectively.

A number of ligand-free hetero-metallic clusters are also accessible from the reaction of K3Pn7 (Pn ¼ As, Sb) with group 10
organometallic compounds. An example is [Pd7As16]

4� which was made in the reaction K3As7 with [Pd(PCy3)2].
206 This cluster

is composed of two planar As5
� units, two As2

2� dumbbells, two isolated As3� ions and a distorted capped trigonal prismatic
Pd7 core (Fig. 16E). The [(As7)Pd2(As7)]

4� cluster was also isolated from the same reaction. The two clusters are stabilized primarily
by localized 2c-2e bonds. A similar reaction of K3Sb7 with Ni(COD)2 yielded an approximately C4v-ymmetric heterometallic cluster
[Ni5Sb17]

4–207 which has a Sb13 bowl encapsulated by a Ni@Ni4Sb4 fragment (Fig. 16F), the latter being very similar in structure to
the Pd@Pd4As4 unit in [Pd7As16]

4�. Although this cluster is necessarily paramagnetic as a result of the total valence-electron count
of 139 valence electrons, the EPR spectrum is silent for the S ¼ 3/2 ground state predicted by DFT studies.

A coupled nortricyclane cluster [Zn2Sb12]
4� (Fig. 16G),208 was obtained from the extraction of the ternary K6ZnSb5 phase in en

solution. This cluster can be considered as a dimer of distorted norbornadiene-like “ZnSb6” structures, isostructural with C14H16

(heptacyclo-[6.6.0.02,6.03,13.04,11.05,9.010,14]-tetra-decane) A DFT study confirms that the bonding is dominated by 2c-2e SbeSb
and polar covalent ZneSb bonds.

Fig. 16 Molecular structures of selected coordination compounds and heterometallic cluster of the group 15 elements. (A) [{(COD)Ru}
Bi9{Ru(COD)}]3�, (B) [Bi7M3(CO)3]2� (M ¼ Co, Rh) (C) [Rh@Bi10Rh6(CO)6]3�, (D) [Rh@Bi9Rh5(CO)5]3�, (E) [Pd7As16]4� (F) [Ni5Sb17]4�, (G)
[(ZnSb6)2]4�.
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1.20.4.5 Ternary clusters

In this subsection, we will introduce ternary clusters, including hetero-metallic and intermetalloid examples, which have generally
been synthesized either by the extraction of quaternary Zintl phases or by the reaction of the binary Zintl anions [TrBi3]

2� (Tr ¼ Ga,
In, Tl)23,24 or [Tt2Pn2]

2� (Tt/Pn ¼ Ge/P, Sn/Sb, Sn/Bi, Pb/Bi),13,25–28 with transition metal complexes. The tetrahedral binary Zintl
anions [TrBi3]

2� and [Tt2Pn2]
2� can be prepared by dissolving the corresponding ternary Zintl phases in en solution in the presence

of 2.2.2-crypt. These can then be further oxidized by solvents, organic ligands or organometallic compounds to generate 9-atom
anions such as [Tr4Bi5]

2� (Tr ¼ Ga, In, Tl) or [Tt7Pn2]
2� (Tt/Pn ¼ Ge/P, Ge/As, Sn/Bi, Pb/Bi),16,25,28,30 which are isoelectronic

and isostructural with [Tt9]
4� (Tt ¼ Si, Ge, Sn, Pb). The reaction chemistry of the 9-vertex binary Zintl anions and also of some

of the less common anions such as [Sn3Bi3]
5�,34 [Sn3Bi5]

3�,34 [Sn4Bi4]
4–35 or [Ge4Bi14]

4–33 has not yet been explored in detail.
Occupational disorder is common in their crystal structures, necessitating the combined use of EDX, MS and NMR, along with
density functional theory, to confirm the composition and distribution of elements in the clusters.

1.20.4.5.1 Ternary clusters containing the post transition metal atoms
We noted in the previous paragraph that the binary Zintl anions are essential starting materials for the synthesis of ternary clusters.
The [Tt2Bi2]

2� anion, for example, reacts with Zn(Ph)2 to yield the ternary cluster [Zn@Zn5Tt3Bi8]
4�.16,28 which can be viewed as

a nido 11-vertex [Zn@Zn5Tt3Bi3] core capped by 5 Bi atoms (Fig. 17A). The 48 valence electron count of the [Zn@Zn5Tt3Bi3] core
(coming from 2*1(the central Zn) þ 5*2 þ 3*4 þ 3*5 þ 4(charg) þ 5*1(the five external Bi ligands)) is consistent with the Wade-
Mingos prediction for an 11-atom nido-cluster, and is reminiscent of the icosahedral Zn@Zn8Bi4 unit in the [Zn@Zn8Bi11]
cluster.183 If [TlBi3]

2� is used in place of [Tt2Bi2]
2� in the reaction with ZnPh2, the ternary hetero-metallic cluster [(Bi6)Zn3(TlBi5)]

4�

is generated194 This cluster contains a five-membered Bi5 ring with an envelope conformation, a truncated Bi4Zn3 fragment and a Tl
atom. DFT calculations indicated that the cluster can be described in terms of localized 2c-2e and delocalized multi-center bonds,
very similar to the situation in [Bi9{Ru(COD)}2]

3�.29 Treatment of ZnPh2 with the binary anion [Sn2Sb2]
2� generates the ternary

cluster [Sn2Sb5(ZnPh)2]
3� (Fig. 17C)13 where the two ZnPh fragments are coordinated to two three-connected Sb atoms of the

[Sn2Sb5]
5� anion (isoelectronic with Sb7

3�) in an s2:2 fashion. The [Sn2Sb2]
2� anion has also found extensive use in reactions

with transition metal complexes such as [LCu(NCMe)] (L][N(C6H3
iPr2–2,6)C(Me)CH]�) which yields the ternary dimer

[{CuSn5Sb3}2]
4� as its [K(2.2.2-crypt)]þ salt.26 DFT calculations showed that {[CuSn5Sb3]

2�}2 can be viewed as a dimer of an
inhomogeneous superatom (Fig. 17D). A series of analogs of [{CuSn5Sb3}2]

4�, [{AuTt5Pn3}2]
4�,32 have also been obtained

from the reactions of [Au(PPh3)Me] with [Tt2Pn2]
2� (Tt/Pn ¼ Pb/Sb, Sn/Bi, Sn/Sb). However, reaction of [Sn2Sb2]

2� with
[Au(PPh3)Ph] instead of [Au(PPh3)Me] led to a different product, the [Au(s2-Sn2Sb2)2]

3� cluster,127 where two tetrahedral
[Sn2Sb2]

2� anions simply replace the ligands of the Auþ precursor (Fig. 17E). The bonding in this cluster is reminiscent of the
[Au(h2:h2-TlSn3)]

4� subunits in the solid state K4AuTlSn3,
125 where the two [TlSn3]

5� tetrahedra are perpendicular to each other.
In contrast to the Au/Sn/Sb system, extensive atom exchange and rearrangement processes were observed in the synthesis of the
trimeric [Cd3(h

2:h3-Ge3P)3]
3� (Fig. 17F)25 and tetrameric [Au6(Ge3As)(Ge2As2)3]

3� clusters (Fig. 17G).32 In both cases, the
[Ge2Pn2]

2� (Pn ¼ P, As) anions react with transition metal complexes in en, yielding the isoelectronic and isostructural anions
of [Ge2Pn2]

2�, [Ge3Pn]
3�. In [Cd3(h

2:h3-Ge3P)3]
3�, each Cd atom is coordinated to the Ge3 face of one [Ge3P]

3� and a Ge2
edge of the other in a pseudo linear fashion. In [Au6(Ge3As)(Ge2As2)3]

3�, the six Auþ ions are coordinated to three [Ge2As2]
2�

and one [Ge3As]
3� units to form the super-tetrahedral Zintl cluster in a planar fashion, isostructural with the [M6Ge16]

4�

(M ¼ Zn, Cd)126 clusters.
The reactions of these small cluster anions with elements from groups 9 and 10 of the transition metal block have also generated

a number of interesting structures. Salt of [Sn2Bi2]
2� reacts with Pd(dppe)2 in en to afford a 14-vertex cluster, [Pd3@Sn8Bi6]

4�

(Fig. 17H),209 in which a Pd3 subunit is embedded in a [Sn8Bi6] cage. Quantum chemical calculations indicated that the cluster
can be formulated as [(Pd3)

0@(Sn8Bi6)
4�]4� and the Pd3 cluster has only a weak interaction with the 14-vertex shell. A 12-

vertex cluster [Pd@Pd2Pb10(Bi3)2]
4� isolated from an en solution of [Pb2Bi2]

2� and Pd(PPh3)4
210 can be regarded as a Pd-

centered icosahedron Pd@Pd2Pb10, with the two skeletal Pd atoms bounded to two cyclo-Bi3 (Fig. 17I), and in that sense is similar
to the binary cluster [Ni@Ni6Bi6(Bi3)2(CO)4]

4�. The precise distribution of atoms in this cluster remains a matter of debate because
the Pb and Bi elements are indistinguishable by X-ray diffraction. A combination of 119Pb NMR and DFT calculations suggests that
two distributions, [Pd0@(Pd2Pb10)

6�(Bi3
þ)2]

4� and [Pd0@(Pd2Pb8Bi2)
4�(PbBi2)

0
2]

4�, may co-exist. In either scenario, the three-
membered rings (Bi3

þ or PbBi2) can act as formal 2-electron donors to the cluster core. A further ternary 12-vertex endohedral anion,
[Ni2@Tt7Bi5]

3�, was formed in the reaction of [Tt2Bi2]
2� with Ni(COD) in en.28,211 The 12-vertex cluster contains two Ni-centered

square-antiprisms sharing a Tt4 plane (Fig. 17K). There is no NieNi bonding between the two embedded Ni atoms and the 56
valence electrons is not consistent with the Wade-Mingos rules or with an electron-precise cluster. If the reaction of [Sn2Sb2]

2�

with [K(thf)x][Co(COD)2] is carried out in DMF at 5 �C, two clusters, [Co@Sn6Sb6]
3� and [Co2@Sn5Sb7]

3�, are formed.212 The
presence of either one or two endohedral Co atoms does not appear to perturb the topology of the 12-vertex shell (Fig. 17J).
The synthesis of these ternary intermetalloid clusters, [Co@Sn6Sb6]

3�, [Co2@Tt5Pn7]
3� and [Ni2@Tt7Pn5]

3� (Tt ¼ Sn, Pb;
Pn ¼ Sb, Bi) is an elegant demonstration of the great potential of binary anions [TrBi3]

2� or [Tt2Pn2]
2� as precursors in the construc-

tion of new ternary intermetalloid clusters. Moving to group 8, only a single ternary heterometallic cluster, [Tl2Bi6{Ru(COD)}]2�

(Fig. 17L),29 has been reported from the reaction of an en solution of [TlBi3]
2� with [Ru(COD)(H2CC(Me)CH2)2]. This cluster

adopts a distorted mono-capped square antiprismatic topology, the nido structure being consistent with the 22 skeletal electron
count.
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Finally, we note a small number of reports of synthetic routes to ternary clusters that do not involve the 4-atom binary clusters.
The closo-[Ni@TlSn9]

3� cluster84 (Fig. 17M) was synthesized by Sevov and co-workers, using the [Ni@Sn9]
4� precursor in combi-

nation with TlCp. The same group reported the [(Ni@Sn8)Ge(Ni@Sn8)]
4� anion,82 made in the reaction of an en solution of

K4Ge9�xSnx with Ni(COD)2. This cluster, which is isoelectronic and isostructural with [(Ni@Sn8)Sn(Ni@Sn8)]
4�,105 can be viewed

as the fusion of two [Ni@GeSn8]
4� units by sharing of a Ge vertex.

1.20.4.5.2 Ternary clusters containing lanthanides, actinides and early transition metal atoms
The binary Zintl anions [TrBi3]

2� and [Tt2Pn2]
2� can also react with lanthanide or actinide complexes to afford 13-24,213–215 or 14-

vertex24,213,215,216 endohedral Zintl clusters (Fig. 18A and B). The first structure type of note is a 14-atom cage with an embedded
Ln3þ ion, adopted by both [Ln@Tt6Bi8]

3� and [Ln@Tt7Bi7]
3�. The cages are composed of six pentagons and three squares, and the

coordination environment of the lanthanide ions is very similar to that in the starting material Ln(CpMe4H)3. These 3-connected
electron-precise 14-atom shells with 70 valence electrons conform to the pseudo-element concept, where the group 14 atom can be
regarded as a pseudo-pnictogen atom with formal �1 charge. For example, [Ln@Tt6Bi8]

3� can be considered as

Fig. 17 Molecular structures of ternary intermetalloid clusters involving electron-rich d-block atoms. Clusters with similar topologies are
represented with a model. (A) [Zn@Zn5Tt3Bi8]4� (Tt ¼ Sn, Pb), (B) [Bi6Zn3(TlBi5)]4� (C) [(ZnPh)2(Sn2Sb5)]4�, (D) [(MTt5Pn3)2]4� (M/Pn/Tt ¼ Cu/Sn/
Sb, Au/Pb/Sb, Au/Sn/Sb, Au/Sn/Bi), (E) [Au(Sn2Sb2)2]3�, (F) [Cd3(Ge3P)3]3�, (G) [Au6(Ge2As2)3(Ge3As)]3�, (H) [Pd3@Sn8Bi6]4�, (I)
[Pd@Pd2Pb10(Bi3)2]4�, (J) [Co@Sn6Sb6]3�, (K) [M2@Tt7�2xPn5þ2x]3� (M/Tt/Pn/x ¼ Ni/Sn/Bi/0, Ni/Pb/Bi/0, Co/Sn/Sb/1), (L) [(Tl2Bi6)Ru(COD)]2�,
(M) [Ni@TlSn9]3�.
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[Ln3þ@(Tt�)6(Bi
0)8]

3�. The 13-vertex analogs [Ln@Tt3Bi10]
3�, [Ln@Tt2Bi11]

4� and [Ln@Tt4Bi9]
4�, feature cages made up of five

square faces and four pentagons. The bonding and charge distribution in the 13-vertex clusters is less straightforward because both
3- and 4-connected vertices are present. In [Sm@Ga3Bi10]

3�, where the Ga atoms have a formal�2 charge according to the pseudo-
element model, 1H NMR spectroscopy has confirmed that the high localized charges lead to protonation. Similarly, the In atom in
[(La@In2Bi11)(m-Bi)2(La@In2Bi11)]

6� is a one electron donor (Fig. 18C),24,217 leading to the formation of four exo IneBi bonds
which tightly connect two 13-vertex (La@In2Bi11)

4�cages. The 13- or 14-vertex cages can also encapsulate actinides atoms, and
the ternary clusters [U@Tl2Bi11]

3�, [U@Pb4Bi9]
3� and [U@Pb7Bi7]

3� were all obtained from the reactions of [TlBi3]
2� and

[Pb2Bi2]
2� with U(C5Me4H)3.

24 A combination of MS, m-XFS, magnetic susceptibility measurements and X-ray diffraction is indic-
ative of a þ IV oxidation state for the embedded U atom.

Ternary clusters containing the group 5 metal atoms can be synthesized by the extraction of quaternary Zintl phases, some of
which have been prepared serendipitously during high-temperature fusion reactions of the corresponding elements sealed in Nb
or Ta containers. Elemental arsenic reacts particularly easily with those metals at temperatures above 650 �C during the synthesis
of the nominal “RbAs” phase (Section 1.20.4.3) A novel heterometallic cluster [As3Nb(As3Sn3)]

3� was made by the extraction of
the nominal composition “K8NbSnAs5” in en solution.218 In this cluster, a formal Nb5þ ion is coordinated by an As3

3� ring and an
As3Sn3

5� bowl (Fig. 18E). DFT calculations showed that the clusters is dominated by localized NbeAs and AseAs bonding as well
as delocalized 3c-2e NbeAseSn and SneSneSn bonds.

Ternary intermetalloid clusters can also be synthesized using the methods described in the previous paragraph. For example,
extraction of the corresponding quaternary Zintl phase “KMGeAs” (M ¼ V, Nb, Ta) in en generated the [Ta@Ge6As4]

3�

(Fig. 18F),30 [M@Ge8As4]
3� (M ¼ V, Ta) (Fig. 18D)30,219 and [M@Ge8As6]

3� (M ¼ Nb, Ta)30,219 (Fig. 18B) phases, as well as
a tetrahedral [Ge2As2]

2� anion (1) and a nine-vertex anion [Ge7As2]
2�. The 14-vertex [M5þ@(Ge�)8(As

0) 6]
3� anions are isoelec-

tronic and isostructural with the 14-vertex endohedral clusters of lanthanides or uranium atom described previously. The 3-
connected 12-atom intermetalloid clusters [M@Ge8As4]

3� adopt the same topology as the D2d-symmetric [Ru@Ge12]
3�.100 The

[Ta@Ge6As4]
3� cluster can be regarded as a Ta5þ ion coordinating with an Ge2As2 unit and an Ge4As2unit and, with the aid of exten-

sive DFT calculations, this fragmentation pattern was identified as a possible route leading to the coalescence of the complete 12- or
14-atom clusters.

1.20.5 Formation of Zintl clusters in solution

The mechanisms that lead to the formation of large Zintl clusters in solution are generally complex and challenging to explore,
either experimentally or computationally. In situ analysis techniques such as nuclear magnetic resonance (NMR) spectroscopy,
thin-layer chromatography (TLC), or mass spectrometry (MS) often fail to give definitive information due to the transient nature
of the intermediates. Ex situ investigations, in contrast, allow for the characterization and even isolation of stable or metastable

Fig. 18 Molecular structures of ternary intermetalloid clusters involving f-block atoms or electron-poor d-block atoms. Clusters with similar
topologies are represented with a model. (A) [M@E13� xBix]q� (M/E/x/q ¼ La, Ce/Sn/9/4; Sm/Ga/9,10/q]3; U/Tl/11/3; U/Pb/9/3), (B)
[M@Tt14�xBix]q� (M/Tt/Pn/x/q ¼ Nb,Ta/Ge/As/6/3; Eu/Sn/Bi/8/4; La,Ce/Sn/Bi/7/4; La,Ce,Nd,Sm,Gd,Tb/Pb/Bi/7/4; U/Pb/Bi/7/3), (C) [(La@In2Bi11)2(m-
Bi2)]6� (Tt/M ¼ Sn/W, Pb/Mo), (D) [M@Ge8As4]3� (M ¼ V, Ta), (E) [(As3)Nb(Sn3As3)]3�, (F) [Ta@Ge6As4]3�.
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species, but their role in the pathway remains uncertain. Experiments are typically complemented with extensive DFT investigations,
where the challenges include the sampling of a complex and multi-dimensional potential surface and the treatment of solvation for
highly anionic species. In this section, we will approach the question of mechanism from three different perspectives: (1) oxidation
or charge neutralization reactions; (2) ligand exchange reactions and (3) re-arrangement reactions.

1.20.5.1 Oxidation or charge neutralization reactions

Oxidation reactions are widely used in studies of cluster growth, and are often accompanied by the release of ligands, the formation
of radicals or the generation of hydrogen gas. Very recently, Eichhorn and co-workers reported the first non-centered Zintl icosahe-
dron [Cp*RuPb11]

3�,91 formed in the reaction of Pb9
4� with Cp*Ru(COD)Cl in the presence of 18-crown-6. In this reaction, the

Pb9
4� cage undergoes a complex oxidation and rearrangement reaction which, along with the release of COD from the Ru center, to

form a 12-vertex, 26-electron closo-cluster. Further reaction with Cu(PPh3)Cl led to a Cu-centered icosahedron,
[Cu@Cp*RuPb11]

2�. This final step is reminiscent of the synthetic route leading to [Ge9(PdPPh3)]
3� and [Ni@Ge9(PdPPh3)]

2�,
where metal atoms are incorporated into pre-formed closo clusters.89 Treatment of K4Ge9 with excess Cu5Mes5 leads to a dimeric
Cu/Ge binary cluster anion, {[CuGe9Mes]2}

4� isolated from DMF solution as its [K(2.2.2-crypt)]þ salt.220 The formation of this
cluster involves an oxidation from Ge9

4� to Ge9
2� in the presence of excess Cu5Mes5, followed by a nucleophilic substitution of

Ge9
2� with Cu5Mes5 to afford [Ge9Mes]3�. The [Ge9Mes]3� anion was further oxidized in the presence of Cuþ to form the dimeric

cluster{[CuGe9Mes]2}
4�.

1.20.5.2 Ligand exchange reactions

Ligand exchange reactions with metal halides, phosphine-stabilized halides and Cp or mesitylene complexes also play an important
role in the preparation of multi-metallic Zintl clusters. In the formation of the intermetalloid clusters, the ligands of the transition
metals are released, at which point the metal(s) insert into the cluster cages via redox or re-arrangement steps. In some cases the
ligand exchange reaction occurs without further redox events.

The largest hetero-metallic super-tetrahedral clusters, [Zn6Ge16]
4� and [Cd6Ge16]

4�, were prepared by the reaction of K12Ge17
with ZnMes2/CdMes2 (Mes ¼ 2, 4, 6-Me3C6H2),

126 summarized in Fig. 19. In these reactions, the Ge4
4� units interact with

ZnMes2/CdMes2 molecules to form complexes b and c, both of which have been detected by ESI-MS. Stepwise release of the ligands
on Zn or Cd leads to intermediates d and f which have also been detected by ESI-MS. The intermediates e found in the gas phase
(ESI-MS) can also transform into the species f. The proposed coordination geometries in d and f resemble those in the known clus-
ters [Tt4(ML)2]

4� and [(s2-Sn4)M(s2-Sn4)]
q� (Fig. 9B and C). Further assembly leads to the final super-tetrahedral clusters, as

shown in Fig. 19G. Overall, the 22 atoms of the cluster define a highly symmetric concave polyhedron containing 24 Ge3 and
Ge2M triangles and 4 chair-like concave M3Ge3 hexagons. The assembly of four Ge4 units and six M2þ ions creates a large cavity
(diameter 4.6 Å for Zn, 5.0 Å for Cd) at the center of the clusters. This strategy for self-assembly of [M6Ge16]

4� (M ¼ Zn, Cd) is
potentially extendable to other d10 transition metal ions that can support planar coordination, and so may lead to novel porous
inorganic materials.

1.20.5.3 Re-arrangement reactions

Re-arrangement processes often accompany redox steps, which are themselves common and complex in Zintl chemistry. An illus-
trative example is the formation of [M@Tt9]

3�/Tt10
2�/[M@Tt10]

q�/[M@Tt12]
q� from Tt9

4�.92,93,136 In contrast, re-arrangement of
clusters in the absence of a preceding redox event is relatively uncommon. In 2009, Schnepf discovered that [Ge9R3]

� can act as
a flexible ligand, forming both 9-atom and 10-atom cages, [Ge9R3Cr(CO)5]

� and [Ge9R3Cr(CO)3]
�.171 The latter reaction involves

the insertion of the Cr(CO)3 into a triangular face of the tri-substituted [Ge9R3]
�, resulting in cluster expansion to form a 10-vertex

cage {s5- [Ge9R3Cr(CO)3]}
�. DFT studies indicated that this re-arrangement step is energetically favorable. A similar phenomenon

was also observed in the penta-functionalized deltahedral Zintl cluster Ge9(TMS)3Et(PdPPh3),
173 which was obtained from the

reaction of the tetra-substituted nona-germanium cluster (TMS)3EtGe9 with Pd(PPh3)4. The Pd(PPh3) fragment in this case inserts
into a triangular face of the Ge9 cluster, driving cluster expansion.

1.20.5.4 A comprehensive example on the growth of tin cluster

The formation of large clusters inevitably involves rather complex mechanisms with multiple possible intermediates.136 The
previous paragraph highlights the point that nine-atom tetrel cages like Sn9

4� are very flexible and this, combined with their ready
availability, makes them good candidates for the study of cluster growth. The reaction of Zintl anion Sn9

4� with Cu5Mes5 at room
temperature yielded the intermetalloid cluster [Cu@Sn9]

3�, presumably as a result of the rather labile CueC bonds. In contrast, the
more stable Cu–NHCDipp bond allows for the isolation of the ligand-protected Sn9 cluster, [NHCDippM(h4-Sn9)]

3�, which can, in
turn, be regarded as a feasible intermediate in the formation of Cu-filled endohedral stannides by releasing the of NHCDipp ligand
and embedding a Cu ion. For the Ag analog [NHCDippAg(h4-Sn9)]

3�, further ligand exchange reaction occurred in the presence of
excess Sn9

4�, resulting in the formation of [(h4-Sn9)Ag(h
1-Sn9)]

7�. Pre-formed [Sn9ML]3� (M ¼ Ir, L ¼ COD) can further react with
dppe to give an Ir-filled dodecahedral stannide species [Ir@Sn12]

3� via a combined oxidation/re-arrangement pathway. A formal
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two-electron oxidation of [(h4-Sn9)Ag(h
1-Sn9)]

7� leads to [Ag(Sn9–Sn9)]
5�where the two Sn9

3� units are linked by an exo covalent
bond, and the whole Sn18 unit bridges the two Ag centers (Fig. 20).136

1.20.6 Electronic structure and bonding

The relationship between geometry and electron count in clusters of all types has been the subject of many textbooks, and has been
reviewed extensively on many occasions, and we only briefly mention the key aspects here. The Wade-Mingos rules are commonly
applied to electronic structures of deltahedral clusters, and the hierarchy of closo, nido, arachno structures with their associated skel-
etal electron counts of 2n þ 2, 2n þ 4, 2n þ 6 is a well-established paradigm. Among the clusters discussed in this review, the Ih-
symmetric [M@Pb12]

2�, M ¼ Ni, Pd, Pt, fit most obviously into the Wade-Mingos structure. If the metal d electrons are considered
to be part of the core rather than valence then the cluster has 50 valence electrons in total, and 26 skeletal electrons, corresponding to
a 2n þ 2 count and hence a closo structure. The applicability of these rules becomes less obvious when the metal d electrons are
higher in energy, and hence less clearly placed in the core set rather than valence. Examples here include the [Mn@Pb12]

3�, which
has only 48 valence electrons if the Mn is considered to have a closed d10 shell analogous to Ni0. An alternative perspective is to note
the stability of the half-filled d5 shell (Mn2þ) and hence assign a skeletal electron count of 29 to the Pb12

5� cluster rather than 26. This
is consistent with the marked D2h-symmetric distortion observed in the crystal structure, but the topology is certainly not nido or
arachno, as might be anticipated based on the electron count. The persistence of the approximately icosahedral structure in these
circumstances reflects the presence of a cation at the center of the cluster, which naturally favors approximately spherical arrange-
ments of atoms over those where one or more vertex is missing. At its extreme limit, the transfer of electron density from the central
metal to the cluster can cause a complete collapse of the deltahedral structure in favor of a more open 3-connected geometry. Exam-
ples of this type include pentagonal prismatic [Fe@Ge10]

3� and [Co@Ge10]
3� (51 and 52 valence electrons, respectively) and the

12-vertex clusters [Ru@Ge12]
3–100 and [Ta@Ge8As4]

3�, with electron counts of 59 and 60, respectively. The 3-connected geometries
of the cluster framework in these electron-rich clusters are reminiscent of the structures adopted by neutral and anionic cages of the
pnictide elements such as Pn4 and Pn7

3�, where the 3-connectivity reflects the need to form 3 single bonds to satisfy the octet rule.
This leads to the concept of a ‘pseudo-element’ alluded to at various points in this review, where Pn, Tt� and Tr2� are isolobal and
can replace each other while maintaining a constant electron count and hence constant framework structure. The 14-vertex cages
[Pd3@Sn8Sb6]

3–209 and [Eu@Sn6Bi8]
4�.216 are all composed of three-connected atoms. The electron-precise 70-electron count

on the cage is obviously achieved in the latter if the Eu ion is in the 2þ oxidation state, and in the former if the Pd3 triangle is
assumed to donate 5 electrons to the cluster framework.

An alternative perspective on cluster bonding comes from the jellium model, which is based on an approximately spherical
potential defined by the positive charged nuclei of the component atoms. By analogy to atoms, this allows orbitals to be charac-
terized by their global nodal properties (labelled S, P, D, F, G) rather than by their local bonding and antibonding character.
The rather different nature of the potentials in atoms and clusters means, however, that the traditional Madelung order of levels
in atoms is not followed. The jellium model is at its most powerful in clusters that are close to spherically symmetric and where
the confining potentials of the atoms are relatively weak. A conspicuous example is the centered icosahedral Al13

� cluster, the 40

Fig. 19 The assembly mechanism of tetrahedral cluster [Zn6Ge16]4�. Species that have been observed in the mass spectra are boxed (b, c, d, e, f).
(Double arrows stands for mutual transformation in those species.)
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valence electrons of which form a closed-shell 1S21P61D102S21F142P6 configuration.221 The analogy to the closed-shell configura-
tion of the noble gas atoms has led to the concept of a ‘superatom’ – a cluster whose outer electronic configuration mimics the
properties of a single atom. The highly symmetric (icosahedral) “matryoshka-type” clusters such as [Sn@Cu12@Sn20]

12� alluded
to in Section 1.20.4110 are well described by the superatom model.222

Beyond formal electron counting rules, a range of computed physical parameters have been used to explore questions of delo-
calization and bonding. Prominent among these is the concept of 3-dimensional aromaticity, which is, as the name suggests, anal-
ogous to the familiar idea of aromatic character in cyclic 2-dimensional rings. 3-dimensional aromaticity has been invoked widely
in anions with closed-shell configurations such as Pn3

2�, Pn4
2�, Tt5

� and Tt12
2� units.223 Many clusters with spherical aromaticity

have now been isolated from the gas phase, including the empty stannaspherene Sn12
2� and plumbaspherence Pb12

2–.95 A negative
value of the Nucleus Independent Chemical Shift (NICS) at the center of the cluster or another point of high symmetry is typically
taken as an indicator or aromatic character. As an illustrative example, we take the flower-vase shaped [As3Nb(As3Sn3)]

3� cluster
synthesized by Sun and co-workers in 2016 by extraction of the intermetallic compound K8NbSnAs5 in en solution.218 The
NICS value of �39.55 ppm at the center of the Sn3 ring is indicative of a high degree of aromaticity. A second example comes
in the form of two unprecedented all-metal Th-symmetric clusters, [Pn@In8Pn12]

3� (Pn ¼ Sb, Bi),36,37 also prepared by the Sun
group. These clusters can be viewed as a Pn@In8 cube capped by six Bi2

4� units, and DFT shows that the 92 valence electrons
can be sub-divided into 12 s-type lone pairs on the six dimer Pn2

4� unit, 24 localized 2c-2e In-Pn bonds between the In cube
and the outer 12 Pn atoms and 4 delocalized 9c-2e bonds in Pn@In8 core. The presence of 8 delocalized electrons is consistent
with the 2*(N þ 1)2 electron count expected for 3-d aromatic systems, and the NICS value at the center of the cluster is indeed
very negative (�28.37 ppm).

1.20.7 Potential applications of Zintl ions/clusters in materials science and catalysis

The application of Zintl ions or clusters in materials science has expanded significantly in the past decade. An important example is
the use of the Ge9

4� anion as a soluble germanium source for lithium ion batteries.224 The Ge9
4� ions are cast on a template made of

spherical poly(methyl)methacrylate, and an oxidizer such as SiCl4, GeCl4 or PCl3 is then added. The resulting thin film material
with an “inverse opal” structure has a high initial capacitance and coulombic efficiency, both of which make it a promising candi-
date for electrode materials (Fig. 21).224

Recently, Sun and co-workers have reported that an isolated Ru-SnOx catalyst can be selectively dispersed onto CeO2 via an
incipient wetness impregnation method using the Zintl cluster [Ru@Sn9]

6� as a precursor. The as-prepared Ru-SnOx/CeO2 shows

Fig. 20 The possible pathway of the related tin clusters starts out from the reactions of [Sn9]4� with various organometallic complexes and
subsequent reactions, which is involved in the three basic mechanisms mentioned above. From Geitner, F.S.; Kleinb, W.; Fässler, T.F. Dalton Trans.
2017, 46; 5796–5800.
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more than 95% CO selectivity in CO2 hydrogenation, but this can be switched to �100% methanation by simply adding water to
the reaction system. This work opens a range of possibilities for monodispersed catalysis using Zintl clusters (Fig. 22).225

In addition to the examples mentioned above, Zintl clusters have also proven capable of activating small molecules. The hetero-
metallic cluster [Bi9{Ru(cod)}2]

3� obtained from the reaction of [TlBi3]
2� with [Ru(cod)(H2CC(Me)CH2)2]

� captures a O2 mole-
cule in the electrospray mass spectrometry experiment to generate [Bi9{Ru(cod)}2O2]

�. While the binding site of the O2 is not clear
from the experiment, density functional theory suggests that the ruthenium atom is the most favored site (Fig. 23).29

Fig. 21 Synthesis route to inverse Ge opals using a polymethyl methacrylate (PMMA) template. From Ref. Geier, S.; Jung, R.; Peters, K.; Gasteiger,
H.A.; Fattakhova-Rohlfing, D.; Fässler, T.F. Sustainable Energy Fuels 2018, 2, 85–90.

Fig. 22 Schematic illustration of the Ru-SnOx/CeO2 preparation process. From Ref. Wang, Y.; Zhang, C.; Wang, X.; Guo, J.; Sun, Z.M.; Zhang, H.
ACS Catal. 2020, 10, 7808-7819.
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Recently, a hetero-metallic cluster [h4-Ge9(Hyp)3]Rh(COD) has been used for catalytic hydrogenation of cyclic alkenes. In situ
NMR experiments and kinetics tests indicated that the neutral heteroatomic Zintl cluster is competent to transform COD or COE to
cyclooctane. Density functional theory calculations were used to probe the possible catalytic mechanism, which is consistent with
the experimental observations (Fig. 24).158
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Fig. 23 The Zintl clusters [Tl2Bi6{Ru(cod)}]2� (A) and [Bi9{Ru(cod)}2]3� (B). The ESI mass spectra (C) shows the experimental and simulated mass
spectrum of [Tl2Bi6RuO2]�, in which O2 is presumably attached to the ruthenium atom. From Ref. Lichtenberger, N.; Spang, N.; Eichhöfer, A.;
Dehnen, S. Angew. Chem. Int. Ed. 2017, 56, 13253–13258.

Fig. 24 The Zintl cluster [h4-Ge9(Hyp)3]Rh(COD) (A) and the Proposed Reaction Mechanism for the Hydrogenation of COD with [h4-Ge9(Hyp)3]
Rh(COD) (B). All energies are in kcal/mol relative to the RheGe cluster. From Ref. Townrow, O.P.E., Chung, C.; Macgregor, S.A.; Weller, A.S.;
Goicoechea, J.M. J. Am. Chem. Soc. 2020, 142, 18330.
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Abstract

The present chapter describes the recent developments in the chemistry of homo- and heteroatom chalcogen rings. The
emphasis is on the relationships between the structures and bonding in cyclic polychalcogen molecules and ions, as well as
on their ligand chemistry. The advent and progress in modern instrumental methods of analysis have shown that the
structural features of chalcogen rings show a clear trend from sulfur to tellurium with the heavier elements often differing
from sulfur.
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1.21.1 Introduction

The Group 16 elements sulfur, selenium, and tellurium show propensity to form molecular species containing cumulated homo-
and heteronuclear chalcogen-chalcogen bonds leading to rich chemistry, which involves homo- and heteronuclear, both cyclic and
acyclic polychalcogen molecules,1–6 cations,4–12 anions,4,5,13–15 main group compounds,5,16–24 and transition metal
complexes5,25–30 that contain polychalcogen ligands. Illustrative examples of compounds containing cumulated chalcogen-
chalcogen bonds are shown in Table 1.

The structural chemistry of catenated polysulfur compounds is the most extensive among the three chalcogen elements.1–4,6–10

The related chemistry of selenium and tellurium species is still simpler, though it is developing very rapidly.1,5–15 While sulfur, sele-
nium, and tellurium show similarities in their molecular structures, there are also pronounced differences among the three chal-
cogen elements. For instance, sulfur has a stronger ability to form homocyclic molecules than selenium and tellurium, and the
polymeric trigonal chains of selenium and tellurium are thermodynamically the most stable forms of the two elements. By contrast,
acyclic polymeric sulfur is unstable. The stable form of sulfur at NTP consists of cyclooctasulfur molecules, but the related cyclic
selenium molecules are metastable and cyclooctatellurium has not been isolated as a single species.

Decreasing propensity to form p-bonds,7,31 hypervalency,32,33 and the increasing strength of the chalcogen bonding interac-
tions7,34 when going down Group 16 in Periodic Table play an important role in explaining the structural and chemical differences.
It has also been shown that heavier organic chalcogenides show propensity to associate in longer aggregates in solution.35

The structural features of cumulated chalcogen-chalcogen bonds can be explained by three types of interactions. Without steric
effects, the unstrained chalcogen-chalcogen bond adopts a torsional angle near 90�. This can be explained by the minimized repul-
sion of np lone pairs of the adjacent atoms [see Fig.1A]. The second lone pair occupies the valence ns orbital and has no stereochem-
ical consequences.

The np lone pairs are often involved in hyperconjugative np2 / ns* interactions [see Fig. 1B] that explain significant bond
length alternations in molecules like S7 (Section 1.21.2.2.2) and can also be utilized to justify the bonding and structures of
many ionic and electrically neutral polychalcogen species (see, for instance, Section 1.21.8). Partially occupied p* orbitals of
two chalcogen fragments also lead to attractive p*–p* interactions, as shown in Fig. 1C.

Chalcogen bonds are a special case of secondary bonding interactions (SBI) that are mainly due to electrostatic and dispersion
effects in which the so called s–holes and polarizability play important roles [see Fig. 1D], though the chalcogen bonds can also be
attributed to donor-acceptor interactions n2(E) / s*(E-X) in which n is the lone pair of a chalcogen donor atom in one molecule
and s*(E-X) the antibonding orbital of the E-X bond in another molecule.36 This 3c-4e arrangement is of variable strength, from
a very weak interaction to that of a hypervalent single bond.37 Since the energy difference between the bonding s(E-X) and anti-
bonding s*(E-X) orbitals is smaller in case of tellurium than selenium or sulfur, SBIs are stronger for tellurium than for selenium
and sulfur.38 These interactions are illustrated in Fig. 1E.

This chapter explores the structural properties of ring and cage compounds involving cyclic chalcogen molecules containing
cumulated chalcogen-chalcogen bonds in different chemical environments. The emphasis is on the structures and bonding of
the different species in the solid state, but the synthetic aspects will be discussed, where appropriate. Illustrative examples will
be provided throughout the chapter.

1.21.2 Homocyclic chalcogen molecules

1.21.2.1 General

Sulfur is known to exhibit a wide variety of homocyclic molecular forms of different ring sizes.1–4,6,8 The existence of analogous
selenium rings is much sparser being limited to Se8, Se7, and Se6.

1,5,6,8,9 There are only a few reports on homocyclic telluriummole-
cules, but they have not been characterized as isolated species.

1.21.2.2 Sulfur

Sulfur occurs in the Earth’s crust both as a free element and as sulfide minerals. In addition, crude oil contains organic sulfides and
polysulfides, and natural gas may contain significant amounts of hydrogen sulfide. Cyclooctasulfur, S8, is the thermodynamically
stable form in NTP. While sulfur forms several molecules with other ring sizes, as well as the polymeric form, they all are metastable
and eventually revert to S8.

The preparation and the determination of the molecular structures of different homocyclic sulfur molecules have been reviewed
several times.1–4,6,8 The synthetic methods have been summarized in Table 2.

The crystal structures of eleven homocyclic sulfur rings have been determined to date, as shown in Table 3. In addition, several
polymorphs are known for S7, S8, and S9. S18 is a special case, since it occurs as two different conformational isomers. S6 and S10
have been observed to crystallize together.65 A general characteristic feature of the puckered rings is the consequence of the mutual
interactions of the p lone-pair orbitals of the neighboring sulfur atoms resulting in the observed torsional angle of approximately
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90� (see Refs. 67, 68 for the pioneering discussion of the properties of the SS bonds. The conclusions presented therein are still
valid). During the past decades there have been several computational studies at different levels of theory to establish the relative
energetics of various conformations of different isomers (see Refs. 1–4, 6, 8, and references therein).

1.21.2.2.1 Cyclohexasulfur, S6
Cyclohexasulfur has originally been prepared for more than 100 years ago from the acidified aqueous solution of sodium thiosul-
fate.63,84 It has later been shown that the elemental sulfur precipitation contains S8 and S7 in addition to S6.

64 Cyclohexasulfur has
more conveniently been prepared from [TiCp2S5] and SCl2, which also affords S12,

52 as well as by treating the CS2 solution of S2Cl2
with aqueous solution of alkali metal iodide (potassium or sodium).51

Table 1 Illustrative examples of the cyclic chalcogen species.

Molecular species

S8, Se8, SenS8-n, TenS8-n, SenTe8-
n, TenSemS8-(nþm) S8O S7TeCl2

Homo- and heterocyclic cations

(S8)2þ, (Se8)2þ (Te6)4þ (Te2Se6)2þ

Homocyclic cations with exocyclic groups

(S7I)þ (Se9Cl)þ (Se6I2)2þ, (Te6I2)2þ

Homocyclic anions

(Se10)2� (Te7)2� (Te5)n2n�

Metal complexes with cyclic homopolychalcogen ligands

[Ag(S8)2]þ

[Re2(CO)6(m-I)2(Se7)]

[{Ir(TeCl4)(TeCl3)}2(Te10)]
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The crystal structure determination69 has established that the orange-yellow rhombohedral crystals consist of homocyclic six-
atomic molecules in the chair conformation (see Table 3). The same molecular conformation for S6 is found in the solid solution
of S6$S10.

66 The bond parameters in the molecule indicate SeS single bonds, but the lattice shows several short intermolecular
contacts of 3.4432(12)–3.4713(10) Å, which accounts for the high observed density of the material (Fig. 2).69

1.21.2.2.2 Cycloheptasulfur, S7
It has been deduced by Raman and IR spectroscopy that S7 can form four polymorphs denoted a-d.85 The crystal structures g- and
d-S7 have been determined.70,71 The molecules in both polymorphs exhibit a planar fragment of four sulfur atoms, which leads to
significant bond length alternation (see Table 3), as shown schematically in Fig. 3. This alternation can be rationalized in terms of
the mutual 3p lone-pair repulsion of the two central atoms in the planar four-atomic fragment and of the hyperconjugative inter-
actions of these lone-pairs with the s* orbitals of the bonds connecting the fragment to the rest of the molecule (see Fig. 3).70,71

The Raman spectra of the four polymorphs indicate that the molecular conformations are similar also in a- and b-S7 and the

(A) (B)

(C)

(D) (E)

Fig. 1 (A) The minimized repulsion of the np lone pairs of adjacent chalcogen atoms leads to a torsional angle of approximately 90�. (B) The
hyperconjugative np2 / s* interaction results often in the alternation of chalcogen-chalcogen bond lengths. (C) The p*–p* interaction between two
R2E2þ. stabilizes the square-planar (RE)42þ cation. (D) Electrostatic attraction due to the presence of a s–hole. (E) Intermolecular donor-acceptor
interaction n2(E) / s*(E-X).

Table 2 Laboratory preparation of homocyclic sulfur molecules.

Reaction Isolated product References

Molten sulfur Sn (n ¼ 6 – 8,12,18,20) 39–45
SnCl2 þ H2Sm

þKI
þ[TiCp2S5]
þ[TiCp2(m � S2)mTiCp2] (m ¼ 2,3)
þ[TiCp2(CO)2] þ S6
þ[TiCp2(CO)2] þ S8

Sm þ n (S6,S10,S12,S18,S20)
Sn (n ¼ 6�)
S5 þ n (S6,S7,S9,S11,S12,S13)
Sn (S6,S7,S8,S10,S15,S20)
S8 þ n (S9,S11)
Sn

46–50
51
52–56
57
58
58

S8Cl2 þ [Zn(tmeda)S6]a S14 59
SO2Cl2 þ [TiCp2S5] S10, S15, S20 52,60
S4(SCN)2 þ [TiCp2S5] S9 61
Decomposition of CuSSCOC2H5 g-S8 62
Na2S2O3(aq) þ HCl(aq) S6, S7, S8 63,64
S6 or S7 þ CF3COOOH S10, S6_S10 65,66

atmeda ¼ tetramethylenediamine.
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Table 3 Molecular structures of homocyclic sulfur molecules.

Molecule Structure Bond parameters Motif a References Molecule Structure Bond parameters Motif a References

S6 r ¼ 2.061(3)–2.068(2) Å
a ¼ 102.1(1)–103.1(1)�

s ¼ 73.5(1)–74.2(1)�
þ - þ - þ -

66,69 S12 r ¼ 2.0483(5)–2.572(4) Å
a ¼ 105.435(8)–106.953(6)�

s ¼ 86.006(9)–89.406(9)�
þ - - þ þ -
- þ þ - - þ

56

S7 r ¼ 1.997(1)–2.182(3) Å
a ¼ 101.5(1)–107.5(1)�

s ¼ 0.3(1)–108.78(6)�

0 þ - þ - þ - 70,71 S13 r ¼ 1.976(2)–2.0739(17) Å
a ¼ 103.27(5)–111.08(5)�

s ¼ 30.83(7)–116.26(6)�

- þ þ - - þ þ þ - - þ þ - 55

S8 r ¼ 2.035(2)–2.060(2) Å
a ¼ 107.1(1)–109.00(3)�

s ¼ 94.76(3)–101.38(3)

þ - þ -
þ - þ -

,62
72–80

S14 r ¼ 2.0485(10)–2.602(12) Å
a ¼ 103.99(3)–109.281(18)�

s ¼ 72.54(4)–101.68(3)�

- þ þ - - þ þ - þ - - þ þ - 59

S9 r ¼ 2.0389(5)–2.0678(5) Å
a ¼ 105.810(8)–109.713(12)�

s ¼ 60.509(15)–115.574(13)�
þ þ - - þ
þ - þ -

61 S18

endo
endo

r ¼ 2.052–2.067 Å
a ¼ 104.8–107.9�

s ¼ 79.4–100.5�
þ - - þ þ -
þ þ þ - þ þ
- - þ - - -

49

S10 r ¼ 2.0328(13)–2.0783(12) Å
a ¼ 103.35(3)–110.201(18)�

s ¼ 75.41(3)–123.73(3)�
þ - - þ -
þ - - þ -

66,81

exo
exo

r ¼ 2.054(5)–2.097(4) Å
a ¼ 104.24(7)–108.44(7)�

s ¼ 73.5(1)–74.2(1)�
þ - - þ - þ
þ - - þ - -
þ - þ þ - -

83

S11 r ¼ 2.0281(6)–2.1112(6) Å
a ¼ 103.656(14)–107.47(3)�

s ¼ 70.56(4)–117.32(3)(1)�
þ - - þ - þ
- þ - - þ

55,82 S20 r ¼ 2.023–2.104 Å
a ¼ 105.2–107.7�

s ¼ 30.83–116.26�
þ þ þ þ -
þ þ þ þ -
þ þ þ þ -
þ þ þ þ -

49

aIn the motif, the positive sign of the torsional angle indicates clockwise rotational and the negative sign counterclockwise rotation.
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polymorphs differ only in the packing of the molecules. It is the weak S-S bond in the central part of the four-atomic fragment that
is considered to be responsible for the low stability of S7.

In solution and gaseous state, cycloheptasulfur is fluxional undergoing facile pseudorotation,86 as judged experimentally by
Raman spectroscopy87 and demonstrated by MO computations at different levels of theory (see reviews in refs 1 and 2). All compu-
tations show qualitative agreement. The most reliable barrier to pseudorotation is 5.6 kJ mol�1.88

1.21.2.2.3 Cyclooctasulfur, S8
There are three known polymorphs of cylooctasulfur molecule S8. They all show similar puckered crown-shaped molecules (see
Table 3) but differ in their packing in the crystal lattice. Orthorhombic a-S8 is the thermodynamically stable form at NTP.1–4 It
has long been known that there is a phase transition from orthorhombic a-S8 to the monoclinic b form at ca. 96�C with this
form being stable up to the melting point of sulfur.89,90 b-S8 is conventionally prepared either by slow solidification of the molten

Fig. 2 The close contacts between S6 molecules.69

σ*

l.p. l.p.

l (2.10 Å)

s (1.99 Å)

vl (2.19 Å)

n (2.05 Å)

Fig. 3 Lone-pair interactions and hyperconjugation in cycloheptasulfur molecules leading to bond length alternation (vl ¼ very long, l ¼ long, s ¼
short, n ¼ normal single bond; the approximate bond lengths are taken from the X-ray structures.70,71 for more detailed discussion, see ref. 85).
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element or by crystallization from organic solvent (see, for instance ref. 83). At room temperature, the crystal structure shows orien-
tational disorder.75–77 The order-disorder transition has been estimated upon cooling the crystals below�75�C (see Fig. 4) with the
ordering enthalpy of 4.6 kJ mol�1.76

The third polymorph of sulfur, monoclinic g-S8 has been prepared by the reaction of pyridine with CuSSCOEt.62 The packing of
the S8 molecules results in the highest-density solid lattice of all sulfur molecular forms.62,78–80 g-S8 is also found in nature as the
mineral rosickyite. The presence of rosickyite as a geological material has been shown to be a biosignature. Studies upon evaporite
basins in Death Valley have shown that the mineral is constantly replenished by a cycle of microbial attack on gypsum deposits,
followed by bacterial re-oxidation of the resulting sulfide to this form of elemental sulfur.92

Elemental sulfur can directly be associated with or in microorganisms, as shown in the case of Thiomargarita namibiensis which is
the largest bacterium thus far discovered (with individual cells up to 0.75 mm in size).93 XANES (X-ray Near Edge Structure) was
employed to show that the sulfur in this bacterium was present as S8.

94 Raman spectroscopy has also been employed to identify the
form of the element, as demonstrated by the use of Raman spectroscopy on living samples of the nematode Eubostrichus dianae.95

1.21.2.2.4 Larger sulfur rings S9-S16, S18, and S20
As shown in Table 2, larger sulfur rings can be prepared in analogous manner to S6 and S7. The most convenient method to prepare
rings with odd number of sulfur atoms involves the reaction between [TiCp2S5] (Cp ¼ dicyclopentadienyl C5H5

� or its alkylated
derivatives) and appropriate chlorosulfanes SnCl2. The reaction of sulfanes H2Sm and SnCl2 mainly afford sulfur rings with even
number of atoms. There are also other more specialized reactions to prepare and isolate large sulfur rings (see Table 2).

The crystal structure determinations summarized in Table 3 show that while the puckered conformations in all different rings are
rather similar, there is variation both in the bond lengths and torsional angles. The dependence of the bond length on the torsional
barriers has been discussed by comparing the metrical values in different homocyclic molecules shown in Table 3. This information
has been summarized in Fig. 5.

There are a few interesting special cases that merit comments:
Cyclononasulfur, S9 crystallizes at least as two distinct polymorphs. The crystal structure of a-S9 has been determined, but that of

b-S9 is still unknown.
61 The comparison of the Raman spectra of the a- and b-forms demonstrates that the molecular conformation

in both polymorphs is similar (see Table 3).

Fig. 4 Crystal structure of b-S8 at (A) �153�C91 and (B) at ambient temperature.75

Fig. 5 The dependence of the SeS bond length on the torsion angle in solid homocyclic sulfur molecules.2 Adapted with permission from Steudel,
R.; Eckert, B., Topics Curr. Chem. 2003, 230, 1–79. Copyright 2003 Springer-Verlag, Heidelberg.
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In the course of preparation of cyclodecasulfur, S10 from S6, the solid solution of S6$S10 was obtained.65 The crystal structure
determination showed that this phase is completely ordered and contain alternating layers of S6 and S10 homocycles.66

Cyclododecasulfur, S12 can be crystallized both without the solvent molecule and containing the CS2 molecule of crystalliza-
tion.56 It was observed that in the case of S12$CS2 adduct, the intermolecular forces for S12 are smaller than in the case of the
S12 lattice, and therefore the molecule in the former case displays the geometry, which is closer to the ideal gas-state symmetry
of D3d.

Whereas cyclopentadecasulfur, S15 has only been obtained as impure lemon-yellow powder containing trace amounts of S14 and
S16,

96 its crystal structure is not known. The B3PW91/6-311þG(3df) calculations predict that the molecule should have C2

symmetry.97 The optimized bond parameters are rSS ¼ 2.053–2.065 Å, aS ¼ 104.9–109.4�, and s ¼ 77.1–112.3�.
Two conformational isomers have been obtained for cyclooctadecasulfur S18.

49,83 As seen from Table 3, the metrical values of
the bond parameters are very similar in the endo and exo forms, but the motifs of the torsion angles are different leading to the
different conformation.

1.21.2.3 Selenium and tellurium

1.21.2.3.1 Cyclohexaselenium, Se6
The first report on cyclohexaselenium involved the crystallization of amorphous selenium from CS2, which afforded monoclinic
b-Se8 and Se6 that were separated under microscope.98 Se6 can also be obtained by treating Se2Cl2 with KI.99 It has also been shown
that SeCl2 can be stabilized in coordinating solvents long enough to use it as an in situ reagent.100 Its reaction with [TiCp2Se5] also
affords Se6,

5 though also in these two latter reactions Se8 is also formed and the crystalline products need to be separated under
microscope.

The crystals of Se6
98 are isomorphic with those of S6,

69 and consequently the molecule shows a similar six-atomic ring as S6 (see
Table 3). The bond lengths, the bond angles, and the torsion angles indicate single bonds (see Table 4). There are several intermo-
lecular close contacts of 3.863(3) and 3.964(5) Å in the analogous manner to those in S6.

69 The intermolecular interactions in Se6
appear to be somewhat stronger than in S6 (the approximate Pauling bond orders based on the internuclear distances are 0.18 and
0.01101).

1.21.2.3.2 Cycloheptaselenium, Se7
The reaction of [TiCp2Se5] and Se2Cl2 affords cycloheptaselenium Se7 in good yields.108 In the CS2 solution, Se7 quickly equilibrates
to a mixture of Se6, Se7, and Se8.

109

The crystal structure of Se7 is unknown, but its Raman spectrum108 is similar to that of g- and d-S7
85 indicating a similar struc-

ture. The molecular Se7 ring in two ionic products [Na(12-crown-4)2]2(Se8)$(Se6,Se7)
103 and (NEt4)2(Se5)$(½Se6$Se7),

102 shows
a conformation and bond length alternation similar to those in S7

70,71 (see Table 4 and Fig. 3).
In solution Se7 undergoes similar pseudorotation to S7. The

77Se NMR spectrum shows only one resonance at 996 ppm, though
four resonances of with relative intensities of 2:2:2:1 would be expected for the Cs symmetry in the chair conformation.110

1.21.2.3.3 Cyclooctaselenium Se8
Three monoclinic polymorphs are known for Se8.

105–107,111,112 They all consist of cyclic puckered crown-shaped Se8 molecules,
which are similar to those of the three known crystallographic modifications of S8.

62,72–80 The bond parameters in all three cyclic
selenium modifications are near to those expected for single bonds (see Table 4).

Table 4 Room-temperature crystal structures of homocyclic selenium molecules.

Molecule Structure rSeSe (Å) a SeSeSe (
�) sSeSeSeSe (�) References

Se6
Se6
(NEt4)2(Se5)$(½Se6$Se7)

2.356(9)
2.319(7)–2.419(7)

101.1(3)
97.3(2)–105.8(2)

76.2(4)
71.5(3)–77.9(3)

98
102

Se7
[Na(12-crown-
4)2]2(Se8)$(Se6,Se7)

(NEt4)2(Se5)$(½Se6$Se7)
[Re2(m-I)2(m-Se7)(CO)6]$
½C7H16

2.281(6)–2.440(8)
2.324(7)–2.409(7)
2.309(3)–2.558(3)

99.6(2)–110.3(3)
101.1(2)–108.3(2)
99.33(10)–104.28(9)

1.6(3), 69.9(2)–
114.0(3)

4.6(3), 73.7(3)–
111.7(3)

4.3(1), 77.9(1)–
114.2(1)

103
102
104

Se8
a-Se8
b-Se8
g-Se8

2.3268(12)–
2.3456(8)

2.30–2.36
2.325(2)–2.344(2)

103.345(10)–
107.693(11)

104.2–107.1
103.26(8)–109.08(8)

96.287(13)–
106.952(12)

98.21(6)–104.27(6)
98.9–103.9

105
106
107
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The structures of monoclinic a- and b-Se8 are expectedly dependent on temperature. In both polymorphs, the individual bond
lengths in the two low-temperature structures are significantly shorter than the corresponding bonds in the room temperature struc-
tures.111,112 In case of a-Se8, the ring becomes more distorted from the idealD4d symmetry, as the temperature is lowered.111 Similar
distortion is not as evident in monoclinic b-Se8.

112

The intermolecular interactions in all three monoclinic polymorphs are stronger than those in S8. In monoclinic g-Se8,
107 the

shortest intermolecular contact is in fact shorter than in any modifications of S8.
62,72–80

1.21.2.3.4 Homocyclic tellurium molecules
The evidence for tellurium rings is very sparse.1,5,6,8 The presence of cyclic Te8 molecule in zeolites has been suggested based on
conductivity measurements113 and Raman spectroscopy.114 The treatment of [Ti(C5H5)2(m-Te2)2Ti(C5H5)2] with Te2Cl2 in CS2
results in the observation of a single resonance at 869 ppm in the 125Te NMR spectrum.115 This resonance is in the region that could
be expected for Te8 (c.f. 611.5 ppm for Se8

116).

1.21.2.4 Homocyclic oxygen molecules

Whereas experimental information on electrically neutral homocyclic oxygen molecules On (n � 6) is virtually non-existent, their
potential as high energy-density materials has long encouraged computational approach to understand their geometries and stabil-
ities. Whereas energy minima have been found for O6,

117–121 O8,
120,121,123–125 and O12

120,121,126 rings at different levels of Hartree-
Fock andMP2 computations, the calculations yield different conformations. The B3LYP and B3PW91 functionals using 6-31G* and
6-311G(2df) basis sets did not find energy minima on the potential energy surface for any ring conformations of O6, O8, and
O12.

120 The highest-level optimizations for the cyclic O6, O8, and O12 molecules are CCSD(T,full)/cc-pCVTZ,122 CCSD/cc-
pVTZ,124 and SCF/DZP,126 respectively. These molecules show structures, which are analogous to the related S6, S8, and S12 mole-
cules (Table 3) as well as to Se6 and Se8 (Table 4). The optimized bond parameters for O6 (D3d) are rOO ¼ 1.4294 Å, aO ¼ 103.6�,
s¼ 72.1�,122 for O8 (D4d) rOO ¼ 1.404 Å, aO ¼ 107.9�, s¼ 98�,124 and for O12 (D3d) rOO ¼ 1.358 Å, aO ¼ 108.7–108.8�, s¼ 86.9–
88.0�.126 Interestingly, the MP2/6-311þþG** calculations have reported to yield a different optimized structure for O12.

121 It
consists of two O6 molecules in the chair-conformation, in which the molecules lie on top of each other and show only weak inter-
actions of 3.37 Å.

Based on the smaller bond energy of OO single bond than that of SS single bond, and the larger bond energy of the O]O
double bond than that of the S]S double bond, it was estimated that the decomposition energy for On / n/2 O2 should be
ca. 100 kJ mol�1 per oxygen atoms.127 The computed values at different levels of theory are 58–71,117,118,121 54–71,122,123 and
87 kJ mol�1,126 for O6, O8, and O12, respectively.

1.21.3 Heterocyclic chalcogen molecules

1.21.3.1 General

The chemical and structural similarity of the three chalcogen elements has led to investigations on the structures and properties of
the binary and ternary systems.1,4 Heterocyclic selenium sulfides form a particularly extensive binary system that bridge the prop-
erties of an electrical insulator (sulfur) and a semiconductor (selenium). The heterocyclic tellurium-containing species are much
sparser, and therefore very little is known about their properties.

1.21.3.2 Selenium sulfides

The similarity of sulfur and selenium is reflected by a complicated binary system between the two elements. With the exception of
the condensation reactions of [TiCp2E5] or [TiCp2(m-E2)2TiCp2] (E ¼ S, Se) with sulfur and selenium chlorides, most synthetic
routes produce mixtures of various selenium sulfides.1 The eight-membered SenS8-n species are the most abundant and most stable
molecular species, though heterocyclic selenium sulfides of other ring sizes can also be formed.

All known crystal structures of heterocyclic selenium sulfides are disordered.108,128–134 It has therefore not been possible to
calculate accurate bond parameters or identify individual molecular species. Vibrational spectroscopy provided the first indications
that selenium sulfides are present in the various mixtures.135,136 The normal coordinate calculations enabled the assignment of the
Raman spectra of 1,2-Se2S5,

137,138 1,2,3,4,5-Se5S2,
108,138 1,2,3-Se3S5,

133 1,2,5,6-Se4S4,
134 and Se7S

128 thereby resulting in the iden-
tification of the molecular species.

77Se NMR spectroscopy is the most powerful technique to date to identify individual heterocyclic selenium sulfides in mixtures
of complicated composition.116,139,140 The spectral assignment is based on the combined information from the natural-abundance
samples and from the samples of the same chemical composition but involving selenium enriched with 77Se-isotope (enrichment
92%).116 Due to the low natural abundances of the 77Se-isotope in the natural-abundance selenium, the coupling can only be
observed by the appearance of small satellites that are often lost in the background. Full coupling information is only obtained
with the enrichment of the 77Se-isotope.

The assignment of the 77Se chemical shifts to individual molecules is exemplified in Fig. 6 by the NMR spectrum of the CS2
solution that was prepared from the quenched sulfur-selenium melt containing 30 % of 77Se-enriched selenium (enrichment 92
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%) and 70% of sulfur. In addition to the resonances shown in the figure, there are eight resonances in the spectrum, which appear as
singlets even in the 77Se-enriched sample.116 These singlets were assigned to SeS7, all isomers of Se2S6, 1,2,5,6-Se4S4, Se8, and Se6 on
the basis of the trends in the chemical shifts deduced from unambiguously identifiedmolecular species.116,141 The assignments were
later verified by DFT calculations of 77Se chemical shifts.142 Sulfur-rich SeS7 and 1,2-Se6S2 are the main components in the mixture
even, when the initial selenium-content is high. Other major components are 1,2,3-Se3S5, 1,2,3,4-Se4S4, 1,2,3,4,5-Se5S3, 1,2,3,4,5,6-
Se6S2, and Se8

116 in agreement with the deductions from earlier vibrational analysis135 that the number of homonuclear Se-Se or S-S
bonds is maximized in the eight-membered rings.

77Se NMR spectroscopy can also be utilized to monitor interconversion reactions that take place between the different chalcogen
rings in solution. This is exemplified in Fig. 7 for the reaction of [TiCp2Se5] and S2Cl2.

143 It can be seen that the initial fluxional
seven-membered 1,2,3,4,5-Se5S2 ring decomposes into 1,2,3,4-Se4S2 and 1,2,3,4,5,6-Se6S2. Similar interconversion has been shown
to take place between Se7, Se6, and Se8

109 and 1,2-Se2S5, SeS5, and 1,2,3-Se3S5.
133,137

1.21.3.3 Tellurium-containing chalcogen rings

The formation of TenS8-n rings in sulfur-tellurium melt has been deduced by mass spectrometry,144 Mössbauer spectrometry,145 and
125Te NMR spectroscopy.146 The disordered crystal structure of the phase prepared from H2S and TeCl4 was deduced to contain
a mixture of cyclic molecules S8, TeS7, and Te2S6

147 with a conformation similar to that in TeS7X2 (X ¼ Cl, Br).148,149 The seven-
and eight-membered selenium-rich selenium telluride heterocycles150,151 have been shown to have similar conformations to those
of the analogous sulfur, selenium, and selenium sulfide rings.62,70–80,102–104,129–134

125Te and 77Se NMR spectroscopic characterization of sulfur-tellurium and sulfur-selenium-telluriummelts at 145 �C using both
natural-abundance selenium and tellurium and 77Se-enriched and 125Te-enriched isotopes have indicated that the sulfur-rich binary
moltenmixture contains TeS7 and 1,2-, 1,3-, and 1,4-isomers of Te2S6.

146 In addition, 1,2-, 1,3-, 1,4-, and 1,5-TeSeS6 rings have been
detected in the ternary melt (1.5 mol-% of both tellurium and selenium and 97 mol-% of sulfur; see Fig. 8).146

Fig. 6 77Se NMR spectrum of the CS2 solution of quenched sulfur-selenium melt containing 30 mol-% of selenium enriched in 77Se-isotope
(enrichment 92 %).116 The different SenS8-n species have been color-coded. The colored circles indicate selenium atoms and the empty corners
sulfur atoms.
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Tellurium containing chalcogen-rings are also formed by following the preparative routes known for other chalcogen rings (see
ref. 1 and references therein). The most important processes have been summarized below (Scheme 1).152

TeS7

1,2-TeSeS6

1,3-TeSeS6

1,4-TeSeS6

or

1,5-TeSeS6

1,4-TeSeS6

or

1,5-TeSeS6
Polymeric material

TeS7

1,2-TeSeS6

1,3-TeSeS6

1,4-TeSeS6

or

1,5-TeSeS6

1,4-TeSeS6

or

1,5-TeSeS6
Polymeric material

Fig. 8 125Te NMR spectrum of ternary sulfur-selenium-tellurium melt containing 1.5 mol % of both 77Se-enriched selenium and 125Te-enriched
tellurium (enrichment in both cases 92 %) recorded at 145 �C.146 Adapted with permission from Chivers, T.; Laitinen, R. S.; Schmidt, K. J.;
Taavitsainen, J. Inorg. Chem. 1993, 32, 337–340. Copyright 1993 American Chemical Society.

Fig. 7 The natural-abundance 77Se NMR spectrum of the reaction mixture of [TiCp2Se5] and S2Cl2 recorded after 1 day of decomposition.143 The
uppermost insert is the spectrum recorded at the beginning of the reaction. The lower inserts are resonances of the 77Se-enriched 1,2,3,4,5,6-Se6S2
(enrichment 92 %).
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An ab initio MO study of eight-membered sulfur-rich tellurium selenium sulfide rings has shown that the most stable species
contain SeeTe bonds.152 1,2,8-TeSe2S5 was deduced to be the most stable of the isomers. The formation of this species was indeed
observed in the reaction of (Me3Si)2Te with ClSeS5SeCl.

152

[Ti(MeC5H4)2(µ-Te2)2Ti(MeC5H4)2]

(A)

[Ti(MeC5H4)2(µ-TexS2-x)2Ti(MeC5H4)2]

(B)

[Ti(MeC5H4)2(µ-TexSe2-x)2Ti(MeC5H4)2]

(C)

2 S2Cl2

2 S2Cl2 / Se2Cl2

TexS8-x

TexSeyS8-(x+y)

2 [Ti(MeC5H4)2Cl2]++

(Me3Si)2Te

(D)

ClSeS5SeCl 1,2,8-TeSe2S5 2 Me3SiCl++

[Ti(MeC5H4)2(µ-Te2)2Ti(MeC5H4)2]

(A)

[Ti(MeC5H4)2(µ-TexS2-x)2Ti(MeC5H4)2]

(B)

[Ti(MeC5H4)2(µ-TexSe2-x)2Ti(MeC5H4)2]

(C)

2 S2Cl2

2 S2Cl2 / Se2Cl2

TexS8-x

TexSeyS8-(x+y)

2 [Ti(MeC5H4)2Cl2]++

(Me3Si)2Te

(D)

ClSeS5SeCl 1,2,8-TeSe2S5 2 Me3SiCl++

[Ti(MeC5H4)2(µ-Te2)2Ti(MeC5H4)2]

(A)

[Ti(MeC5H4)2(µ-TexS2-x)2Ti(MeC5H4)2]

(B)

[Ti(MeC5H4)2(µ-TexSe2-x)2Ti(MeC5H4)2]

(C)

2 S2Cl2

2 S2Cl2 / Se2Cl2

TexS8-x

TexSeyS8-(x+y)

2 [Ti(MeC5H4)2Cl2]++

(Me3Si)2Te

(D)

ClSeS5SeCl 1,2,8-TeSe2S5 2 Me3SiCl++

[Ti(MeC5H4)2(µ-Te2)2Ti(MeC5H4)2]

(A)

[Ti(MeC5H4)2(µ-TexS2-x)2Ti(MeC5H4)2]

(B)

[Ti(MeC5H4)2(µ-TexSe2-x)2Ti(MeC5H4)2]

(C)

2 S2Cl2

2 S2Cl2 / Se2Cl2

TexS8-x

TexSeyS8-(x+y)

2 [Ti(MeC5H4)2Cl2]++

(Me3Si)2Te

(D)

ClSeS5SeCl 1,2,8-TeSe2S5 2 Me3SiCl++

Scheme 1 Formation of tellurium-containing heterocyclic chalcogen molecules.152

 

(B)

(C)
(D)

(A)

Fig. 9 Examples of the co-crystals of fullerenes and chalcogen-rings. (A) C60$2S8,153 (B) C70$2S8,158 (C) C60$Se8$CS2,159 and (D) C70$Se8$CS2.160
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1.21.4 Supramolecular chemistry involving chalcogen rings

Cyclooctasulfur molecules have been reported to co-crystallize with a number of main group compounds and transition metal
complexes (see ref. 1 for review of early literature). Recent examples involve fullerenes C60,

153,154,156 C70,
157,158 and C76

(Fig. 9).155 Related co-crystals have also been reported for Se8 and C60
159 and C70.

160 The Gd@C2v(9)-C82$2.5(S8)$0.5(CS2)
showed the presence of endohedral Gd3þ ions inside the C82

3� cage.161 Whereas the C82
3� cage, S8 molecules, and CS2 were fully

ordered in the crystal structure, multiple disordered sites were identified for Gd3þ ions inside the cage. The DFT optimizations
were performed to model the crystal structure and two local energy minima were found for the metal ion, which are closely related
to the observed disordered atom sites in the experimental structure. The relative energies of the structures with different Gd3þ sites
were rather close to each other thereby rationalizing the observed disorder.161

There are solid phases, in which cyclooctasulfur molecules co-crystallize in supramolecular lattices of different metal
complexes.162–175 Some relevant early literature has been reviewed in ref. 176.

(A)

(B)

Fig. 10 Encapsulation of (A) S6 and (B) S8 in the polyaromatic dinuclear palladium macrocycle.177
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S6, S8, and S12 have been encapsulated in a polyaromatic dinuclear palladium macrocyclic matrix and characterized using ESI-
TOF mass spectrometry and single-crystal X-ray diffraction, as exemplified in Fig. 10).177

When sodium polyselenide and 12-crown-4 were treated with cerium(III)chloride, [Na(12- crown-4)2]2(Se8)$(Se6,Se7) was ob-
tained.103 The lattice contains Se6 and Se7 rings in addition to [Na(12-crown-4)2]

þ and acyclic Se8
2- anions. The structures of these

molecules are described in Table 4.
Cs3Se22 has been shown to contain a cyclooctaseleniummolecule between the layer anions.178 The tellurium analog Cs3Te22 has

a similar structure and contains the Te8 ring
179 between the telluride layers (see Fig. 11). The Te-Te distances in the ring are 2.787–

2.818 Å, the bond angles 99.32–101.12�, and the torsional angles 106.53–106.95�. Cs4Te28 also contains a Te8 ring in a related
layered two-dimensional polytelluride lattice.180 These two cesium tellurides are the only known species in which the structural
identity of the Te8 ring has been established.

1.21.5 Homocyclic sulfur oxides

Reactions of any of the five homocyclic Sn (x ¼ 6–10) molecules with CF3CO3H in CH2Cl2 at low temperature result in the forma-
tion of SnO in which the cyclic structure is retained with one of the sulfur atoms now oxidized via formation of a S]O double
bond.181,182 S6O can also be generated in situ in CS2 at low temperature in the absence of light by the reaction of [TiCp2S5] with
SOCl2.

183 The thermodynamic instability of the SnO species has precluded the determination of the crystal structures. X-ray struc-
tures have thus far been recorded only for S7O

181 and S8O.184,185 The inference of the molecular structures of SnO (n ¼ 6–10)
species can be made using Raman spectroscopy, assisted by DFT calculations.181,186 For example, S6O can be crystallized in two
forms. Raman spectroscopy indicates that these two forms may represent endo- and exo-orientations of the S¼O bond in the
ring (see Fig. 12),182 though their differing spectral properties may also indicate the presence of two different polymorphs.181

This has yet to be confirmed by X-ray crystallography. The DFT calculations at G3X(MP2) level of theory187 have demonstrated
that a- and b-S6O are the two energetically most favorable isomers (relative Gibbs energies are 1.6 and 0.0 kJ mol�1,
respectively).186

It has been suggested that with the use of an excess of the oxidizing agent CF3CO3H, the dioxide S6O2 may be formed.181 The
treatment of S6O with SbCl5 affords S12O2$2SbCl5, which consists of a 12-membered sulfur ring coordinated to the two antimony
centers via the two oxygen atoms.188 Free S12O2 is not known.

Fig. 11 Crystal structure of Cs3Te22 consisting of puckered Te8 rings between the [Te4Te4/2]23� layers (tellurium is depicted in orange and cesium
in gray).179

(A)

(B)

Fig. 12 The B3LYP/6-31G(2df)-optimized geometries of (A) a-S6O (endo) and (B) b-S6O (exo).186
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The product from S7O shows the expected bond-length alteration [Fig. 13A],189 which is similar to that observed in S7.
70,71 S7O

can further be oxidized to S7O2. While crystal structure of S7O2 is not known, the molecular structure of the isomer has been
deduced by Raman spectroscopy [Fig. 13B]190 and rationalized by use of MD DFT computations.191

S7O is also formed upon oxidation of S8 with an excess of CF3CO3H, possibly via the higher oxide S8O3.
190 The stoichiometric

reaction affords S8O and this material has been shown to form adducts with antimony pentachloride192 and tin tetrachloride193

(Fig. 14). [SbCl5(OS8)] and [SnCl4(OS8)2] expectedly coordinate to antimony and tin centers through the oxygen atoms.
Cyclic structures have also been postulated for S9O and S10O by Raman spectroscopy, though this has not been confirmed by X-

ray work.181 In terms of reactivity of the oxides, studies beyond the aforementioned acid/base reactions are limited, though the
ability of S6O to react with alkenes and act as a sulfur source has also been investigated.183

As indicated experimentally, DFT computations186,191,194 have interestingly shown that while sulfur, selenium, and tellurium
substitute each other in the ring framework, the formation of exocyclic S]Obonds is energetically more favorable than substitution
of oxygen into the Sn rings. The relative Gibbs energy difference between the homocyclic sulfur molecule with the exocyclic S]O
bond, which constitutes a global minimum for each molecule, and the heterocyclic sulfur-oxygen ring has been computed to range
24.4–51.8 kJ mol�1 depending on the ring size.186

1.21.6 Chalcogen rings as ligands in metal complexes

1.21.6.1 Sulfur

Catenated polysulfide anions form an abundance of coordination complexes both with main group and transition metals and
homocyclic sulfur molecules, in particular S8, co-crystallize in various lattices involving different metal complexes (Section
1.21.4). By contrast, ligand chemistry of homocyclic sulfur molecules is very limited comprising only a few structurally character-
ized complexes. It has been explained to be due to facile redox reactions leading to Sn

2- anions upon the treatment with transition
metal cations.195

Cyclooctasulfur is a soft Lewis base and accordingly coordinates with some soft transition metals. The reaction of Ag[MF6] (M ¼
As, Sb) with two equivalents of S8 in liquid SO2 affords [Ag(S8)2][MF6] [Fig. 15A].

196,197 When using Ag[Al{OC(CF3)3}4] or Ag
[Sb(OTeF5)6] as starting materials instead of Ag[MF6], the related [Ag(S8)2]

þ salts were obtained. The reaction with the Ag[Al
{OCH(CF3)2}4] reagent afforded [Ag(S8)][{Al[OCH(CF3)2]4}] [Fig. 15B].

197 The related reactions with Cu[Al{OC(CF3)3}4], Cu
[Al{OC(CH3)(CF3)2}4], and Cu[Al{OCH(CF3)2}4] in CH2Cl2/CS2 afforded [Cu(S12)(S8)]

þ or [Cu(S12)(Cl2CH2)]
þ
,
198 [Cu2(m-

1,5-S8){Al[OC(CH3)(CF3)2]4}2],
199 and the 1D-coordination polymer [Cu2(S8)2{Al[OCH(CF3)2]4}2]n,

199 respectively [see
Figs. 15C–E].

The [Ag(S8)2]
þ cation in [Ag(S8)2][SbF6] shows two short Ag-S contacts in the 1,3-positions with distances of 2.744(1) and

2.792(1)Å.197 With the two bulkier anions, both S8 ligands in the two [Ag(S8)2]
þ cations have only one short Ag-S contact of

2.68(1)–2.700(5) Å with three other longer but still short distances ranging 2.921(5)–3.354(5) Å. There is some temperature
dependence in the structure of the cation.197 Cu-S bond lengths in [Cu(S12)(S8)]

þ and [Cu(S12)(Cl2CH2)]
þ range 2.313(2)–

2.328(2) Å and 2.277(7)–2.288(4) Å, respectively.198 The bond parameters of the cyclic Sn ligands were close to those in corre-
sponding free cyclic sulfur molecules.

(A) (B)

Fig. 13 (A) Crystal structure of S7O189 and (B) the MD DFT optimized structures of the two energetically lowest-lying isomers of S7O2.191

(A)
(B)

(C)

Fig. 14 Molecular structures of (A) S8O,184,185 (B) [SbCl5(OS8)],192 and (C) [SnCl4(OS8)2].193
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In all these complexes, sulfur rings generally act as polydentate ligands, since the p lone-pair orbitals in each atom can at least in
principle be an electron-pair donor. This has been exemplified by the PBE0/TZVPP calculations on the [Cu(S12)]

þ cation.199 The
main bonding interaction is shown in Fig. 16.

HOMO andHOMO-1 orbitals mainly represent the 3p lone-pair orbitals of sulfur atoms. The HOMO-1 orbital interacts with the
4s orbital of Cuþ, which is the LUMO of the interaction. The estimated interaction energy for each three S(3p2)/Cu(4s0) interac-
tion is 50 kJ mol�1.199 It was concluded based on the PBE0/TZVPP studies that [Cu(S12)]

þ is the most stable complex containing
Cuþ and cyclic Sn both in the gas phase and also in the solid state, when the counter anion is very weakly basic, which mimics the
gas-phase conditions.199 This conclusion finds support from the gas-phase mass-spectrometric study of the reaction of Cuþ and S8,
which indeed indicated that the main component is [Cu(S12)]

þ ion.200

[Re2X2(CO)6(THF)2] (X¼ Br, I) was found to react with cyclooctasulfur in CS2 yielding [Re2X2(CO)6(S8)] in 49 % or 61 % yield
for X ¼ Br or I, respectively.201 It has been proposed that S8 acts as a bridging ligand between two rhenium centers along with the
halogenido ligands.104,201 While no crystal structure has been reported, this inference is based on the elemental analysis, the IR spec-
trum of the product, and comparison with the known crystal structure of [Re2I2(CO)6(Se7)].

104 The preparation of products and
growth of X-ray quality crystals of [Rh2(O2CCF3)4]n(S8)m (n:m ¼ 1:1, 3:2) have been carried out by a sublimation and deposition
procedure employing dirhodium(II) tetra(trifluoroacetate) in the presence of elemental sulfur vapour.176 S8 acts also in these
complexes as a bridging ligand between two dinuclear rhodium clusters (see Fig. 17).

Fig. 15 The structure of (A) [Ag(S8)2]þ,196,197 (B) [Ag(S8)]Al[OCH(CF3)2]4}],197 (C) [Cu(S12)(S8)]þ,198 (D) [Cu2(m-1,5-S8){Al[OC(CH3)(CF3)2]4}2],199

and (E) [Cu2(S8)2{Al[OCH(CF3)2]4}2]n.199 The AlO4 coordination entity is shown as blue-shaded tetrahedra. Any orientational disorder in the sulfur
rings is omitted for clarity.
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1.21.6.2 Selenium

Selenium also forms several complexes, which contain homocyclic molecules as a ligands.104,202–206 The coordination of Se6 ring
with Agþ has been demonstrated in [(AgI)2(Se6)]

202 and in the formation of isolated [Ag(Se6)Ag]
2þ ions or close packed stacked

arrays of Se6 molecules with Agþ residing in the octahedral holes depending on the size of the counterion.206 Solvothermal reactions
also lead to solid phases containing Se6

203,207 or Se8
203,208,209 molecules. In addition to X-ray structures these phases have been

characterized by vibrational spectroscopy,203,208 solid state NMR spectroscopy,207 and thermal analysis.208

The homocyclic Se7 molecule has been characterized as a bridging ligand in the dinuclear rhenium complex [Re2(m-I)2(m-
Se7)(CO)6] [Fig. 18A].

104 Despite the coordination to the dinuclear Re center, the molecules shows the four coplanar atoms and
the bond length alternation well established for S7.

70,71 [Rh2(Se9)Cl6] has been prepared from RhCl3$4H2O and Se2Cl2.
204 It

was found to contain the Se9 ring as a bridging ligand between two Rh centers [see Fig. 18B]. The heating of metallic iridium,

Fig. 16 The main PBE0/TZVPP bonding interaction in the [Cu(S12)þ cation between the 4s orbital of Cuþ and the p orbitals of S12.199 Reproduced
with permission from Santiso-Quiñones, G.; Higelin, A.; Schaefer, J.; Brückner, R.; Knapp, C.; Krossing, I., Chem. Eur. J. 2009, 15, 6663–6677. @
2009 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim.

(A) (B)

Fig. 17 Crystal structures of [Rh2(O2CCF3)4]n(S8)m. (A) n:m ¼ 1:1 (B) n:m ¼ 3:2.176
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and selenium tetrachloride or tetrabromide in appropriate molar ratios afforded [Ir2(Se9)X6] (X ¼ Cl, Br)210,211 and [Ir8Se40Br40],
respectively.210 The former complexes are isostructural with [Rh2(Se9)Cl6] and the latter is a disordered mixed phase containing
statistical distribution of [(Ir3þ)8(Se2

2�)(Se4
2�)6(Se7)2(Br

�)10] and [(Ir3þ)8(Se2
2�)(Se4

2�)6(Se6)2(Br
�)10] clusters (the respective

molar ratio is 9:1).
Similarly, homocyclic dodecaselenium molecule was observed as a bridging ligand in the dinuclear [Ag2(Se12)]

2þ con-
taining a weakly coordinating counteranions [Al{OC(CF3)3}4]� or [AlF{OC(C5F10)(C6F5)}3]�.205 The Se12 molecule shows
a similar conformation and analogous bond parameters to S12.

56 A Se19 homocycle was isolated and characterized as
a chelating and bridging ligand involving two copper(I) centers.212 The ESI-MS studies and DFT calculations at PBE0/
def2-TZVPP level of theory facilitated the discussion of the relative stabilities of homocyclic selenium molecules of different
ring sizes.

1.21.6.3 Tellurium

The Te6 ring has been stabilized as [(AgI)2(Te6)], which is isomorphic with [(AgI)2(Se6)] [see Fig. 19A],
202 and [Re6Te10Cl6(Te6)].

213

Despite coordination to the metal they both show bond parameters that are expected for the isolated Te6 ring (bond lengths 2.729–
2.760 Å202 and 2.762–2.900 Å213; bond angles 95.9–100.2�202 and 92.2–100.2�213; torsion angles 78.5–82.0�202 and 75.2–
87.0�213).

Fig. 19 (A) The Te6 molecule stabilized as [(AgI)2(Te6)].202 [(AgI)2(Se6)] is isomorphic with the tellurium analog. (B) The novel uncharged Te10
cage stabilized as [{Ir(TeCl4)(TeCl3)}2(Te10)].214 Tellurium atoms in the Te10 molecule are depicted in orange, those in the TeCl4 and TeCl3 fragments
in light orange, chlorine atoms in green, and iridium in light gray.

Fig. 18 Structures of (A) [Re2(m-I)2(m-Se7)(CO)6],104 (B) [Rh2Cl6(Se9)],204 and (C) [Cu2(Se19)]2þ.212
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The reaction of elemental tellurium and iridium, and tellurium tetrachloride in a sealed, evacuated ampoule at 250 �C for seven
days afforded black crystals of [{Ir(TeCl4)(TeCl3)}2(Te10)] containing a novel type of electrically neutral tellurium cage molecule
Te10 [see Fig. 19B].214 The molecule consists of two nearly linear 3c-4e bonding arrangements bridging the two four-membered
rings. The ten-atomic cage is considered to be formally uncharged (Teþ0.50)4(Te

0)4(Te
�)2.

214 The Te10 unit is a also common motif
in many tellurium-rich compounds containing electron-rich transition metals.215

The heating of ruthenium, indium, tellurium, and tellurium tetrachloride or ruthenium, tellurium, and tellurium tetrachloride at
300 �C afforded shiny black [Ru(Te9)][InCl4]2 and [Ru(Te8)]Cl2, respectively.

216 A similar reaction involving rhodium or iridium,
tellurium, and tellurium tetrahalogenides yielded [M(Te6)]X3 (M ¼ Rh, Ir; X ¼ Cl, Br, I), or, in case of ruthenium, [Ru2(Te6)](-
TeBr3)4(TeBr2)2.

217 All complexes are one-dimensional coordination polymers with the uncharged tellurium rings acting as
bridging bis-tridentate ligands.

1.21.7 Polyatomic chalcogen cations

1.21.7.1 General

It has been known since late 18th and beginning of 19th century that elemental sulfur, selenium and tellurium can be dissolved in
oleumwith the formation of intensively colored solutions. With the advent of modern instrumental techniques it is now well estab-
lished that all three chalcogen elements form homopolyatomic cations with weakly coordinating anions in such strongly oxidizing
media.4–6,8–11 In addition to oleum, the synthetic routes involve super acids, acidic melts, or SO2 and related aprotic solvents. Suit-
able oxidizing agents comprise strong main group Lewis acids like AlCl3, AsF5, SbCl5, and BiCl5 and transition metal halides such as
MF6 (M¼W, Re, Os, Ir, Pt), MCl6 (M¼ V, W, Zr, Hf, Nb, Ta, Re), VOCl3, NbOCl3, and WOCl4. The use of chemical vapor transport
methods,9 ionic liquids,218–220 and electrochemical methods221 have been suggested for the syntheses of the cations. The known
homopolynuclear selenium and tellurium cations are summarized in Table 5.

1.21.7.2 (E4)
2D(E [ S,Se,Te)

(S4)
2þ, (Se4)

2þ, and (Te4)
2þ are 6p electron square-planar dications that can be described as mostly aromatic with the formal bond

order of 1.25.4–6,8–11,222 However, all three cations have been found to show significant singlet diradical character in their electronic
structures.223 The diradical character increases in the order (S4)

2þ < (Se4)
2þ < (Te4)

2þ. The diradical nature is manifested in the
computational prediction of different molecular properties. This is well exemplified by comparing the theoretical computation
of 77Se NMR chemical shifts for different (SenS4-n)

2þ (n ¼ 1–4) cations223 for which experimental spectroscopic data and the tenta-
tive assignment of the resonances to different species have been reported.224 Multiconfigurational ab initio methods or pure density
functionals are needed to compute the chemical shifts with sufficient accuracy to enable the full verification of the assignment (see
Fig. 20).223

Numerous structures containing different counterions have been determined by X-ray crystallography.4–6,8–11 The bond lengths
in each cation depend on the nature of the counterions. This is exemplified by (Te4)

2þ, the bond length of which spans a range of
2.660–2.695 Å. The halogen atoms of the counterions bridge the Te-Te edges of the square-planar cation, as illustrated in Fig. 21 by
(Te4)[WCl6]2.

225 The bond lengthening is caused by the transfer of electron density from the halogen into the s* orbital of the
cation, and therefore the more basic anions give rise to longer bonds.11

The (Te4)
2þ polycation in (Te4)[Ga2Cl7]2 and (Te4)[Al2Cl7]2 molecular crystals has been shown to be a smart near-infrared

emitter with characteristic emission peaks at 1252 and 1258 nm, respectively, resulting from the intrinsic electronic transitions
of (Te4)

2þ.226 Both emissions strongly depend on the excitation wavelengths, which has been inferred to be due to the co-
existence of other Te-related optically active centers.

Unlike (S4)
2þ and (Se4)

2þ, the (Te4)
2þ cation shows propensity for extended structures. In (Te4)(Te10)[Bi4Cl16] ,

227 the four-
membered rings are linked together through 1,3-positions [see Fig. 21]. The formal (Te10)

2þ cation in the structure can be conceived
to consist of another stack of polymeric four-membered rings surrounded by two polymeric tellurium helical chains.

Table 5 Homo- and heteropolynuclear sulfur, selenium, and tellurium cations for which the solid-state structures are known (see refs. 4–6, 8–11
and references therein).

Chalcogen framework Homopolychalcogen cations Heteropolychalcogen cations

4 ðS4Þ2þ; ðSe4Þ2þ; ðTe4Þ2þ; ðTe4Þn2nþ (SexS4 � x)2þ, (Te2S2)2þ

6 (Te6)2þ, (Te6)4þ (Te3S3)2þ, (Te2Se4)2þ

7 (Te7)2þ (Te3Se4)2þ

8 (S8)2þ, (Se8)2þ, (Te8)2þ, (Te8)4þ (Te2Se6)2þ, (TexSe8 � x)2þ

10 ðSe10Þ2þ; ðTe10Þn2nþ (Te2Se8)2þ

17–19 (S19)2þ, (Se17)2þ

N ðTe7Þn2nþ; ðTe8Þn2nþ
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ppm

Exptl.a 2032 2023 1954 1939 1936 1890

[22,16]-CAS b 1965 1967 1941 1892 1893 1890
2008 2010 1984 1935 1936* 1901

BPW91b 2049 2042 2001 1924 1941 1873
2044 2037 1996 1919 1936* 1868

2000 1950 1900
ppm

Exptl.a 2032 2023 1954 1939 1936 1890

[22,16]-CAS b 1965 1967 1941 1892 1893 1890
2008 2010 1984 1935 1936* 1901

BPW91b 2049 2042 2001 1924 1941 1873
2044 2037 1996 1919 1936* 1868

*

Fig. 20 The 77Se NMR spectrum of the mixture of (SenS4-n)2þ ions in SO2.224 a The assignment of experimental resonances have tentatively been
made by Collins et al.224 b The [22,16]-CAS/cc-pVTZ and BPW91/cc-pVTZ calculations of the 77Se chemical shifts are according to Tuononen et al.223

Two sets of chemical shifts are reported for both methods. The upper line in each case represents values referenced with respect to Me2Se. The
lower line of data shown in italics have been referenced with respect to (Se4)2þ (marked with *). All chemical shifts are reported relative to Me2Se.
Reprinted with permission from Collins, M. J.; Gillespie, R. J.; Sawyer, J. F.; Schrobilgen, G. J., Inorg. Chem. 1986, 25, 2053–2057. Copyright 1986
American Chemical Society.

Fig. 21 (A) The cation-anion interactions in (Te4)[WCl6]2.225 (B) The structure of the cation in (Te4)(Te10)[Bi4Cl16].227 Interatomic contacts >3 Å
have been shown as black dashed lines.

Fig. 22 (A) The structure of the (Te6)4þ cation.228,229 (B) The structure of (Te6)2þ.230,231 (C) The structure of (Te3S3)2þ cation.232 (D) The structure
of (Te2Se4)2þ cation.232,233 Tellurium atoms are depicted in orange, selenium in red, and sulfur in yellow.
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1.21.7.3 (E6)
nD (n [ 2,4)

There are four known hexachalcogen cations: (Te6)
4þ,228,229 (Te6)

2þ,230,231 (Te3S3)
2þ,232 and (Te2Se4)

2þ.232,233 Their structures are
shown in Fig. 22. They cannot be described in terms of electron precise Lewis structures. The structural relationships, however, can
be rationalized by applying the electron accounting principles presented by Gillespie.234

(Te6)
6þ is a hypothetical cation containing 30 valence electrons. It fulfills the relationship e ¼ 5n in which n is the number of

atoms and e is the number of valence electrons. According to Gillespie,234 this species is therefore an electron-precise classical cluster
and appears as a trigonal prism in which each framework atom is connected to three other framework atoms with single bonds and
in addition contains one lone pair of electrons.

Upon addition of two electrons into (Te6)
6þ, a 32-electron cation, (Te6)

4þ is formed. It is an elongated trigonal prism [Fig. 22A]
the structure of which has been established experimentally by X-ray diffraction a long time ago.228,229 The bonds at the triangular
face show approximately single bond lengths (2.662–2.679 Å), but those at the rectangular face are significantly longer (3.062–
3.172 Å). According to the electron accounting,234 it is expected that one bond in (Te6)

6þ would be broken by the addition of
two electrons. The observed elongated trigonal prism can be rationalized according to the following resonance (Scheme 2):

These observations are in accordance with the suggestion that the characteristic features in the bonding of homopolyatomic chal-
cogen cations involve the delocalization of the positive charge over all atoms, the presence of npp–npp bonds (n > 3) and long
intracationic transannular interactions, as well as the 4c-2e or 6c-2e bonds.235 DFT calculations show that the Te–Te bond lengths
in (Te6)

4þ can be explained by the interaction of two (Te3)
2þ fragments through 6c-2e p*- p* bonds, as depicted in Fig. 23.236 The

elongated prism is energetically favored because of the lowering of energy of the occupied a2” orbital, which is antibonding with
respect to the three bonds parallel to the C3 axis.

(E6)
2þ is a 34 electron cation. The addition of two electron pairs into the classic (E6)

6þ cage should lead to the cleavage of two
bonds.234 The crystal structure determinations of (Te6)

2þ230,231 show, however, that one bond is delocalized between two different
triangular faces [the relevant Te-Te distances are 3.209–3.382 Å230,231] and only one bond is completely missing [see Fig. 22B]. The
DFT calculations on the MO interactions again support this bonding description.237 It is only in the case of hybrid (Te3S3)

2þ232 and
(Te2Se4)

2þ233 cations that the expected,234 more open structure is seen, as shown in Fig. 22C and 22D, respectively.

1.21.7.4 (E8)
nD (n [ 2,4)

(S8)
2þ, (Se8)

2þ, and (Te8)
2þ are mutually isostructural.4–6,8–11 The solid-state structures show three weak transannular interactions,

which can be derived from the classical 40 electron (E8)
8þ cuneane cage,234 as shown in Scheme 3. Deductions from the DFT study
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Scheme 2 The addition of two electrons to the classical 30 e� cluster (Te6)6þ to form (Te6)4þ, a 32 e� elongated trigonal prism.
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of the structures, bonding, and energetics of different (E8)
2þ (E ¼ S, Se, Te) cations237 are consistent with the concept of three weak

transannular interactions and the observed slight bond length alternation, as shown in Fig. 24. It can be seen from the figure that
while the orders of the endocyclic bonds show very little variation around the bond order of one, the strength of the 1,5-
transannular interaction increases in the order (S8)

2þ < (Se8)
2þ < (Te8)

2þ (see interaction marked as B in Fig. 24).4–6,8–11 An
even more pronounced bicyclic nature is found in the (Te8)

2þ cation in (Te8)[WCl6]2
238 [see Fig. 25A]. The transannular bond

is only 2.993 Å and approaches the single bond length. The (Te8)
2þ cation has also been found to show a bicycyclo[2,2,2]octane

structure11 similar to that observed in (Te2Se6)
2þ239 [see Fig. 25B].

While the structure of the (Te8)
2þ in (Te8)[WCl6]2 can also be derived from the classic 40 electron cuneane cage by adding six

electrons and breaking three bonds (see Scheme 3), that in (Te6)(Te8)[WCl6]4 is derived from the cube that is another classic 40
electron cage (Scheme 4).234 The (Te8)

4þ cation in (Te8)[VOCl4]2
242 is another (Te8)

nþ cation, the structure of which is also based

Scheme 3 Structural relationships between the (E8)8þ (40 valence electrons) classical cage and other species derived from it by successive
addition of electrons. Illustrative examples: a Ref. 240. b Refs. 7–11.

e’’

a2’’

e’

a1’

Prism Elongated prism

Fig. 23 BP88/TZ(d,p) molecular orbitals of the intertriangular s-bonding and antibonding orbitals of the (Te6)4þ prism.236 The electrons depicted in
green represent those in the highest occupied molecular orbitals of the electron-precise (Te6)6þ prism (30 electrons). The two extra electrons
(depicted in red) to form the observed (Te6)4þ cation occupy the a2” orbital, which is stabilized by the elongation of the prism.
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Fig. 24 Pauling bond orders142 based on structural data of (E8)2þ (E ¼ S,236 Se,229 Te241).

Fig. 25 The (Te8)2þ cation in (A) (Te8)[WCl6]2238 and (B) the (Te8)2þ cation in (Te6)(Te8)[WCl6]4.11

Scheme 4 Structural relationships between the classic 40 electron cube and cations derived from it. a Ref. 11. b Ref. 239. c Ref. 242.

Fig. 26 Structure of the (Te8)4þ cation in (Te8)[VOCl4]2.242
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on the cube. It can be considered as a dimer of two (Te4)
2þ cations. In the solid state this (Te4)2

2þ dimer shows significant association
(see Fig. 26).

The bond lengths of the long bonds within the (Te4)2
4þ dimer are 3.010 Å and the contacts between the dimers are 3.594 Å.242

Evoking the Pauling equation for the bond orders,101 it can be concluded that the sum of the bond orders of the weak bonds for one
(Te8)

4þ unit is almost exactly 2 in accordance with the expectations for the 44 electron cage.234 These weak bonds have been
explained in terms of 5p2/ s* interactions.222

The (Se8)
2þ cation has been characterized by 77Se NMR spectroscopy in SO2 solution using both natural-abundance selenium

and 77Se-isotope enriched selenium in the preparation of the sample and provided for a full 77Se-77Se coupling information.243,244

The ZORA NMR calculations of the 77Se chemical shifts using the rPBE GGA functional and a large QZAP basis set and involving
explicit solvent molecules244 agreed with the observed spectroscopic data but led to a slightly modified assignment of the
resonances.

1.21.7.5 (En)
2D (n > 8)

Both selenium and tellurium show a number of higher nuclearity polyatomic cations. The crystal structure of (Se10)
2þ has been

elucidated from several salts.245–247 The cation is isostructural with (Te2Se8)
2þ239,248 [see Fig. 27].

The structureof this 58-electron cation canbederived fromoneof thealternative classical ten-atom50electron cages (Scheme5).234

The structure and geometry of (Se10)
2þ has been explored by DFT methods involving the PBE0 functional and the cc-pVTZ basis

set.244 The experimental bond parameters could be reproduced well by the computations. The structural features have been dis-
cussed in terms of 4p2/ s* and 4p2/ 4p2 interactions within the cation.5,7–10

It has been shown by 77Se NMR spectroscopy that in SO2 solution (Se10)
2þ is fluxional undergoing a complicated exchange

process even at low temperature.243 Consequently, only two resonances are observed even using the 77Se-enriched selenium
with relative intensities varying as a function of temperature. It was also concluded on the basis of significant differences between
the electronic spectra in the solid (Se10)[AsF6]2 and that recorded for the dissolved material that (Se10)

2þ does not retain its solid
state structure in solution.243

The largest known discrete selenium cation, (Se17)
2þ249,250 consists of two seven-membered rings with similar conformations as

in S7.
70,71 The ring fragments are linked together by a Se3 bridge [see Fig. 28A]. There is expectedly marked bond length alternation

in this dication. The bonds from the two three-coordinate selenium atoms are long and the adjacent bonds are short. Normal single
bond lengths are observed only for bonds further removed from the three-coordinate selenium. This bond length alternation can
again be explained by charge delocalization through the 4p2/ s* interactions involving the p lone pair of electrons of the sele-
nium atoms bound to the three-coordinate selenium. [see Fig. 28B].

Fig. 27 The structure of the (Te2Se8)2þ in (Te2Se8)[AsF6]2_SO2.248

8e-

10+

50 e- 58 e-

Scheme 5 Derivation of the structure of (E10)2þ from a classical (E10)10þ cluster.
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The (S19)
2þ cation in (S19)[MF6]2

251,252 shows a similar structure. Two homocyclic seven-membered rings are connected by the
S5 fragment. The bonding scheme is related to that in Se17

2þ shown in Fig. 28.

Fig. 28 (A) The structure of the (Se17)2þ cation in (Se17)[WCl6]2 indicating the SeeSe bond lengths.249,250 (B) 4p2/ s* interactions rationalizing
the bond length alternations (for more details, see refs. 6, 8–10).

Fig. 29 The structures of (Te82þ)n in (A) (Te8)[Bi4Cl14],253 (B) (Te8)[U2Br10],254 and (C) (Te8)2[Ta4O4Cl16].255

Fig. 30 The structure of (Te7)n2þ in (A) (Te7)[Be2Cl6],227 (B) (Te7)[NbOCl4]Cl,256 and (C) (Te7)[AsF6]2.257
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Two polymeric forms of (Te8)n
2þ have been synthesized and characterized. They both contain six-membered rings in a boat

conformation that are linked together by Te2 fragments in 1,4-positions.253–255 The main difference between the two isomers is
the relative orientations of adjacent ring fragments [see Fig. 29].

Other polymeric homonuclear tellurium cations have also been recently prepared, as shown in Fig. 30. They are all based on
repeating (Te7)n

2þ units.

1.21.8 Cyclic chalcogen-halogen cations

1.21.8.1 General

Recent decades have seen rapid development in the chemistry of sulfur-halogen and selenium-halogen cations258–260 with much
slower progress in that of tellurium-halogen cations. In particular, selenium-iodine cations have grown from non-existence to
show a rich variety of species.244,258 The cyclic polychalcogen-halogen cations for which the structure in the solid state is known
are listed in Table 6. Only those cations, which have chalcogen-chalcogen bonds, are shown.

The cyclic chalcogen-halogen cations may generally be prepared by the reaction of elemental chalcogen and halogen in appro-
priate molar ratios to AsF5 or other suitable strong Lewis acids in liquid SO2.

20,21,244,258,259 In some cases, other synthetic routes
have also been successfully realized. (Se9Cl)[SbCl6] is prepared by the reaction of elemental selenium with (NO)[SbCl6] in
SO2,

260 and (Te15X4)n[MOX4]2n (M ¼ Mo, W; X ¼ Cl, Br) by the reactions of Te2Br with MoOBr3, TeCl4 with MoNCl3/MoNCl2/
MoOCl3, and Te with WBr5/WOBr.261

1.21.8.2 Sulfur-bromine and selenium-chlorine cations

The structure of (S7Br)
þ is shown in Fig. 31A and that of (Se9Cl)

þ in Fig. 31B. Both cations show marked bond length alternation,
which has been discussed the bond length alternation in terms of maximized intracationic X.Se contacts, charge delocalization,
and p bonding.20,21,258,260,262 The locations of the Se2Cl side chain in (Se9Cl)

þ and the bromine atom in (Se7Br)
þ enhances the

charge delocalization.
By contrast to the discrete selenium-halogen cations, tellurium-chlorine and tellurium-bromine cations (Te15X4)n

nþ show poly-
meric structures that are related with that of the tellurium subhalide Te2Br.

261 The crystal structures, however, are disordered.
A preliminary natural-abundance 77Se NMR study of the soluble products of the reaction of (Se4)[AsF6]2 and bromine in

liquid SO2 exhibited resonances attributable to 1,1,4,4-(Se4Br4)
2þ and (Se7Br)

þ. These assignments are supported by calculated
77Se chemical shifts.244

Table 6 Cyclic polychalcogen-halogen cations that have been structurally
characterized by X-ray diffraction.

Cl Br I

S (S7Br)þ (S7I)þ

Se (Se9Cl)þ (Se6I)nnþ, (Se6I2)2þ

Te (Te15Cl4)n2nþ (Te15Br4)n2nþ (Te6I2)2þ

Fig. 31 The structures of (A) (S7Br)þ in (S7Br)(S4)[AsF6]262 and (B) (Se9Cl)þ in (Se9Cl)[SbCl6].260
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1.21.8.3 Chalcogen-iodine cations

The (S7I)
þ cation is the longest known and most stable homocyclic sulfur-iodine cation. It has been prepared and structurally char-

acterized with many counteranions.263 It is isostructural with (S7Br)
þ (see Fig. 31). (S7I)

þ is also found together with (S4)
2þ in

(S7I)4(S4)[AsF6]6, and in [(S7I)2I][SbF6]3$ 2 AsF3, there are two S7I moieties linked by iodine in the [(S7I)2I]
3þ cation.264

The structures of (Se6I2)
2þ and (Te6I2)

2þ are expectedly similar230,265 and can be described as distorted cubes [see Fig. 32A]. In
a similar fashion to other polychalcogen cations, the positive charge of the three-coordinate chalcogen atom is delocalized and leads
to bond length alternation. The relevant orbital interactions are shown in Fig. 32B. A related polymeric cation (Se6I)n

nþ has been
isolated as hexafluoridoarsenate and hexafluoridoantimonate salts and its crystal structure has been determined.266,267 The six-
membered Se6 ring is in the chair conformation like in (Se6I2)

2þ. Two bridging iodine atoms in 1,4-positions link the rings into
a polymeric zig-zag chain [Fig. 32C].

When solid (Se6I2)2[AsF6]2$2SO2 is dissolved into liquid SO2, a complicated equilibrium is set up.244 The composition of the
equilibrium mixture was studied by 77Se NMR spectroscopy at �70�C using both natural-abundance and enriched 77Se-isotope
samples (enrichment 92 %). Some of the resonances in Fig. 33 were due to known species [(Se6I2)

2þ, (Se4I4)
2þ and

(SeI3)
þ,235,268 (Se4)

2þ,224,269 as well as to (Se8)
2þ and (Se10)

2þ243]. The unknown 22 resonances were assigned on the basis of
homonuclear 77Se-77Se COSY NMR spectrum, selective irradiation experiments, and spectral simulation.244 Because the 77Se-
enrichment is 92%, several isotopomers of a given cation have a significant abundance and need to be considered in the simulation.
This is exemplified for (Se6I2)

2þ in Fig. 34.
It was inferred that the 22 resonances are due to five cationic species, and the simulations provided for their spin systems. This

information was combined with the trends in the chemical shifts, with iodine, selenium, and charge balances, as well as with ZORA
chemical shift predictions, which employ the rPBE GGA functional and large QZ4P basis sets, an implicit conductor-like screening
model, and a small number of explicit solvent molecules to include solvent effects.244 All information available is consistent with
the assignment of the unknown resonances to acyclic 1,1,2-(Se2I3)

þ, 1,1,6,6-(Se6I4)
2þ, and 1,1,6-(Se6I3)

þ, as well as to cyclic (Se7I)
þ

and (4-Se7I)2I
3þ (see Fig. 35). It is interesting to note that upon evaporation of the SO2 from solution, the solid material contains

only (Se6I2)[AsF6]2$2SO2 indicating that the dissociation of (Se6I2)
2þ is reversible.244 Volume-based thermodynamics calculations

(VBT) show that non-solvated (Se6I2)[AsF6]2 is not thermodynamically stable disproportionating to (Se4I4)[AsF6]2(s) and (Se8)
[AsF6]2(s) (estimated DG� ¼ -17 � 15 kJ mol�1 at 298 K).244

Fig. 32 (A) The crystal structure of the (Se6I2)2þ cation in (Se6I2)[AsF6]2_2SO2.265 The (Te6I2)2þ cation in (Te6I2)[WCl6]2230 shows a similar
conformation and similar bond length alternation. (B) The bond length alternation can be explained by two parallel 4p2 / s* electron transfers.244

(C) The polymeric (Se6I)nnþ in (Se6I)n[AsF6]n.267
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Fig. 34 The simulated and observed 77Se NMR chemical shifts of (Se6I2)2þ using a sample prepared from selenium enriched in the 77Se-isotope
(enrichment 92%).244 The observed resonance at 1313 ppm overlaps a resonance due to another cationic species. Reprinted (adapted) with
permission from Brownridge, S.; Calhoun, L.; Jenkins, H. D. B.; Laitinen, R. S.; Murchie, M. P.; Passmore, J.; Pietikäinen, J.; Rautiainen, J. M.;
Sanders, J. C. P.; Schrobilgen, G. J.; Suontamo, R. J.; Tuononen, H. M.; Valkonen, J. U.; Wong, C.-M., Inorg. Chem. 2009, 48, 1938–1959. Copyright
2009 American Chemical Society.

Fig. 33 The 77Se NMR spectrum of the SO2(l) solution of the dissociation equilibrium of (Se6I2)2þ at -70 �C using selenium enriched in the 77Se-
isotope (enrichment 92 %).244 The inserts represent portions of the spectrum recorded for the natural-abundance sample. Reprinted (adapted) with
permission from Brownridge, S.; Calhoun, L.; Jenkins, H. D. B.; Laitinen, R. S.; Murchie, M. P.; Passmore, J.; Pietikäinen, J.; Rautiainen, J. M.;
Sanders, J. C. P.; Schrobilgen, G. J.; Suontamo, R. J.; Tuononen, H. M.; Valkonen, J. U.; Wong, C.-M., Inorg. Chem. 2009, 48, 1938–1959. Copyright
2009 American Chemical Society.
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1.21.9 Cyclic chalcogen anions

1.21.9.1 General

Polychalcogenide anions show a rich and diverse structural chemistry. Whereas polysulfides are solely acyclic, both selenium and
tellurium form in addition to the open-chain species also polycyclic anions. Their synthetic and structural chemistry as well as
ligand properties and applications have been reviewed several times (for some reviews, see ref. 4,5,13–15,270–272).

The usual preparation of the materials involves direct high-temperature combination of the elements, solution reactions
involving chalcogen elements and alkali metal carbonates, solvothermal reactions, or oxidation-reduction reactions with Lewis
acids.273,274 These methods have mostly been applied to alkali metal or alkaline earth metal selenides and tellurides that can
then serve as precursors to other chalcogenides. The presence of a large organic cation or an encapsulating agent such as a crown
ether complex of an alkali metal leads to the stabilization of otherwise unstable anions.

Tellurium shows more diverse polyanion chemistry than sulfur and selenium due to increasing importance of hyperconjugation
and secondary bonding, when going down Group 16 (see Refs. 271 and 274, and references therein). By contrast to polysulfides and
polyselenides, polytelluride anions can exhibit charges that deviate from �2.

Fig. 36 (A) (Se9)2� in [Sr(15-crown-5)2](Se9),275 (B) (Se10)2� in [(PPh3)2N]2(Se10)_Me2CHO,276 (C) (Se11)2� in [(PPh3)2N]2(Se11),280 (D) (Se16)4�

in Cs4(Se16).281

Fig. 35 The species assigned to the 22 77Se NMR resonances observed from dissociation of (Se6I2)2þ in SO2(l) solution.244
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1.21.9.2 Discrete anions

The importance of hypervalent 3c-4e bonding increases when going down the Group 16.270 While (Se9)
2� can be regarded as

having an open chain structure [Fig. 36A,275 it has a short intra-chain contact of 2.953 Å that indicates incipient tendency toward
ring formation. A similar, though stronger transannular distance [2.460 Å] is observed in a nominally bicyclic (Se10)

2�276

[Fig. 36B]. Other cyclic polyselenide anions comprise (Se11)
2�101,277–280 and (Se16)

4�281 and are shown in Fig. 36C and D.
Tellurium has also been shown to form two spirocyclic polytellurides. (Te7)

2� has been isolated as a [Re6Te8](Te7) salt
[Fig. 37A]282 and (Te8)

2� has been characterized in [K(15-crown-5)2]2(Te8) [Fig. 37B].
283 The tricyclic (Te12)

4� anion has been
prepared by the reduction of elemental tellurium with Li3Sb followed by the crystallization from ethylenediamine in the presence
of 12-crown-4.284 The structure of the [Li(12-crown-4)2]4(Te12) salt is disordered with the anion assuming two different orientation.
The same anion has been produced by the spontaneous decomposition of dimethylpyrrolidinium trimethylsilyltellurate in aceto-
nitrile solution in the presence of traces of silicone grease or air.285 In this case, there was no disorder in the structure [Fig. 37C].

1.21.9.3 Cyclic radical anions

Sodium-sulfur batteries have recently attracted extensive attentions and a large number of research has appeared in recent years (for
a review, see ref. 286). Homocyclic radical anions (S6)

$– and (S7)
$– are thought to play a significant role in the redox reactions in

sulfur-based batteries. The G3X(MP2) calculations predict that both these species are homocyclic and exhibit conformations similar
to electrically neutral molecules, except that one bond in both radical anions is very long (2.956 and 2.889 Å, for (S6)

$– and (S7)
$–,

respectively).287 S8 and (S8)
$– have been shown to exhibit analogous structural relationship.287 Experimental information has been

obtained from the crystal structure of (Ph4P)(S6), which shows two S3 fragments connected by two long contacts of 2.633(4) Å.288

Two [Ir2Te14Br12]2(InBr4)2 clusters containing a (Te10)
$– radical anion have recently been prepared and characterized.289 While

the structure of the radical anion is similar to the neutral Te10, the strong ESR signal and the DFT computations indicate the presence
of a unpaired electron, which is located in the Te10 cage.

1.21.9.4 Extended polytelluride networks

The propensity of polychalcogenide anions to form extended structures increases down Group 16. Polysulfides are discrete acyclic
(Sn)

2� anions,272 polyselenides show only a few structures with an extended anionic network, as exemplified by Cs3Se22,
178 but

polytellurides exhibit rich structural variety that obscures the deceptively simple stoichiometry of the polytelluride salts. Shel-
drick270 has summarized the structural and bonding features in polytellurides, which can contain classical bent (TeTe2)

2� units,
linear (TeTe2)

4� , T-shaped (TeTe3)
4� , and square-planar (TeTe4)

6� unit involving 3c-4e bonds of formal bond order of 0.5. In addi-
tion, the fragments can be linked together by weak secondary Te.Te bonds.34 These interactions result in the formation of 1D, 2D,
and 3D networks, as exemplified in Fig. 38.

Rb2Te5 exhibits a continuous spirocyclic chain (Te5)n
2�290 that can be thought to consist of square-planar TeTe4 units stacked

together [see Fig. 38A]. A related extended structure containing a (Te5)
6� fragment is observed in (Et4N)2[As2Te5].

291

The charge of the polytellurides can deviate from -2. This is exemplified by RbTe6
292 that is shown in Fig. 38B. It consists of Te6

rings that are linked together into a two-dimensional network by two pairs of Te$$$Te contacts. Interestingly, [Cr(en)3]Te6 has been

Fig. 37 (A) (Te7)2� in [Re6Te8](Te7),282 (B) (Te8)2� in [K(15-crown-5)2]2(Te8),283 and (Te14)4� in Me2N(CH2)4(Te12).285
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reported to contain a polymeric (Te6)
3� anion.293 Considering the Te-Te distances in the 3D network of the anion, the formula of

the complex is best described as [Cr(en)3]2(Te4)3 in which case each tetratelluride carries the charge �2 [see Fig. 38C].
Particularly interesting structures of Cs3Te22

179 and Cs4Te28
180 have been discussed above (see Section 1.21.4).

1.21.10 Summary

Catenation, i.e. the tendency to form compounds containing cumulated chalcogen-chalcogen bonds, is a characteristic feature for
Group 16 elements sulfur, selenium, and tellurium. They all exhibit a large number of both cyclic and acyclic homo- and hetero-
chalcogen molecules and ions. The formation, structures, and properties of compounds containing cyclic polychalcogen mole-
cules, ligands and ions have been discussed in this chapter. Part 2 on the catenated compounds with acyclic chalcogen
fragments are treated in the next chapter. The structural chemistry of polysulfur rings is particularly extensive, but while informa-
tion on related polyselenium and -tellurium chemistry is much sparser, recent decades have seen rapid progress also in this area of
chemistry.

(A)

(B)

(C)

Fig. 38 The structures of (A) (Te5)n2� in Rb2Te5,290 (B) (Te6)n� in RbTe6,292 and (C) [Cr(en)3]2(Te4)3.293
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The bonding, the geometrical features, and the intermolecular interactions can be described in terms of np2-np2 inter-
actions, hyperconjugative np2-s* interactions, and p*-p* interactions. The significance of the latter two interactions
increases when going down Group 16, and they play a major role in so-called secondary bonding interactions. They
also explain, why the structures and properties of selenium and, in particular, tellurium species differ from those of
sulfur.

References

1. Laitinen, R. S.; Pekonen, P.; Suontamo, R. Coord. Chem. Rev. 1994, 130, 1–62.
2. Steudel, R.; Eckert, B. Topics Curr. Chem. 2003, 230, 1–79.
3. Eckert, B.; Steudel, R. Topics Curr. Chem. 2003, 231, 31–98.
4. Kelly, P. F.; King, R. S. P. In Comprehensive Inorganic Chemistry II; Reedijk, J., Poeppelmeyer, K., Eds., 2nd ed.; vol. 1; Elsevier: Amsterdam, 2013; pp 179–196.
5. Laitinen, R. S.; Oilunkaniemi, R. In Comprehensive Inorganic Chemistry II; Reedijk, J., Poeppelmeyer, K., Eds., 2nd ed.; vol. 1; Elsevier: Amsterdam, 2013; pp 197–231.
6. Krossing, I. In Handbook of Chalcogen Chemistry; Devillanova, F. A., Ed., RSC Publishing: Cambridge, 2007; pp 381–416.
7. Chivers, T.; Laitinen, R. S. Chem. Soc. Rev. 2015, 44, 1725–1739.
8. Krossing, I. In Handbook of Chalcogen Chemistry, New Perspectives in Sulfur, Selenium and Tellurium; Devillanova, F. A., du Mont, W.-W., Eds., 2nd ed.; vol. 1; RSC

Publishing: Cambridge, 2013; pp 349–381.
9. Brownridge, S.; Krossing, I.; Passmore, J.; Jenkins, H. D. B.; Rootbottom, H. K. Coord. Chem. Rev. 2000, 197, 397–481.

10. Krossing, I. Top. Curr. Chem. 2003, 230, 135–165.
11. Beck, J. Coord. Chem. Rev. 1997, 163, 55–70.
12. Graf, C.; Assoud, A.; Mayasree, O.; Kleinke, H. Molecules 2009, 14, 3115–3131.
13. Sheldrick, W. S. Z. Anorg. Allg. Chem. 2012, 638, 2401–2424.
14. Kanatzidis, M. G. Comm. Inorg. Chem. 1990, 10, 161–195.
15. Drake, G. W.; Kolis, J. W. Coord. Chem. Rev. 1994, 137, 131–178.
16. Okazaki, R. Phosphorus Sulfur Relat. Elem. 2001, 168-169, 41–50.
17. Chivers, T. A Guide to Chalcogen-Nitrogen Chemistry, World Scientific Publishing: New Jersey, 2005; p 318.
18. Takeda, N.; Tokitoh, N.; Okazaki, R. In Handbook of Chalcogen Chemistry; Devillanova, F. A., Ed., RSC Publishing: Cambridge, 2007; pp 195–222.
19. Takeda, N.; Tokitoh, N. In Handbook of Chalcogen Chemistry, New Perspectives in Sulfur, Selenium and Tellurium; Devillanova, F. A., du Mont, W.-W., Eds., 2nd ed.; vol. 1;

RSC Publishing: Cambridge, 2013; pp 160–190.
20. Xu, Z. In Handbook of Chalcogen Chemistry; Devillanova, F. A., Ed., RSC Publishing: Cambridge, 2007; pp 457–476.
21. Wang, J.; Xu, Z. In Handbook of Chalcogen Chemistry, New Perspectives in Sulfur, Selenium and Tellurium; Devillanova, F. A., du Mont, W.-W., Eds., 2nd ed.; vol. 1; RSC

Publishing: Cambridge, 2013; pp 425–447.
22. Potapov, V. A. In Chemistry of Organic Selenium and Tellurium Compounds; Patai, S., Rappoport, Z., Eds.; 2013; pp 765–843.
23. Nordheider, A.; Woollins, J. D.; Chivers, T. Chem. Rev. 2015, 115, 10378–10406.
24. Chivers, T.; Laitinen, R. S. Chalcogen-nitrogen Chemistry. From Fundamentals to Applications in Physical, Biologic, and Materials Sciences, World Scientific Publishing: New

Jersey, 2021; p 450.
25. Draganjac, M.; Rauchfuss, T. B. Angew. Chem. Int. Ed. Engl. 1985, 24, 742–757.
26. Müller, A.; Diemann, E. Adv. Inorg. Chem. 1987, 31, 89–122.
27. Kolis, J. W. Coord. Chem. Rev. 1990, 105, 195–219.
28. Ansari, M. A.; Ibers, J. A. Coord. Chem. Rev. 1990, 100, 223–266.
29. Roof, L. C.; Kolis, J. W. Chem. Rev. 1993, 93, 1037–1080.
30. Ruck, M.; Locherer, F. Coord. Chem. Rev. 2015, 297-298, 208–217.
31. Chivers, T. J. Chem. Soc., Dalton Trans. 1996, 1185–1194.
32. Hayashi, S.; Nakanishi, W. In Handbook of Chalcogen Chemistry, New Perspectives in Sulfur, Selenium and Tellurium; Devillanova, F. A., du Mont, W.-W., Eds., 2nd ed.; vol.

2; RSC Publishing: Cambridge, 2013; pp 335–372.
33. Crabtree, R. H. Chem. Soc. Rev. 2017, 46, 1720–1729.
34. Alcock, N. W. Adv. Inorg. Chem. Radiochem. 1972, 15, 1–58.
35. Elder, P. J. W.; Vargas-Baca, I. Phys. Chem. Chem. Phys. 2016, 18, 30740–30747.
36. Karjalainen, M. M.; Sanchez-Perez, C.; Rautiainen, M. J.; Oilunkaniemi, R.; Laitinen, R. S. Cryst. Eng. Commun. 2016, 18, 4538–4545. and references therein.
37. Cozzolino, A. F.; Elder, P. J. W.; Vargas-Baca, I. Coord. Chem. Rev. 2011, 255, 1426–1438.
38. Bleiholder, C.; Werz, D. B.; Köppel, H.; Gleiter, R. J. Am. Chem. Soc. 2006, 128, 2666–2674.
39. Meyer, B. Sulfur, Energy, and Environment, Elsevier: Amsterdam, 1977; p 448.
40. Elkin, E. M. In Kirk-Othmer Encyclopedia of Chemical Technology; Grayson, M., Eckroth, D., Eds.; 20; Wiley: New York, 1982; pp 575–601.
41. Schmidt, M.; Block, H.-D. Angew. Chem. Int. Ed. Engl. 1967, 6, 955.
42. Steudel, R.; Mäusle, H.-J. Angew. Chem. Int. Ed. Engl. 1978, 17, 56–57.
43. Steudel, R.; Mäusle, H.-J. Z. Anorg. Allg. Chem. 1981, 478, 156–176.
44. Steudel, R.; Mäusle, H.-J. Angew. Chem. Int. Ed. Engl. 1979, 18, 152–153.
45. Steudel, R.; Holz, B. Z. Naturforsch. 1988, 43b, 581–589.
46. Schmidt, M.; Wilhelm, E. Inorg. Nucl. Chem. Lett. 1965, 1, 39–41.
47. Schmidt, M.; Wilhelm, E. Angew. Chem. Int. Ed. Engl. 1966, 5, 964–965.
48. Schmidt, M.; Knippschild, G.; Wilhelm, E. Chem. Ber. 1968, 101, 381–382.
49. Schmidt, M.; Wilhelm, E.; Debaerdemaeker, T.; Hellner, E.; Kutoglu, A. Z. Anorg, Allg. Chem. 1974, 405, 153–162.
50. Debaerdemaeker, T.; Hellner, E.; Kutoglu, A.; Schmidt, M.; Wilhelm, E. Naturwissenschaften 1973, 60, 300.
51. Steudel, R.; Mäusle, H.-J. Z. Anorg. Allg. Chem. 1980, 463, 27–31.
52. Schmidt, M.; Block, B.; Block, H. D.; Köpf, H.; Wilhelm, E. Angew. Chem. Int. Ed. Engl. 1968, 7, 632–633.
53. Schmidt, M.; Wilhelm, E. J. Chem. Soc., Chem. Commun. 1970, 1111–1112.
54. Sandow, T.; Steidel, J.; Steudel, R. Angew. Chem. Int. Ed. Engl. 1982, 21, 794.
55. Steudel, R.; Steidel, R.; Sandow, T. Z. Naturforsch. 1986, 41b, 958–970.
56. Steidel, J.; Steudel, R.; Kutoglu, A. Z. Anorg. Allg. Chem. 1981, 476, 171–178.
57. Steudel, R.; Jensen, D.; Papavassiliou, M. Phosphorus Sulfur Silicon Relat. Elem. 1989, 41, 349–353.

Polychalcogen molecules, ligands, and ions Part 1: Homo- and heteronuclear chalcogen rings 965



58. Westphal, U.; Steudel, R. Phosphorus Sulfur Silicon Relat. Elem. 1992, 65, 151–155.
59. Steudel, R.; Schumann, O.; Buschmann, J.; Luger, P. Angew. Chem. Int. Ed. 1998, 37, 2377–2378.
60. Steudel, R.; Strauss, R. J. Chem. Soc., Dalton Trans. 1984, 1775–1777.
61. Steudel, R.; Bergemann, K.; Buschmann, J.; Luger, P. Inorg. Chem. 1996, 35, 2184–2188.
62. Watanabe, Y. Acta Crystallogr. Sect. B 1974, 30, 1396–1401.
63. Aten, A. H. W. Z. Phys. Chem. 1914, 88, 321–379.
64. Steudel, R.; Mäusle, H.-J. Z. Anorg. Allg. Chem. 1979, 457, 165–173.
65. Steudel, R.; Steidel, J.; Sandow, T.; Schuster, F. Z. Naturforsch. 1978, 33b, 1198–1200.
66. Steudel, R.; Steidel, J.; Reinhardt, R. Z. Naturforsch. 1983, 38b, 1548–1556.
67. Steudel, R. Angew. Chem. Int. Ed. Engl. 1975, 14, 655–664.
68. Meyer, B. Chem. Rev. 1976, 76, 367–388.
69. Steidel, J.; Pickardt, J.; Steudel, R. Z. Naturforsch. 1978, 33b, 1554–1555.
70. Steudel, R.; Reinhardt, R.; Schuster, F. Angew. Chem. Int. Ed. Engl. 1977, 16, 715.
71. Steudel, R.; Steidel, J.; Pickardt, J.; Schuster, F.; Reinhardt, R. Z. Naturforsch. 1980, 35b, 1378–1383.
72. Coppens, P.; Yang, Y. W.; Blessing, R. H.; Cooper, W. F.; Larsen, F. K. J. Am. Chem. Soc. 1977, 99, 760–766.
73. Rettig, S. J.; Trotter, I. Acta CrystaIlogr. Sect. C 1987, 43, 2260–2262.
74. Mikuriya, M.; Taniguchi, K.; Koyama, Y.; Watanabe, H.; Yoshioka, D.; Mitsuhashi, R.; Asato, E. X-ray Struct. Anal. Online 2020, 36, 1–2.
75. Templeton, L. K.; Templeton, D. H.; Zalkin, A. Inorg. Chem. 1976, 15, 1999–2001.
76. Goldsmith, L. M.; Strouse, C. E. J. Am. Chem. Soc. 1977, 99, 7580–7589.
77. David, W. I. F.; Ibberson, R. M.; Cox, S. F. J.; Wood, P. T. Acta Crystallogr. Sect B 2006, 62, 953–959.
78. Gallacher, A. C.; Pinkerton, A. A. Acta Crystallogr. Sect. C 1993, 49, 125–126.
79. Kräuter, T.; Neumüller, B. Z. Anorg. Allg. Chem. 1995, 621, 597–606.
80. Veganova, E.; Wachtel, E.; Rozenberg, H.; Khodorkovsky, G. L.; Shimon, L.; Shimon, R.; Shlomo, Y. Chem. Mater. 2004, 16, 3976–3979.
81. Reinhardt, R.; Steudel, R.; Schuster, F. Angew. Chem. Int. Ed. Engl. 1978, 17, 55–56.
82. Steidel, J.; Steudel, R. J. Chem. Soc., Chem. Commun. 1982, 1312–1313.
83. Debaerdemeker, T.; Kutoglu, A. Cryst. Struct. Commun. 1974, 3, 611–613.
84. Engel, M. Compt. Rend. Hebd. Sceanc. Acad. Sci. 1891, 112, 866–868.
85. Steudel, R.; Schuster, F. J. Mol. Struct. 1978, 44, 143–157.
86. Steudel, R. Z. Naturforsch. 1983, 38b, 543–545.
87. Steudel, R.; Papavassiliou, M.; Jensen, D. Z. Naturforsch. 1988, 43, 245–246.
88. Wong, M. W.; Steudel, Y.; Steudel, R. Inorg. Chem. 2005, 44, 8908–8915.
89. MacKnight, W. J.; Tobolsky, A. V. In Elemental Sulfur; Meyer, B., Ed., Interscience: New York, 1965; p 95.
90. Currell, B. R.; Williams, A. J. Thermochim. Acta 1974, 9, 255–259.
91. Clegg, J. K.; Meng, W.; Nitschke, J. R., Private communication. CSD Communications 2012, FURHUV10.
92. Douglas, S. Planet. Space Sci. 2004, 52, 223–227.
93. Schulz, N. H.; Brinkhoff, T.; Ferdelman, T. G.; Hernández Mariné, M.; Teske, A.; Jørgensen, B. B. Science 1999, 284, 493–495.
94. Prange, A.; Chauvistre, R.; Modrow, H.; Hormes, J.; Truper, H. G.; Dahl, C. Microbiology 2002, 148, 267–276.
95. Himmel, D.; Maurin, L. C.; Gros, O.; Mansot, J.-L. Biol. Cell 2009, 101, 43–54.
96. Strauss, R.; Steudel, R. Z. Naturforsch. 1988, 43b, 1151–1155.
97. Lyle, P. Phosphorus Sulfur Relat. Elem. 2001, 168, 287–290.
98. Miyamoto, Y. Jpn. J. Appl. Phys. 1980, 19, 1813–1819.
99. Steudel, R.; Strauss, E.-M. Adv. Inorg. Chem. Radiochem. 1984, 28, 135–166.

100. Maaninen, A.; Chivers, T.; Parvez, M.; Pietikäinen, J.; Laitinen, R. S. Inorg. Chem. 1999, 38, 4093–4097.
101. Pauling, L. The Nature of The Chemical Bond, 3rd ed.; Cornell University Press: Ithaca, NY, 1960; p 644.
102. Dietz, J.; Müller, U.; Müller, V.; Dehnicke, K. Z. Naturforsch. 1991, 46b, 1293–1299.
103. Staffel, R.; Müller, U.; Ahle, A.; Dehnicke, K. Z. Naturforsch. 1991, 46b, 1287–1292.
104. Bacchi, A.; Baratta, W.; Calderazzo, F.; Marchetti, F.; Pelizzi, G. Angew. Chem. Int. Ed. Engl. 1994, 33, 193–195.
105. Cherin, P.; Unger, P. Acta Crystallogr. Sect. B 1972, 28, 313–317.
106. Marsch, R. E.; Pauling, L.; McCullough, J. D. Acta Crystallogr. 1953, 6, 71–75.
107. Foss, O.; Janickis, V. J. Chem. Soc., Dalton Trans. 1980, 624–627.
108. Steudel, R.; Papavassiliou, M.; Strauss, E.-M.; Laitinen, R. Angew. Chem. Int. Ed. Engl. 1986, 25, 99–101.
109. Steudel, R.; Strauss, E.-M. Z. Naturforsch. 1981, 36b, 1085–1088.
110. Steudel, R.; Papavassiliou, M.; Krampe, W. Polyhedron 1988, 7, 581–583.
111. Maaninen, A.; Konu, J.; Laitinen, R. S.; Chivers, T.; Schatte, G.; Pietikäinen, J.; Ahlgrén, M. Inorg. Chem. 2001, 40, 3539–3543.
112. Maaninen, T.; Konu, J.; Laitinen, R. S. Acta Crystallogr. Sect. E 2004, 60, o2235–o2237.
113. Bogomolov, V. N.; Zadorozhnii, A. I.; Petranovskii, V. P.; Fokin, A. V.; Kholodkevich, S. V. JETP Lett. 1979, 29, 373–375.
114. Bogomolov, V. N.; Zadorozhnii, A. I.; Pavlova, T. M.; Petranovskii, V. P.; Podkhalyuzin, V. P.; Kholkin, A. L. JETP Lett. 1980, 31, 378–381.
115. Pietikäinen, J.; Laitinen, R. S. J. Chem. Soc., Chem. Commun. 1998, 2381–2382.
116. Laitinen, R. S.; Pakkanen, T. A. Inorg. Chem. 1987, 26, 2598–2603.
117. Blahous, C. P., III; Schaefer, H. F., III J. Phys. Chem. 1988, 92, 959–962.
118. Xie, Y.; Schaefer, H. F., III; Jang, J. H.; Mhin, B. J.; Ho, S. K.; Yoon, C. W.; Kim, K. S. Mol. Phys. 1992, 76, 537–546.
119. Gimarc, B. M.; Zhao, M. J. Phys. Chem. 1993, 98, 1596–1600.
120. Polizer, P.; Lane, P. Int. J. Quantum. Chem. 2000, 77, 336–370.
121. Forte, G.; Angilella, G. G. N.; March, N. H.; Pucci, R. Phys. Lett. A 2013, 377, 801–803.
122. Gadzhiev, O. B.; Ignatov, S. K.; Kulikov, M. Y.; Feigin, A. M.; Razuvaev, A. G.; Sennikov, P. G.; Schrems, O. J. Chem. Theory Comput. 2013, 9, 247–262.
123. Kim, K. S.; Jang, J. H.; Kim, S.; Mhin, B.-J.; Schaefer, H. F., III J. Chem. Phys. 1990, 92, 1887–1892.
124. Ochao-Calle, A. J.; Ramirez-Solis, A. Chem. Phys. Lett. 2014, 592, 326–329.
125. Jones, R. O.; Hohl, D. Int. J. Quantum Chem. Quantum Chem. Symp. 1990, 24, 141–151.
126. Kim, K. S.; Kim, H. S.; Kim, S.; Jang, J. H.; Schaefer, H. F. J. Am. Chem. Soc. 1989, 111, 7746–7749.
127. Seidl, E. T.; Schaefer, H. F., III J. Chem. Phys. 1988, 88, 7043–7049.
128. Steudel, R.; Papavassiliou, M.; Baumgart, F. Z. Naturforsch. 1991, 46b, 1674–1678.
129. Laitinen, R.; Niinistö, L.; Steudel, R. Acta Chem. Scand. 1979, A33, 737–747.
130. Weiss, J. Z. Anorg. Allg. Chem. 1977, 435, 113–118.

966 Polychalcogen molecules, ligands, and ions Part 1: Homo- and heteronuclear chalcogen rings



131. Calvo, C.; Gillespie, R. J.; Vekris, J. E.; Ng, H. N. Acta Crystallogr. Sect. B 1978, 34, 911–912.
132. Boudreau, R. A.; Haendler, H. M. J. Solid State Chem. 1981, 36, 289–296.
133. Laitinen, R.; Rautenberg, N.; Steidel, J.; Steudel, R. Z. Anorg. Allg. Chem. 1982, 486, 116–128.
134. Giolando, D. M.; Papavassiliou, M.; Pickardt, J.; Rauchfuss, T. B.; Steudel, R. Inorg. Chem. 1988, 27, 2596–2600.
135. Laitinen, R.; Steudel, R. J. Mol. Struct. 1980, 68, 19–32.
136. Eysel, H. H. J. Mol. Struct. 1982, 78, 203–213.
137. Steudel, R.; Strauss, E.-M. Angew. Chem. Int. Ed. Engl. 1984, 23, 362–363.
138. Laitinen, R.; Steudel, R.; Strauss, E.-M. J. Chem. Soc., Dalton Trans. 1985, 1869–1875.
139. Laitinen, R. S.; Pekonen, P.; Hiltunen, Y.; Pakkanen, T. A. Acta Chem. Scand. 1989, 43, 436–440.
140. Chivers, T.; Laitinen, R. S.; Schmidt, K. J. Can J. Chem. 1992, 70, 719–725.
141. Pekonen, P.; Taavitsainen, J.; Laitinen, R. S. Acta Chem. Scand. 1998, 52, 1188–1193.
142. Komulainen, J.; Laitinen, R. S.; Suontamo, R. J. Can. J. Chem. 2002, 80, 1435–1443.
143. Pekonen, P.; Hiltunen, Y.; Laitinen, R. S.; Pakkanen, T. A. Inorg. Chem. 1991, 30, 3679–3682.
144. (a) Cooper, R.; Culka, J. V. J. Inorg Nucl. Chem. 1967, 29, 1877–1879; (b) Binnewies, M. Z. Anorg. Allg. Chem. 1976, 422, 43–46.
145. Jones, C. H. W.; Mauguin, M. J. Chem. Phys. 1977, 67, 1587–1593.
146. Chivers, T.; Laitinen, R. S.; Schmidt, K. J.; Taavitsainen, J. Inorg. Chem. 1993, 32, 337–340.
147. Pupp, M.; Weiss, J. Z. Anorg. Allg. Chem. 1978, 440, 31–36.
148. Weiss, J.; Pupp, M. Angew. Chem, Int. Ed. Engl. 1970, 9, 463–464.
149. Weiss, J.; Pupp, M. Acta Crystallog. Sect. B 1972, 28, 3653–3655.
150. Nagata, K.; Hayashi, H.; Miyamato, Y. Fukuoka Univ. Sci. Rep. 1988, 18, 23–33.
151. Nagata, K.; Hayashi, H.; Miyamato, Y. Fukuoka Univ. Sci. Rep. 1988, 18, 35–46.
152. Taavitsainen, J.; Laitinen, R. S. Main Group Chem. 1999, 3, 59–67.
153. Ghiassi, K. B.; Chen, S. Y.; Westcott, J.; Balch, A. L.; Olmstead, M. M. Cryst. Growth Des. 2015, 15, 404–410. and references therein.
154. Dyachenko, O. A.; Yagubskii, E. B.; Konovalikhin, S. V.; Kushch, N. D.; Shilov, G. V.; Spitsina, N. G. Mol. Cryst. Liq. Cryst. Sci. Technol. Sect. C 1994, 4, 133–135.
155. Michel, R.; Kappes, M. M.; Adelmann, P.; Roth, G. Angew. Chem. Int. Ed. 1994, 33, 1651–1654.
156. Roth, G.; Adelmann, P.; Knitter, R. Mater. Lett. 1993, 16, 357–363.
157. Bûrgi, H. B.; Venugopalan, P.; Scwarzenbach, D.; Diederich, F.; Thilgen, C. Helv. Chim. Acta 1993, 76, 2155–2159.
158. Takahashi, H.; Matsubara, E.; Shiro, E.; Matsubara, S.; Sato, N.; Muramatsu, A.; Tohji, K. Fullerenes, Nanotubes, Carbon Nanostruct. 2002, 10, 217–226.
159. Panthofer, M.; Shopova, D.; Jansen, M. Z. Anorg. Allg. Chem. 2005, 631, 1387–1390.
160. Shopova, D.; Patnhofer, M.; Petricek, V.; Jansen, M. Z. Kristallogr. 2007, 222, 546–550.
161. Li, C.; Gao, X. J.; Yao, H.; Huang, H.; Cui, R.; Guo, X.; Zhang, L.; Liu, B.; Xu, B.; Shi, W.; Dong, J.; Feng, L.; Gao, X.; Sun, B. Nano Res. 2018, 11, 2277–2284.
162. Beheshti, A.; Nozarian, K.; Mousavifard, E. S.; Abrahams, C. T.; Mayer, P.; Gajda, R.; Wozniak, K.; Motamedi, H. J. Solid State Chem. 2021, 294, 12874.
163. Hao, M.-T.; Du, C.-F.; Tian, C.-B.; Li, J.-R.; Huang, X.-Y. Inorg. Chem. Commun. 2016, 72, 128–131.
164. Duang, P.-C.; Wang, Z.-Y.; Chen, J.-H.; Yang, G.; Raptis, R. G. Dalton Trans. 2013, 42, 14951–14954. and references therein.
165. Poplaukhin, P.; Arman, H. D.; Tiekink, E. R. T. Z. Kristallogr. 2012, 227, 363–368.
166. Fan, L.-Q. Z. Kristallogr. 2012, 227, 79–80.
167. Castineiras, A.; Dehnen, S.; Fuchs, A.; Garcia-Santos, I.; Sevillano, P. Dalton Trans. 2009, 2731–2739.
168. Castineiras, A.; Garcia-Santos, I. Z. Anorg. Allg. Chem. 2008, 634, 2907–2916.
169. Youngme, S.; Wannarit, N.; Pakawatchai, C.; Chaichit, N.; Somsook, E.; Turpeinen, U.; Mutikainen, I. Polyhedron 2007, 26, 1459–1468. Errata 5191.
170. Lu, C.-Z.; Zhuang, J.-N.; Chi, L.-S.; Wang, Y.-G.; Huang, J.-S.; Zhuang, H.-H.; Zhang, Q.-E. J. Chem. Crystallogr. 1999, 29, 1019–1022.
171. Noll, A.; Müller, U. Z. Anorg. Allg. Chem. 1999, 625, 803–805.
172. Andrews, P. C.; Atwood, J. L.; Barbour, L. J.; Croucher, P. D.; Nichols, P. J.; Smith, N. O.; Skelton, B. W.; White, A. H.; Raston, C. L. J. Chem. Soc., Dalton Trans. 1999,

2927–2932.
173. Umakoshi, K.; Sasaki, Y. Inorg. Chem. 1997, 36, 4296–4297.
174. Li, H.; Sheng, T.; Huang, Q.; Wu, X. J. Cluster Sci. 1995, 6, 403–410.
175. Baratta, W.; Calderazzo, F.; Daniels, L. M. Inorg. Chem. 1994, 33, 3842–3844.
176. Cotton, F. A.; Dikarev, E. V.; Petrukhina, M. A. Angew. Chem. Int. Ed. 2001, 40, 1521–1523.
177. Matsuno, S.; Yamashina, M.; Sei, Y.; Akita, M.; Kuzume, A.; Yamamoto, K.; Yoshizawa, M. Nature Commun. 2017, 8, 749.
178. Kromm, A.; Sheldrick, W. S. Z. Anorg. Allg. Chem. 2006, 632, 191–194.
179. Sheldrick, W. S.; Wachhold, M. Angew. Chem., Int. Ed. Engl. 1995, 34, 450–451.
180. Sheldrick, W. S.; Wachhold, M. J. Chem. Soc., Chem. Commun. 1996, 5, 607–608.
181. Steudel, R. Topics Curr. Chem. 2003, 231, 203–230. and references therein.
182. Steudel, R.; Steidel, J. Angew. Chem. Int. Ed. Engl. 1978, 17, 134–135.
183. Ishii, A.; Yamashita, R. J. Sulfur Chem. 2008, 29, 303–308.
184. Steudel, R.; Luger, P.; Bradaczek, H.; Rebsch, M. Angew. Chem. Int. Ed. Engl. 1973, 12, 423–424.
185. Luger, P.; Bradaczek, H.; Steudel, R.; Rebsch, M. Chem. Ber. 1976, 109, 180–184.
186. Wong, M. W.; Steudel, Y.; Steudel, R. Chem. Eur. J. 2007, 13, 502–514.
187. Curtiss, L. A.; Redfern, P. C.; Raghavachari, K.; Pople, J. A. J. Chem. Phys. 2001, 114, 108–117.
188. Steudel, R.; Steidel, J.; Pichardt, J. Angew. Chem. Int. Ed. Engl. 1980, 19, 325–326.
189. Steudel, R.; Reinhardt, R.; Sandow, T. Angew. Chem. Int. Ed. Engl. 1977, 16, 716.
190. Steudel, R.; Sandow, T. Angew. Chem. Int. Ed. Engl. 1978, 17, 611–612.
191. Jones, R. O. Inorg. Chem. 1994, 33, 1340–1343.
192. Steudel, R.; Sandow, T.; Steidel, J. J. Chem. Soc., Chem. Commun. 1980, 180–181.
193. Steudel, R.; Steidel, J.; Sandow, T. Z. Naturforsch. 1986, 41b, 951–957.
194. Hohl, D.; Jones, R. O.; Car, R.; Parrinello, M. J. Am. Chem. Soc. 1989, 111, 825–828.
195. Paul, P. P.; Rauchfuss, T. B.; Wilson, S. R. J. Am. Chem. Soc. 1993, 115, 3316–3317. and references therein.
196. Roesky, H. W.; Thomas, M.; Schimkowiak, J.; Jones, P. G.; Pinkert, W.; Sheldrick, G. M. J. Chem. Soc., Chem. Commun. 1982, 895–896.
197. Cameron, T. S.; Decken, A.; Dionne, I.; Fang, M.; Krossing, I.; Passmore, J. Chem. Eur. J. 2002, 8, 3386–3401.
198. Santiso-Quiñones, G.; Brückner, R.; Knapp, C.; Dionne, I.; Passmore, J.; Krossing, I. Angew. Chem. Int. Ed. 2009, 48, 1133–1137.
199. Santiso-Quiñones, G.; Higelin, A.; Schaefer, J.; Brückner, R.; Knapp, C.; Krossing, I. Chem. Eur. J. 2009, 15, 6663–6677.
200. Dance, I. G.; Fisher, K. J.; Willett, G. D. Inorg. Chem. 1996, 35, 4177–4184.
201. Baratta, W.; Calderazzo, F. Organometallics 1993, 12, 1489–1490.
202. Deiseroth, H.-J.; Wagener, M.; Neumann, E. Eur. J. Inorg. Chem. 2004, 4755–4758.

Polychalcogen molecules, ligands, and ions Part 1: Homo- and heteronuclear chalcogen rings 967



203. Deiseroth, H.-J.; Reiner, C.; Schlosser, M.; Wang, X.; Ajaz, H.; Kienie, L. Inorg. Chem. 2007, 46, 8418–8425. and references therein.
204. Demchenko, P. Y.; Gkadyshevskii, R. E.; Volkov, S. V.; Yanko, O. G.; Kharkova, L. B.; Fokina, Z. A.; Fokin, A. A. Chem. Commun. 2010, 46, 4520–4522. and references

therein.
205. Köchner, T.; Trapp, N.; Engesser, T. A.; Lehner, A. J.; Röhr, C.; Riedel, S.; Knapp, C.; Scherer, H.; Krossing, I. Angew. Chem. Int. Ed. 2011, 50, 11253–11256. and

references therein.
206. Aris, D.; Beck, J.; Decken, A.; Dionne, I.; Schmedt auf der Günne, J.; Hoffbauer, W.; Köchner, T.; Krossing, I.; Passmore, J.; Rivard, E.; Steden, F.; Wang, X. Dalton Trans.

2011, 40, 5865–5880. and references therein.
207. Dickerson, C. A.; Fisher, M. J.; Sykora, R. E.; Albrecht-Schmitt; Cody, J. A. Inorg. Chem. 2002, 41, 640–642.
208. Goldbach, A.; Fayon, F.; Vosegaard, T.; Wachhold, M.; Kanatzidis, M. G.; Massiot, D.; Saboungi, M.-L. Inorg. Chem. 2003, 42, 6996–7000.
209. Wachhold, M.; Kanatzidis, M. G. J. Am. Chem. Soc. 1999, 121, 4189–4195.
210. Stolze, K.; Ruck, M. Z. Anorg. Allg. Chem. 2014, 640, 1559–1563.
211. Stolze, K.; Ruck, M. Z. Anorg. Allg. Chem. 2015, 641, 2005–2008.
212. Schaefer, J.; Steffani, A.; Plattner, D. A.; Krossing, I. Angew. Chem. Int. Ed. 2012, 51, 6009–6012.
213. Mironov, Y. V.; Pell, M. A.; Ibers, J. A. Angew. Chem. Int. Ed. Engl. 1996, 35, 2854–2856.
214. Günther, A.; Heise, M.; Wagner, F. R.; Ruck, M. Angew. Chem. Int. Ed. 2011, 50, 9987–9990.
215. Günther, A.; Isaeva, A.; Ruck, M. Z. Anorg. Allg. Chem. 2013, 639, 254–260.
216. Günther, A.; Isaeva, A.; Baranov, A. I.; Ruck, M. Chem. Eur. J. 2011, 6382–6388.
217. Günther, A.; Ruck, M. Z. Anorg. Allg. Chem. 2012, 638, 317–323.
218. Ahmed, E.; Ruck, M. Coord. Chem. Rev. 2011, 255, 2892–2903.
219. Groh, M. F.; Müller, U.; Ahmed, E.; Rothenberger, A.; Ruck, M. Z. Naturforsch. 2013, 68b, 1108–1122.
220. Grasser, M. A.; Pietsch, T.; Blasius, J.; Hollóczki, O.; Brunner, E.; Doert, T.; Ruck, M. Chem. Eur. J. 2021. https://doi.org/10.1002/chem.202103770.
221. Schulz, C.; Daniels, J.; Bredow, T.; Beck, J. Angew. Chem. Int. Ed. Engl. 2016, 55, 1173–1177.
222. Krossing, I.; Passmore, J. Inorg. Chem. 1999, 38, 5203–5211. and references therein.
223. Tuononen, H. M.; Suontamo, R.; Valkonen, J.; Laitinen, R. S. J. Phys. Chem. A 2004, 108, 5670–5677.
224. Collins, M. J.; Gillespie, R. J.; Sawyer, J. F.; Schrobilgen, G. J. Inorg. Chem. 1986, 25, 2053–2057.
225. Beck, J. Z. Naturforsch. 1990, 45b, 413–416.
226. Sun, H.-T.; Sakka, Y.; Shirahata, N.; Fujii, M.; Yonezawa, T. J. Mater. Chem. 2012, 22, 24792–24797.
227. Beck, J.; Fischer, A.; Stankowski, A. Z. Anorg. Allg, Chem. 2002, 628, 2542–2548.
228. (a) Burns, R. C.; Gillespie, R. J.; Luk, W.-C.; Slim, D. R. Inorg. Chem. 1979, 18, 3086–3094; (b) Beck, J.; Steden, F. Acta Crystallogr. Sect E 2003, E59, i158–i160.
229. Collins, M. J.; Gillespie, R. J.; Sawyer, J. F. Acta Crystallogr. Sect. C 1988, 44, 405–409.
230. Beck, J. Chem. Ber. 1995, 128, 23–27.
231. Beck, J.; Bock, G. Z. Anorg. Allg. Chem. 1996, 622, 823–828.
232. Gillespie, R. J.; Luk, W. C.; Maharajh, E.; Slim, D. R. Inorg. Chem. 1977, 16, 892–896.
233. Burns, R. C.; Collins, M. J.; Eicher, S. M.; Gillespie, R. J.; Sawyer, J. F. Inorg. Chem. 1988, 27, 1807–1813.
234. Gillespie, R. J. Chem. Soc. Rev. 1979, 8, 315–352.
235. Passmore, J. In Studies in Inorganic Chemistry; Steudel, R., Ed.; vol. 14; Elsevier: Amsterdam, 1992; pp 373–406.
236. Lyne, P. D.; Mingos, D. M. P.; Ziegler, T. J. Chem. Soc., Dalton Trans. 1992, 2743–2747.
237. Cameron, T. S.; Deeth, R. J.; Dionne, I.; Du, H.; Jenkins, H. D. B.; Krossing, I.; Passmore, J.; Roobottom, H. K. Inorg. Chem. 2000, 39, 5614–5631. and references therein.
238. Beck, J. Angew. Chem. Int. Ed. Engl. 1990, 29, 293–295.
239. Collins, M. J.; Gillespie, R. J.; Sawyer, J. F. Inorg. Chem. 1987, 26, 1476–1481.
240. DeLucia, M. L.; Coppens, P. Inorg. Chem. 1978, 17, 2336–2338.
241. Beck, J.; Müller-Buschbaum, K. Z. Anorg. Allg. Chem. 1997, 623, 409–413.
242. Beck, J.; Bock, G. Angew. Chem. Int. Ed. Engl. 1995, 34, 2559–2561.
243. Burns, R. C.; Collins, M. J.; Gillespie, R. J.; Schrobilgen, G. J. Inorg. Chem. 1986, 23, 4465–4469.
244. Brownridge, S.; Calhoun, L.; Jenkins, H. D. B.; Laitinen, R. S.; Murchie, M. P.; Passmore, J.; Pietikäinen, J.; Rautiainen, J. M.; Sanders, J. C. P.; Schrobilgen, G. J.;

Suontamo, R. J.; Tuononen, H. M.; Valkonen, J. U.; Wong, C.-M. Inorg. Chem. 2009, 48, 1938–1959.
245. Burns, R. C.; Chan, W. L.; Gillespie, R. J.; Luk, W. C.; Sawyer, J. F.; Slim, D. R. Inorg. Chem. 1980, 19, 1432–1439.
246. Collins, M. J.; Gillespie, R. J.; Sawyer, J. F.; Schrobilgen, G. J. Acta Crystallogr. Sect. C 1986, 42, 13–16.
247. Beck, J.; Hilbert, T. Z. Anorg. Allg. Chem. 2000, 626, 837–844.
248. Boldrini, P.; Brown, I.; Gillespie, R. J.; Ireland, P. R.; Luk, W. C.; Slim, D. R.; Vekris, J. E. Inorg. Chem. 1976, 15, 765–770.
249. Beck, J.; Fischer, A. Z. Anorg. Allg. Chem. 1997, 623, 780–784.
250. Beck, J.; Wetterau, J. Inorg. Chem. 1995, 34, 6202–6204.
251. Burns, R. C.; Gillespie, R. J.; Sawyer, J. F. Inorg. Chem. 1980, 19, 1423–1432.
252. Faggiani, R.; Gillespie, R. J.; Sawyer, J. F.; Vekris, J. E. Acta Crystallogr. Sect. C 1989, C45, 1847–1853.
253. Beck, J.; Stankowski, A. Z. Naturforsch. 2001, 56b, 453–457.
254. Beck, J.; Fischer, A. Z. Anorg. Allg. Chem. 2002, 628, 369–372.
255. Freudenmann, D.; Feldmann, C. Z. Anorg. Allg. Chem. 2011, 637, 1481–1485.
256. Beck, J.; Bock, G. Z. Anorg. Allg. Chem. 1994, 620, 1971–1975.
257. Drake, G. W.; Schimek, G. L.; Kolis, J. W. Inorg. Chem. 1996, 35, 1740–1742.
258. Klapötke, T.; Passmore, J. Acc. Chem. Res. 1989, 22, 234–240.
259. Brownridge, S.; Cameron, T. S.; Passmore, J.; Schatte, G.; Way, T. C. J. Chem. Soc., Dalton Trans. 1996, 2553–2570.
260. Faggiani, R.; Gillespie, R. J.; Kolis, J. W.; Malhotra, K. C. J. Chem. Soc., Chem. Comm. 1987, 591–592.
261. Beck, J.; Richter, J.; Pell, M. A.; Ibers, J. A. Z. Anorg. Allg. Chem. 1996, 622, 473–478.
262. Passmore, J.; Sutherland, G.; Whidden, T. K.; White, P. S.; Wong, C.-M. Can. J. Chem. 1985, 63, 1209–1214.
263. Passmore, J.; Sutherland, G.; Taylor, P.; Whidden, T. K.; White, P. S. Inorg. Chem. 1981, 20, 3839–3845. and references therein.
264. Passmore, J.; Sutherland, G.; White, P. S. Inorg. Chem. 1982, 21, 2717–2723. and references therein.
265. Passmore, J.; White, P. S.; Wong, C. M. J. Chem. Soc., Chem. Commun. 1985, 1178–1179.
266. Nandana, W. A. S.; Passmore, J.; White, P. S. J. Chem. Soc., Chem. Commun. 1983, 526–527.
267. Nandana, W. A. S.; Passmore, J.; White, P. S.; Wong, C.-M. Inorg. Chem. 1989, 28, 3320–3328.
268. Carnell, M. M.; Grein, F.; Murchie, M. P.; Passmore, J.; Wong, C.-M. J. Chem. Soc., Chem. Commun. 1986, 225–227.
269. Schrobilgen, G. J.; Burns, R. C.; Granger, P. J. Chem. Soc., Chem. Commun. 1978, 957–958.
270. Sheldrick, W. S. In Handbook of Chalcogen Chemistry. New Perspectives in Sulfur, Selenium and Tellurium; Devillanova, F. A., du Mont, W.-W., Eds., 2nd ed.; vol. 1; RSC

Publishing: Cambridge, 2013; pp 514–544. and references therein.

968 Polychalcogen molecules, ligands, and ions Part 1: Homo- and heteronuclear chalcogen rings

https://doi.org/10.1002/chem.202103770


271. Smith, D. M.; Ibers, J. A. Coord. Chem. Rev. 2000, 187, 200–205.
272. Steudel, R. Topic Curr. Chem. 2003, 231, 127–152.
273. Kanatzidis, M. G.; Das, B. K. Comments Inorg. Chem. 1999, 21, 29–51.
274. Kanatzidis, M. G.; Huang, S. P. Coord. Chem. Rev. 1994, 130, 509–621.
275. Müller, V.; Grebe, C.; Müller, U.; Dehnicke, K. Z. Anorg. Allg. Chem. 1993, 619, 416–420.
276. Fenske, D.; Krauter, G.; Dehnicke, K. Angew. Chem. Int. Ed. 1990, 29, 390–391.
277. Kanatzidis, M. G.; Huang, S.-P. Inorg. Chem. 1989, 28, 4667–4669.
278. Krebs, B.; Lührs, E.; Willmer, R.; Ahlers, F.-P. Z. Anorg. Allg. Chem. 1991, 592, 17–34.
279. Huang, S.-P.; Dhingra, S.; Kanatzidis, M. G. Polyhedron 1992, 11, 1869–1875.
280. Liebing, P.; Kuhling, M.; Swanson, C.; Feneberg, M.; Hilfert, L.; Goldhahn, R.; Chivers, T.; Edelmann, F. T. Chem. Commun. 2019, 55, 14965–14967.
281. Sheldrick, W. S.; Braunbeck, H. G. Z. Naturforsch. 1989, 44b, 1397–1401.
282. Klaiber, F.; Petter, W.; Hulliger, F. J. Solid State Chem. 1983, 46, 112–120.
283. Schreiner, B.; Dehnicke, K.; Maczek, K.; Fenske, D. Z. Anorg. Allg. Chem. 1993, 619, 1414–1418.
284. Feldmann, C.; Okrut, A. Z. Anorg. Allg. Chem. 2009, 635, 1807–1811.
285. Finger, L. H.; Scheibe, B.; Sundermeyer, J. Inorg. Chem. 2015, 54, 9568–9575.
286. Steudel, R.; Chivers, T. Chem. Soc. Rev. 2019, 48, 3279–3319.
287. Steudel, R.; Steudel, Y. Chem. Eur. J. 2013, 19, 3162–3176.
288. Neumüller, B.; Schmock, F.; Kirmse, R.; Voigt, A.; Diefenbach, A.; Bickelhaupt, F. M.; Dehnicke, K. Angew. Chem. Int. Ed. 2000, 39, 4580–4582.
289. Günther, A.; Isaeva, A.; Ruck, M. Z. Anorg. Allg. Chem. 2012, 638, 2521–2525.
290. Boettcher, P.; Kretschmann, U. J. Less-Common Metals 1983, 95, 81–91.
291. Warren, C. J.; Haushalter, R. C.; Bocarsly, A. B. Chem. Mater. 1994, 6, 780–783.
292. Sheldrick, W. S.; Schaaf, B. Z. Naturforsch. 1994, 49, 993–996.
293. Reisner, C.; Tremel, W. Chem. Commun. 1997, 387–388.

Polychalcogen molecules, ligands, and ions Part 1: Homo- and heteronuclear chalcogen rings 969



1.22 Polychalcogen molecules, ligands, and ions Part 2: Catenated acyclic
molecules, ions, and p-block element derivatives
Risto S. Laitinena, Raija Oilunkaniemia, Tristram Chiversb, Liam McGeachiea, Paul F. Kellyc, and Roberto S.P. Kingd,
a Laboratory of Inorganic Chemistry, Environmental and Chemical Engineering, University of Oulu, Oulu, Finland; b Department of
Chemistry, University of Calgary, Calgary, AB, Canada; c Department of Chemistry, Loughborough University, Loughborough,
Leicestershire, United Kingdom; and d Foster þ Freeman Ltd, Evesham, United Kingdom

© 2023 Elsevier Ltd. All rights reserved.

1.22.1 Introduction 970
1.22.2 Acyclic sulfur, selenium, and tellurium allotropes 971
1.22.2.1 Sulfur 971
1.22.2.2 Selenium and tellurium 971
1.22.2.3 High-pressure allotropes 971
1.22.3 Acyclic polychalcogenide anions 974
1.22.3.1 General 974
1.22.3.2 Preparation 974
1.22.3.3 Structures 974
1.22.3.4 Polysulfide radical anions Sn

�� (n ¼ 2–9) 975
1.22.4 Polychalcogenide derivatives of the p-block elements 976
1.22.4.1 General 976
1.22.4.2 Group 13 complexes 976
1.22.4.3 Group 14 derivatives and complexes 981
1.22.4.3.1 Organic polychalcogenides and related silicon derivatives 981
1.22.4.3.2 Germanium, tin, and lead complexes 987
1.22.4.4 Group 15 derivatives and complexes 988
1.22.4.4.1 Chalcogen-nitrogen compounds 988
1.22.4.4.2 Chalcogen-phosphorus compounds 994
1.22.4.4.3 Chalcogen-arsenic, -antimony, and -bismuth compounds and complexes 998
1.22.4.5 Chalcogen halogenides 1005
1.22.4.5.1 Electrically neutral molecules 1005
1.22.4.5.2 Chalcogen-halogen cations 1010
1.22.4.5.3 Polychalcogen-halogen anions 1013
1.22.5 Summary 1014
References 1015

Abstract

The present chapter is Part 2 of the treatise about the chemistry of polychalcogen molecules, ligands, and ions and provides
an overview of the recent developments in the chemistry of catenated polychalcogen species. Cyclic all-chalcogen species in
different chemical environments are covered in Part 1. This review includes acyclic chalcogen allotropes, acyclic poly-
chalcogenide dianions and radical monoanions, as well as representative examples of their derivatives comprising both
molecular polychalcogenides and the complexes in which heavy p-block elements act as central atoms. Sulfur has the
strongest propensity for catenation and the number of polysulfur species is the highest among the chalcogens. By contrast,
selenium and in particular tellurium exhibit structural diversity, which has not been observed for sulfur. This review
emphasizes the preparation, structures, and bonding of the polychalcogen derivatives and complexes, but important
applications are also described. The main bulk of literature covers the period 1991–2022, but older references have been
cited, as appropriate.

1.22.1 Introduction

With the exception of carbon due to the discovery of fullerenes and carbon nanotubes, sulfur is known to exhibit the largest number
of allotropic forms of all elements because of its strong tendency to catenate, i.e., to form cumulated sulfur-sulfur bonds.1–6 The two
heavier chalcogen elements, selenium and telluriummirror this propensity, though their allotropy is significantly simpler.1,4,6 Cate-
nation also leads to a large number of compounds,7–11 ions,12–21 and complexes22–31 that contain polychalcogen moieties.
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This article is Part 2 of the discussion of the structural and chemical consequences of chalcogen bond catenation in different
environments. Part 1 was concerned with cyclic all-chalcogen molecules, ions, and ligands.6 In the current treatise, the synthetic,
structural, and bonding aspects of catenated acyclic molecules and ions, as well as their main group compounds are discussed.
The chemistry of the related transition metal complexes has been reviewed several times during the recent decades22–31 and will
not be considered in this account.

Some illustrative examples of chalcogen species, which are within the scope of this review, are shown in Table 1.
The structural features of the chalcogenmolecules and ions can be explained in terms of minimized np lone-pair interactions, the

propensity to form p-bonds,1–6,9 hypervalency,32,33 hyperconjugative np2 / ns* interactions,9,34 attractive p*–p* interactions,35

and secondary bonding interactions (also known as chalcogen bonds).36–41

1.22.2 Acyclic sulfur, selenium, and tellurium allotropes

1.22.2.1 Sulfur

In addition to 11 well-characterized homocyclic molecules,1–6 sulfur also exhibits several polymeric, acyclic allotropes. Their struc-
tural chemistry has been thoroughly reviewed by Steudel and Eckert.42 Three crystalline forms have been reported at ambient
temperature and pressure, two of them are fibrous and the third is laminar. The crystal structure of one fibrous form, Sj is charac-
terized more completely. In addition, there are several incompletely characterized polymeric forms.42 In most cases, polymeric allo-
tropes and several homocyclic rings are formed as mixtures.

Sj is prepared by stretching freshly quenched liquid sulfur, which has been heated above the polymerization threshold.43–45 The
soluble sulfur ring fractions are removed by extracting with CS2. The X-ray studies

46–48 reveal that the crystal lattice is composed of
both right- and left-handed helical chains, as shown in Fig. 1. The SeS bond length is 2.066 Å, the bond angle 106.0�, and the
torsional angle 85.3�.47 These values are close to those in S8

1–6 and can be considered to represent the unstrained bonding
arrangement.

The composition of molten sulfur has been under extensive investigations over a hundred years (for detailed reviews about the
historical development, see Refs. 49,50). While the melting point of monoclinic b-S8 of 120.1 �C51 is generally considered to be the
thermodynamical melting point of sulfur, the liquid freezes at this temperature, only if it is frozen immediately after the melting.
Upon prolonged standing at temperatures slightly above 120 �C, the freezing point is lowered to ca. 115.2 �C,51 which has been
interpreted to be due to the dissociation of molten S8 to other molecular forms, called Sp. The equilibrium concentration of Sp
was estimated to be ca. 4.8% based on Raoult’s law.52

The molecular composition of Spwas unambiguously determined frommelts at different temperatures after they were quenched
using liquid nitrogen by using Raman spectroscopy52 and high-performance liquid chromatography involving the reversed-phase
columns.53 The equilibrium melt consisted of S6 (0.6%), S7 (2.8%), and rings larger than S8 (1.5%) in addition to S8 (95.1%).

Polymeric sulfur was detected in the melt only above the polymerization threshold of 159 �C. The determination was based on
the content of insoluble material in the quenched melt, which was redissolved in CS2.

54 It can be seen from Fig. 2 that the poly-
merization takes place at the expense of S8. The content of other sulfur rings remains relatively constant.

1.22.2.2 Selenium and tellurium

Contrasting the behavior of sulfur, polymeric hexagonal a-selenium and -tellurium are the thermodynamically stable allotropes of
the elements. They are mutually isostructural and are composed of a network of trigonal helical chains, as shown in Fig. 3(a). The
SeeSe bond length is 2.350 Å63 and the TeeTe bond length is 2.835 Å64 both corresponding closely to single bond lengths. The
closest interchain distances are 3.46363 and 3.4912 Å,64 respectively. As seen from Fig. 3(a), the closest interchain contacts expand
the coordination around each atom into a distorted octahedron consistent with the concept of secondary bonding interactions by
Alcock.36 They are expectedly weaker in selenium than in tellurium (the van der Waals’ radii of selenium and tellurium are 1.80 and
2.20 Å, respectively).

1.22.2.3 High-pressure allotropes

Sulfur, selenium, and tellurium all have several high-pressure allotropes, though complete information on their high-pressure
behavior is still rather vague. The comprehensive reviews of the high-pressure forms of sulfur42,65 indicate often contradictory
conclusions, and the situation is not much better in the case of selenium and tellurium.66 Some high-pressure phases, which
have been unambiguously isolated and structurally characterized for sulfur, selenium, and tellurium are shown in Fig. 3. At rela-
tively low pressure of 3 GPa, the trigonal helical form of sulfur has been characterized.55

Recently, however, even the structures of the two lowest high-pressure forms have been questioned and incommensurate crystal
structures have been suggested instead.67 It can be seen from Fig. 3(a–d) that as the pressure increases, the packing becomes more
efficient and approaches and finally reaches the bcc structure.

The electrical properties of sulfur, selenium, and tellurium are dependent on pressure. Whereas the ambient form of sulfur is an
electrical insulator, the trigonal forms of selenium and tellurium are semiconducting. All high-pressure polymorphs exhibit metallic
conductivity.62,68 In addition, both the high-pressure polymorphs of the elements are superconducting.69,70 The transition
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Table 1 Examples of catenated polychalcogen molecules, ions, compounds, and p-block element derivatives.

Polymeric chalcogen phases

S∞ eS ∞, Te∞ High-pressure allotrope (bco) S, Se, Te 
Anions

S10
2- eS 9

2- eT 13
2-

p-Block element derivatives

[Ga{(CH3)2NCH2}2C6H3(S4)] [Pb(Se4)2]2- [{Si(C5Me5)2}2(Te)(Te2)] 
Cations

Me3S3
+, Me3Se3

+ [Se4(CH2)12]2+ (mes)3Te3
+

Organic polychalcogenides

S3(C6H4NH2)2 [SC(O)SC(Me)C]2Se3 E3[C(SiMe3)3]2, (E = Se,Te) 
Group 15 derivatives

[O(CH2)4N]2E4 (E = S, Se) Se6(NtBu)2 (TePiPr2NpiPr2Te)2

Chalcogen halogenides

E2X2 (E = S, Se, Te; X = F, Cl, Br) Me2Se2(I2)2 {(MeO)2C6H3}TeI2Te{C6H3(OMe)2} 
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temperature seems to increase as a function of pressure and is in the range of 2.5–4.3 K up to 15 GPa and is ca. 6.5 K in the range 15–
18 GPa.71

The research activity has been boosted by the observation that a mixed selenium-tellurium system shows enhanced conducting
and photoconducting properties compared to those of selenium.72 The indexing of X-ray powder diagrams in terms of a hexagonal
unit cell indicates an almost linear variation in the lattice constants as a function of the elemental composition.73 These results can
be interpreted by the statistical distribution tellurium and selenium atoms in the helical chain that is shown in Fig. 3(a).

Fig. 1 The left and right-handed helices in polymeric fibrous sulfur Sj. The shortest interhelical distances are in the range 3.33–3.48 Å as indicated
by dashed lines.42,47
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Fig. 2 The concentration (%) of sulfur species in liquid sulfur as a function of temperature.50,54 Sm indicates of polymeric sulfur of unspecified
chain length. Adapted with permission from Steudel, R. Topics Curr. Chem. 2003, 230, 81–116. @ 2003, Springer-Verlag.
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1.22.3 Acyclic polychalcogenide anions

1.22.3.1 General

Polychalcogenide anions serve as useful nucleophilic reagents in many chemical applications.74 The wB97XD/6-311þþG(d,p)//
wB97XD/6-31þG(d) computations of H2Sn, HSn,

� and Sn
2� (n � 30) including continuum model for the solvation effects of water

indicated that for n > 4, deprotonated Sn
2� are predominant.75 It was also reported that polysulfides may serve as reservoirs for

sulfane sulfur.
Their synthetic and structural chemistry as well as ligand properties and applications have been reviewed several times.15–20

Single-chain polysulfides Sn
2� (n ¼ 2–6) are known for alkali metals and related simple univalent cations. With bulkier counterions,

anions with up to 12 sulfur atoms have been prepared and characterized.15,16,76,77 Related polyselenides Sen
2� (n ¼ 2–11) and

Ten
2� (n ¼ 2–6, 8, 12, 13) have also been reviewed.18–23 In addition to acyclic polychalcogenides, cyclic anions are known for sele-

nium and tellurium (for the more detailed description of polychalcogenide ring anions, see Ref. 6, and references therein).

1.22.3.2 Preparation

The usual preparation of polychalcogenides involves (a) direct high-temperature combination of the elements, (b) reactions of
alkali metals and elemental chalcogens in liquid ammonia, (c) solution reactions involving chalcogen elements and alkali metal
carbonates, (d) solvothermal reactions, or (e) oxidation-reduction reactions with Lewis acids.23,74,75,78,79 These methods have
mostly been applied to alkali metal or alkaline earth metal sulfides, selenides, and tellurides that can then serve as precursors to
other polychalcogenides. The presence of a large organic cation or the encapsulating agent such as the crown ether complex of
an alkali metal leads to the stabilization of otherwise unstable anions.

Tellurium shows more diverse polyanion chemistry than sulfur and selenium due to increasing importance of hyperconjugation
and secondary bonding,34 when going down Group 16 (see Refs. 18,23 and references therein). By contrast to polysulfides and pol-
yselenides, polytelluride anions can exhibit charges that deviate from �2.

1.22.3.3 Structures

The X-ray structures have been determined for several acyclic polychalcogenides En
2� (n ¼ 2–9, 10, and 12 for sulfur, 2–9 for sele-

nium, and 2–6, 8, 12, 13, and 15 for tellurium). Shorter polychalcogenides occur as binary alkali metal or alkaline earth metal salts,
but longer chains require bulkier counter-ions for stabilization.15–20 These may comprise alkali or alkaline earth metals

(A) (B)

(C) (D)

Fig. 3 Well-characterized sulfur, selenium, and tellurium allotropes as a function of pressure. (a) hexagonal polymorph, (b) base-centered
orthorhombic polymorph (bco), (c) rhombohedral polymorph (b-Po structure), (d) base-centered cubic polymorph (bcc). a Ref. 55, b Ref. 56. c

Ref. 57. d Ref. 56. e Ref. 57. f Ref. 58. g Ref. 59. h Ref. 60. i Ref. 61. j Ref. 62.
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encapsulated with crown-ethers or cryptates, or large non-coordinating monocations such as (Et4N)þ, (Ph4P)
þ, and [Ph3PNPPh3]

þ.
Typical structures of the open-chain polychalcogenides are exemplified by Se3

2�-Se9
2�, and by S10

2� and S12
2�, as shown in Fig. 4.

Since the monoatomic counter-cations have a significant effect on the bond parameters of the polychalcogenides, the examples
in Fig. 4 have been selected from salts containing bulky polyatomic cations.

It can also be seen in the examples of Fig. 4 that the counter ions have an impact on the conformations of the polychalcogenide
chains. In addition to the changes in the numerical values of torsional angles, there is also a possibility for isomerism in case of En

2�

chains with n � 4 depending on the signs of the torsional angles. Longer polychalcogenides, however, tend to adopt helical confor-
mations that mimic the hexagonal polymeric allotropic forms of the elements.63,64 In some cases the helical chains can be disor-
dered in the crystalline lattice, as exemplified for S6

2� in Fig. 5.
Dodecasulfide S12

2�,77 dodecatelluride Te12
2�,91 tridecatelluride Te13

2�,92 and Te15
4�93 anions are the longest reported acyclic poly-

chalcogenides. The structures of latter two dianions are shown in Fig. 6.

1.22.3.4 Polysulfide radical anions Sn
�L (n [ 2–9)

Polysulfide dianions Sn
2� may dissociate or disproportionate in polar solvents to afford radical anions Sn

��.15,16 A well-known
representative in this series is S3

��94 which is the blue chromophore in ultramarine blue, when trapped in zeolitic aluminosilicate
matrix. The identity of the chromophore in ultramarine red is controversial. Recent DFT calculations for S4 and S4

�� embedded in
a sodalite lattice indicate the red color should be attributed to the neutral allotrope rather than the radical anion.95

The occurrence and structures of Sn
�� have been explored by Raman and EPR spectroscopy and augmented by high-level DFT

calculations.15,16,96 Small radical monoanions (n ¼ 2–5) lie at the global minima, but the larger species are cyclic, though with
at least one very long S.S distance. The optimized structures of Sn

�� (n ¼ 3–5) are shown in Fig. 7.
The radical anions Sn

�� have a role in materials science, electrochemistry, organic synthesis, analytical chemistry, and geochem-
istry.16 They are also important species in different biological processes and alkali metal-sulfur batteries. The likely reversible redox
pathways suggested for the discharge of the batteries indicate that the polysulfide dianions play a significant role in generating the
radical anions by dissociation or disproportionation (see Scheme 1). This mechanism has been discussed in detail.16,95

(A) (B) (C) (D)

(E)
(F) (G)

(H) (I)

Fig. 4 Structures of selected acyclic polychalcogenides containing weakly coordinating counter-cations. (a) [Mn(en)3](Se3).79 (b) [Ba
{crypt(222)}](Se4)$en80 and {(Ph3P)2N}(Se4)$MeCN.81 (c) (Me4N)2(Se5)82 and (NEt4)2(Se5)$(½Se6,Se7).83 (d) (Ph4P)2(Se6).84 (e) [K
{crypt(222)}]2(Se7)$H2O85 and [Na(12-crown-4)2]2(Se7).86 (f) [Na(12-crown-4)2]2(Se8)$(Se7).87 (g) [Sr(15-crown-5)2](Se9).88 (h) [K
{crypt(222)}]2(S10).76 (i) [(Ph3P)2N]2(S12).77
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1.22.4 Polychalcogenide derivatives of the p-block elements

1.22.4.1 General

Several main group compounds contain polychalcogen fragments. Both electrically neutral molecules, as well as cationic and
anionic species have been prepared and structurally characterized. The most important features of the polychalcogen compounds
of the p-block elements groups 13–15, and 17 are discussed below. The chemistry of Group 16 species has been discussed in Ref. 6.

1.22.4.2 Group 13 complexes

Aluminum has been reported to form a few complexes containing chelating or bridging Sn
2� ligands (see examples in Fig. 8).97–100

The treatment of [Al{N(iPr2C6H3CMe)2CH}(SH)2] with (mesAg)4 affords [Al{N(iPr2C6H3CMe)2CH}(S6)] as a by-product (see
Scheme 2).100 Interestingly, with an excess of S8, only [Al{N(iPr2C6H3CMe)2CH}(S4)] is formed with no indication of the forma-
tion of the hexasulfido complex.

S

S

O

H

CN

H

C

N

V

Na

(A)

(B)

Fig. 5 Disordered S62� anion in (a) bis[4,5-dimethyl-1,3-bis(propan-2-yl)-1H-imidazol-3-ium] hexasulfide89 and (b) bis(hexakis{[m4-bis (2-
oxyethyl)(2-hydroxyethyl)amine]-oxo-vanadium(iv)}sodium) hexasulfide methanol solvate.90
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(A)

(B)

Fig. 6 Molecular structures of (a) Cs2(Te13)92 and (b) [Zn(NH3)4]2(Te15).93

2.017 Å

114.1 

1.990 Å

109.6 
2.180 Å

0.0 
2.014 Å

2.106 Å109.3 

99.3 

82.8 

C2v C2v Cs

Fig. 7 B3LYP/6-31þG(2df,p) optimized geometries of acyclic S3
��, S4

��, and S5
�� in a polar medium with 3¼ 78.95
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[Al(Ar1)(Ar2)(H)2] or [Al(Ar1)(Ar2)(SH)2] Ar1¼ 2,6-(2.4.6-iPr3C6H2)2C6H3; Ar2 ¼ 1,3,4,5-tetramethylimidazol-2-ylidene) have
been used to prepare [Al(Ar1)(Ar2)(S5)], with the chelating S5

2� ligand.101 Upon treatment of the product with PPh3, the chain
length of the pentasulfido ligand is reduced with the formation of [Al(Ar1)(Ar2)(S4)] (see Scheme 3).

Only three complexes involving chelating or bridging polysulfido ligands are known in the case of gallium.102–104

(C6H17N3)4n(C6H16N3)4n[Ga20S38]n
103 and (C4H12N)12n[Ga20OS37]n

104 are interesting open-framework structures in which
Ga20S16 cages are linked together by bridging S2� and S3

2� ligands, and in the case of the latter complex also by bridging oxido

Scheme 1 Suggested electrochemical reduction processes of S8 molecules in Li-S batteries on discharging.95

Al

S

N

C

(A) (B)

SK

N

C

Si

O

S4

S5
Al O

N
C

Al

(C)

Fig. 8 Structure of (a) [Al{N(iPr2C6H3CMe)2CH}(S3)]2.97 (b) Solid solution of [({Al[mes]NCMe}2CH)2(O)(S4)]$THF (94%) and [({Al[mes]
NCMe}2CH)2(O)(S5)]$THF (6%).98 (c) Structure of Kn[Al{NiPr2C6H3SiMe2}2O]n(S4)n$nTHF.99
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ligand (see Fig. 9). The Group 13 open-framework chalcogenide phases have seen research interest because they are microporous,
exhibit fast ion conductivity and photoluminescence and tunable electronic band gaps.105

Chelating tetrasulfido ligands106–110 are common in the case of indium complexes. There are also complexes in which other
chelating or bridging polysulfido ligands are coordinated to indium in addition to S4

2�.108,111,112

The structural chemistry involving Group 13 metal complexes with polyselenido or polytellurido ligands is mainly centered on
indium, though some gallium and thallium species have also been reported.113,114 The reaction of Na2Se5 and InCl3 in DMF in the
presence of R4MX (R ¼ Ph, Pr, Et; M ¼ P, N; X ¼ Cl, Br) affords (R4M)4[In2(Se4)4(Se5)] [see Fig. 10(a)] in good yields.115,116 The
hydrothermal reaction of InCl3 with Na2Se4 in the presence of R4MX and water at 110 �C for 3 days yielded (R4M)2[In(Se)2(Se4)2]
[see Fig. 10(b)]. When the molar ratio of InCl3 and Na2Se5 was changed to 1:2 and the reaction was carried out in acetonitrile in the
presence of Et4NBr, (Et4N)3[In3(Se)3(Se4)3] [see Fig. 10(c)] was formed. The reaction with thallium(I) chloride resulted in the
formation of the analogous salt.116

L = HC[C(Me)N(Ar)]2

Ar = 2,6-iPrC6H3

S

Ag AlL
Ag

S
S

Ag

AgAg

LAl
S

Ag

S

AlL
S

Ag
Ag

LAl

 (m
esAg)4

Excess S
8

 (mesAg)4

+

Al

N SH

SH

iPr

iPr

iPr

iPr

N

N

Al

N
iPr

iPr

iPr

S
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S

S

S

N

Al
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iPr
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iPr

Scheme 2 Formation of [Al(N[iPr2C6H3]CMe}2CH)(S6)] and [Al(N[iPr2C6H3]CMe}2CH)(S4)].100

Scheme 3 Formation of [Al(Ar1)(Ar2)(S5)] and [Al(Ar1)(Ar2)(S4)].101

Polychalcogen molecules, ligands, and ions Part 2: Catenated acyclic molecules 979



The reaction of elemental gallium, indium, or thallium with (Ph4P)2Se5 and an excess of elemental selenium in a sealed, evac-
uated Pyrex tube at 200 �C yielded red crystals of (Ph4P)[M(Se6)2] (M ¼ Ga, In, Tl), which exhibit an open layered framework.117

These compounds have congruent melting points and transform into a glassy state upon cooling. The materials recrystallize, when
subsequently reheated. The materials are also capable of ion exchange reactions, which could lead to the possibility for generation
of microporous materials.

A hydrothermal reaction involving elemental indium, selenium, and trans-1,4-diaminocyclohexane in water at 170 �C for
10 days affords (C6H16N2)[In2(Se)3(Se2)], which contains polymeric [In2(Se)3(Se2)]

2� chains [see Fig. 11(a)].118 The optical
band gap of (C6H16N2)[In2(Se)3(Se2)] was estimated as 2.23 eV at room temperature.

The metathetical reaction of [Li(TMEDA)]2[{(SPh2P)2C}2Se2] and TlOEt at a low temperature cleanly affords
Tl2[{(SPh2P)2C}2Se2] in good yield.119 The molecular structure is shown in Fig. 11(b). The SeeSe bond length of 2.531 Å is signif-
icantly longer than the single bond, but it is near the SeeSe bond of 2.508 Å observed in [Li(TMEDA)]2[{(SPh2P)2C}2Se2].

120 Their
respective Pauling bond orders of 0.76 and 0.79 are close to the value 0.84 calculated for the bond order of the SeeSe bond in

Ga

S

O

Fig. 9 Crystal structure of (C4H12N)12n(Ga20OS37)n indicating the linking of the Ga10S16 cages by S32�, S2�, and O2� bridging ligands.104

Se

Se

Se

In

In

In

(A) (B)

(C)

Fig. 10 The structure of (a) [In2(Se4)4(Se5)]4�,115,116 (b) [In2(Se)2(Se4)2]2�,116 and (c) [In3(Se)3(Se4)3]3�.116
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(SePR2NPR2Se)2 with the observed elongation of 6%.121 This is consistent with the conclusion that the long SeeSe bond is a conse-
quence of the dimerization of the (SPh2P)2CSe

��

radical anion.119

The few known polymeric telluroindates have been prepared by solvothermal reactions.122–126 The polymeric anions all have
a formal composition In2Te6

2�. They are all composed of similar cyclic six-membered TeInTeTeInTe building blocks, but their over-
all structures differ considerably, as shown in Fig. 12.

The interest in anionic indium or thallium networks comes from their thermal behavior. Thermogravimetry and DSC studies
have shown that they may provide a low-temperature route to binary chalcogenides of catalytic and electronic importance and
therefore they may prove to be suitable precursors for fabrication of thin films.117,118

1.22.4.3 Group 14 derivatives and complexes

1.22.4.3.1 Organic polychalcogenides and related silicon derivatives
A large number of organic dichalcogenides are known. The number of crystal structures reported in Cambridge crystallographic
database127 (July 11, 2022) is shown in Table 2.

The number of organic polysulfides is significantly larger than those of polyselenides and polytellurides. While the maximum
observed chain length in acyclic organic polysulfides is seven and that in cyclic polysulfides is nine, no structures with longer than
three selenium or tellurium atoms in the chains are known with the exception of one acyclic and two cyclic tetraselenides. Examples
of acyclic R2Sn (n ¼ 4–7) are shown in Fig. 13.

The chalcogen-chalcogen bonds in these species show quite normal single-bond values with the torsional angles near 90�, as
exemplified for acyclic trichalcogenides in Fig. 14. The dependence of the chalcogen-chalcogen bond lengths on the p lone-pair
interactions of the adjacent chalcogen atoms have been discussed in several reviews.1,2,7

While the presence of organic polyselenides R2Sen (n > 4) has been detected in different mixtures by 77Se NMR spectros-
copy,132,133 the structural information on the isolated tetraselenides is much sparser than that of di- and triselenides. Crystal struc-
tures of bis[2-N,N0-dimethyl(amino)phenyl] diselenide,134 triselenide,135 and tetraselenide136 are shown in Fig. 15. The
polyselenium chain is stabilized by N.Se secondary bonding interactions.

In addition to acyclic polychalcogenides, also cyclic organic species have been prepared and characterized. Their chalcogen-
chalcogen bond parameters are in close agreement with those of dichalcogenides. Some examples are shown in Fig. 16.

The trisulfide-linked oligopyrrolic macrocycle [see Fig. 16(a)] has been prepared by treating 3,4-diethylpyrrole with S2Cl2 in THF
at �78 �C.137 It has a bowl-shaped structure with a similar cone conformation to that of calix[4]-pyrroles. C5H5O(OAc)3Se4 [see
Fig. 16(b)] has been obtained as a main product from mannose by treatment with (Et4N)2WSe2.

138 It is the first tetraselenide in
which the Se4 fragment forms a cyclic arrangement with the carbon backbone.

The molecular structure of Se6{C¼C(Et2N)2}2
139 resembles that of 1,5-Se6(N

tBu)2,
141 as shown in Fig. 16(c); for a more

detailed discussion on chalcogen imide derivatives, see Section 1.22.4.4.1. The compound is prepared from (Et2N)2C¼CHCl by
refluxing with gray selenium in benzene for 5 h. Se6{C¼C(Et2N)2}2 was reported to be a convenient reagent for carbenium
ions (see Scheme 4).142

Se

Se

P

In

Tl
S

C

(A)

(B)

Fig. 11 (a) The structure of polymeric [In2(Se)3(Se2)]2� anion.118 (b) The structure of Tl2[{(SPh2P)2C}2Se2].119
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{(Ph3Te)(TeC6H4R)}2 (R ¼Me, OMe) is an ionic salt with triphenyltelluronium cation and 4-methylphenyltellurolate or 4-
methoxyphenyltellurolate anion.140 The products are prepared by adding triphenyltelluronium chloride in methanol to an
ethanolic solution of an appropriate sodium aryltellurolate. The orange crystals thus formed are stable below �18 �C with the
methoxyphenyl tellurolate slightly more stable than the methylphenyltellurolate. The crystal structure determinations reveal that
both products have a cyclic (Ph3Te)2(TeC6H4R)2 arrangement with a nearly planar Te4 ring. This arrangement with the two Ph3Te

þ

cations and RTe� anions is reminiscent of the crystal structure of Ph3TeCl, which also shows two Ph3Te
þ cations linked by two Cl�

bridges into a square-planar arrangement.143 The Te.Te distances in the two salts range 3.1507(8)–3.5957(14) Å.140 It can be seen

(A)

(B)

Te

In

In

Te

Fig. 12 Structure of the anionic indium-tellurium framework in (a) [HDAP]8[In12Te23]125 and (b) [Zn(en)3]4In16(Te2)4(Te3)(Te)22.126 (en ¼ 1,2-
diaminoethane; DAP ¼ 1,3-diaminopropane).

Table 2 Number of organic polychalcogenides in Cambridge Crystallographic Database (July 11, 2022).127

Species n Acyclic poly-chalcogenides Cyclic poly-chalcogenides

RSnR 2 1589 1204
3 66 65
4 12 50
5 3 67
6 4 4
7 1 2
8 – 1
9 – 1

RSenR 2 319 160
3 29 10
4 1 2

RTenR 2 107 41
3 5 –
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Fig. 13 Structures of some illustrative examples of R2Sn (n ¼ 4–7) indicating the SS bond lengths and the corresponding torsional angles.
(a) adamantyl pyrimidyl tetrasulfide.128 (b) 1,5-bis(1,3,3-trichloro-2,2,4,4-tetramethylcyclobutyl)pentasulfide.129 (c) 1,6-bis(1-chloro-2,2,4,4-
tetramethyl-3-oxocyclobutan-1-yl)hexasulfide.130 (d) 1,7-bis(trichloromethyl)heptasulfide.131
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Fig. 14 The chalcogen-chalcogen bond lengths as a function of the torsional angle in acyclic organic trichalcogenides. Data taken from Cambridge
Crystallographic Database on July 11, 2022. ConQuest, Version 2022.1.0. Cambridge Crystallographic Data Center, 2022 (11.7.2022).
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from Fig. 16(d) that the relative orientations of the formal cation and anion are suitable for both s-hole and n(p)2 / s* interac-
tions. The differing charges seem to enhance the electrostatic attraction between the formal cations and anions, as evidenced by the
observation that the Te.Te contacts are somewhat shorter than the intermolecular distances in hexagonal tellurium (see Section
1.22.2.2).

Trichalcogenaferrocenophanes can also be viewed as cyclic trichalcogenides.38 They serve as useful model compounds to study
the trends in secondary bonding interactions. The crystal structures of [Fe(C5H4E)2E0] (E, E0 ¼ S, Se, Te) have been considered by
solid state PBE0/pob-TZVP calculations involving periodic boundary conditions. The intermolecular chalcogen-chalcogen
secondary bonding interactions are significant for species containing tellurium. The DFT computations have shown that
n(p)2 / s* interaction energies of trichalcogenaferrocenophanes are most significant in case of [Fe(C5H4Te)2Te] resulting in short
intermolecular contacts and a continuous quasi 2D structure.144 These interactions are further enhanced by electrostatic effects
between the s-holes and tellurium lone pairs. The most important intermolecular contacts are shown in Fig. 17. The most

(A) (B) (C)

Fig. 15 The structures of (a) bis[2-N,N0-dimethyl(amino)phenyl] diselenide, triselenide, and tetraselenide. a Ref. 134. b Ref. 135. c Ref. 136.

(A) (B)

(C)
(D)

S

Se

Se

Te

C
C

C
C

O
O

N

Fig. 16 Cyclic organic polychalcogenides: (a) S6{(NC5Et2)2}2$THF,137 (b) C5H5O(OAc)3Se4,138 (c) Se6{C¼C(NEt2)2}2,139 and (d)
{(Ph3Te)(TeC6H4Me)}2.140
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significant contacts range 3.4552(17)–3.7673(17) Å145 and the corresponding NBO n(5pTe)
2 / s*(Te-Te) interaction energies

span 34–94 kJ mol�1 at PBE0/pop-TZVP level of theory.38

(Me2EEMe)þ and (MeE)3
þ (E ¼ S, Se, Te) cations are powerful sources of MeEþ cations in many synthetic applications, such as

the preparation of thiirenium, selenirenium, and tellurenium salts.146 They can be formed by oxidizing methyl dichalcogenides
MeEEMe, for instance with MeSCl and BCl3,

147 SbCl5,
148,149 or (Me2SCl)

þ.150 The attempt to utilize the mixture of XeF2 and
BF3$OEt2 in the oxidation of Me2Se2 to (MeSe)3

þ resulted in the formation of (MeSe)4
2þ.151 The structures of some (R2EER)

þ

and (RE)3
þ cations are shown in Fig. 18.

One-electron oxidation of dialkyl ditellurides can be carried out with nitrosyl trifluoromethyl sulfonate (NO)(O3SCF3).
152 The

radical (RTe)2
�þ cations thus formed dimerize to form rectangular (RTe)4

2þ [see Fig. 19(a)]. Dialkyl diselenides can also be oxidized
in a similar fashion.

The long Te/Te contact of 3.284 Å in (EtTe)4
2þ is due top*–p* interaction.152 Consequently, the TeeTe bond of 2.653 Å in the

(RTe)2
.þ fragment is shorter than the single bond. The TeeTe bond in the {(tBu3P)2Te3}

þ cation is also slightly shorter than the
single bond [see Fig. 19(b)]. By contrast the PeTe bond is weak. Kuhn et al.153 have deduced that the bonding is best described
as tri(tert-butyl)phosphane coordinated to a Te3

2þ cation.
[{(mes)2Te}2Te(mes)][SbF6] [see Fig. 19(c)] has been obtained by the reaction of [(mes)2TeTe(mes)][SbF6] wíth (mes)2Te

[mes ¼ mesityl, 2,4,6-Me3(C6H2)].
154 The two elongated TeeTe bonds of 2.979 and 3.049 Å in the R2Te-Te(R)-TeR2

þ cation can
be understood in terms of 3c-4e bonding. Alternatively, the central tellurium of the cation can be considered as a five-electron
pair AX3E2 system with a trigonal bipyramidal arrangement of electron pairs. The two long TeeTe bonds are in the axial positions.

{(Et2N)2C=C}2Se

Se
Se

Se

Se{C=C(NEt2)2}2
Se

Se
Se

Et2N

Et2N

SeMe

Se

I
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Et2N

SH

S

Se

Et2N

NEt2

Se

Se

Et2N

NEt2

Se
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Se
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CO2Me

CO2Me

MeI, CH2Cl2

-18 C

S8, CHCl3
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C2(CO2Me), CH2Cl2
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C2(CO2Me), CH2Cl2

160 C

Scheme 4 Some reactions of Se6[C¼C(NEt2)2]2.139

Te

C

H

Fig. 17 The main intermolecular contacts in [Fe(C5H4Te)2Te].144 The transparent spheres indicate van der Waals radii.
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Some anionic polychalcogen species are also known, though their chemistry is not so developed as that of the cations. Unstable
organic disulfides (RSS)� have been observed as intermediates in different chemical reactions, as well as in biological processes
involving enzymes like rhodanese, SoxAX, or MocS3 (for a brief review, see Ref. 155). (PPh4)(SnR) (n � 2) have recently been
prepared in an one-step process by stirring sodium phenylthiolate with tetraphenylphosphonium chloride and elemental sulfur
in acetonitrile (MeCN) at room temperature (r.t.).156 While (PPh4)(S2Ph) was produced in a stoichiometric reaction, with an excess
of sulfur, (PPh4)2(S7) was formed with (PPh4)(S4Ph) as a transient intermediate. The corresponding reaction of sodium phenyl
thiolate, elemental selenium and one equivalent of tetraphenylphosphonium chloride affords known (PPh4)2(Se5) and the orange
crystals of air-sensitive (PPh4)(SeSPh).

155 The crystal structures of (PPh4)(S2Ph), (PPh4)(S4Ph), and (PPh4)(SSePh) are shown in
Fig. 20.

While (PPh4)(S2Ph) and (PPh4)(SSePh) are relatively stable in the solid state, they dissociate in solution forming anions of
different chalcogen chain lengths,156 as shown by the ESI-MS spectra in Fig. 21.

The [Se5C(Se)(COMe)]� anion in [(Ph3P)2N][Se5C(Se)(COMe)] is another of the few discrete anions containing catenated pol-
yselenium anions.157 It is formed in the reaction of K2CO3 with red selenium in acetone in the presence of [(Ph3P)2N]Cl. The anion
shows two short contacts of 2.942 and 2.955 Å between the exocyclic selenium atom and the geminal endocyclic selenium atoms.

The preparation and crystal structures of several species containing the tritelluride anion [RTeTe(R)TeR]� have been reported (see
Fig. 22).158–160 Like in the case of the [R2TeTe(R)TeR2]

þ cation, the axial TeeTe bonds form a 3c-4e system. Consequently, the axial
TeeTe bonds of ca. 3.0 Å are rather long.

The information on polyselenium and polytellurium species with heavier Group 14 elements is much sparser than on those of
carbon. Kückmann et al.161 have reported the preparation and structure of acyclic tBu2RSiE-ESiR

tBu2 (E ¼ Se, Te; R ¼ tBu, Ph) from
Na(ESiRtBu2). The molecular structures of the four dichalcogenides are analogous to those in organic diselenides and ditellurides.
Both the SeeSe and TeeTe bonds show approximate single bond lengths (2.368–2.390 Å and 2.724–2.740 Å, respectively). The
torsional angle about the chalcogen-chalcogen bond is 180� in each molecule.

2.113(2) Å 2.3419(6) Å 2.7247(9) Å
2.0556(18) Å

2.041(2) Å

2.372(2) Å

2.353(3) Å

(A) (B) (C) (D) (E)

S
S

Se
SeTe

C

H

C

H

C

H

C
H

C
H

Fig. 18 Structures of (a) (Me2SSMe)þ in (Me2SSMe)[SbCl6],149 (b) (Me2SeSeMe)þ in (Me2SeSeMe)[BF4],146 (c) (Me2TeTeMe)þ in (Me2TeTeMe)
[BF4],146 (d) (MeS)3þ in (MeS)3[SbCl6],149 and (e) (MeSe)3þ in (MeSe)3[SbCl6].149

(A) (B) (C)

Fig. 19 Structure of (a) (EtTe)42þ in (EtTe)4(O3SCF3),152 (b) (tBu3P)2Te3þ in {(tBu3P)2Te3}[SbF6],153 and (c) {[(mes)2Te]2Te(mes)}þ in
{[(mes)2Te]2Te(mes)}[SbF6]$ CH2Cl2.154
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1.22.4.3.2 Germanium, tin, and lead complexes
Power162 has discussed that by contrast to light main group elements of the first and second row in the Periodic Table, the heavier
elements have different structural, bonding, and chemical properties that resemble those of the transition metals. These trends are
clearly demonstrated by the Group 14 elements. Carbon obeys the octet rule and forms molecular compounds containing covalent
bonds. The structures and bonding of germanium, tin, and lead compounds can mostly be rationalized in terms of coordination
chemistry, and these species can conveniently be considered as complexes. In this section, some recent advances in structural chem-
istry of polychalcogenido complexes of germanium, tin, and lead are discussed by considering some illustrative examples.

Whereas polychalcogenido complexes of transition metals are well-explored due to their utility in synthetic chemistry, catalysis,
and diverse applications in materials science and they have been reviewed for several times,21–31 the chemistry of coordination
complexes of Group 14 with polychalcogen ligands is much less explored.

The stability of the complexes was originally enhanced by the use of bulky organic ligands, such as 2,4,6-tris[bis(trimethylsilyl)
methyl]phenyl (Tbt), which enabled the preparation and structural characterization of [M(Tbt)(R)E4] (M ¼ Si, Ge, Sn, Pb; E ¼ S, Se;
R ¼ other bulky organic group, such as mesityl or 2,4,6-tris[bis(2-propyl)phenyl]).163,164 Other bulky ligands have also been
utilized in the preparation of Group 14 tetrachalcogenido complexes.164–169 These complexes have generally been precursors for
the preparation of species containing double bonds between Group 14 and chalcogen atoms.163 Some examples are depicted in
Fig. 23.

Crystalline phases containing discrete [Ge2Se4(m-Se)(m-Se2)]
4� have been prepared by solvothermal methods involving transi-

tion metal counter cations [see Fig. 24(a)].145,173,175,176 Dimeric [Ge2Se4(m-Se2)]
4� anion in M4Ge4Se12 (M ¼ Rb; Cs) has recently

been shown by DFT calculations to be the source for the large second-harmonic generation (SHG) responses.174 The predominant
contribution to the total SHG effect has been estimated to be due to the lone pair atoms on the terminal selenium atoms to the five
s* orbitals of the five-membered Ge2Se3 rings. The crystal structure of Rb4Ge4Se12 has been shown in Fig. 24(b).

Tin and lead can also form complexes in which more than one chelating polychalcogen ligand is coordinated to the same central
atom [for some examples, see Fig. 25(a–c)]. Complexation with extended anionic networks is also possible. The formation, struc-
tures, and utilization of this kind of complexes have been reviewed by Sheldrick and Wachold with a special interest in the design of
nanoporous materials with tailored properties.181 Such extended phases can be exemplified by {[Ga(en)3]2(Ge2Te15)}n that has
recently been prepared by solvothermal methods.180 The single crystal X-ray structure was interpreted in terms of two interacting
polytelluride anions: cross-shaped TeTe4

6� anions and Te8
4� rings [see Fig. 25(d)]. The material was found to be a p-type semicon-

ductor at room temperature. It switches to a n-type semiconductor at 380 K.
Single crystals of polymer-chalcogenide composites have been prepared by trapping polyethyleneglycol within a selenidostan-

nate matrix under surfactant thermal conditions.182 Orange crystals of (DBNH)2[Sn3Se7]$PEG (DBN¼1,5-diazabicyclo-[4.3.0]non-
5-ene; PEG ¼ polyethyleneglycol) and black crystals of (DBNH)6[Sn8Se30] have been obtained by reacting elemental tin and
selenium in the mixed solution of DBN, H2O, ethylene glycol, and PEG-400 at 120 �C for 6 days. When the reaction temperature
was increased to 190 �C, red crystals of (DBNH)6(NH4)2[Sn12Se28] were obtained in a moderate yield. The network structure built
up by the [Sn8Se30]

6� anion is shown in Fig. 26.
A dinuclear tin complex containing a tripodal cryptand-type ligand reacts with elemental sulfur or selenium generating a complex

with both bridging pentachalcogenido and monochalcogenido ligands (see Scheme 5).183 Upon coordination, both Sn(II) centers
are oxidized to Sn(IV). The structural characterization of the selenium complex has been determined by single-crystal X-ray
diffraction.

When the yellow sulfur complex was dissolved in DMF or DMSO, the color of the solution turned blue-green. Whereas the UV–
Vis spectrum of the solution showed two maxima with lmax at 392 and 617 nm, only one maximum at 392 nmwas observed in the
diffuse reflectance spectrum in the solid state.183 The absorption maximum at 617 nm in solution was inferred to be due to S3

��

radical anion16 (see also Section 1.22.3.4).

(A) (B) (C)

Fig. 20 Structures of (a) (PhSS)� in (PPh4)(SSPh),156 (b) (PhSSSS)� in (PPh4)(S4Ph),156 and (c) (PhSSe)� in (PPh4)(SeSPh).155
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1.22.4.4 Group 15 derivatives and complexes

1.22.4.4.1 Chalcogen-nitrogen compounds
Sulfur-nitrogen chemistry is very extensive and has a long history (for early development, see the classic book by Heal184).
Selenium-nitrogen, and tellurium-nitrogen chemistry has developed very rapidly in recent decades (the different features and the
recent progress in this vast field have been described in detail in Ref. 9; see also reviews on various aspects of chalcogen-
nitrogen chemistry in Refs. 10, 185–187). The related chalcogen-phosphorus system is also rather versatile.11,184,188,189 The

(a)

(b)

Fig. 21 Anion ESI-MS spectra of the dissociation equilibria in MeCN of (a) (PPh4)(SSPh)156 and (b) (PPh4)(SeSPh)155 (a): Reproduced with
permission from Jungen, S.; Paenurk, E.; Chen, P. Inorg. Chem. 2020, 59, 12322–12336. @ 2020 ACS. (b): Reproduced with permission from
Jungen, S.; Chen, P. Inorg. Chem. 2020, 59, 13315–13319. @ 2020 ACS.
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complete review of this material is clearly beyond the scope of the current treatise, but the discussion will concentrate on examples
that contain chalcogen-chalcogen bonds.

Cyclic eight-membered sulfur imides have been known for a long time (for early history, see Ref. 184, and for more recent devel-
opment, see Ref. 9). A mixture of S8-n(NH)n (n ¼ 1–3) has traditionally been obtained by treating S2Cl2 with gaseous ammonia in
DMF with subsequent hydrolysis using dilute hydrochloric acid.190 S7NH is the main product, but the reaction affords also the 1,3-,

(A) (B)

Fig. 22 The structure of (a) [(PhTe)2TePh)]- in [Sm(TpMe,Me)2][(PhTe)2TePh)] [TpMe,Me ¼ hydrotris(3,5-dimethylpyrazolyl)borate][158] and
[MPh4](Te3Ph3) (M ¼ P, As),[159] and (b) [(CF3Te)2TeCF3]- in [(Ph3P)2N][(CF3Te)2TeCF3].160
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Fig. 23 Structures of (a) [{Ge[C6H3(mes)2]}2(m-S)2(m-S4)] (mes ¼ mesityl),142 (b) [{GeC6H2[CH(SiMe3)2]2(tBu)}2(m-C2Ph2)(m-Se)(m-Se2)],170 (c) [Sn
{C6H2[CH(SiMe3)2]3}(C6H2Me3)(Se4)],171 and (d) [{Ge(C6H2

iPr3)2}2(m-Te2)2].172
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1,4-, and 1,5-isomers of S6(NH)2, and a very small amount of 1,3,5-S5(NH)3, as could be demonstrated by reversed-phase HPLC.191

The reaction of sodium azide with elemental sulfur in (Me3N)3PO affords S7NH in a very good yield.192 This approach is suitable
for the preparation of isotopically enriched samples. 1,3,5,7-S4(NH)4 can be prepared in a good yield by the reduction of S4N4 with
methanolic SnCl2$2H2O.193

Cyclic sulfur imides with ring sizes larger than eight have been prepared. [TiCp2(CO)2] is a convenient reagent for these reac-
tions. The insertion of the Cp2Ti fragment into the SeS bond of S7NH affords [TiCp2(S7NH)],194 which has been used for the prep-
aration of S8NH and S9NH upon the treatment with SCl2 and S2Cl2, respectively (see Scheme 6).194,195

Cyclic sulfur imides can formally be formed by the substitution of one or more sulfur atoms by NH groups leading to a planar
trigonal S2NH fragment. The molecular geometry of the rings therefore resembles that of homocyclic sulfur molecules of the cor-
responding ring size. Whereas S6(NH)2 and S5(NH)3 show the occurrence of more than one isomer, thus far no species have been
detected that contain two adjacent NH groups.

The molecular structures and the bond parameters of different sulfur imide rings, for which the crystal structure is known, are
listed in Table 3. In some cases, the crystal structures have been determined several times (see, for instance, Refs. 9,184). The most
reliable structural information is given for each molecule in Table 3.

No cyclic imides have been reported for selenium and tellurium. However, several derivatives, in which the hydrogen of the NH
group has been substituted by an organic group, are known.9

(A) (B)

Se

Se
Ge

Ge

N C

Rb

Fig. 24 Crystal structure of (a) (1,2-dapH)2[Mn(1,2-dap)2(Se7Ge2)] (1,2-dap ¼ 1,2-propanediamine) 173 and (b) M4n[Ge4Se12]n (M ¼ Rb; Cs).174

Sn Sn Pb

S Se
Se

(A) (B) (C)

(D)
Te

Ge

Fig. 25 Polychalcogenidotin and -lead complexes: (a) [Sn(Se4)3]2�,177 (b) [Sn(Se4)(Se6)2]2�,178 and (c) [Pb(Se4)2]2�.179 (d) The extended anionic
network involving GeTe2, Te84�, and TeTe46�.180
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Heterocyclic inorganic compounds can generally be prepared by cyclocondensation.202 A typical example of such reactions is the
formation of cyclophosphazanes from Group 15 trichlorides and primary amines. The suggested reaction steps are shown in
Fig. 27203 together with the application of similar principles to cyclic organic selenium imide derivatives, which will be described
in more detail below.

Cyclic organic sulfur imide derivatives have been prepared from primary amines RNH2 (R ¼ an aliphatic or aromatic substit-
uent) and chlorosulfanes SnCl2.

204 Typical ring sizes are six and eight (for some examples, see Fig. 28).
Cyclic selenium imide derivatives were first prepared from (Me3Si)(

tBu)NLi, which reacts with Se2Cl2 to afford 1,5-Se6(N
tBu)2 or

with SeOCl2 to give 1,3,6,8,11,13-Se9(N
tBu)6.

141 The yields, however, were very low. The latter species was later prepared in signif-
icantly better yield by treatment of tBuNH2 with an equimolar mixture of elemental selenium and selenium tetrachloride.209 The

Se

Sn

Fig. 26 The anionic network in [Sn8Se30]6�.182

E = S, Se
Scheme 5 Reaction of a dinuclear tin complex with elemental sulfur or selenium.183 Reproduced with permission from Stauber, J. M.; Müller, P.;
Dai, Y.; Wu, G.; Nocera, D. G.; Cummins, C. C. Chem. Sci., 2016, 7, 6928–6933. @ 2016 RSC.
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Table 3 Molecular structures of cyclic sulfur imides.

Molecule Bond length Bond angle Torsion angle Ref.

S7NHa rSS ¼ 2.0322(3)–2.0541(2) Å
rSN ¼ 1.6673(3) Å

aS ¼ 107.579(6)–110.035(8)�

aN ¼ 123.982(8)�
sSS ¼ 93.286–99.330(8)�

sSN ¼ 96.44(2)�
196

1,3-S6(NH)2 a rSS ¼ 2.0448(2)–2.0624(2) Å
rSN ¼ 1.6604(2)–1.6750(1) Å

aS ¼ 105.529(3)–110.052(4)�

aN ¼ 123.140(5)–124.664(4)�
sSS ¼ 93.286–99.330(8)�

sSN ¼ 88.961(6)–104.070(5)�
197

1,4-S6(NH)2 a rSS ¼ 2.034(3)–2.059(4) Å
rSN ¼ 1.692(4)–1.742(4) Å

aS ¼ 107.25(9)–111.19(18)�

aN ¼ 118.2(3)–120.0(2)�
sSS ¼ 93.286(8)–99.330(8)�

sSN ¼ 93.1(3)–96.9(3)�
198

1,5-S6(NH)2 a rSS ¼ 2.0531(8)–2.0638(8) Å
rSN ¼ 1.6767(12)–1.6832(12) Å

aS ¼ 108.82(3)–108.83(3)�

aN ¼ 122.75(3)–122.94(3)�
sSS ¼ 97.13(8)–97.40(8)�

sSN ¼ 85.4(3)–87.56(12)�
199

1,3,5-S5(NH)3 a

 

rSS ¼ 2.0 Å
rSN ¼ 1.9–2.1 Å

aS ¼ 98.9–103.2�

aN ¼ 92.8–99.6�
sSS ¼ 102.6�

sSN ¼ 104.1–111.9�
200

1,3,5,7-S4(NH)4 a rSN ¼ 1.6697(15)–1.6762(16) Å aS ¼ 107.579(6)–110.035(8)�

aN ¼ 123.24(3)–124.56(8)�
sSN ¼ 86.80(14)–88.28(13)� 201

S8NHb rSS ¼ 2.044(2)–2.067(2) Å
rSN ¼ 1.705(5)–1.720(5) Å

aS ¼ 104.1(9)–108.8(2)�

aN ¼ 121.9(2)�
sSS ¼ 67.96(11)–114.60(9)�

sSN ¼ 74.5(3)–75.1(3)�
195

S9NHc rSS ¼ 2.042(3)–2.0074(3) Å
rSN ¼ 1.671(5) Å

aS ¼ 103.21(7)–109.27(11)�

aN ¼ 124.00(8)�
sSS ¼ 81.12(3)–120.85(13)�

sSN ¼ 85.0(5)�
195

Motifs clockwise starting from one nitrogen atom: a þ � þ � þ � þ �. b þ þ � þ � þ þ � �. c þ þ � þ � þ � þ � �.

Fig. 27 The three steps of the cyclocondensation reactions suggested for cyclophosphazanes203 and applied to cyclic organic selenium imide
derivatives.204 Adapted with permission from Chivers, T.; Laitinen, R. S. Dalton Trans. 2017, 46, 1357–1367. @ 2017 RSC.
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reaction of (Me3Si)(
tBu)NLi and SeCl4 results in the formation of Se3(N

tBu)2.
210 It was identified only by NMR spectroscopy, but

the related Se3(NAd)2 (Ad ¼ adamantyl) has been obtained as a crystalline solid by the reaction of AdNH2 and SeCl2, and its crystal
structure could be determined.211 The treatment of tBuNH2 with SeCl2 led to amixture of several products, which in addition to 1,5-
Se6(N

tBu)2 and 1,3,6,8,11,13-Se9(N
tBu)6 affords 1,3,5-Se3(N

tBu)3.
209 The cyclocondensation reaction of SeCl2 and (Me3Si)2NMe

has yielded 1,3,5,7-Se4(NMe)4 in excellent yields.212

The structural information from the crystal structure determinations for the known cyclic organic selenium imide derivatives is
given in Table 4. The bond parameters indicate that while the metrical values of the SeeSe bonds are close to that of the single bond,
the SeeNbonds seem to be slightly shorter indicating a higher bond order. It has been deduced also for S7NH that the bond order of
the SeN bond is slightly over 1.196 This is supported by the observation that the E2NR (R ¼ H, C) moiety in most cyclic sulfur
imides and their organic derivatives is planar.

The exceptionally long SeeSe bond of 2.4043(9) Å in 1,3-Se3(NAd)2 (Ad ¼ adamantyl) is a consequence of the rather small
torsional angles of 16.1(3)–46.70(19)� and indicates ring strain.211

It has been observed that the reaction of tBuNH2 and SeCl2 also affords highly moisture-sensitive imidoselenium chlorides ClSe
[N(tBu)Se]nCl (n ¼ 1–3).213,214 They act as reaction intermediates in the formation of cyclic selenium imide derivatives (see
Scheme 7).

Support for the reaction pathway in Scheme 7 is found by the reaction of ClSe[N(tBu)Se]2Cl with
tBuNH2. This chloride is

a bifunctional reagent and affords 1,3-Se3(N
tBu)2 and 1,3,5-Se3(N

tBu)3 in almost equimolar amounts.214 Although the sulfur
analogs ClS[N(tBu)S]nCl have not been reported, the formation of 1,3,5,7-S4(NMe)4

215 via cyclocondensation of MeNH2 and
SCl2 indicates that this kind of intermediates may also play a role in the case of sulfur. The DFT calculations also indicate that
the formation of ClS[N(tBu)S]nCl (n ¼ 1–3) is strongly exergonic and therefore plausible.204

The only known cyclic organic tellurium imide derivative is the six-membered ring 1,3,5-Te3(N
tBu)3.

216

The Se2N2CH dimer has been prepared from 1,3,5-triazine according to Scheme 8217: In the solid state, the dimer (HCN2Se2)2 is
diamagnetic, with a residual spin density of 0.01%. The material exhibits three orders of magnitude higher single-crystal conduc-
tivity than the other monofunctional selenium-based radical dimers.218

Se(NSO)2 is a versatile reagent for chalcogen-nitrogen species.219,220 It can be prepared by the reaction of Me3SiNSO and Se2Cl2.
With the reaction of POCl3, Se(NSO)2 yields molecular SeCl2(SeNSN) [Fig. 29(a)]. With MF5 in SO2(l) solution followed by the
reaction with Cl2, the ionic isomer {SeCl(SeNSN)}Cl is formed [Fig. 29(b)].

The reaction of {(Me3Si)2N}2S and SeCl4 is dependent on the reaction conditions. Whereas in dioxane at 50 �C, the product
mixture contains ca. 70% [(Se2SN2)Cl]2 and 30% 1,5-Se2S2N4,

221 in carbon disulfide at �70 �C only 1,5-Se2S2N4 is formed.222

At ambient temperature either in CS2 or dichloromethane, the reaction affords ca. 75% 1,5-Se2S2N4 and 25% [(Se2SN2)Cl]2.
This is consistent with the proposal of Haas et al.219 that 1,5-Se2S2N4 is an intermediate in the formation of the Se2SN2 ring
upon treatment of Se(NSO)2 with Lewis acids. The crystal structure of [(Se2SN2)Cl]2 is shown in Fig. 29(c).

(A) (B)

(C) (D)
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Fig. 28 Molecular structures of (a) S5N{C6H2(mes)2Me-2,6,4} (mes ¼ mesityl),205 (b) 1,4-S4{N(CH2Ph)}2,206 (c) S7N{C(O)Me},207 and (d) S7N{C(O)
C17H35}.208
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Catenated tellurium-nitrogen species are very rare. Unlike the corresponding selenium compound TeCl2(TeNSN) contains two
covalent TeeCl bonds.223 It can be converted to a {ClTe(TeNSN)}þ cation by the reaction with AsF5 (see Scheme 9). Another
example is (Te2S2N4)[AsF6] that contains a cyclic cation with a transannular TeTe single bond.224

1.22.4.4.2 Chalcogen-phosphorus compounds
Whereas several binary phosphorus chalcogenides are known, only P2Se5 contains chalcogen-chalcogen bonds [see Fig. 30(a)].225

Catenated phosphoryl polyselenides and tellurides have also been prepared and characterized. The metrical parameters of the
chalcogen-chalcogen bonds indicate strainless single bonds [see Fig. 30(b and c)].

Upmann and Jones228 demonstrated that the reaction of phosphane selenides RR0
2PSe (R, R0 ¼ Ph, tBu, iPr) with PhICl2 in

dichloromethane affords RR0PSe2Cl2. Upon a slow decomposition of tBu3PSe2Cl2,
tBu3PSe3Cl2 was isolated in the reaction mixture.

The propensity for catenation is seen by the formation of dimers due to secondary bonding interactions (see Fig. 31).
(PhPSe)2Se2, the so-called Woollins reagent (WR),229 has proven to be a useful synthon in the development of macrocyclic orga-

noselenium chemistry.230 It is available commercially, but a convenient method for its preparation has also been reported.231 For
example, the treatment of WR with a diol yields bis(diselenophosphonic) acids quantitatively. The reaction with primary alkyl-
amines converts these acids into alkylammonium salts and subsequent oxidation with I2/KI affords the macrocyclic diselenides
(see Scheme 10 and Fig. 32).

Dichalcogenoimidodiphosphinates (EPR2NPR2E)
� (E ¼ S, Se, Te; R ¼ iPr, tBu) are versatile reactants for the preparation of new

types of catenated selenium and tellurium species.121,233 While the sulfur- and selenium-containing anions can be prepared by the
deprotonation of EPR2N(H)PR2E, which is obtained by prolonged reflux of (R2P)2NHwith elemental sulfur or selenium in toluene,
the related tellurium-containing anions are best obtained as sodium salts from Na[R2PNPR2] and elemental tellurium in hot
toluene containing TMEDA. This procedure has been extended also for the lighter congeners of tellurium.121 One-electron oxidation
of the sodium salts by iodine in THF affords unprecedented molecular dimers (see Scheme 11):

The molecular structures of (EPR2NPR2E)2 (E ¼ S, Se, Te; R ¼ iPr, tBu) dimers are shown in Fig. 33. The formal chalcogen-
chalcogen bond between the monomers is elongated from the corresponding single bond in each molecule shown. The elongation
increases in the order S-S (2%) < Se-Se (6%) < Te-Te (8%).121 These elongations correspond to the respective Pauling bond orders

Table 4 Molecular structures of cyclic selenium imide derivatives.

Molecule Bond length Bond angle Torsion angle Ref.

1,3-Se3(NAd)2 rSeSe ¼ 2.4043(9) Å
rSeN ¼ 1.845(4)–1.892(4) Å
rNC ¼ 1.507(7)–1.516(7) Å

aSe ¼ 92.93(13)–
105.78(19)

aN ¼ 110.5(2)–111.3(2)�

aC ¼ 112.8(3)–120.0(3)�

sSeSe ¼ 46.70(19)�

sSeN ¼ 16.1(3)–37.6(2)�
211

1,3,5-Se3(NtBu)3b rSeN ¼ 1.825(4)–1.842(5) Å
rNC ¼ 1.496(7) Å

aSe ¼ 106.61(18)�

aN ¼ 113.33(18)�

aC ¼ 106.61(18)–
119.9(3)�

sSeN ¼ 58.7(3)–58.9(3)� 209

1,3,5,7-Se4(NMe)4c rSeN ¼ 1.818(8)–1.872(10)
Å

rNC ¼ 1.388(14)–
1.462(12) Å

aSe ¼ 108.4(3)�

aN ¼ 120.6(5)–123.0(5)�

aC ¼ 115.8(8)–119.5(7)�

sSeN ¼ 86.7(6)–93.0(5)� 212

1,5-Se6(NtBu)2c rSeSe ¼ 2.3327(10) Å
rSeN ¼ 1.830(5) Å
rNC ¼ 1.470(9) Å

aSe ¼ 108.84(3)–
110.00(15)�

aN ¼ 114.8(2)�

aC ¼ 121.9(4)�

sSeSe ¼ 99.45(18)�

sSeN ¼ 89.9(3)�
141

1,3,6,8,11,13-
Se9(NtBu)6d

rSeSe ¼ 2.331(3)–2.345(3)
Å

rSeN ¼ 1.801(17)–
1.896(17) Å

rNC ¼ 1.473(3)–1.561(3) Å

aSe ¼ 100.8(6)–112.6(5)�

aN ¼ 110.8(7)–117.0(10)�

aC ¼ 114.9(12)–
121.3(13)�

sSeSe ¼ 73.6(9)–82.0(8)�

sSeN ¼ 68.8(10)–
121.0(10)�

141

Motifs (þ) clockwise, (�) anticlockwise starting from one of the nitrogen atoms: a þ � þ þ �. b þ � þ � þ �. c þ � þ � þ � þ �.
d þ � � � � þ � � � � þ � � � �.
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of 0.97, 0.84, and 0.75. The opposite trend in the interactions between the terminal chalcogen-chalcogen bonds is observed. In
case of (SPtBu2NPtBu2S)2 [Fig. 33(c)], the terminal S.S distance is 5.182 Å121 indicating no interaction. The observed bond elon-
gation of the middle SeS bond (2.104 Å) is probably only due to the p lone-pair repulsion as a consequence of the PSSP torsional
angle of 180�.235 The selenium and tellurium dimers [Fig. 33(a, b and d)] show the terminal chalcogen-chalcogen contacts of
3.329–3.355 and 3.464 Å.121 In these cases, all three chalcogen-chalcogen distances can be explained by the interaction between
two (EPR2NPR2Te)$SOMOs, as exemplified in Fig. 34 by the model dimer (TeiPr2NPiPr2Te)2.

234

The MO formed by the two SOMOs for the four chalcogen fragment is bonding with respect to the middle bond (E-E) but anti-
bonding with respect to the terminal contacts (E-E0). The overlap between the SOMOs is decreased, as the chalcogen atoms become
heavier. This is consistent with the observed trend of the increase in the elongation of the central chalcogen-chalcogen bond.

This increasing elongation of the E-E bond may additionally be attributed to the increasing strength of the n2(E0) / s*(E-E) (E,
E0 ¼ chalcogen atoms) interactions. The trend of decreasing bond orders of the formal E-E bonds calculated by the Pauling relation-
ship236 correlate well with increasing bond orders calculated for the non-bonded chalcogen distances (E0.E), as shown in Fig. 35.

The DFT computations234 yield a value of �80 kJ mol�1 for the energy of dimerization of (TeMe2PNPMe2Te)
�, which is clearly

lower than the bond energy of the TeeTe bond of 138 kJ mol�1.239 This is in qualitative agreement with the estimated bond order
of 0.75.

Scheme 7 Imidoselenium(II) chlorides as reaction intermediates in the formation of cyclic organic selenium imide derivatives from the
cyclocondensation reaction of tBuNH2 and SeCl2.214 Reproduced with permission form Karhu, A. J.; Pakkanen, O. J.; Rautiainen, J. M.; Oilunkaniemi,
R.; Chivers, T.; Laitinen, R. S. Dalton Trans. 2016, 45, 6210–6221. Copyright 2016 RSC.

N

NN
H

NSiMe3

N(SiMe3)2
Se

Se
N

N

H
Se

Se
N

N

H
Se

Se
N

N

H

Se

Se
N

N

H
LiN(SiMe3)2

Me3SiCl
Cl

2 SeCl2

- 3 Me3SiCl

  Ph3Sb
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The geometry optimization of (TePtBu2NPtBu2Te)2 predicts the middle TeeTe bond to be longer than in (TePiPr2NPiPr2Te)2.
234

In agreement with this observation, the repetition of the preparation by using [{(PtBu2Te)2}(TMEDA)Na] instead of the isopropyl
analog did not result in the formation of the dimer, but a contact-ion pair involving the {(TePtBu2)2N}þ cation and
{(TePtBu2)2N}þ anion [see Fig. 33(e)].121 Another route was later designed to prepare similar contact ion salts for other dichalco-
genoimidodiphosphinates (see Scheme 12).237

Oxidation of the dianion [Se(tBuN)P(m-NtBu)2P(N
tBu)Se]2� with I2 produces a 15-membered macrocycle in which a planar

P6Se6 motif is stabilized by perpendicular P2N2 scaffolds (see Scheme 13).240 The related reaction of [Te(tBuN)P(m-
NtBu)2P(N

tBu)Te]2� produces a cyclic tritelluride via the dimeric intermediate [Te(tBuN)P(m-NtBu)2P(N
tBu)Te]2

2�.241 The oxida-
tion of the dilithium salt of [Te(tBuN)P(m-NtBu)2P(N

tBu)Te]2� with Se2Cl2 in toluene affords a mixture of cyclic tetrachalcogenides
and trichalcogenides with the P2N2Se2Te2 and P2N2Te2Se motifs (see Scheme 14).242 This reaction is analogous to that of the
sodium salt [Se(tBuN)P(m-NtBu)2P(N

tBu)Se]2� (see Scheme 13). The oxidation of the heavy alkali metal (K, Rb) salt of
(R2PSe2)

� [R ¼ Ph(CH2)2, 2-Fu(CH2)2; Fu ¼ furyl C4H3O] with iodine affords [R2P(Se)]2Sex (x ¼ 1 or 3).243

The [{tBuN(Te)P(NtBu)2P(Te)N
tBu}2Te]

2� dianion contains a spirocyclic Te5 fragment [see Fig. 36(a)].239 This dianion was
unexpectedly observed as sodium and rhodium complexes. In the sodium complex the anion is N,N0-coordinated to two sodium
cations. In the Rh(C5Me5) complex, it adopts a Te,Te0,Te00-ligating mode [see Fig. 36(b)]. Similar spirocyclic arrangement is found in
electrically neutral [Ph2P(Te)NP(Te)Ph2]2Te [see Fig. 36(c)].244
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Fig. 30 Molecular structures of (a) P2Se5,225 (b) {(Ph3C)P(O)(OH)}2Se2,226 and (c) {(EtO)2P(Se)}2Se3.227
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The fusion of stoichiometric amounts of potassium or rubidium selenide with Cs2Se2, elemental phosphorus and selenium in
evacuated silica tubes afforded both crystalline and amorphous MCsP2Se8 (M ¼ K, Rb, Cs), which contain a cyclic [Se2P(m-Se2)
PSe2]

2� dianion,245 which has a twist conformation in the solid state. In solution it has been inferred by 31P NMR to be fluxional,
as shown in Fig. 37.

(A)

(B)

Fig. 31 The dimer formation of (a) tBu2iPrPSe2Cl2 and (b) tBu3PSe3Cl2.228 The transparent spheres represent the van der Waals radii of selenium
and chlorine.
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Chung et al.246 have demonstrated that potassium or rubidium polyselenidophosphates APSe6 can be processed into smooth
amorphous thin films with strong and permanent NLO response. Heating these amorphous films produces crystalline films with
increased NLO efficiency.

The reactions of [FeCp(CO)2P(Se)(O
iPr)2] with MCl3 (M ¼ Ga, In) afford [{FeCp(CO)2P(O

iPr)2}2Sen][MCl4]2 (n ¼ 2,3) in
good yields (see Scheme 15).247

1.22.4.4.3 Chalcogen-arsenic, -antimony, and -bismuth compounds and complexes
Arsenic forms several cyclic molecules and ions with sulfur and selenium. ArAs(SPh)2 [Ar ¼ Ph, 2-(O2N)C6H4] reacts with
elemental sulfur in the presence of catalytic amounts of triethylamine to afford cyclo-(PhAsS)4, and (ArAs)2S3.

248 It has also

(A) (B)

(C) (D) (E)

Fig. 33 Molecular structures of (a) (SePiPr2NPiPr2Se)2,121 (b) (TePiPr2NPiPr2Te)2,234 (c) (SPtBu2NPtBu2S)2,121 (d) (SePtBu2NPtBu2Se)2,121 and
(e) the contact ion pair {(TePtBu2)2Nþ}{(TePtBu2)2N�}.121

(A) (B) (C)

Fig. 32 Molecular structures of {Ph(Se)P}2{m-O2(CH2)n}(m-Se2). (a) n ¼ 2, (b) n ¼ 3, and (c) n ¼ 4.232

Scheme 11 One electron oxidation of Na(TMDEA){EPR2NPR2E} by iodine to form dimers (EPR2NPR2E)2 (E ¼ S, Se, Te).121
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been reported that the reduction of (TerNAsCl)2 affords a (TerNAs)2 biradicaloid, which can react with elemental sulfur or selenium
to form a tricyclic (TerNAs)2(E2) {E ¼ S, Se; Ter ¼ bis[2,6-(2,4,6-trimethyl)]phenyl} molecule, as shown in Scheme 16.249

Cations containing Group 15 and Group 16 elements have been reviewed by Eich et al.250 Cationic species containing
chalcogen-chalcogen bonds are extremely rare. Elemental selenium or tellurium and antimony or bismuth react with gallium or
aluminum trihalogenide in the presence of a weak pnictogen trihalogenide oxidizing agent to produce a few tetrahalogenidogallate

Fig. 34 The bonding interaction between two {TePiPr2NPiPr2Te}$SOMOs233,234 Reproduced with permission from Chivers, T.; Konu, J. In Selenium

and Tellurium Chemistry. From Small Molecules to Biomolecules and Materials, Woollins, J. D.; Laitinen, R. S., Eds.; Springer: Heidelberg, Dordrecht,
London, New York, 2011, pp. 79–102. @ 2011 Springer.

Fig. 35 The correlation of the bond orders of the chalcogen-chalcogen bonds (BO2) with those of the non-bonded chalcogen-chalcogen contacts
(BO1). The bond orders have been calculated from the metrical data in Refs. 121, 234, 237, 238, by utilizing the Pauling relationship.236
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or –aluminate salts containing polyatomic pnictogen-tellurium or pnictogen-selenium cations.250 The structures of (SbTe4)n
nþ is

composed of fused seven-membered rings containing cumulated TeeTe bonds. The structure can also be understood in terms of
a series of two Te4

2� ligands bridging to Sb5þ-centers (see Fig. 38).
The structural chemistry of the anions is more established. Solvothermal synthesis involving a mixture of elemental indium and

sulfur, arsenic sulfide As2S3, and NH4Cl afford (enH2)4.5[In(AsS4)3][As2S2(m-S2)(m-S)]Cl.
251 The lattice is composed of homoleptic

[In(S4As)4]
6� and discrete [As2S2(m-S2)(m-S)]

2� anions, in addition to discrete 1,2-ethylene diammonium and chloride anions. The
hydrothermal reaction involving arsenic, sulfur, and manganese carbonate together with 2,20-bipy (2,20-bipyridine) and water
produces [{Mn(2,20-bipy)2}(m-S4As)](SAsS5).252 Other structurally characterized discrete anions, which have been prepared with
various counter cations, are exemplified in Fig. 39.

Several reports of the preparation and structural characterization of [SeAs(m-Se2)2AsSe]
2� anion with different counter cations

have been published during the recent decades.255 Like the conformation of (SAsS7)
�, the selenium analog can be conceived to be

based on the puckered crown-shaped S8 ring in which one sulfur atom has been replaced by the AsSe� unit. The exocyclic AseSe
bond [2.262(3)–2.2983(8) Å,127 average 2.282(10) Å] is significantly shorter than the endocyclic AseSe bond [2.386(3)–2.571(4)
Å,127 average 2.43(4) Å], and there is some double-bond character in the exocyclic bond (the estimated Pauling bond orders236 for

Scheme 12 Formation of the contact ion pair for dichalcogenoimidodiphosphinates.237

Scheme 13 The oxidation of [Na(THF)2]2[E(tBuN)(m-NtBu)2P(NtBu)E]2�(E ¼ Se, Te) by I2.240,241
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the exocyclic and endocyclic AseSe bonds are 1.25 and 0.75, respectively). The SeeSe bond is close to a standard single bond
[2.335(4)–2.3596(13) Å,127 average 2.350(8) Å].

Polysulfido- and polyselenidoarsenate anions can also act as ligands in transition-metal complexes, as exemplified by a few
known manganese complexes. The hydrothermal synthesis involving elemental arsenic and sulfur, manganese carbonate, ammo-
nium thiocyanate, and 2,20-bipyridine resulted in the dinuclear manganese complex [{Mn(2,20-bipy)2(SCN)}2{m-S2[As2(S2)2]}]
[see Fig. 40(a)].256 The related reaction involving arsenic, selenium, and [MnCl2(tren)], [tren ¼ tris(2-aminoethyl)amine], and
CsCO3 afforded [{Mn(tren)}2(m-As2Se6)2] [see Fig. 40(b)].257 The change of the manganese source to [MnCl2(cyclam)]
(cyclam ¼ 1,4,8,11-tetraazacyclotetradecane) resulted in the formation of the discrete bridging acyclic (As2Se6)
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Scheme 14 The oxidation of [Te(tBuN)P(m-NtBu)2P(NtBu)Te]2� by Se2Cl2.242
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(C)

Fig. 36 The spirocyclic TeTe4 arrangement in (a) the [{tBuN(Te)P(NtBu)2P(Te)NtBu}2Te]2� dianion and (b) its Rh(C5H5) complex,239 as well as (c) in
[Ph2P(Te)NP(Te)Ph2]2Te.244
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Scheme 15 One-electron oxidation of the [FeCp(CO)2{PSe(OR)2}] by MCl3 (M ¼ Ga, In).247
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[Fig. 40(c), and with [MnCl2(terpy)] [terpy ¼ 2,6-(2-pyridyl)-pyridyl] a polymeric (As2Se8)
6� was obtained [Fig. 40(d)].258 The

hydrothermal reaction of elemental selenium, arsenic, and manganese with 1,10-phenantroline also yields a single-strand poly-
meric [As2Se2(m-Se)(m-Se2)]

2� anion coordinated in the regular fashion to the [Mn(phen)2]
2þ cation through the two terminal sele-

nium atoms [Fig. 40(e)].259

There are very few polychalcogenidoantimonate salts or complexes, which contain chalcogen-chalcogen bonds.260–265 Nie
et al.261 have reported the synthesis of ultrathin nanosheets of 1D (NHMe2)[Sb4S5(S3)] by a solvothermal method involving
Sb2S3 powder, sulfur, N,N-dimethylformamide, hydrazine monohydrate, and octylamine. The authors conclude that the salt could
be employed as an anode material for lithium-ion batteries and that this crystalline thioantimonate has potential in applications in
high-performance power sources.
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Scheme 16 The preparation of (TerNAs)2(E2) {E ¼ S, Se; Ter ¼ bis[2,6-(2,4,6-trimethyl)]phenyl}.249

Fig. 38 The crystal structure of (SbTe4)n[GaCl4]. Tellurium atoms are depicted in orange and antimony in olive green. The [GaCl4]� counterions are
displayed as tetrahedra drawn with green chloride ligands.250
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(SAsS5)� in [{Mn(2,20-bipy)2}(m-S4As)](SAsS5),252 (d) (SAsS7)� in (PPh4)(SAsS7).254
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In 2017, Schwamm et al.266 reported the first structurally characterized complex of S4
�� by the reaction of bismuth(II) radicals

Bi(NONArz)� {NONR ¼ [O(SiMe2NArz)2]
2�; Arz ¼ 2,6-[(C6H5)2CH]2-4-C6H2

tBu} with cyclo-S8, which resulted in the formation of
yellow crystals of the dimer [Bi(NONArz]2(m-S8), as shown in Scheme 17. The complex is centrosymmetric consisting of two
Bi(NONArz)(S4) monomeric units. The SeS bond lengths in the S4 unit are in the range 2.021(3)–2.113(3) Å, and the two S4 mono-
mer complexes are linked by weak S.S interactions of 2.758(4)–3.213(4) Å. Thus, it can formally be considered as the dimer of the
bismuth complex of the S4

�� radical anion, which dimerizes via a p*(SOMO)–p*(SOMO) interaction (see Fig. 41).
The related reactions of [Bi(NONR)]� {NONR ¼ [O(SiMe2NR)2]

2�} and sulfur afford mixtures of [Bi(NONR)]2(m
2-Sn) {n ¼ 1

and 3; R ¼ Dipp, 2,6-iPr2C6H3,
tBu; n ¼ 5, R ¼ Dipp}.266

The information on coordination complexes with Group 15 central atoms is much sparser than that of Groups 13 and 14 and
concentrates mainly on antimony and bismuth. Like the polychalcogenido complexes of Groups 13 and 14, those involving Group
15 central atoms can be divided into two structural classes. One class involves mononuclear complexes, which contain one or
several MSn chelate rings in which the ring size is generally between five and seven (see Sections 1.22.4.2 and 1.22.4.3, and
Ref. 268, as well as references cited therein). Polynuclear polychalcogenido complexes may be linked by one or two chalcogen
bridges. Such species are exemplified by [ArQ(E)(En)QAr] {Q ¼ P, Sb, Bi; Ar ¼ 2,6-bis[bis(trimethylsilyl)methyl]-4-[tris(trimethyl-
silyl)methyl]phenyl}, which can be prepared by treatment of ArQ¼QAr with S8,

268,269 Se,270 or Bu3P¼Te270 in benzene at room
temperature (see Scheme 18).

The treatment of [MCl3L] [M ¼ Sb, Bi; L ¼ the pincer ligand 2,6-(CH2NMe2)C6H3] with Na2S generates in toluene the dinuclear
complex [ML(m-S)2ML] that upon treatment with S8 in CH2Cl2 leads to the extension of the chain length of the bridging sulfido
ligands and the formation of [ML(m-S5)2ML].268,271 Their molecular structures, which have been shown in Fig. 42, are virtually iden-
tical. The packing of the antimony and bismuth complexes, however, is different.

The hydrothermal reactions involving elemental antimony or antimony trichloride, sulfur, and tetraphenylphosphonium
bromide in aqueous ammonia afforded dinuclear [Sb2Sx]

2� anions containing both chelating and bridging sulfido ligands of
varying chain length.272,273 [{SbS5}2(m-S)(m-S4)]

2� has also been prepared from antimony, sulfur, and magnesium in N-methyli-
midazole.109 Magnesium is considered to assist the dissolution of antimony. Interestingly, this rationale also resulted in the forma-
tion of [{Sb(S5)}2(m-S)(m-S4)]

2� from Sb2S3. The crystal structures are exemplified in Fig. 43. (PPh4)3[(Sb2S17)(Sb2S16)0.5] shown
in Fig. 43(a) is a solid solution of the [(SbS5)(m-S)(m-S4)(SbS4)]

2� and [(SbS5)(m-S)(m-S4)(SbS6)]
2� anions the latter of which

occupies the special position in the lattice.

1.22.4.5 Chalcogen halogenides

1.22.4.5.1 Electrically neutral molecules
Some binary chalcogen halides incorporate chalcogen-chalcogen bonds. For example, E2X2 (E ¼ S, Se; X ¼ Cl, Br) are a well-
characterized, commercially available class of reagents the structures of which have been known for a long time.8 They are all useful
reagents in synthetic applications. They are liquids at room temperature the color of which deepens from yellow to brown and to
dark red, as the chalcogen and/or the halogen atoms become heavier. Their low-temperature crystal structures267,274 show gauche
XEEX conformations with the torsional angle sXEEX spanning a narrow range of 83.9(1)–87.41(5)�.267,274 While the molecular
geometry of each species is similar, the packing of the molecules in the solid lattice shows variation (see Fig. 44). S2Br2 and the
thermodynamically stable form a-Se2Br2 are isomorphic. Se2Cl2 and the metastable b-Se2Br2 are also isomorphic. It can also be
seen in Fig. 44 that the E.E, E.X, and X.X intermolecular interactions become stronger and more numerous, as the chalcogen
or the halogen element become heavier. The shortest E.X contacts are 3.2246(7)–3.2260(8) and 3.415(1) Å for S2Cl2 and
S2Br2, respectively, and 3.495(1)–3.513(1) and 3.628(1)–3.715(2) Å for the different isomers of Se2Br2, respectively. The
chalcogen-chalcogen short contacts of 3.483(6) and 3.4489(14) Å are found in S2Br2 and Se2Br2.

267

Both S2X2 and Se2X2 have been found to undergo facile disproportionation into EX2 and EnX2, as exemplified for Se2X2, and the
interconversion reaction of a mixture of Se2Cl2 and Se2Br2 affords Se2ClBr.

275 In a similar fashion, a mixture of Se2Cl2 and S2Cl2
yields an equilibrium mixture containing SeSCl2.

276,277

Scheme 17 Reaction of Bi(NONArz)� with sulfur.266 Reproduced with permission from Schwamm, R. J.; Lein, M.; Coles, M. P.; Fitchett, C. M. J. Am.
Chem. Soc. 2017, 139, 16490–16493. @ 2017 ACS.
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Chlorosulfanes containing longer chalcogen chains have been traditionally prepared by the reaction of SCl2 or S2Cl2 and sul-
fanes H2Sn, as exemplified in Ref. 278. The corresponding bromosulfanes can be formed by treatment of chlorosulfanes with
HBr at room temperature.279 These reactions generally form mixtures of halosulfanes. The composition of these mixtures with
up to the sulfur chain length of 30 has been determined by utilizing reversed-phase HPLC.280

Reasonably pure stoichiometric S4Cl2 and S6Cl2, S7Cl2, and S8Cl2 have been prepared by careful chlorination of cyclo-S6,
281,282

cyclo-S7,
283 and cyclo-S8,

281 respectively. The related reaction with the heterocyclic 1,2-Se2S5 affords Se2S5Cl2.
284 All these chlorides

are useful synthons in the preparation of chalcogen rings.6 The NMR study of the reactions of Se2S5Cl2 with (Me3Si)2E (E ¼ S, Se,
Te)285,286 indicated that the chlorination of 1,2-Se2S5 afforded two isomers of the chlorochalcogenane: ClSeS5SeCl and ClSeSeS5Cl.

Ditellurium dichloride Te2Cl2 and dibromide Te2Br2 can be prepared in moderate yields by reducing elemental tellurium with
LiBHEt3 in THF with a subsequent treatment with TeX4 (X ¼ Cl, Br).287 Both are dark brown liquids that decompose rapidly. In CS2

(A)

(B)

Fig. 41 (a) Structure of [(BiNONArz)(S4)]2 dimer.266 (b) HOMO-18/ HOMO-18 [p*(SOMO) / p*(SOMO)] interaction between the S4 radical
units and the LUMO-LUMO overlap.266 Reproduced with permission from Schwamm, R. J.; Lein, M.; Coles, M. P.; Fitchett, C. M. J. Am. Chem. Soc.
2017, 139, 16490–16493. @ 2017 ACS.
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solution, however, they are rather stable. The molecular species were identified by EI mass spectroscopy (see Fig. 45). The reactions
of Te2Cl2 and [TiCp2S5] or [TiCp2Se5] expectedly afford 1,2-Te2S5 and 1,2-Te2Se5, respectively, which were identified by 77Se and
125Te NMR spectroscopy.287

Tellurium forms subhalides that do not find analogs with lighter chalcogen elements.288,289 The main characterized species are
Te3Cl2, Te2X (X ¼ Cl, Br, I), and two polymorphs of TeI. The general method of preparation involves the heating of the elements at
200–300 �C with subsequent homogenization, annealing, quenching, and extraction to remove the excess tellurium tetrahaloge-
nide.290–294 Single crystals of Te2I, and a- and b-TeI can be produced by hydrothermal methods in concentrated aqueous hydroiodic
acid.292–294 Crystals of stable Te3Cl2, Te2Br, and a-TeI can also be grown from the melt.289 The reduction of tellurium tetrabromides
and tetraiodides by the corresponding tin dihalogenide affords tellurium subbromides and -iodides.290,292

There is a structural relationship between all subhalides and hexagonal tellurium.8,289 Te3Cl2 contains a continuous twisted
tellurium chain with every third tellurium atom bonded to two chlorine atoms in axial positions of the trigonal bipyramidal coor-
dination environment [see Fig. 46(a)].290 The TeeTe bonds within the chain are approximate single bonds. The chains are con-
nected by secondary Te/Cl contacts.294

Te2Cl, Te2Br and Te2I show mutually similar structures [see Fig. 46(b)]. The ring fragments are connected together by two
halogen bridges in 1- and 4-positions.290,294 The polymeric chains are linked together by very weak Te/Br and Te/ I secondary
bonds.

TeI has two different polymorphs. a-TeI is composed of infinite chains of Te(TeI)2(TeI2) units containing a slightly puckered
four-membered Te4 ring [see Fig. 46(c)].

294 One tellurium atom is bound to two iodine atoms that also exhibit the Te/ I secondary
bonding contacts to the adjacent unit. Other Te/ I and I/ I secondary bonds also link adjacent [Te(TeI)2(TeI2)]n chains together.

b-TeI is a slightly different polymer the structure of which is related to that of Te2X [see Fig. 46(d)].294 It consists of a four-
membered spirocyclic (Te3I2)n fragments with one exocyclic and one endocyclic iodine atoms. The polymeric chains are linked
together by Te/Te and I/ I secondary bonding interactions also in this species.
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Fig. 42 The structures of (a) [SbL(m-S5)2SbL]268 and (b) [BiL(m-S5)2BiL]271 [L ¼ 2,6-{CH2NMe2}2C6H3].
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The optical, electrical, and thermodynamic properties of tellurium subhalides have attracted considerable research interest for
some time.291 For instance, a-TeI has been suggested to find applications as a solid electrolyte in galvanic cells.

In addition to binary halogenides, sulfur, selenium and tellurium also form catenated compounds, which contain other main
group elements in addition to halogens. Some examples of molecular compounds include Ph3CSnCl (n ¼ 1–3),295 (PhEX)4 (E ¼ Se,
X ¼ Cl, Br; E ¼ Te, X ¼ I),296–299 mixed valence aryltellurenyl halogenides,300,301 as well as thio- and selenourea adducts of TeX2

(X ¼ Cl, Br, I, SCN, SeCN),302–304 and an adduct of (mes)2Te with two molecules of (mes)TeI305 (see Fig. 47).
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Fig. 43 Crystal structures of (a) (PPh4)3[(Sb2S17)(Sb2S16)0.5],271 (b) (PPh4)2[Sb2Se14],273 and (c) (Ph4P)2[Sb2S15]$MeC6H5.109
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Fig. 44 Crystal structures of (a) S2Cl2, (b) S2Br2 and a-Se2Br2, and (c) Se2Cl2 and b-Se2Br2.267,274
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Fig. 45 EI mass spectrum of Te2Cl2. The fragmentation and their isotopic distributions indicate the expected composition of the species.287

Reproduced with permission from Pietikäinen, J.; Laitinen, R.S. J. Chem. Soc., Chem. Commun. 1998, 2381–2382. @ RSC 1998.

(A) (B) (C) (D)

Fig. 46 (a) The structure of Te3Cl2,293 (b) Te2X (X ¼ Cl, Br, I),290,294 (c) a-TeI,294 and (d) b-TeI.294 Tellurium atoms are depicted in orange,
chlorine in bright green, bromine in dark green, and iodine in violet.
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The (REX)4 (E ¼ Se, Te) tetramer, which is exemplified by (PhTeI)4 in Fig. 47(a), is formed in the halogenation reaction of
PhEEPh.296–299 The close Se.Se and Te.Te contacts of the four-membered rings in (PhEX)4 can be considered to be due to
secondary bonding p2 / s*(E-I) interactions. The approximate average bond orders of 0.38 and 0.57 can be estimated for the
Se4

296,297 and Te4
298,299 rings, respectively, based on the interatomic distances and Pauling’s equation.236 Interestingly, the reaction

of PhSeSePh with I2 did not afford the (PhSeI)4 tetramer, but a dimeric charge-transfer complex (Ph2Se2I2)2 (see Fig. 48).305

The high-yield transannular addition of SeX2 (X ¼ Cl, Br) to cyclooctadiene affords a bicyclic selenoether. The subsequent treat-
ment of this product with selenium dihalogenide produces the 2:1 adduct (see Scheme 19).307,308 The 2:1 adduct thus formed can
be viewed as a coordination compound of a square-planar selenium center with two halogenido and two selenoether ligands. The
Se-Se-Se fragment is linear with the two SeeSe bond lengths of 2.6403(3) and 2.656(3)–2.620(5) Å for RSe-SeCl2-SeR and RSe-
SeBr2-SeR, respectively (see Fig. 49). The coordination environment resembles that of SeCl2(tht)2 (tht ¼ tetrahydrothiophene).309

Popov et al.310 have used high-level DFT calculations to compare the viability to produce MnF4n þ 2 molecules (M ¼ S, Se; n ¼ 2–
9) and extended the study to polymeric (-MF4-MF4-)N chains. Whereas both the sulfur- and selenium-containing molecules are
thermodynamically unstable to chain contraction with the production of MF4, they seem to be kinetically inert. The calculations
involving periodic boundary conditions indicate that while (-SF4-SF4-)N is dynamically stable with no imaginary phonon frequency
in the whole Brillouin zone, the related (-SeF4-SeF4-)N is dynamically unstable with several imaginary phonon frequencies.

1.22.4.5.2 Chalcogen-halogen cations
Some chalcogen-halogen cations also exist as catenated species. Both cyclic and acyclic chalcogen-halogen cations may generally be
prepared by the oxidation of a combination of elemental chalcogen and halogen with AsF5 or another strong Lewis acid in liquid
SO2 (for reviews, see Refs. 2, 5, 6, 12, 13). There are also special methods to prepare individual salts. For example, (Se2I4)[Sb2F11]

(A) (B)

(C) (D)

Fig. 47 The structures of (a) (PhTeI)4,297 (b) {(MeO)2C6H3-2,6}TeI2Te{C6H3(OMe)2-2,6},299 (c) {(Me2N)2CSe}2TeCl2,302 and (d) (mes)2TeTeI(mes)
TeI(mes).306

I

I

Se

Ph

Se

IPh

I

SeSe

Ph

Ph

Fig. 48 The dimeric charge-transfer complex of (Ph2Se2I2)2.305

1010 Polychalcogen molecules, ligands, and ions Part 2: Catenated acyclic molecules



was prepared by the treatment of elemental selenium with (I2)[Sb2F11]
311 or the reaction of (Se3X3)[MF6] (M ¼ As, Sb, X ¼ Cl, Br)

with (SeCl3)[MF6].
312 (Se4I4)[AsF6] can be made by the reaction of (Se4)[AsF6] and iodine.313

The crystals of (Se3X3)[MF6] (M ¼ As, Sb, X ¼ Cl, Br) are isomorphic.312 Their unit cell contents are exemplified by (Se3Cl3)
[AsF6] in Fig. 50. Both Se3Cl3

2þ and Se3Br3
þ cations show marked bond length alternation [XSe-Se: 2.191(3) and 2.207(6) Å;

X2Se-Se 2.551(3) and 2.558(6) Å for X ¼ Cl and Br, respectively]. The respective long Se.X distances are 3.289(5) and 3.436(7)
Å. These distances have been discussed in terms of maximized intracationic X.Se contacts, charge delocalization, and p bonding.314

A preliminary natural-abundance 77Se NMR study of the soluble products of the reaction of (Se4)[AsF6]2 and bromine in liquid
SO2 revealed resonances attributable to 1,1,4,4-Se4Br4

2þ and Se7Br
þ. These assignments are supported by calculated 77Se chemical

shifts.315

S2I4
2þ and Se2I4

2þ form an interesting pair of cations. Their structures and conformations resemble each other, but there are key
differences in interatomic distances that also reflect the differences in their bonding (see Fig. 51).

Scheme 19 Reaction of SeX2 with cyclooctadiene.307

Se

Cl

C

H

Fig. 49 Molecular structure of the complex of SeCl2 and 2,6-dihalogenido-9-selenabicyclo-[3.3.1]nonane.307
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The bonding in S2I4
2þ can be described in terms of mutually perpendicular 4c-2e p*ep* bonds [Fig. 52(a)],35,318 whereas that

in Se2I4
2þ consists of two SeI2

þ fragments that are joined by 6c-2e p*ep* bonds [Fig. 52(b)].35,317

The summary of the detailed analysis to account for the structural differences are presented in Fig. 53.35 The main factors are
related to the strong SeS p bond compared to the weak SeI s bond and the additional stabilization from increased delocalization
of the positive charge in S2I4

2þ that is missing in Se2I4
2þ.35

In addition to binary chalcogen-halogen cations, several organic chalcogen-halogen cations are known. Some examples are
shown in Fig. 54.

[MeS(Cl)SMe][SbCl3] was prepared from (SCl3)[SbCl6] and MeSH in SO2(l).
319 The crystals for X-ray structure determination

were obtained by fractional crystallization in liquid SO2. The cation shows a relatively short SeS bond length of 2.004(3) Å. The

Se

Cl

AsF

Fig. 50 The unit cell of (Se3X3)[MF6] (X ¼ Cl, Br; M ¼ As, Sb) as exemplified by (Se3Cl3)[AsF6].312

(A) (B)

Fig. 51 The structure of the cation in (a) (S2I4)[AsF6]2316 and (b) (Se2I4)[AsF6]2$SO2.317
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SeCl bond of 2.040(3) Å and the SeC bonds of 1.812(8) and 1.828(9) Å are close to single-bond lengths. The three-coordinated
sulfur atom exhibits pyramidal geometry [aS ¼ 98.6(3)–107.4(1)�].

1.22.4.5.3 Polychalcogen-halogen anions
Only a few polychalcogen-halogen anions containing chalcogen-chalcogen bonds are known. The stirring and heating of selenium,
phenyltrimethylammonium bromide and bromine in acetonitrile afforded dark red prisms of [Me3PhN]2[SeBr6]$2(Se2Br2) [see
Fig. 55(a)].322 With tetraethylammonium bromide and the stoichiometry Se:Br2:Br

� ¼ 5:4:1, (Et4N)2(Se3Br8)$(Se2Br2) was ob-
tained [Fig. 55(b)].325 When the starting bromide was changed to tetraphenylphosphonium bromide and the stoichiometry was
adjusted to Se:Br2:Br

� ¼ 6:4:2, (Ph4P)2[Se2Br6]$2(Se2Br2), was crystallized [Fig. 55(c)].323 The anionic part of the salts forms an
extended framework in which Se2Br2 molecules interact with themono-, di- or trinuclear bromidoselenate anions. The bond param-
eters of the coordinated Se2Br2 molecules [rSeSe ¼ 2.272(2)–2.2945(8), rSeBr ¼ 2.247(2)–2.3936(8) Å, aSe ¼ 102.40(8)–
104.22(7)�, sSeSe ¼ 77.85(2)–97.49(8)�]322–325 are in close agreement with those of pure b-Se2Br2.

274 The diselenium dibromide
molecules are linked to the [SeBr6]

2�,322 [Se3Br8]
2�,325 [Se2Br6]

2�,323 and [Se4Br10]
2-324 anions via secondary bonding interactions.

(A)

(B)

Fig. 52 (a) S2I42þ: Interaction of p* orbitals of S2 with those of two (I2)þ in mutually perpendicular planes with subsequent charge delocalization.
The bond orders: S-S 2.33; I-I 1.33.35,318 (b) Se2I42þ: Interaction of two p* SeI2þ SOMOs with subsequent charge delocalization. The bond orders:
Se-Se� 1, Se-I 1.25.35,317

(A)

(B)

Fig. 53 Relative CCSD(T)/SDB-cc-pVTZ//PBE0/SDB-ccpVTZ energies (in kJ mol�1) of selected isomers of (a) S2I42þ and (b) Se2I42þ and the main
factors leading to the adoption of the observed geometries (marked in rounded rectangles).35 Adapted with permission from Brownridge, S.;
Crawford, M. -J.; Du, H.; Harcourt, R. D.; Knapp, C.; Laitinen, R. S.; Passmore, J.; Rautiainen, J. M.; Suontamo, R. J.; Knapp, C.; Valkonen, J. Inorg.
Chem. 2007, 46, 681–699. @ 2007 American Chemical Society.
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The treatment of (Me3PhN)Br, (EtPh3P)Br or (Ph4P)Br with elemental selenium, and tellurium tetrabromide in acetonitrile
affords (Me3PhN)2[TeBr6]$2(Se2Br2),

326 (EtPh3P)2[TeBr6]$2(Se2Br2)
327 or (Ph4P)2[TeBr6]$2(Se2Br2),

327 respectively, whereas the
use of (Et3MeN)Br produces polymeric {(NEt3Me)2[TeBr6]$3(Se2Br2)}n (see Fig. 55).328 The adducts (Me3PhN)2[EBr6]$
2(Se2Br2) (E ¼ Se, Te)322,326 are isomorphic and consist of discrete [EBr6]$2(Se2Br2)

2� anions [see Fig. 55(a)].
In the anions of (EtPh3P)2[TeBr6]$2(Se2Br2)

327 and (NEt3Me)2[TeBr6]$3(Se2Br2),
328 the [TeBr6]

2� octahedra are linked into
quasi-onedimensional polymeric chains with two or three bridging Se2Br2 molecules, respectively (see Fig. 56).

(Ph4P)2[TeBr6]$2(Se2Br2) exhibits an incommensurately one-dimensionally modulated structure with planar monoclinic super-
space group.327 The [TeBr6]

2- octahedron is nearly regular also in this structure. The bromido ligands bound to the selenium atom in
Se2Br2 can be either in trans or cis positions due to the alternations caused by modulation of the crystal structure.

1.22.5 Summary

The overarching theme of this chapter has been the synthesis and structure of acyclic chalcogen molecules and ions involving cate-
nation. The treatise begins with a discussion of polymeric forms of the elements. This is followed by a consideration of polysulfide
dianions and radical anions. The dianions are frequently obtained as s-block metal salts by direct reaction of alkali or alkaline earth
metals with the elemental chalcogens. However, bulky organic cations are often needed to stabilize these anions in the solid state,
especially for longer chains. The subsequent sections describe sequentially metal complexes or derivatives of the p-block elements of
Groups 13, 14 and 15 in which polychalcogenide dianions function as bridging or chelating ligands or groups. The final section is
devoted to the preparation and structural chemistry of neutral, cationic, and anionic chalcogen halide species that exhibit
catenation.

The tendency for catenation is most pronounced for sulfur as exemplified by the unbranched structures established for polysul-
fide dianions, organic polysulfides, and dichlorosulfanes, with chain lengths of up to 12, 9 and 8, respectively. Polyselenides and

(A) (B) (C)

Fig. 54 The structures of the cations in (a) [MeS(Cl)SMe][SbCl6],319 (b) {C6H4(SeCl)}2(Se2Cl)[SbCl6]$MeCN,320 and (c) {(C6H5)2(C10H6)
Se2Br}(Br3).321

(A)

Se Se

Br

C

P

Se

Br

C

N

H

Br

C
N

H

(B) (C)

Fig. 55 Crystal structures of (a) [Me3PhN]2[SeBr6]$2(Se2Br2),322 (b) (Et4N)2(Se3Br8)$(Se2Br2),323 and (c) (Ph4P)2[Se2Br6]$2Se2Br2.324
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polytellurides, in particular, exhibit a more diverse range of structures due to the tendency of the heavier chalcogens to engage in
hypervalency or secondary bonding. This characteristic is manifested in the unique structures of the tellurium subhalides.

In addition to the important insights into the unusual chemical bonding characteristics of the chalcogens provided by the struc-
tural and computational investigations of the class of polychalcogen compounds discussed in this chapter, many of them also have
important applications. For example, polychalcogenido complexes of p-block metals such as Sn, Pb, Sb or Bi may serve as precursors
of binary metal chalcogenide semiconductors in the form of thin films or nanomaterials. Inorganic polysulfide dianions have an
especially broad influence in areas ranging from biological chemistry to alkali metal-sulfur batteries. Finally, the closely related poly-
sulfide radical anions have emerged as important reagents for the synthesis for a variety of organosulfur compounds with known or
potential uses as pharmaceuticals or conducting materials.
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Abstract

The present chapter offers an overview of polyanions of the Group 17 as examples of catenation. The main knowledge
obtained from the rich literature on polyiodides is summarized, and comparisons are made with other polyhalide systems in
order to gain insights into similarities and differences. A strong emerging field is represented by polybromides in the liquid
and solid state, as well as novel or rejuvenated areas of application. A detailed analysis of chemical bonding is given, and the
special properties of halogen-halogen bonding are highlighted.

1.23.1 Introduction

The concept of catenation can be traced to organic chemistry, which essentially is based on the ability of the element carbon tomake
strong carbonecarbon bonds. Catenation originates from the Greek work for chain, and through its origin from organic chemistry it
also implicates that the chains are formed through covalent bonds between the elements involved. This is certainly a characteristic of
the organic CeC-chains, but it is not so obvious for polyhalides, as will be discussed later. Although carbon chemistry is the most
prolific example, catenation is an inherent property of many of the p-block elements. For instance, the lighter pnictogens form tetra-
hedral P4 and As4 molecules and various polymers, sulfur forms ring-shaped S8 molecules and polymeric species, the chemistry of
selenium and tellurium contains many examples of chain structures etc.1 Interestingly enough, the tendency to catenation appears
to decrease down the Group 14–16, but for the Group 17, the halogens, the tendency is the opposite albeit this conclusion has
recently been challenged by the surge in new polychloride, polybromide and polyinterhalide compounds.2,3 The reasons can be
understood on the basis of the different type of chemical bonding involving aspects of both classical coordination chemistry
and effects of the halogen s-hole,4,5 which changes down the Group 17, and such aspects will be discussed later in this overview.

There are comprehensive reviews on polyiodides in the literature offering a good overview of the chemistry of the Group-17
elements.6–9 There are also more recent reviews on the exciting and emerging chemistry of the lighter polyhalide compounds
offering new insights into the structure and bonding in this class of compounds.2,3,10 These reviews offer a highly comprehensive
overview of the literature and focus on the aspect of structural chemistry. The more recent reviews also highlight new trends, mainly
regarding three phenomena. First, quantum-chemical calculations have become a regularly used tool to rationalize structures and

q
Change History: June 2021. L Kloo made the changes with respect to the previous version mainly involve an up-date of the literature from about 2010. The

new contributions have added to in particular the sections on polychlorides, polybromides and the application of polyhalides in renewable energy fields. The
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bonding patterns, and to relate solid structures to liquid media through spectroscopic studies. In this aspect, the special usefulness
of Raman spectroscopy has become clear. Second, ionic liquids as reaction media for the formation of, much owing to their excel-
lent properties as solvents for both ionic and molecular components, have emerged as the preferred media of synthesis of novel
polyhalides. Third, whereas polyiodides expanded significantly from the use of organic salts and involvement of metal iodides
came in at a later stage, the role of the structure-directing ability of the cations, including metal complexes, have become much
more clear for polychlorides and polybromides making such a distinction less relevant.11 These insights have also fed back to
the field of polyiodides. The objective of the present overview is not to “top up” on published work; rather, the objective is to
use the vast body of information to highlight the fundamental properties of the expanding field of polyhalides. Special attention
will be paid to insights from structural patterns and bonding aspects. It will also aim to identify some recent directions of research
and some important applications of polyhalides. In this context, it is notable that the ambition towards a more sustainable society
also sets its mark here, where polyhalides have found new applications in the energy and metal recycling fields, typically in the form
of polyhalide ionic liquids.12,13 The polyhalides included in this work are essentially negatively charged. Also positively charged
polyhalogen species exist, but that is a much smaller, less active and reviewed area of research.8 Therefore, such species are not
included in this overview.

1.23.2 The triiodide ion and its lighter congeners

Formally, the Group 17 concatenation starts with the well-known X2 molecules, also in the forms of a monocation or monoanion.
However, these are thoroughly handled by all textbooks on fundamental, descriptive inorganic chemistry. In a recent review, the
start of polyhalogenides was set to the X2

� ions,3 however from a bonding perspective the new and interesting features arise
when adding another halogen atom to the fundamental X2 units, and therefore we will regard the trihalides as the lowest represen-
tatives of concatenated polyhalides in this overview. The most extensively studied trihalide is the triiodide ion, I3

�. Several hundreds
of crystal structures are known. In 2003 we obtained about 500 crystalline triiodide compounds in a search of the Cambridge Struc-
tural Database, and since then another 100 or so have been added to the list. There are about 100 compounds that can be charac-
terized as tribromides, and fewer examples of the lighter trihalides. Some new aspects need to be taken into account from the
structures of the lighter elements, and these will be included at the end of this section. Regarding the triiodide ions, the most exciting
insights and applications emerge from low-dimensional structures of interacting triiodide ion (vide infra). Most likely, most of the
triiodide compounds have emerged serendipitously, in the line of chemical synthesis of completely different molecular targets,
often through reactions involving accidental or intentional oxidation by iodine.

In Fig. 1 the typical structures of a triiodide ion are shown. If interacting weakly with the surrounding ions or molecules, a centro-
symmetric structure is normally observed. Upon stronger interaction with cations or, in particular, hydrogen-bonding components
of the compounds the triiodide is most commonly linearly distorted. However, a few features of the triiodide structures deserve
some attention. For instance, in the structures of tetrahydrothiophene derivatives pairs of triiodides interact at a fairly long distance
of 3.79 Å, can be observed.14 These may be regarded as dimer models of long-chain triiodide structures. Reiss and co-workers iso-
lated two closely placed (at 3.63 Å) triiodide ions in a host-guest structure and asked the question whether they were packed so
closely by the host or were directly interacting.15 Their conclusion was that the triiodide ions indeed are interacting, and at an unusu-
ally short inter-molecular distance. Chains of triiodide ions are for instance found in quinoline derivatives with a shortest inter-
molecular IeI-distance of 3.80 Å,16,17 and as a side-product in the chemistry of bispyridyls with a distance of 3.69 Å.18 Model
systems for the very old application of iodine/iodide-containing solutions, starch tinting, still offer new insights. In the isolation
of a helical sugar, Saenger and co-workers found triiodides in the channels at as short inter-molecular distances as 3.66 Å.19 It is
also notable that it is not uncommon that double-salts of iodide and triiodides with the same cation are formed.20–23 Such
compounds can be quite stable, and, as will be discussed in the section on applications, can constitute a problem because of
low solubility.24 An interesting case of polymorphism was discussed by Dance and co-workers showing that crystallization from
different solvents in a reproducible way may give different crystal forms of a phosphonium triiodide compound.25

The chains of triiodide ions may be regarded as a link to applications. Such compounds are special in the sense that they do not
fit into the simple coordination chemistry model of iodine solvation of ions described for the polyiodides below. Instead, the triio-
dide ions tend to interact end-on along chains at fairly long distances; typically around 4 Å. A few examples are given below, and
considering the applications noted in the end of this review, it is notable that the stacking, structural confinement, of triiodide ions
is a unique and important phenomenon in polyiodide chemistry. Lu and co-workers reported two-dimensional sheets of triiodide

r 1 r 2

Fig. 1 A centrosymmetric and a non-centrosymmetric triiodide ion; the latter with a cation coordinated. The figure is taken from Ref. Svensson, P.
H.; Kloo, L., J. Chem. Soc. Dalton Trans. 2000, 2000: 2449–2455.
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ions, albeit the inter-triiodide distances appear rather long.26 A crystal engineering approach afforded chains of triiodides using
long-chain diammonium cations27 The inter-triiodide contacts observed are 4.13–4.17 Å. Using a substituted tetrathiafulvalene,
an anisotropic organic metal was formed containing both stacked fulvalene molecules and chains of triiodide ions along the plane
of stacking.28 The inter-triiodide distances found are around 3.90 Å.

In the crystalline solids, the triiodide ion most typically exists in two forms; either linear and centrosymmetric, or linear and non-
centrosymmetric, Fig. 1. Most commonly, the triiodide ion is slightly linearly distorted. One very important factor controlling the
level of distortion is cation coordination. A cation is often found in the position indicated in Fig. 1 (right). The degree of polari-
zation determines the degree of distortion. Also, in solution, most notably for strongly donating solvents, similar effects can be
observed; in particular, when the solvent molecules interact with the triiodide ion via hydrogen bonding. The solvation effects
in I3

� have been monitored by shifts in the electron binding energies and ab initio molecular dynamics in solution.29,30 The molec-
ular dynamics studies revealed that the asymmetric vibration reached essentially an I2

.I� state moderated by the solvent hydrogen
bonding.31 It has also been noted that the presence of lithium ions can initiate a redox process forming I3

� in iodide ionic liquids
and mixtures with alcohols.32 The strongly polarizing hydrogen atom as donor can be regarded as mimicking the effect of a cation.
The reason for this facile linear distortion is the extremely low energy required; see Fig. 2, in which the flat one-dimensional,
potential-energy surfaces are shown for a centrosymmetric and non-centrosymmetric triiodide ion. In contrast, IeIeI angular distor-
tions are much more rarely observed in solid structures, since the energy required for bending distortions is considerably higher.
This difference can be traced to the s-type of bonding involving the valence p-orbitals, as discussed below.

The extremely low energy required to pull the terminal iodine atom far away from the remaining I2 unit can directly be con-
nected to the special form of electrical conductivity observed in many polyiodide compounds; the Grotthuss mechanism of conduc-
tivity.33 Initially, the mechanism was used to explain the conductivity properties of water through hopping protons. It is equally
well applied to polyiodides, where the hopping units instead are the iodide ions. This phenomenon will be discussed in more detail
below in the light of polyiodide bonding. In fact, on the basis of a theoretical study involving the coordination of alkali-metal
cations and X3

� ions (X ¼ Cl, Br or I), Hoffmann and co-workers question the description of the systems as an Mþ-X3
� ion pair

in favor of an MX-X2 complex.34,35

In the ideal case, the linear and centrosymmetric triiodide ion has DNh symmetry. The consequence in terms of group theory is
that it exhibits four normal vibration modes; the symmetrical stretch (Sg

þ symmetry, n1), the asymmetrical stretch (Su
þ symmetry,

n3) and the doubly degenerate bending modes (Pu symmetry, n2). The combination of comparatively weak IeI-bonding (bond
order of 0.5), extremely flat potential-energy surface of linear distortion and the high atom mass of iodine make the frequencies
of the vibration modes quite low.

This of course has some consequences. First, the vibrational modes are not readily observable using a standard experimental set-
up for IR spectroscopy with a typical cut-off at about 200 or 400 cm�1. Optics (primarily IR source, beam splitter and detector) are
required for far-IR spectroscopy. Second, because of the low energy of vibrational excitation, one should be aware of that all modes
typically are highly excited at ambient temperatures. Since excitation of vibrational modes affects the vibrational amplitudes, this
again has implications for the shape of the potential energy surface and, as a consequence, also the Grotthuss mechanism of conduc-
tivity mentioned above. The technical challenges together with the fact that the triiodide modes of vibration render small changes in
the molecular dipole moment typically give rather weak and broad bands in IR-spectra. IR spectroscopy is a feasible but not optimal
technique for the study of triiodide and polyiodide compounds. Instead, the large polarizability of the triiodide ion makes it highly
suitable for Raman spectroscopic studies. Also the lighter trihalides offer strong Raman bands. Typically, the vibrational bands,
allowed by symmetry, come out very strongly and excellent Raman spectra can be obtained even at very low concentrations in solu-
tion. However, surface-adsorbed triiodide or polyiodide species still require an extra boost in sensitivity, such as from Raman-
enhanced spectroscopy, to be detectable. The characteristics of the triiodide vibrational modes are shown in Table 1.

Fig. 2 Potential energy surfaces of linear distortion of the triiodide ion for the centrosymmetric and non-centrosymmetric configurations. The
figures are taken from Ref. Svensson, P. H.; Kloo, L., J. Chem. Soc. Dalton Trans. 2000, 2000: 2449–2455.

Catenated compounds in group 17dpolyhalides 1023



In the ideal state, only the symmetrical stretch mode will be observed in a Raman spectrum of a triiodide compound or solution.
The large change in molecular polarizability upon the symmetrical vibration renders extremely strong Raman-spectroscopic signals.
However, many factors can disturb the ideal local symmetry. Such factors involve the formation of higher polyiodides in solution,
the coordination of cations or solvation by strongly donating solvents. In such cases, also the formally Raman-forbidden vibrational
modes will appear in the Raman spectra, sometimes together with extra features from loosely bound I2-units. The two types of triio-
dide Raman spectra are shown in Fig. 3. The very simple and easily interpreted Raman spectra very quickly can become complex and
interpretation far from non-ambiguous. Nevertheless, Raman spectroscopy offers beautiful polyiodide spectra and represents one of
the most informative experimental techniques available for the study of polyiodide chemistry.

In this context, it is appropriate to mention two other related phenomena concerning triiodide chemistry. As noted above, from
the structural and spectroscopic properties, the expected chemical dissociation of a triiodide ion is into I� and I2 fragments. This has
one important implication; I� as donor to I2 is readily exposed to competition. Thus, many donors can out-compete I� if present in
sufficient concentration. Typical competitors involve other halide anions, -N, -P or -S functionalities of various molecules, and
chemistry is full of compounds containing eXeIeI-units.37 A practical example, where this can become a problem, can be taken
from the electrolyte chemistry of dye-sensitized solar cells (DSSCs). Part of the reason why an ionic-liquid-based electrolyte requires
higher iodine concentration can be traced to an inherent interaction between the ionic-liquid cation and I2 lowering the effective
concentration of triiodide in solution and thus reducing conversion efficiencies.38 This type of chemistry is not within the scope of
the present overview, but represents a characteristic phenomenon of iodine chemistry that should be kept in mind. Consequently,
some of the main features of polyiodides can also be observed in related areas of chemistry. The other phenomenon relates to
photochemistry. It should be noted that photodissociation of the triiodide ion instead typically renders the ion I2

� and the highly
reactive radical Il.39 A recent study in gas phase reveals a rather complex, non-adiabatic dissociation with several possible dissoci-
ation channels, although the I2

� þ Il ones display the highest yields.40 It has been shown that the wavelength of the exciting radi-
ation also affects the dissociation channels.41 Photodissociation of triiodide ionic liquids showed an ultrafast relaxation/
recombination of the I2

� ions formed.42 Referring to the section of solvent effects below, hydrogen-bonding solvents are indicated
to influence product branching in the dissociation channels. In electrochemical applications, the I2

� ion frequently appears as an
important intermediate in the redox reactions involving the iodide and triiodide ions.43–46 Photodissociation studies of the triio-
dide ion in ionic liquids show effects of bimolecular reactions resulting both in triiodide recombination and inter-I2

� reactions
depending on the nature of the ionic-liquid system47 A K-edge EXAFS analysis of the triiodide ion in various solvents displayed
a centrosymmetric triiodide ion with varying IeI bond lengths, albeit it was noted that large vibrational amplitudes blurred the
next-neighbor correlations.48

Table 1 Typical vibration characteristics of a centrosymmetric, linear
triiodide ion36.

Modes of vibration Typical frequency/cm�1 Selection rules

Symmetric stretch (Sg
þ) 110 Raman active

Asymmetric stretch (Su
þ) 145 IR active

Bending (Pu) 75 IR active
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Fig. 3 Raman spectra of a centrosymmetric and a symmetry-broken triiodide ion, as represented by molten (Et3S)I3 (top) and solid (Me3S)I3
(bottom). The figure is taken from Ref. Svensson, P. H.; Kloo, L., J. Chem. Soc. Dalton Trans. 2000, 2000: 2449–2455.
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1.23.2.1 The bonding in trihalide ions

The established scheme of bonding in the triiodide ion was provided by Pimentel and Rundle already in the early 1950s.49,50 On the
basis of molecular-orbital theory involving only the iodine atom 5p-orbitals, three molecular orbitals (MOs) can be derived; see
Fig. 4. The bonding formalism is analogous to that of the 1 s-orbitals of the simple H3

� ion, allowing for a bit more complex
symmetry consequences when involving the p-orbitals in I3

�. Essentially, the three 5p-orbitals form one bonding, one non-
bonding and one anti-bonding MO. The 5p-orbitals are expected to house 4 valence electrons, thus filling the bonding and
non-bonding MOs. This simple bonding scheme carries more information than noted at first sight, since it also explains the role
of the triiodide ion in donor/acceptor-type of complexes; more about this in the section on polyiodides. As a consequence of
the bonding scheme, electrostatically the triiodide ion can be approximated as having �1/2 charge on the terminal iodine atoms
and close to zero charge on the central one.

Novoa and co-workers extended the bonding scheme to both the other homoatomic trihalides and later to some interhalogen
trihalide species using correlated methods of theory.51,52 All four trihalide ions, F3

�, Cl3
�, Br3

� and I3
�, were found to be stable with

respect to dissociation into the X� and X2 fragments. The stability was found to increase down the Group 17; in accordance with
experiment. Also, the interaction with a cation (Kþ) was investigated and the structural consequences in terms of symmetry lowering
deduced. The same trend was found for the X3

� series in solution and gas phase with respect to the formation of X� and X2.
53

However, it was also noted that the level of theoretical treatment significantly influence the results. Hoffmann and co-workers
have studied both the bonding characteristics of various combinations of trihalides, homogenous and interhalogen ones, and found
a similar pattern as Novoa et al. The site preference in interhalogen trihalide ions was also scrutinized and found to be the largest for
chlorine.54 In a later study, the amount of s,p-mixing was investigated in p-block triatomic molecules and ions. Anti-bonding effects
from s,p-mixing and electron-pair repulsion tend to be larger further to the left in the P-block.55 In a calculational study of a large
series of interhalogen trihalide ions, Kikuchi et al. found that, in accordance with experiment, the terminal position of the most
electronegative (lightest) element in Group 17 promotes stability, whereas polar solvents flatten the potential energy surface
enhancing X� þ X2 dissociation.

56 Kloo et al. made a thorough study of the bonding contributions to IeI bonding in the triiodide
ion and larger polyiodides. It is clear that the triiodide ion, in addition to covalent interaction, also is stabilized by secondary types
of interaction, such as induction, dispersion, as well as ion-quadrupole interaction (I2 has a strong quadrupolar moment).57 It has
been argued that a valance-bond (VB) formalism better describes the bonding in trihalide ions, as compared to the established
(3c,4e)-MO scheme of Pimentel. The main argument is that dissociation barriers and states are better described by VB theory.58

Molecular dynamics and other studies in different solvents show that hydrogen-bonding solvents induce a symmetry breaking
for the triiodide ions in solution.59–63 Such effects must have a consequence for the recorded vibrational spectra, as noted in the
experimental studies described above. In additional simulation studies, also solvent-induced shifts of the peak wavenumbers
have been determined.63–65 As previously noted, solvent effects are of importance in the photodissociation of the triiodide ion.
The results from high-level multiconfigurational calculations indicate significant effects of solvent interaction on the structure
and spectroscopic response of I3

�.66 One study has suggested that solvent effects give rise to a bent triiodide ion, although such
a structural distortion is not necessary to explain the experimentally observed properties.67

1.23.2.2 Bonding trends in trihalides

The general conclusion from the body of calculational studies on trihalide systems is that the s-bonded valence p-orbital interaction
scheme of Pimentel is a good first approximation for all the X3

� systems in Group 17. Moving down the group, secondary bonding
contributions become increasingly important. At the same time, atom-atom distances increase down the group. In view of the coor-
dination chemistry approach described below, the X�eX2 interaction within the trihalide ions represents a suitable model system
for the understanding of the tendency to polyhalide formation, i.e., catenation. In order to get a crude estimate of this tendency,
some simple model calculations on the X3

� ion were made using a long-range-corrected B3LYP functional together with the Stutt-
gart/Dresden/Cologne effective-core potential and triple-zeta valence basis sets to, on a more uniform basis, obtain a few charac-
teristic bonding parameters of the homogenous trihalide ion. The calculational results are collected in Table 2 and are
graphically represented in Fig. 5.68,69

3

2

1

Fig. 4 The p-orbital bonding scheme proposed by Pimentel. The figure is taken from Ref. Munzarova, M. L.; Hoffmann, R., J. Am. Chem. Soc. 2002,
124: 4787–4795.
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The results are at first sight a bit surprising, since interaction energies alone would suggest that polyfluoride chemistry should be
the richest, although the interaction energies between the X2 and X� fragments differ surprisingly little. It is clear that the issue
requires a deeper analysis. More insight is obtained from the potential energy surfaces (PES) of the linear X2 and X� interaction.

The PESs of linear distortion shown in Fig. 6 offer a couple of important observations. The widths of the potential energy wells
are also numerically specified in Table 3. As expected, the X-X distance increases down the Group 17. However, the increase is non-
linear and can be described as periodic. There is a large increase between the FeF and CleCl distances, whereas the BreBr one is only
marginally longer than the CleCl distance. In the same way, there is a fairly large increase in X-X distance between Br3

� and I3
� but

small between I3
� and At3

�. Going from lighter to heavier systems, one can also note that the PES wells become flatter, more
extended, and that the PESs increase less quickly with increasing X-X separation; see also PES well widths given in Table 2. This
effect emerges from both more extended covalent interaction and from an increasing influence from inter-molecular interaction;
such as induction, dispersion etc. In summary, the interaction between the X2 and X� fragments becomes “stickier” the heavier
the element. However, this effect peaks at iodine. In fact, the PES of I3

� crosses that of At3
� at longer distances (at about 4.7 Å)

highlighting some special properties of the element iodine. In this respect, the extensive polyiodide chemistry can be attributed
to the strong long-distance attractive forces in iodine; most likely stronger than any of its Group 17 congeners despite the current
expansion of the polybromide and polychloride chemistry, rather than the IeI interaction energy per se. Thus, the tendency to cate-
nation is expected to be the strongest for iodine; at least at the above level of theory. Explicit spin-orbit coupling was not included in
the above calculations, and more advanced calculation may change the order described above. It is clear that proper handling of
relativistic effects will be particularly important for the heavy Group-17 elements At and, the late new group member, tennessine
(Ts, element no. 117).70 At the same time, the chemistry of the Period-7 elements may be less predictable because of the close to
degenerate valence electrons.71 And, since the influence of covalent bonding is significant, probably the chains formed should be
regarded as a true case of catenation.

In the review by Riedel et al., they include two more bonding concepts to rationalize the structures observed for tri- and poly-
halide species.3 First, they note a halogen bonding effect referring to topological electron-densities.72,73 Second, and highly related,

Table 2 Calculational results for the homoatomic trihalide ions of DNh symmetry.

X3
� ion X-X distance/Å Symmetrical stretch vibration/cm�1 Asymmetrical stretch vibration/cm�1 X2-X

� interaction energy/kJ/mol

F3� 1.729 483 555 �164
Cl3� 2.431 256 323 �140
Br3� 2.577 165 182 �140
I3� 2.952 116 138 �135
At3� 3.105 84 106 �149
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Fig. 5 Graphical representation of the bond distances and interaction energies shown in Table 2.
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this involves descriptions based on halogen s-holes. In Fig. 7, the electrostatic potential for the tribromide ion is shown to highlight
the expected directionality regarding interactions with surrounding components.

The effects of the s-holes follow the order F < <Cl < Br < I. This represents a feasible description of the stability order observed
above. Polizer and co-workers rationalized the stability of XYZ� trihalides in terms of s-hole effects.74 However, Mealli and co-
workers have noted that the s-hole effects must be weak in the formation of I3

� and I4
2�.75 Also, the s-hole bonding description

probably leaves out the polarizing effects of, most relevantly to the topic of this survey, negatively charged anions in the extension of
the tribromide bonding direction. The most clear consequence of that are the recent, X2-rich polychloride, polybromide and poly-
interhalide anions resembling Werner-type coordination compounds. This will be discussed more in detail in the section on poly-
halides below.

1.23.3 Polyiodides

Iodine is unique in the tendency to form extended, catenated structures, so-called polyiodides. Just as for the I3
� ion the bonding in

the neutral, diatomic I2 molecule can as a first approximation be described as the result of s-interaction between the iodine 5p-
orbitals forming a single bond. The bonding scheme of I2 is shown in Fig. 8. This means that the s-anti-bonding orbital (2su

*

MO in Fig. 8) is available for accepting electron density, and thus I2 readily act as an electron acceptor; a Lewis acid.
In this aspect, it is notable that the polyiodides typically are made from only three fundamental building blocks: the I� and I3

�

ions, and the neutral molecule I2. Essentially all polyiodide structures, with very few exceptions, can be rationalized in terms of these
three fragments8 (Fig. 9). Thus, in the polyiodide structures, the ions will act as donors and typically the IeI bond distance in the I2
fragment is elongated as a consequence of the population of its s-anti-bonding orbital. In classical coordination chemistry terms,
the interaction can be regarded as a simple solvation, where the neutral molecule I2 solvates the anions I

� and I3
�. This is a useful

concept, since it also explains the ready exchange of the anions for others, for instance like in the metal-iodide/iodine systems
described later.76
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Fig. 6 Potential energy curves for linear distortion in the X3� trihalide ions; from F3� furthest to the left to At3� furthest to the right; the
conformation with the lowest total energy is set to zero in all systems.

Table 3 Width of the potential energy well of the PES shown in Fig. 6.

X3
� ion Well width at 0.026 eV (kT at 298 K)/Å Well width at 0.4 eV/Å

F3� 0.14 0.64
Cl3� 0.19 0.80
Br3� 0.23 0.98
I3� 0.24 1.04
At3� 0.24 0.99
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In this perspective, either the solvating power of I2 must be unique or the donor capacity of the iodide anion donors exceptional.
Judging from the results in Table 2, the I2

.I� interaction itself does not stand out in strength in comparison with the other halogen-
halide interactions. Instead, it is strong attractive interaction at longer (>3 Å) distances that generates the rich polyiodide chemistry
(vide supra)da few nice highlights are given in Fig. 10.

Nevertheless, the model of solvation justifies the typically used formalism in rationalizing polyiodide structures. For instance,
the examples shown in Fig. 10 can all be broken down into the three fundamental building blocks of polyiodides, in spite of the
complexity of indicated by the stoichiometry. A striking feature is the seemingly boundary-less width of the IeI-contact ranging
from that in the I2 molecule (about 2.7 Å) up to over 4 Å. A statistical analysis of IeI.I contacts showed a rather continuous distri-
bution;57 Fig. 11. There are clear maxima in IeI.I contacts corresponding to intra-molecular distances (I2 and I3

�) and essentially
packing distances (>4 Å). However, all distances in between are also well represented and it is clear that the inter-molecular IeI
bond must be very flexible. This phenomenon is also obvious in the attempts to rationalize the polyiodide structures to fit into
the simple three-fragment solvation model described above; the assignment of an I.I contact in the range 3.0–3.6 Å is sometimes
far from unambiguous. The distance distributions also have implications for the Grotthuss mechanism of conduction; the transfer
of an iodide ion from one polyiodide fragment to another is essentially continuous. The assignment of a specific proton in water to
a specific neighboring water molecule oxygen atom can be problematic, just like the assignment of a specific iodide ion to a neigh-
boring iodine molecule. It likely that a proper analysis of the atom probability distributions in many polyiodide structures could
challenge the assignments made.

The bonding in polyiodides can be regarded as a logical extension from the bonding scheme in the simple I3
� ion, visualized as

a solvated iodide ion of I2
.I� type. Consequently, a pentaiodide ion can be regarded as a (I2)2

.I� interaction, a heptaiodide ion as
a (I2)3

.I�, etc. In relation to the region of difficult bonding assignment between 3 and 4 Å, it is clear that the interaction energy can
be partitioned into several different contributions. The partitioned potential-energy surface is shown in Fig. 12.

Nu–

E+

Fig. 7 Electrostatic potential for the Br3� ion. Taken from Ref. Sonnenberg, K.; Mann, L.; Redeker, F. A.; Schmidt, B.; Riedel, S., Angew. Chem. Int.
Ed. 2020, 59: 5464–5493.

Fig. 8 The p-orbital bonding scheme of I2. The figure is taken from Ref. Svensson, P. H.; Kloo, L., Chem. Rev. 2003, 103: 1649–1684.
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A few characteristics can immediately be noted. First, covalent bonding extends quite far out and is significant out to at least 5 Å.
Second, also dispersion, induction and ion-quadrupolar interactions contribute significantly in the 3–4 Å region. For instance, at an
IeI distance of 3.5 Å, the attractive contributions, in terms of contribution to the total interaction energy, can be partitioned as
follows: 52% covalent, 26% dispersion, 12% induction and 11% ion-quadrupolar interaction. With this in mind, a Grotthuss mech-
anism of ionic conductivity becomes essentially inevitable. In addition, the reason for the “sticky” character of the long-distance IeI
interactions becomes clear. Even the iodide transfer energetics between I3

� ions offer indications for facile superionic conductivity.77

In a structural analysis of polybromides generating an image similar to that in Fig. 10, it appeared that the polybromides are not
characterized by a second long-distance feature in contrast to the polyiodide structures.78 However, with the current and larger
number of structures, in fact the corresponding distance distribution for polybromides highly resembles that of polyiodides, see
Fig. 13, with the difference that the region between distances that can be characterized as intra-molecular and inter-molecular seems
to be much smaller.

In this context, it is appropriate to discuss the bonding in chains of I3
� ions. Although the inter-molecular, attractive forces of

iodine-containing species appears to be significant even at the typical I3
�.I3

� distances of about 4 Å, the repulsive force of the nega-
tive charges on the terminal iodine atoms are expected to dominate. From an MO perspective, the interaction cannot be explained
with a simple donor-acceptor formalism. The chains of triiodides, for instance found in the herapathite compound,79 are thus not
expected to be bound. However, such a view is too simplified in this case. Essentially all known structures of chains of triiodide ions
fall into one of two categories; the triiodides are confined into a host structure, where triiodide-host interactions are significant, or
they contain bridging cations linking the negatively charged ions together. Consequently, chains of triiodide ions are found in struc-
tures, where the surrounding components of the compound place the triiodide ions together at distances balancing the electrostat-
ically repulsive force of the anions. Macroscopically, such an anisotropic molecular arrangement generates anisotropic physical
properties. It is notable that dimers or chains of head-on contacting I3

� ions are rather frequent in confined structures. A theoretical
study of the I3

� dimers show, as expected a repulsive potential-energy surface, and it follows that the surrounding cationic environ-
ment must have a critical influence of both orientation of the linear ions and their inter-ionic distances.80,81 And, keeping the s-hole
effects visualized in Fig. 7 in mind, also electron densities may play a role.

In the last 15 years many new polyiodide structures have been published in refereed journals. Many of these repeat known struc-
tural features and conform to the expected bonding pattern. However, a few new structures call for special attention and the field as
such appears to follow a few new directions, trends, highlighted below. An interesting comparison between polytellurides and poly-
iodides was recently published by Devillanova et al., in which systematization in terms of few structural building blocks proved
more difficult in polytellurides.82 Lee and colleagues made a very thorough structural and theoretical study on aromatic,
organic-polyiodide systems, rating the different types of interactions in such systems.83 The iodine-iodine interactions were deduced
to be the strongest, and thus implicitly the most important structure-directing interaction. Sulfur-containing, organic molecules, or
ligands in metal-containing systems, appear as a successful strategy to form new and interesting polyiodide frameworks. Such an
example is the quasi-cubic structure using a dipyridyldisulfide derivative (see Fig. 14),84 or substituted tetrathiafulvalenes of inter-
esting inherent electrical properties (see more below regarding templating/confinement),85 or thiacyclonanes as ligands to Group-
10metal ions give rise to a rich structural polyiodide chemistry.86 Of course, polyiodide structures can be described in different ways,
as exemplified by the iodine-rich cryptand compound of Pantenburg and co-workers denoted as a mixed I5

� and I8
2� compound,

I–

I2m+1
–

I4m
2–

I3
–

I4
2– I8

2– I12
2– I16

2–

I5
– I7

–
I9

–

I2

Fig. 9 A few polyiodide structures that can be visualized in terms of I2 solvation of the iodide ions. The figure is taken from Ref. Walbaum, C.;
Pantenburg, I.; Meyer, G., Z. Naturforsch. B 2010, 65, 1077–1083.
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where the anions can be further broken down into the three fundamental building blocks.87 In another compound, co-habiting I3
�

and I5
� ions were found.88 Beryllium(II) is a less common cation to be used in coordination chemistry, but in one such compound

a mixture between I3
� and I4

2� was determined.89 In most structures, larger polyiodide fragments tend to be linked into complex
structures, and in this aspect the isolated I12

2� ions reported by Lahtinen and co-workers is uncommon.90 Regarding the structure
shown in Fig. 14, in fact novel insights from the structures of the lighter polyhalides provide another way to rationalize the structure;

just as for the highly X2-rich species [(X�)•6 X 2], X ¼ Cl or Br, I� can be regarded as surrounded by 6 I2 molecules in a quasi-
octahedral configuration with the difference that all I2 molecules are shared to generate a three-dimensional structure.

1.23.4 Trends in polyiodide chemistry

1.23.4.1 Structural confinement

Intercalation of iodide with iodine into a solid zeolite host appears to form various IeI-bonded species, as judged from vibrational
spectroscopic and EXAFS data.91 Yan and co-workers used hydrogen-bonded nucleotide bases to form supramolecular entities with

ribbon-like structures; among them a formal I14
2� entity of [(I3

�)2•4I2] type was observed.
92 Lu and Schauss used a metal-organic

Fig. 10 Some large polyiodide fragments that can be broken down into the three fundamental building blocks I�, I2 and I3�, the structures are
extracted. From Ref. Svensson, P. H.; Kloo, L., Chem. Rev. 2003, 103, 1649–1684.
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framework (MOF) to confine pentaiodide ions with inter-molecular contacts of 3.56 Å and of [(I�)•2I2] type.
93 Since then, several

structures including confinement in MOFs have emerged, such as the one by Hou and co-workers containing zigzag-chains of I3
�

ions, 94 and by others using primarily Raman spectroscopy as analytical tool to identify absorbed iodine in the forms of I3
� or larger

polyiodides�.95,96 It is clear that this type of confined structures may produce materials with interesting optical properties.97 Helical,
metal-ligand systems were also used by both Dance with co-workers and Schröder et al. to template new polyiodide compounds.98–
100 A similar approach has been used by Devillanova and co-workers isolating a series of polyiodides with high I2 content.

101 The
use of the secondary interactions of cations with long aliphatic chains, self-assembling into low-dimensional structures known from
basic colloidal chemistry, is a another strategy producing confined polyiodides.27,102,103 A similar strategy was used by different
groups in series of polyiodide compounds and was denoted dimensional caging.104–106 Templating using cation structures has
also been shown successful.107 A series of substituted tetrathiofulvalenes were used to modulate the dimensionality of the resulting
polyiodide networks in charge-transfer systems,108 and similar approaches based on related and other substituted cation cores have
also been reported.109–111 Recently, also non-halide-containing and cationic metal complexes have been more systematically used
to stabilize new polyiodide compounds.112–114 In this context it can be worth noting that even a simple cation, such as methylam-
monium, generates a highly complex polyiodide phase diagram.115 Some beautiful structures of confined polyiodides are shown in
Fig. 15.

Of course, this type of structural confinement has strong ties to both the very old application of polyiodide systems to tint starch,
but also to other potential applications within mainly optics and electronics. With this in mind, structural confinement based on
various carbohydrate systems is rather frequent, using for instance xylan, cyclodextrins and similar molecular systems 116–125. Also
the formation of polyiodides in carbon nanotubes and graphenes have been studied.126–128 However, most commonly character-
ization is based on spectroscopic observations and the exact assignment of polyiodide units must in some cases be regarded as
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models to explain experimental results. Nevertheless, crystal structure data render considerably higher credibility to the models in
more disordered systems.129

1.23.4.2 Metal-iodide/iodine compounds

As discussed in the section on polyiodides, metal-halide complexes can be regarded as halide donors with respect to the diatomic
halogen molecules. Normally, the donation capacity is lower than for a non-coordinated halide ion. The aspect of donor capacity
was nicely illustrated in the work by Tsipis and Karipidis, where the donor strength essentially follows that shown in Table 2 for the
trihalides; the lighter the element, the larger the electron donation to the X2 unit.

130 It is pertinent to note that metal-halide/halogen
compounds normally are regarded as different from polyhalides with metal-complex cations in that the former type has a halide ion
directly coordinated to the metal ion. The metal ion, coordination center, does not necessarily have to be homoleptic, but the inter-
action with a halogen X2molecule or other polyhalide fragment takes place via a coordinated halide ion. As will be highlighted later,
this has become a central strategy in the bromide/polybromide systems.

Some early work included complex gold iodides as the iodide/triiodide “substitute.” 131,132 Because of the highly similar coor-
dination chemistry of gold and iodine, this is not unexpected.8,132 However, there is a quite a number of compounds of this type.
Typically, the halide ligands are bridged by I2 or other halogen/interhalogen molecules (vide infra). As compared to the “pure” poly-
halides, the weaker metal-halide donor ability tends to give thermally rather unstable compounds. One exception are compounds
isolated with a mercury-hexamethylenetetramine complex.133
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Fig. 13 Distance distribution of BreBr distances in a structural Br3 unit as derived from the Cambridge Structural Database.

Fig. 14 The pseudo-cubic structure described by Devillanova et al. The structure is taken from Ref. Aragoni, M. C.; Arca, M.; Devillanova, F. A.;
Hursthouse, M. B.; Huth, S. L.; Isaia, F.; Lippolis, V.; Mancini, A., CrstEngComm 2004, 6, 540–542.
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Guloy reported a selection of new gold(I)/gold(III) complex compounds, containing I3
� and other halides in layered,

perovskite-like structures.134,135 It is normally rather difficult to isolate the I3
� analogue AuI2

� from iodine-rich reaction media
because of oxidation to gold(III), typically as AuI4

�. In these examples the oxidation is only partial, retaining gold in the þ I oxida-
tion state. Ligand tuning, viz. phosphine-ligand tuning, was used to address this problem by Schmidbaur and co-workers.136 Several
gold(I) compounds were isolated as phosphine gold(I)iodides; some bridged by I2 at iodide-iodine distances of 3.44–3.65 Å. Also,
a triiodide in gold(III) compounds were isolated. Meyer and his co-workers recently reported a series of compounds containing
both Au(I) and Au(III) showing that monovalent gold not necessarily is oxidized by an excess of iodine.73 Iodide-iodine distances
range 3.21–3.81 Å in these structures., where shorter distances are correlated with darker colors. This was also verified by the mixed-
valence gold-iodide/iodine compound reported by Evans and co-workers.137 Gold contact material is typically used in perovskite
solar cells, described in more detail below under applications, where the formation of this type of compounds has been suggested as
a potential degradation mechanism for the devices.138 Dimeric Pd(II)-halide structures are quite stable, and Pantenburg and Meyer
have isolated a compound with an I2-bridged Pd2I6

2� complex, and with an iodide-iodine distance as short as 3.32 Å.139 Also

Fig. 15 Examples of new polyiodide structures in confined environments. In order, taken from Horn, C. J.; Blake, A. J.; Champness, N. R.; Garau,
A.; Lippolis, V.; Wilson, C.; Schroder, M., Chem. Commun. 2003, 3, 312–313.; Horn, C. J.; Blake, A. J.; Champness, N. R.; Lippolis, V.; Schroder, M.,
Chem. Commun. 2003, 13, 1488–1489.; Reiss, G. J.; Engel, J. S., Z. Naturforsch .(B) 2004, 59(10), 1114–1117.; Garcia, M. D.; Marti-Rujas, J.;
Metrangolo, P.; Peinador, C.; Pilati, T.; Resnati, G.; Terraneo, G.; Ursini, M., Crystengcomm 2011, 13(13), 4411–4416.; Lin, J. X.; Marti-Rujas, J.;
Metrangolo, P.; Pilati, T.; Radice, S.; Resnati, G.; Terraneo, G., Cryst. Growth Des. 2012, 12(11), 5757–5762.; Pan, F. F.; Englert, U., Cryst. Growth Des.

2014, 14(3), 1057–1066.; Short, J.; Blundell, T. J.; Yang, S. J.; Sahin, O.; Shakespeare, Y.; Smith, E. L.; Wallis, J. D.; Martin, L., Crystengcomm 2020,
22(40), 6632–6644.
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a Pt(IV) iodo complex with bridging I2 and I3
� units has been reported, with iodide-iodine distances in the range of 3.3 Å.140 By

reacting CuI with I2, Chen and colleagues obtained a similar I2-briged Cu2I6
4� complex.141 The iodide-iodine distance in this

compound is even shorter, 3.02 Å, raising the question whether it should be regarded as a bridging I2 molecule or rather as a coor-
dinated, asymmetric, triiodide ion. Janiak and co-workers used a copper(I)-iodide-based inorganic starch model to obtain a series of
confined polyiodide compounds.142 Different types of copper complexes coordinated by iodide seem to be suitable templates for
iodine bridging,143,144 also involving MOF systems for iodine capture and sensing.145 Because of structural disorder, the nature of
the encaptured, linear polyiodide entities is not fully clarified. Relating to the perovskite structures, Mercier et al. isolated a low-
dimensional lead-iodide structure, where the metal-iodide ribbons are linked by I2 molecules at an iodide-iodine distance of
3.51 Å.146 A similar layered structure with intercalated triiodide ions was described by Chen and co-workers, rendering an optical
semiconductor material.147 In general, the use of bridging iodine or triiodide species has been suggested as a way to close the semi-
conducting gap in molecular compounds.148 Manganese(III) captured in a phtalocyanine ligand was shown to be bridged by I2 via
an asymmetrically bound, terminal iodide ligand.149 The iodide-iodine bond length is 3.42 Å. As a curiosity, the Al13

� cluster can be
regarded as a superhalide ion forming “polyiodides,” as verified bymass spectrometry and calculations.150 Not too different in char-
acter is the extremely iodine-rich W15I47 compound consisting of W5I8

n� (with n somewhere between 1 and 3) and iodides/triio-
dides.151 The tungsten iodide/iodine compounds have proven to be very versatile regarding composition and structure.151–153 A few
examples from these classes of compounds are shown in Fig. 16.

The gold-iodine system was subjected to a high-level calculational study, in which the equatorial interaction of I2 and AuI2
� was

deduced to be of predominantly closed-shell type and containing contributions from secondary interactions at long distance,
making a direct oxidative addition of I2 to form gold(III) less plausible.154 In previous studies, the AuI2

� ion was found to be
remarkably similar to the I3

� ion in terms of internal and external coordination132.
As will be discussed in more detail below under the energy applications section, the occurrence of perovskite solar cells based on

organic-inorganic hybrid perovskite compounds has generated a new field of materials research.155 In these studies, the aim has
been to use iodine or polyiodides to both structurally and electronically connect low-dimensional entities and as a vehicle to
exchange lead for other and environmentally more benign elements. In line with these ambitions, Takaishi and co-workers reported
a series of gold-based perovskites also involving the exchange of AuI2

� for I3
�.156 Shevelkov and his co-workers have reported a series

of such compounds, where iodine or triiodide bridges low-dimensional structural fragments of bismuth(III).157–159 Chen and co-
workers reported a triiodide-bridged low-dimensional structure based on lead complexes,160 and Svensson et al. isolated a series of
iodine/triiodide-bridged low-dimensional lead-based structures with potential application in solar cells.161

1.23.5 Liquids and solvent effects

In an early and thorough study using liquid X-ray scattering and vibrational spectroscopy, Bengtsson et al. showed that sulfonium
iodide ionic liquids with added iodine essentially can be described in terms of iodine-solvated triiodide ions.162 The liquid local
structure has resemblance to the known solid polyiodide structures, but even more to the nearest-neighbor structure of solid iodine.
When the iodine:iodide ratio is increased, on average the connectivity from the triiodide ions to the solvating iodine increases. This
strongly correlates with an increase in conductivity with increasing iodine content.163

In the last 15 years a clear increase in polyiodide studies in ionic liquids can be observed. This is to a large extent caused by the
use of such electrolyte media in DSSCs,164 as well as ambitions to recycle metals (see below under the section on energy applica-
tions). A few examples of more fundamental character are given in this section, and the DSSCs will be handled more thoroughly in
the section on applications. In a comparison of different electrochemical techniques for the determination of triiodide ion-diffusion
constants in ionic-liquid mixtures, it was concluded that the transport was non-Stokesian, i.e., of Grotthuss type.165 A schematic
view of the Grotthuss mechanism of conductivity is shown in Fig. 17. Also, microelectrodes appear to give the most accurate
and reproducible results; also emphasized by later studies.166 In ionic-liquid iodides with added iodine, the formation of polyio-
dides was concluded on the basis of combined electrochemical and vibrational spectroscopic investigations.167 A related study
revealed the formation of polyiodide species in solution as soon as the cation:iodide ratio was increased above 1 by the addition
of iodine.168 The formation of polyiodides was also correlated to an increase in conductivity attributed, once again, to a Grotthuss-
type of charge transport. A recent study employing terahertz spectroscopy, also including effects of ion-pairing, concludes that the
Grotthuss mechanism can enhance conductivity by as much as 50% in rather viscous ionic-liquid media.169 Similar results were
obtained by Abe et al. on the basis of a combined X-ray diffraction and 127I NMR-spectroscopic study.170 From a study of a series
of liquid and solid polyiodides, Dyson and co-workers attributed the higher conductivity of the higher polyiodide systems to
a cation-induced weakening of the IeI interactions in the polyiodide chains formed.171 In this context it is also interesting to
note that the iodine-containing iodide ionic liquids show photoconductivity, and that it increases with iodine content.172 Photo-
conductivity has also been manifested in solid polyiodides.173 Yamada and co-workers recently presented thermocells with high
Seebeck coefficients based on choline iodide/triiodide mixtures showing an increase in ionic conduction of four orders of magni-
tude upon iodine addition.174

Reactive molecular dynamics indicated a low barrier of iodide transfer of the same magnitude as in superionic conductors in
polyiodide ionic liquids.175 These results have also been reported using ab initio molecular dynamics identifying extremely low
barriers of iodide transfer and I4

2� and I7
3� as intermediate structures.176 Taking on another approach, Thapa and Park instead

propose a transfer of I2 to represent a low-barrier mechanism for exchange in polyiodides.177 Theoretical studies of the effects of
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pressure on CsI3 show an expected pressure-induced dissociation of the triiodide ions into chains of iodine atoms rendering
metallic properties and a potential for superconductivity.178 Pressure has also been shown to influence the conductivity in a pen-
taiodide system, potentially indicating a use of such materials in pressure sensors,179 and an iodide ionic liquid was shown to form
triiodide species at high pressures.180 Riedel and co-workers convincingly showed the effects of Br� Grotthuss conduction in Br9

�

ionic liquids.181

Fig. 16 Examples of metal-iodide/iodine structures. In order, taken from Lang, E. S.; Strähle, J., Z. Anorg. Allg. Chem. 1996, 622, 981-984.;
Svensson, P. H.; Rosdahl, J.; Kloo, L., Chem. Eur. J. 1999, 5(1), 305–311.; Castro-Castro, L. M.; Guloy, A. M., Angew. Chem.-Int. Edit. 2003, 42(24),
2771–2774.; Castro-Castro, L. M.; Guloy, A. M., Inorg. Chem. 2004, 43(15), 4537–4539.; Walbaum, C.; Pantenburg, I.; Meyer, G., Cryst. Res. Technol.
2008, 43(11), 1183–1186.; Li, H. H.; Chen, Z. R.; Liu, Y.; Liu, J. B.; Guo, L. Q.; Li, J. Q., J. Mol. Struct. 2009, 934(1–3), 112–116.; Martinez-
Camarena, A.; Savastano, M.; Llinares, J. M.; Verdejo, B.; Bianchi, A.; Garcia-Espana, E.; Bazzicalupi, C., Inorg. Chem. Front. 2020, 7(21), 4239–4255.;
Strobele, M.; Meyer, H. J., Z. Anorg. Allg. Chem. 2010, 636(1), 62–66.; Shestimerova, T. A.; Golubev, N. A.; Yelavik, N. A.; Bykov, M. A.; Grigorieva, A.
V.; Wei, Z.; Dikarev, E. V.; Shevelkov, A. V., Cryst. Growth Des. 2018, 18(4), 2572–2578.
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1.23.6 PolybromidesdAn expanding branch of polyhalide chemistry

The chemistry of triiodides in particular and also other polyiodides or iodide-iodine complexes is very extensive. In contrast, the
corresponding compounds of the other halides used to be very rare. This situation is under rapid change. There are mainly two
factors that need to be considered. First, the knowledge from polyiodide chemistry has been used as a platform, in particular
regarding the use of ionic liquids to stabilize the Br2-rich systems. In this context can be noted that there also exist theoretical studies
on factors promoting polybromide formation in ionic liquids.182,183 Second, a similar strategy involves the extensive use of metal-
bromide complexes to exploit Br2 as bridging units. The latter approach has been so successful in generating new compounds, that it
is almost irrelevant to separate “pure” polybromides from metal-bromide-bromine systems, in contrast to the situation (mainly
generated becasue of historical reasons) in polyiodide chemistry, in the overview.

Among tribromides, only a few structures were known experimentally before 2010.184–188 An outstretched tribromide could be
assigned in a complex structure reported by Kornath and Blecher, in which the two BreBr-distances are about 3.10 and 2.54 Å,

respectively.189 Devillanova et al. isolated a Br4
2� bromide of [(Br�)2•Br2] type.

190 It seems that most knowledge about these
compounds is derived from the analogy to triiodide ions together with theoretical comparisons, as described above. However, there
is, to say the least, an increasing amount of attention devoted to this type of chemistry. A Br10

2� unitdin analogy to the polyiodide

formalism it can be described as [(Br3
�)2•2Br2]dis reported by Cunningham and co-workers.191 Along with some tribromide

structures, Knop and co-workers also revealed the existence of a Br8
2� chain of the type [(Br3

�)2•Br2].
186 The subsequent theoretical

study clearly indicates that the corresponding polybromides are more weakly bound than their polyiodide congeners. A theoretical
study at density-functional level showed that Br3

�, Br4
2� and Br5

� all are analogous to their heavier relatives in terms of structural
units.192 Using a dithiolene compound Devillanova and co-workers isolated a two-dimensional polybromide network of the type

[(Br�)2•3Br2].
193 Also more systematic studies of the formation of polybromide species in solution and solid phases have been

reported on the basis of spectroscopy and calculations.194 Just as for polyiodides, Raman spectroscopy is highly informative.195

Also a three-dimensional network of the type [(Br�)2•9Br2] has been reported, where the structure bears strong relations to the later
isolated Br13

�, see Fig. 18.196,197

It is often claimed that the thermal stability of polybromides is lower than that of the corresponding polyiodides, based on the
expected lower interaction energy of an ionic unit, such as Br� or Br3

�, with Br2.
186,191 Consequently, it is expected that polybro-

mides much more readily lose Br2 and decompose. In this perspective, it is notable that the bromine-rich compound, Br20
2� 196

clearly exceeds the X2/X
�-ratio of the most iodine-rich compound known so far, I29

3�.198 And even more bromine-rich compounds
have been isolated recently, as discussed below. A general reflection is that Br2 appears to be the structure-forming unit rather than
polybromide ions; in contrast to the polyiodide structures, where the triiodide ion is much more common in polyiodide structures.

This hypothesis gains some support from the very recently published Br9
� compound is of [(Br�)•4Br2] type.

199

In particular, the group of Riedel and others has extended our knowledge on polybromide systems extensively the last 10 years.3

Indeed, many polybromide structures can be rationalized in terms of what was learned from polyiodide chemistry, and the early
observation that the Br3

� building block may be less frequent no longer seems valid; see Fig. 19. However, and as alluded to in the
section above on bonding in the polyhalide systems, polybromides (and polychlorides) and in particular polyinterhalides, show
a new feature. Riedel et al. describe the polybromide structures in terms of classical bonding, referring to polyiodide-like, X2-
bridged, structures, and non-classical bonding, referring to structures centered around an X� ion. Of course, the non-classical
bonding patterns can be observed also in polyiodide structures, such as I7

� or I9
�, where a central I� can be regarded as being

solvated by iodine molecules into the polyiodides observed (three and four iodine molecules, respectively). However, the bromide
and chloride ions are much smaller and more polarizing thus offering the possibility to coordinate more X2 molecules, where the
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Fig. 17 A schematic view of the Grotthuss mechanism of conduction.
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maximum known today seems to be represented by an octahedral [(X�)•6 X2] unit with a 6:1 halogen/halide ratio. Having stated
this, it should be noted that mass-spectrometric studies of polyiodides in the gas phase have indicated the presence of I13

�, which
very well can mimic the corresponding structures of the lighter elements.200 Probably, higher ratios can be observed if more X2

molecules can be accommodated in the coordination sphere of X� or if the polyhalide complexes are bridged by further X2 mole-
cules. In this view, the non-classical bonding in fact can be regarded as really classical Werner-type coordination compounds with an
anion as coordination center (Fig. 19, lower two structures). Pichierri made a theoretical study upon such an assumption for [(Br�)
•nBr2], with n ¼ 1–6, and concluded closed-shell interaction with low electron densities.201 Maschmeyer et al. performed a theo-
retical study of bromine-bromine interactions and concluded that monoanions up to Br37

� could be stable.202

In analogy to iodine-bridged metal iodides, also bromine-bridged metal-bromide complexes have been isolated. Such an
example is [(Me3P)AuBr3] bridged by a stoichiometric amount of Br2.

203 In the same article, also a gold(I) diphosphine compound
is reported to contain a Br3

� anion and a Br2 molecule. This is as mentioned above rather unusual, since the presence of an oxidizing
agent, such as Br2 or I2, typically render gold(III) compounds. Heaton and co-workers isolated a few quite Br2-rich platinum(IV)
complexes analogous to many metal-iodide/iodine compounds.204
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Fig. 18 The network structure of Br202� deciphered as [(Br�)2l9Br2]. The structure is taken from Ref. Wolff, M.; Meyer, J.; Feldmann, C., Angew.
Chem. Int. Ed. 2011, 50, 4970–4973.

Fig. 19 Bonding features in polyhalides. Taken from Ref. Sonnenberg, K.; Mann, L.; Redeker, F. A.; Schmidt, B.; Riedel, S., Angew. Chem. Int. Ed.
2020, 59, 5464–5493.
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In recent years, the group of Adonin has successfully isolated a large number of what, in analogy to polyiodide chemistry, can be
described as metal bromide-bromine compounds.11,205 In their 2018 review, Adonin et al. give examples from metal-bromide
complexes of a large section of the periodic table, although their own main contributions show a center of gravity in the Group
15, viz. SbBr6

�, Bi2Br9
3�, BiBr6

3�, etc. The synthesis of these compounds in many cases involves oxidation by bromine. The vast
body of the structures reported can be regarded as Br2-bridged complexes forming a formal Br4

2� entity in the structures. This is
a theme that can be varied extensively. Br3

� entities also appear in the structures reviewed,206 and those structures mimic observa-
tions from polyiodide chemistry, where low-dimensional metal-halide units can be bridged by both X2 and X3

� units; sometimes in
the same structure. The approach seems to be moving towards the stabilization of larger polybromide species, such as Br10

2�.207 The
structural chemistry is rich, and this class of compounds is likely to find interesting applications in the future.

1.23.7 Other polyhalides

The existence of polychlorides is more rare than polybromides, although the strategies from the successful work on polybromides
have been applied also to the lighter elements of Group 17. And the efforts have turned into a gap-filling game with respect to, in
particular, monoanionic species of different size, see Fig. 20. However, as noted in the bonding discussion above, the coordination
chemistry-like behavior of the lighter elements give rise to high X2/X

� ratios.
Rather few trichloride compounds have been isolated in the solid state.208–210 The crystallographically determined trichloride

ions are linear and slightly asymmetric, 2.23 Å and 2.31 Å, and 2.25 Å and 2.34 Å, respectively. The symmetrical stretch vibration
is reported to about 270 cm�1, whereas the data given for asymmetrical stretch vibration differ a bit. However, it appears that the
wavenumber is equal or lower than for the symmetrical stretch vibration, which is rather uncommon and different from what is
observed for the triiodide ion. It is also different from the calculated results for a centrosymmetric Cl3

�, as reported in Table 2.
Matrix-isolation experiments combined with theoretical calculations, similar to those used to isolate trifluoride ion pairs with
alkali-metal monocations, identified trichloride ions with the cations in an asymmetric position similar to what is typically
observed for triiodide ions.211 Evans and Lo also suggested the formation of a pentachloride ion on the basis of vibrational spec-
troscopic data.208 An NQR spectroscopic study on less well characterized trichloride salts show that they are centrosymmetric and
adequately described by the Pimentel bonding scheme proposed for triiodides.212 This investigation was later followed up by
a calculational study.213 Just as for polyiodides, vibrational spectroscopy is a useful tool for the characterization of trichloride
compounds.214 The formation of trichloride in the gas phase has been proposed.215 and more or less well defined polychlorides
have been used as chlorination agents in organic chemistry.216 Just as for polybromides, evidence for the formation of polychlorides
are mounting. A combined spectroscopic and theoretical study indicated the formation of a series of polychlorides from Cl3

� to Cl9
�

in molten chloride/polychloride ionic liquids.217 A two-dimensional polychloride compound of the composition [(Cl3
�)•2ICl2]

has been characterized by Riedel and co-workers.218 Later, the same group also isolated a dianionic species of Cl8
2� composition,

resembling the heavier congeners in terms of a [2(Cl3
�)•ICl2] composition, see Fig. 21.219 As noted for the polybromides, also the

Fig. 20 Crystallographically characterized polyhalides in 2020. From Ref. Sonnenberg, K.; Mann, L.; Redeker, F. A.; Schmidt, B.; Riedel, S., Angew.
Chem. Int. Ed. 2020, 59, 5464–5493.
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polychlorides behave in a more coordination chemistry-like way, where the relatively polarizing Cl� ion can act as a coordination
center for the molecular “solvent”molecules Cl2. Presuming rather weak covalent interaction, and thus directionality to be governed
by mainly electrostatic ligand-ligand repulsion and the molecular size of the dihalogens, it is logical that a formal octahedral [(Cl�)
•6Cl2] species is formed.220 This allows for quite high Cl2-to-Cl

� ratios. The highly successful strategy of using metal-bromide
complexes to stabilize Br2-linked structures, now also seems to emerge for the chloride systems where Cl2 bridges TeCl6

2� in
a low-dimensional structure.221

The polyfluoride chemistry appears more limited than the polychloride one, maybe because it not yet has received the same
attention. Early work involved matrix-isolated trifluorides and theoretical investigations .222,223 Mass spectrometry has been
used to identify F3

� in gas phase.224 Mass spectrometry was also used to determine the dissociation energies of F3
� into F� þ F2

(98 kJ/moldin close agreement with high-level theory) and F þ F2
� (27 kJ/mol).225 The formation of F3

� was postulated in crys-
talline di- and trifluorides doped with rare-earth elements based on X-ray absorption features.226 Failed reactions aimed at trifluor-
ides in solution have been reported.227 The symmetrical stretch vibration of F3

� is assigned to a peak at about 460 cm�1. More
recent studies on CsF interactions with F2 in a cryogenic argon matrix offered vibrational spectroscopic assignments of bands at
461 and 550 cm�1 to the symmetric and asymmetric stretch vibration modes in F3

�.228,229 Matrix-isolation experiments have
also led to the spectroscopic identification of F5

�.230,231 A theoretical study suggests the formation of Cs-polyfluoride crystal struc-
tures at high pressures.232 Some rather early high-level calculations on the F3

� ion identified it as a challenging calculational task
because of significant multi-configurational character. This has been emphasized also later, in particular regarding the semantics of
F3

�.35 A symmetrical stretch frequency, as compared to experiment, was determined by Ault and colleagues, and an FeF bond
distance of 1.74 Å was obtained.233 Later studies have shown hybrid density-functional methods to give reasonable results for
the trifluoride ion in alkali-metal systems.234 Also for the trifluoride ion, Braida et al. used a VB method to get deeper insight
into the bonding properties. Part of the stability of F3

� was attributed to a lone-pair stretching instability of the F2 fragment; a prop-
erty transferrable also to the heavier analogues.235 The old low-temperature work of Ault et al. was very recently revisited and
combined with calculations at coupled-cluster level. The latter study was extended to tetra- and pentafluoride ions as well, essen-
tially re-discovering the structural pattern known from polyiodide chemistry.236 However, the main contribution to the F3

�eF2
bonding was assigned to electrostatic interaction. Covalent catenation in polyfluoride systems may thus be questioned. High-
level calculations were applied to shed light on the coordination and effects of different alkali-metal monocations on the Mþ-
F3

� interaction, and these show a strong dependence on both cation and coordination mode.237 Density-functional studies of
several polyfluorides up to a formal F29

� showed them energetically feasible but sensitive to a loss of F2.
238 In a theoretical study,

Hoffmann et al. identified the most stable configuration of a formal CsF5 system to be an ion pair of more classical Csþ-F5
� type.239

Astatine is a story of its owndand a very short one. Because of the inherent characteristics of radioactivity and rare appearance,
experimental studies are limited. No studies on a triastatide or any polyastatide ions have been found in literature, albeit both the
triastatinium, At3

þ, and tritessinium, Ts3
þ, were theoretically studied at 2-component relativistic level.240 Strangely enough, the

anionic systems do not seem to have been investigated theoretically. A simple presumption regarding a triastatide ion would be
that it is even more inclined to polyhalide formation through “sticky” long-range AteAt bonding. However, this is not necessarily
the case. In the theoretical studies on Period-7 elements in relation to their lighter congeners, a periodic behavior is often identified
rather than a monotonous change along a group; a phenomenon attributed to relativistic effects in superheavy elements.241 The
calculational results shown in Table 3 indicate that polyastatides should be stable polyhalide units, and the results in Fig. 6 suggest
that the potential-energy surface is more similar to polybromides than to polyiodides.

There is a large plethora of interhalogen compounds. Typically, the most electronegative, i.e., lighter, element takes on the
terminal positions, and the heavier Group-17 element can be regarded as the coordination centre.6 Many of the interhalogen
compounds can be described on the basis of classical coordination chemistry, where a central atom is surrounded by ligands in
a Werner-type of complex. Also a trihalide, such as I3

�, can be visualized in such a way. Of course, quite a number of linear
XY2

� ions (X and Y being different halogen atoms) have been reported in literature. However, they contribute little new to our
previous discussion on trihalide bonding. On the basis of established textbook knowledge, stability increases as the central

Fig. 21 The out-stretched and analogous X82� structure going from Cl to I, to which also the polyinterhalide dianions I2Br62� and I4Cl42� be
added. From Ref. Sonnenberg, K.; Mann, L.; Redeker, F. A.; Schmidt, B.; Riedel, S., Angew. Chem. Int. Ed. 2020, 59, 5464–5493.
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atom becomes heavier and the difference in weight between the coordination center and ligand becomes lower. This has also impli-
cations for the prospects of forming interhalogen types of polyhalides. The heavier elements are most prone to bind to polyhalide
species, and since they typically are buried in the center of interhalogenmolecules, they would be expected to show little tendency to
form larger entities.242 Interestingly enough, non-bonded contacts in interhalogen compounds were recently used as an indicator to
identify errors in crystal structure data.243 However, as exemplified below, these expectation have been proven wrong based on
another type of coordination chemistry.

A few examples of extended structures exist, and the numbers increase as a consequence of the boost in polybromide and poly-

chloride chemistry. For instance, the rather complex structure of I3Br4
� is pyramidal of the type [(Br�)•3IBr] and with comparably

short BreBr-contacts (3.36 Å) between the molecular units forming a chain-like structure.244 This polyhalide ion and other inter-
halogen ions were subjected to a rather thorough diffraction, vibrational spectroscopic and calculational investigation.245 Parlow
and Hartl isolated a series of iodine-bromide interhalogen ions, of which A V-shaped I2Br3

� and a two-dimensional layer of I5Br2
�

composition are the most notable.246 In these structures, the I2Br
� ion, linked by Br2 and I2 in the structures, respectively, is claimed

to be the fundamental structural unit. It is not unexpected that an extended structure is based on the I2 bridging unit. A V-shaped

I2Cl3
�, analogous to a pentaiodide, of the type [(Cl�)•2ICl] has also been reported.247 In this case, the ionic units are regarded as

isolated, since intermolecular CleCl-contact exceed the sum of the van der Waals radii. In a series of amide/thioamide compounds
the chlorine-containing I2Cl2

2�, analogous to I4
2�, has been isolated, where the chloride ions take the terminal positions at the ends

of the central I2 unit.
248 In halogenated dithiols, IBr has been noted as a bridging unit.249 A similar structure and a [2(ICl2

�)•I2]
composition with a classical extended X8

2� structure was also reported.250 Using ionic liquids as reaction media, the same authors

also isolated highly similar polyinterhalide compounds in the BreI system.251 An octahalide dianion of the [2(IBr2
�)•Br2] type and

analogous structure has also been reported.252 A complex and disordered structure of I5Br7
2� composition consisting of XY2

� and X2

components has been reported.253 The complicated structure of I5Br4
� seems best rationalized in polyiodide terms as a pentahalide

unit coordinated by two dihalogen molecules, [Br(IBr)2
�•2IBr].254 Considering the possibility of the formation of non-classical

polyinterhalide units similar to the X2-rich polyhalides formed in the polychloride and polybromide systems, it is not surprising
that also Cl(BrCl)n

� ions of this type have been reported.255,256 Following the order proposed for s-hole effects, the BrCl molecules
coordinate the central chloride ions via the Br end of the molecules. An interesting, square-planar, representative of this effect is the
Cl(I2)4

� ions reported by Meyer and co-workers.257 In solution, it is clear that mixtures of the halides give rise to an extensive and
quite complex situation with many coupled equilibria.258 This was also a complication in attempts to use interhalogen systems as
redox couples in DSSCs, where the complex chemistry raises questions upon the exact nature of the active redox agents in the
electrolytes.259

1.23.8 Applications

Two areas have expanded enormously in terms of published scientific articles, in particular involving iodide or polyiodide ionic
liquids: Doping of carbon-based and polymer materials, and halogenation of organic molecules in synthesis. The effects essentially
involve a straightforward oxidation and only the former application will be shortly discussed below.

However, the use of polyhalide systems in two other areas have also grown significantly and involve some special properties of
polyhalides, and therefore these will be more explicitly discussed below together with some more traditional areas of polyhalide
application.

1.23.8.1 Optical applications

One of the oldest applications involving polyiodide chemistry is most likely in quantitative determination of redox-active compo-
nents in solutionsdthe iodometric titration. Very strongly associated with this method of analysis is the phenomenon of iodide/
iodine-tinting of starch, used as a universal indicator of iodine. Several studies have indicated the presence of polyiodide chains
inside the carbohydrate helices as the origin of the intense color observed.260–263 A rather recent study using L-edge XANES in
comparison with model systems of known composition indicated the polyiodide chains in amylose to mainly consist of I5

�.264

It is amazing that the mineral herapathite was successfully used as light-polarizing material for decades until Kahr and co-
workers recently determined its structure.79 The structure of herapathite is shown in Fig. 22. A striking feature of this material is
the chains of triiodide ions giving rise to its anisotropic optical properties. The inter-triiodide distances range from 3.74 to
3.81 Å. The remarkable linear dichroism of herapathite is described as originating from molecular transitions in the triiodide
ions attributable to the confined linear arrangement.265 The luminescent properties of metal-organic frameworks was shown to
be affected by iodine enrichment, thus attributed to the confined polyiodide formation.266

1.23.8.2 X-ray contrast agents

A classical problem in crystallography, in particular for large molecules/unit cells, such as in protein crystallography, is the lack of
phase information. One way to facilitate the crystallographic analysis is to introduce a heavy atomda strong scatterer of X-raysdin
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a controlled way. Either comparably heavy cations, such as Csþ or Gd3þ, or anions, such as the heavier halides, or Xe gas have been
used. These elements are also known from medical X-ray imaging, where, of course, also biological availability must be taken into
account. Recent studies have identified triiodide, for both chemical and physical reasons, to be a good candidate to treat the phasing
problem.267 Both I3

� and I5
� entities were found in the model systems studied.268

1.23.8.3 Triiodide detection

Important advances in the development of a triiodide-selective electrochemical electrode/sensor have been made. One class of elec-
trodes is based on a PVC membrane incorporating an active, with respect to the triiodide ion, metal-complex or organic species.269–
271 The metal-complex-doped membranes often involve salen-like ligands.272,273 The chemiluminescence has found an interesting
application in the detection of level of NO in human red blood cells.274

1.23.8.4 Doping of polymers and carbons

As already noted, the a tetrathiafulvalene triiodide compound was found to exhibit low-dimensional metallic properties.28 One
example of a iodine-doped superconducting organic system based on a selenium-based tetrathiafulvalene showed the presence
of incommensurate I3

� chains and a critical temperature of superconduction at about 8 K.275,276 This is an interesting model system
considering that iodine frequently is used to dope organic polymers in order to enhance hole-conducting properties. The interaction
between iodine and carbon materials is also of interest in potential electronic applications. Carbon nanotubes doped with iodine
were shown to host polyiodides of I3

� or I5
� type.277,278 Shi et al. recently showed how hole-doping levels, and thus the conducting

character of the nanotubes, could be tuned by iodine and the changes could be correlated with the formation of different polyiodide
species inside carbon nanotubes.279 In a high-pressure study, the confined polyiodide species in the carbon nanotubes displayed an
increasing linearization upon increasing pressure.280 The carbon-iodide/polyiodide interface has a special interest because of, for
instance, the development of supercapacitors.281

1.23.8.5 Polyhalides for metal extraction

One of the most classical extraction processes dating back to the 18th century involves that of gold from suitable ores. The procedure
is based on several steps, and one key process is the oxidation of gold in the presence of a suitable complex-forming agent (viz.
cyanide). The combination of oxidation and complex formation using polyhalides, often in the form of ionic liquids, has recently

Fig. 22 The linear triiodide chains in herapathite. The structure is taken from Ref. Kahr, B.; Freudenthal, J.; Phillips, S.; Kaminsky, W., Science
2009, 324, 1407–1407.
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emerged to become a highly successful tool both within metallurgy and within sustainable recycling of several different metals of
strategic importance or value. In these processes, different halides are exploited as the complex-forming agents and the excess
halogen as oxidizing agents.

Starting with gold as an example, Altansukh and co-workers have described a process based on polyiodides in aqueous solution
for the extraction of gold from electronic circuit boards.282,283 These processes have also been used for the extraction of other metals,
such as Ag, Pd, Cu, Co, etc.284,285 Considering the increasing strategic value of rare-earth elements also the recovery of such elements
are of interest, and polychloride systems have been used for the extraction of samarium from magnets.286 Depending on the oxida-
tive power and complex-forming properties of the target elements, fine-tuning of the reactionmediummay be required, as shown in
more fundamental studies by Binnemanns et al.287,288 These efforts also involve tribromide ionic liquids and other elements of
strategic interest in the field of renewable energy, such as gallium and indium.289 Different polyhalide, including polyinterhalide,
ionic liquids were used byMaier and co-workers to dissolve the coinage metals,290 and by Chu and co-workers for the dissolution of
UO2.

291

1.23.8.6 Polyhalides in energy applications

The zinc-bromine (flow) battery receives more and more attention for energy storage of renewable electric energy. The mixture of
bromide and bromine in the electrolyte will inevitably lead to the formation of polybromides. Just as in many electrochemical
devices, ionic liquids have emerged as attractive electrolyte media. In one such study, in situ IR-spectroscopy identified polybro-
mides at the carbon electrode material and the formation of Br5

� was proposed.292–294 Also other battery alternatives based on
halide/polyhalide systems have entered into focus in the recent years. Other examples involve the polysulfide/polyhalide batteries
studied by a few groups,295,296 aluminium-bromine batteries based on polybromide ionic-liquid electrolytes studied by Krossing
and co-workers,297 an aluminium-iodine battery based on ionic liquids,298 a zinc-polyiodide battery studied by Wang and co-
workers,299 as well as a more exotic titanium-bromine battery.300 Mixed trihalides of bromine and iodine have also been used
to boost the performance in zinc- and lithium-polyhalide batteries.301 In general, halogen-based anode systems seem to have ob-
tained a renewed interest in different battery types.12

Historically more well-known are the lithium-iodine batteries, which have found special applications, such as in pacemaker
batteries, because of their typically very sustainable and stable current output. A recent in situ combined electrochemical and Raman
spectroscopic study showed the formation of I3

� and I5
� at the anode.302 A recent theoretical study suggested quite large polyiodide

species to be involved in the electrode processes, such as I11
� and I13

�.303 Semi-liquid polyiodide electrolytes have been suggested to
reduce dendrite formation in lithium-iodine batteries.304,305 Also lithium-bromide batteries have been studied involving the redox
formation of polybromides.306 The role of triiodide and tribromide in lithium-air batteries have recently been elucidated.307

One of the strongest boosts of polyiodide chemistry in relation to redox-active electrolytes can be attributed to the interest in
DSSCs. Ever since the remarkable improvement described by Grätzel and O’Regan in 1991,308,309 redox-active electrolytes based
on the iodide/triiodide (I�/I3

�) system have prevailed. The schematic view in Fig. 23 shows the central role of the liquid redox elec-
trolyte in the photoelectrochemical cell. Recent developments strive to avoid iodine in such electrolytes, mainly because of its
unwanted photochemistry and corrosive nature setting limits to the DSSC stability 310–312. Nevertheless, the I�/I3

�-system seems
to represent a compromise between wanted and unwanted side-reactions that is difficult to out-perform in the ambitions for
commercial solar cells. In a simplified view, the redox activity of the iodine-based system undergoes two essential reactions. The
triiodide ions are reduced at the DSSC counter electrode forming iodide ions. This is a two-electron process highly facilitated by
catalyzing platinum particles adsorbed to the conducting glass substrate constituting the counter electrode. These diffuse to the
working electrode (photoanode), where the iodide ions efficiently regenerate the sensitizing dye.43,45,313 The two-electron process
is here divided in space and time, allowing for a quick electron transfer to the dye. This very property of the iodine system also
retards one of the most problematic side reactions, the unwanted back transfer of energy-rich photoelectrons from the working elec-
trode to the electrolyte triiodide ions. This process becomes extremely slow, allowing the DSSCs to reach high conversion efficien-
cies. Yanagida and co-workers have shown indications of efficient Grotthuss-type of conduction in electrolytes based on ionic liquid
crystals.314,315 However, as noted above, double salts of iodide and triiodide appear to be quite stable, and it was shown that an
unwanted precipitation in some working DSSCs could be attributed to exactly such a compound involving an additive aimed at
blocking the loss of photoelectrons from the working electrode.24 Solution chemistry sometimes gives unexpected reactions.
Another concern regarding losses in conversion efficiencies using the I�/I3

�-redox couple is the observed overpotential with respect
to dye regeneration. Efficient dye reduction of the system requires about 0.5 V “too” high voltage, of course with a reduction in
photovoltage and efficiency as a consequence. However, Boschloo and colleagues recently found that the required overpotential
can be traced to the two-electron character of the redox couple, showing that it is instead the I�/I2

�-system that constitutes the
driving force in dye regeneration, and thus the overpotential is just apparent.44 Schematically, this is shown in Fig. 24. Privalov
and colleagues used density-functional theory to elucidate the electron-transfer mechanism of both organometallic and organic
sensitizing dyes, strongly indicating an outer-sphere, two-step mechanism.45,313 In an experimental study and overview, Meyer
and co-workers arrived at a similar two-step mechanism also highlighting the photoinduced formation of IeI-bonds.316 Ionic-
liquid electrolytes have been used successfully in DSSCs, although the main drawback can be attributed to the relatively high
viscosity of such solvent media.164 The high viscosities cause mass-transport problems at higher irradiation. In order to counteract
this problem, typically 5–10 times higher concentration of iodine is used in ionic-liquid media as compared to organic solvent ones.
This strategy reduces mass-transport limitations but introduces losses because of light absorption by the triiodide/polyiodide
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species in solution and higher losses because of recombination with triiodide in the electrolyte.38 In summary, the polyiodide
chemistry in DSSCs offers benefits and drawbacks but certainly calls for an understanding of the polyiodide chemistry. Recently,
also ionic-liquid systems extending into the field of liquid crystals have been applied to DSSCs and the structure-directing conduc-
tion investigated in detail.169,317–320 Robertson and Tanaka used similar systems forming solid polyiodide electrolytes relying on
the Grotthuss mechanism of conduction.321 In this context it can be noted that formal Br20

2� ionic liquids were recently investigated
in p-type DSSCs.322

Using the DSSC platform, also a new field in solar cell research has emerged starting with halide perovskite materials. Kanatzidis
identified CsSnI3 as an excellent light-absorbing and conducting material highly suitable as photoabsorber in thin-film solar
cells.155,323 The material was quickly replaced by organic/inorganic lead-iodide perovskite and structurally related compounds.324

The field also expanded into other areas, such as light-emitting diodes (LEDs),325 where for instance a nanoring-iodine system emits
white light.326 Although these are iodide (or halide) materials, and not polyiodide (polyhalide) materials, they do involve polyha-
lides in two aspects: Firstly regarding the synthesis of novel perovskite-like materials, where primarily polyiodides have been
exploited.327–332 As mentioned under the section of metal iodide/iodine compounds above, iodine and polyiodides have been
exploited as linkers to generate three-dimensional electronic compounds binding low-dimensional metal-iodide structural units
together.157-159,161 And second, the perovskite-type materials have been shown to be rather unstable, mainly forming Pb(0) and
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Fig. 23 A schematic view of the DSSC, including an I�/I3�-based electrolyte. The scheme is taken from Ref. Hagfeldt, A.; Boschloo, G.; Sun, L.;
Kloo, L.; Pettersson, H., Chem. Rev. 2010, 110, 6595–6663.

EC

E0(l3
-/l-)
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Fig. 24 The two-step redox chemistry of dye regeneration in DSSCs. The scheme is taken from Ref. Boschloo, G.; Hagfeldt, A., Acc. Chem. Res.
2009, 42, 1819–1826.
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oxidized iodide products, where polyiodides indeed are formed. Photodegradation and electrochemical experiments indicate the
formation of polyiodides.333,334 Meyer and co-workers could show the IeI bond formation in bismuth-based analogous materials,
335 and theoretical studies by the groups of De Angelis and co-workers suggest the uncommon features of iodine chemistry,
involving the formation of triiodide ions, can be the cause for the exceptional defect tolerance shown by the perovskite materials.336

Further theoretical studies support the formation of triiodide ions during degradation.337 Regarding bromide-based perovskite
materials, polybromides have been suggested to offer a self-healing mechanism.338 In conclusion, polyhalide species are ominously
present also when not desired.
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Abstract

Organometallic clusters feature the aggregation of several metal atoms and the multi-centered carbon-metal bonding. Here
are various carbon-polymetal bonds and considerable metal-metal interactions within the skeletons. The characteristic multi-
bonding nature enables organometallic clusters to feature unique catalytic reactivity and optical properties. To date,
a plethora of homo- or hetero- organometallic clusters with variable CeMn coordination modes and adjustable nuclear
numbers are reported. This chapter summarizes the development of different types of carbon (sp3, sp2, sp) involved organ-
ometallic clusters. Based on the analysis of the well-defined structures and theoretical calculations, organometallic clusters
show promising applications in organometallic catalysis and luminescent materials.

1.24.1 Introduction

Polynuclear organometallic clusters feature the aggregation of several metal atoms and the involvement of carbon-metal bonds. In
typical mononuclear organometallic complexes, the carbon-metal bonding modes are relatively simple and can be divided into s-
orp-type. However, organometallic clusters always contain various carbon-polymetal bonds withmixed s and p-type carbon-metal
bonding and considerable metal-metal bonding. The characteristic multi-bonding nature enables organometallic clusters to feature
unique synergistic mechanisms and multiple redox behaviors in catalytic reactions. Till now, organometallic clusters are extensively
found as the organometallic reagent, the isolated intermediates of metal-catalyzed organic reaction, and homogeneous or hetero-
geneous catalysts.

On the other hand, the controllable synthesis of organometallic clusters is still challenging due to the variable coordination
modes between different types of carbon (sp3, sp2, sp) and metal atoms, the complex homo- or hetero-metallic cores with adjustable
nuclearity numbers, and the flexible cluster structures in solution. The current investigations on carbon-multimetal bonding and
multi-metallic catalysis mainly rely on the structurally well-defined organometallic clusters. The development of X-ray crystallog-
raphy and theoretical calculations play key roles in the field of organometallic clusters. Thus, this chapter will summarize the struc-
tures and reactivity studies of organometallic clusters classified by different organic ligands.

Many monographs and review articles of organometallic clusters have appeared in the preceding two decades.1 The diverse struc-
tures with high nuclearity numbers and the applications concerned catalysis, electronic or optical materials as well as precursors for
nanoscale materials are extensively reviewed. The chapter on Synthesis, Carbon-Polymetal Bonding and Applications of Organometallic
Clusters is the first time summarized in Comprehensive Inorganic Chemistry. This chapter focuses on the bonding modes of carbon-
polymetal bonds involved in organometallic clusters.
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As a developing research field, significant progress has been made along with the development of structural characterization
methods in the past few years. The metals treated in this chapter are mainly focus on the late transition metals of groups 8–12
and main group metals like Li, Al. This could be ascribed to the requirements of both stable carbon-metal interactions and
metal-metal interactions in the formation of organometallic clusters. Among them, the coinage metals Cu, Ag, Au make up the
majority of organometallic cluster compounds. One reason is the Cu(I), Ag(I) and Au(I) cations with a d10 closed-shell electronic
configuration tend to aggregate together to form polynuclear cluster structures with high nuclear numbers. The other reason is the
CeM bonds of late transition metals are more stable toward moisture and air than those of former ones. Thus, most examples for
this chapter come from the organometallic cluster chemistry of Cu, Ag, Au, Fe, Ru, Os, Co, Rh, Ir, Ni, Pd, Li, and Al.

1.24.2 Alkynyl ligands and alkenyl ligands

Alkynyl ligands are applied to fabricate a large variety of coordination compounds due to their versatile interactions with transition
metal atoms. The negatively charged RC^C� terminal of the alkynyl ligands can coordinate to 3–5(m3–m5) metal atoms via both s

and p bonding in many metal clusters. Not only can the geometric structures of the alkynyl-protected clusters be engineered by the
multiply coordination motifs, the electronic properties, and catalytic reactivity are also profoundly influenced by the delocalization
of the p electrons of alkynyl. As the development of controllable synthetic methods, a series of organometallic alkynyl clusters of
Group 8–12 metals with 3 to more than a hundred nuclear numbers were synthesized. Their structures and properties are summa-
rized in the order of coordination modes as below.

1.24.2.1 Metal alkynyl clusters with m-h1 and m-h1, h2 modes

Polymeric coinage metal alkynyl complexes like [(AgC^CR)n]
7 exhibit low solubility in most organic solvents. A typical strategy to

obtain soluble metal alkynyl complexes relies on the employment of strong coordinative ligands like phosphane. In a tetranuclear
cluster formulated as [M2M’2(C^CR)4(PPh3)n] (M ¼ Ag; M’ ¼ Ag, Au; n ¼ 2,4), the number of phosphane ligands determines the
coordination modes of alkynyl ligands as m-h1 or m-h1, h2. Using cyclopentadienyl (Cp) as a leaving group, [Ag4(C^CPh)4(PPh3)4]
(1) (Fig. 1 Eq. [1]) was prepared by adding LiC^CPh to CpAgPPh3 in 1:1 M ratio.2 The structure consists of a tetranuclear “flat-
butterfly” silver cluster (AgeAg 2.921(1)-3.084(1)Å), with two apical Ag(PPh3)2 moieties connected with the other two “hinge”
Ag atoms by m-h1-C^CPh. Each “hinge” Ag atom is s-bonded to two alkynyl ligands with the CeAgeC angles of 171.6(3)�

and 174.6(3)�. Due to the coordination of two PPh3 ligands, each apical Ag atom is only bonded to the terminal carbon of adjacent
alkynyl ligands. Moreover, the addition of one equiv. silver phenylacetylide to a solution of PPh3AuC^CPh produced
[Au2Ag2(C^CPh)4(PPh3)2] (2) (Fig. 1 Eq. [2]) with a nearly square planar metal tetragon (AueAg 2.894–3.028 Å).3 Each gold
atom is s-bonded to two alkynyl ligands in a nearly linear fashion and each silver atom is coordinated by one PPh3 then p-bonded
to two alkynyl units via a m-h1, h2 mode. Complex [Au4{(C^C)2Fc’}2(PPh3)2] (Fc’]Fe(h-C5H4�)2) is in the same skeleton with
[Au2Ag2(C^CR)4(PPh3)2] but with a tetranuclear gold core with the AueAu distances in the range of 3.003(1)–3.296(1)Å.8

It is noteworthy that RC^C� ligands prefer to p-bond to Ag and s-bond to Au in a m-h1, h2 coordination mode. More signif-
icantly, mixing [(AuPR3)2{m-Ar(C^C)2–1,2}] with AgClO4 at a molar ratio of 2:1 generated [Ag{(AuPR3)2{m-Ar(C^C)2–1,2}}2]
ClO4 (R¼C6H4Me-4).9 The encased Ag ion is p-bonded to four C^CAu fragments through quadruple m-h1 mode. Similarly, two p-
bonded Ag atoms could crosslink three collinear [RC^CAuC^CR]� moieties via triple m-h1, h2 coordination to each Ag, finally
forming gold-silver pentanuclear cluster [Au3Ag2(C^CPh)6]

� (3) (Fig. 1).4 The parallel [RC^CAuC^CR]� anions form an equi-
lateral triangle and two Ag atoms are fixed on the 3-fold axis via triple interactions with six carbon atoms. The trigonal-bipyramidal
Ag2Au3 cluster has six axial-equatorial AgeAu bonds ranging from 2.854(2) to 3.040(1) Å and three long equatorial-equatorial
AueAu distance at an average of 3.95 Å. However, these pentanuclear clusters reversibly dissociate to the linear and polymeric
complexes. In this regard, applying rigid diphosphino-gold cationic species could trap the above-mentioned trigonal-
bipyramidal cluster analogs.6 [{Au8Ag10(C^CPh)16}{(PhC^CAu)2-PPh2(C6H4)3PPh2}2]

2þ, [{Au4Ag6(C^CPh)8}
{(PhC^CAu)2PPh2(C^C)2PPh2}2]

2þ (5), [{Au3Ag2(C^CPh)6}2{AuPPh2(CH2)4PPh2}6]
4þ (Fig. 1) all demonstrated effective

phosphorescence and negligible oxygen quenching, which benefit from the involving C^C moieties with rich metal�metal
contacts in the charge transfer processes and the shielding of the emissive central cluster by the outer shell.

In addition, alkynyl ligands in the m-h1 and m-h1, h2 coordination modes also play an important role in the construction of close-
packed clusters. An anionic cluster [Ag6Cu7(C^CPh)14]

�(4) (Fig. 1) was synthesized through mixing [RC^CAgC^CR]� with
[(AgC^CR)n] and [(CuC^CR)n].

5 This bimetallic cluster contains one internal Cu core with two attached alkynyl ligands, 12
circumjacent metal atoms, and 12 attached alkynyl ligands. The peripheral metal atoms are divided into three rectangles with Ag
and Cu bonded alternately. In each subcluster [Ag2Cu2(C^CPh)4], each Cu atom is s-bonded by two RC^C� in almost linear
fashion and the adjacent Ag atoms are p-bonded by two RC^C� via a m-h1 coordination mode, which is similar with the
[Au2Ag2(C^CR)4(PPh3)2] cluster mentioned above.

In the surface of alkynyl protected gold nanoclusters with a high nuclearity number, the moieties in m-h1, h2 coordination mode
could share the s-bonded and p-bonded Au to constitute linear, L-shaped RC^CeAueC^CR or V-shaped RC^CeAueC^C(R)
eAueC^CR (Fig. 2).10 In 1995, a [2]catenane-[{Au C^CBut}6]2 consisting of two Au6 rings each linked by six m-h1, h2 alkynyl
ligands (6) (Fig. 2) was reported.11 This kind of linking arrangement was later found in many peripheral stable motifs of alkynyl
protected gold nanoclusters. A series of alkynyl-protected gold nanoclusters were prepared by the direct reduction of [AuC^CPh]n
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and other gold salts. The surface binding structures of alkynyl ligands revealed by crystal structure determination showed a typical V-
shaped stable motif in [Au19(C^CPh)9(Hdppa)3](SbF6)2 (Hdppa¼N,N-bis-(diphenylphosphino)amine)12 and L-shaped stable
motif in [Au24(C^CPh)14(PPh3)4](SbF6)2,

13 which could be ascribed to the horizontal or perpendicular orientation of alkynyl
ligands.

Apart from the construction of diverse stable-protected gold clusters, the electronic perturbation through p-conjugated C^C
could modulate the electronic properties of the whole organometallic cluster and then influence their optical absorption,
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luminescence, and catalysis performance. [Au19(C^CPh)9(Hdppa)3](SbF6)2 (7) (Fig. 3A and B) comprises a centered icosahedral
Au13 kernel encapsulated by three V-shaped motifs. Orbital analysis revealed that the HOMO-1 (HOMO ¼ highest occupied molec-
ular orbital) spreads on all C^CPh groups, indicating the dominant participation of alkynyl ligands in the frontier orbitals of the
whole cluster.12 A couple of cluster isomers of [Au23(C^CBut)15]

14 (8) (Fig. 3C and D) both have a Au15 core and two bridging
C^CBut, two linear ButC^CeAueC^CBut and three V-shaped motifs. TDDFT (time-dependent density functional theory) calcu-
lations demonstrated that the Au15 core and V-shaped alkynyl-gold motifs mainly contribute to the HOMO-1, HOMO, and LUMO
(lowest unoccupied molecular orbital) orbitals of the Au23 cluster. [Au24(C^CPh)14(PPh3)4](SbF6)2 (9) (Fig. 3E and F) contains
a Au22 kernel two L-shaped alkynyl-gold motifs, and ten simple bridging C^CPh via a m-h1, h2 coordination mode. Some weak
coupling between the s and d orbitals of the gold core and the p* orbitals of the alkynyl ligands were largely found in the
HOMO orbital. Strong near-IR emission (lex ¼ 380 nm, lem ¼ 925 nm, quantum yield ¼ 0.12) originating from the HOMO-
LUMO transition was found in this double cuboctahedra-cored Au24 cluster.13 [Au25(C^CAr)18]

� (10) (Fig. 3G and H)
(Ar ¼ 3,5-bis(trifluoromethyl)-phenyl) is a cluster analogous to [Au25(SR)18]

�, which share the same Au13 kernel but adopt
different arrangement of the six peripheral V-shaped stable motifs.15 The chiral [Au25(C^CAr)18]

� cluster exhibits a D3 symmetry
due to the steric hindrance of the alkynyl ligands while [Au25(SR)18]

� is achiral. The steric hindrance also causes higher stability
toward H2O2 for this alkynyl-protected Au25 cluster than its thiolate-protected analog. As a result of the introduction of a large
portion of C(p) character to the HOMO-5 and LUMOþ7 orbitals of the cluster, the optical absorption features of
[Au25(C^CAr)18]

� display a different profile in comparison with that of [Au25(SR)18]
�. Similarly, [Au36(C^CPh)24] and

[Au44(C^CPh)28] showed distinctly different UV–Vis spectra with their thiolate-protected analogs [Au36(SR)24] and
[Au44(SR)28] because of the disturbance of their electronic structures by peripheral m-h1 and m-h1, h2 alkynyl ligands.16

More significantly, the surface structures especially the metal-ligand interface can influence the catalytic activities of the cluster.
[Au38(C^CPh)20(PPh3)4]

2þ (11) (Fig. 4A) and [Au38(3-methylbenzenethiol)20(PPh3)4]
2þ contain the same fcc-type Au34 core and

four similar L-shaped stable motifs and 12 m-h1, h2 bridging ligands.17 The two clusters were supported on TiO2 to study the
catalytic performance in the semihydrogenation transformation of alkynes into alkenes. Although the two Au38 clusters are isostruc-
tural, the conversion of the alkynyl protected Au38 clusters was larger than 97% (turnover number up to 88,195 within 24 h; Z-
alkenes selectivity >93%) while the thiolate protected Au38 clusters was inactive (conversion <2%). The facts indicate that the
alkynyl protected clusters have advantages of promoting the dissociation of H2 absorbed on the cluster, which is the key step for
the semihydrogenation of both terminal and internal alkynes in this process. Moreover, the alkynyl protected 62-core intermetallic
cluster [Au34Ag28(C^CPh)34] (12) (Fig. 4B) was used to study the hydrolytic oxidation of organosilanes to silanols by using acti-
vated carbon as a support.18 There are 17 PhC^CeAueC^CPh stable motifs in pentagonal stripes at the outermost layer of the
cluster and the surface alkynyl ligands are readily removed upon thermal treatment, while the metal framework remains intact.
However, the cluster capped with surface ligands has higher catalytic activities than the Au34Ag28 kernel without surface ligands,
which is usually supposed to have more active sites without blocking ligands. More importantly, re-treating the non-ligand pro-
tected cluster with deprotonated terminal alkynes enabled the catalysis to recover. It is evidenced that alkynyl ligands play an impor-
tant role in improving the catalytic activities of the organometallic clusters. [Au144(C^CC6H4F-2)60] is a typical example of m-h1,
h2-C^CR protected gold nanocluster with a very high nuclearity number.19 The A12@A42@A60 shell-by-shell arranged Au114 core is
further enwrapped by 30 linear RC^CeAueC^CR stable motifs. This Au144 cluster keeps the structure intact in solution under
ambient conditions for 6 weeks, implying that the Au-alkynyl stable motifs are also qualified to support large metal nanoclusters.

1.24.2.2 Alkynyl metal clusters with m3-h
1; m3-h

1, h1, h2 and m3-h
1, h2, h2 modes

The m3 coordination mode is adopted by a wide variety of trinuclear metal acetylides and trimer metal moieties in alkynyl-protected
clusters. A typical example is [Cu3(m-dppm)3(m3-h

1-C^CPh)](BF4)2 (dppm ¼ PPh2CH2PPh2),
22 a triangular copper cluster with

each edge bridged by a dppm ligands and one face capped by a m3-h
1-C^CPh ligand. The phenylacetylide ligand shows a bond

angle of 176(2)� and the typical C^C distance of 1.22(2)Å indicates negligible p-interaction. Notably, the three edges of the
triangle Cu3 (2.904(3), 2.813(3), 3.274(3)Å) are shorter than those (3.120(2), 3.127(2, 3.322(2)Å) in [Cu3(m-dppm)3(m3-h

1-
OH)](BF4)2 due to the better s-donation of alkynyl ligands. By capping the other face with a chloride atom, [Cu3(m-dppm)3(m3-
h1-C^CBut)(m3eCl)]PF6

23 contains an isosceles triangular array of Cu3 with shorter CueCu edges (2.791(2), 2.927(2),
2.754(2)Å) than [Cu3(m-dppm)3(m3-h

1-C^CPh)](BF4)2. Moreover, the bicapped triangular Cu3 cluster [Cu3(m-dppm)3(m3-h
1-

C^CPh)2]BF4
20 (13) (Fig. 5A) with a linear m3-h

1 fashion was prepared via adding more HC^CPh. The CueCu distances (average
2.594(3)Å) of the bicapped Cu3C2 system are much shorter than the mono-capped ones. In contrast, the CueC bond lengths
(2.063(18)-2.342(17)Å) of the bicapped Cu3C2 system are significantly larger than the mono-capped ones. This suggests that
the electrons of the three-center-two-electron (3c-2e) Cu3C2 system are more localized at the Cu3 center. More importantly, it
was found that the s-donation of the alkynyl ligands could influence the structures, photoluminescence and electrochemistry of
these bicapped Cu3 clusters.21 Two mix-capped trinuclear copper acetylide complexes [Cu3(m-dppm)3(m3-h

1-C^CC6H4OMe-
p)(m3-h

1-C^CC6H4OEt-p)]PF6 and [Cu3(m-dppm)3(m3-h
1-C^CC6H4OMe-p)(m3-h

1-C^CC6H4NO2-p)]PF6 were synthesized by
treating Cu precursors with 1:1 M ratio of mixed ligands. As the result of the nitro electron-withdrawing group, the CueCu distances
(average 2.674(1)Å) in the nitro substituted cluster is longer than those (average 2.601(1)Å) of the ethoxyl-substituted cluster. The
two mix-capped clusters both show long-lived and intense luminescence in solid state and fluid solutions. However, the nitro-
substituted cluster emitted at a much lower energy (671 nm, 0.2 ms, 298 K) than the ethoxyl-substituted cluster (475 nm,
502 nm, 17.6 ms, 298 K) in the solid state. It is conjectured that the electron deficient 4-nitrophenylacetylide changes the lowest
lying excited states from ligand-to-metal charge transfer (LMCT) to intraligand p / p*(RC^C�) character. The irreversible elec-
trode process upon the oxidation of the nitro-substituted cluster is also in sharp contrast to the quasi-reversible oxidation couple
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Fig. 3 (A), (B) HOMO of [Au19(C^CPh)9(Hdppa)3](SbF6)2,12 Color codes: orange, Au; gray, C; blue, N; pink, P. (C), (D) HOMO-1, HOMO and LUMO of [Au23(C^CBut)15],14 Color codes: orange, dark
green, Au; gray, C; blue, linear “tBueC^CeAueC^CeBut” motif; pink, alkynyl bridge. (E), (F) HOMO of [Au24(C^CPh)14(PPh3)4](SbF6)2,13 Color codes: orange, Au; gray, C; pink, P. (G), (H) HOMO-5
(doubly degenerated) and LUMOþ7 of [Au25(C^CAr)18]�.15 Color codes: orange, Au; gray, C; green, F. From Wan, X.-K.; Tang, Q.; Yuan, S.-F.; Jiang, D.-e.; Wang, Q.-M. J. Am. Chem. Soc. 2015, 137, 652–
655; Wan, X. K.; Xu, W. W.; Yuan, S.-F.; Gao, Y.; Zeng, X.-C.; Wang, Q.-M. Angew. Chem. Int. Ed. 2015, 54, 9683–9686; Guan, Z.-J.; Hu, F.; Li, J.-J.; Wen, Z.-R.; Lin, Y.-M.; Wang, Q.-M. J. Am. Chem. Soc.
2020, 142, 2995–3001; Li, J.-J.; Guan, Z.-J.; Lei, Z.; Hu, F.; Wang, Q.-M. Angew. Chem. Int. Ed. 2019, 58, 1083–1087.
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of Cu(I)Cu(I)Cu(I) / Cu(I)Cu(I)Cu(II) (Fig. 5B) at ca. þ0.33 V vs Fcþ/Fc for the ethoxyl-substituted cluster. Clearly, weakening
the s-donation of the alkynyl ligands would significantly reduce the stability of the Cu3 clusters toward oxidation. In addition, the
bicapped triangular Ag3 analog [Ag3(m-dppm)3(m3-h

1-C^CPh)2]Cl
24 was prepared by the reaction of [(AgC^CR)n] with dppm. At

room temperature, this isostructural Ag3 cluster only has a solid-state emission at 440 nm with a lifetime of 0.43 ms, which is
different with [Cu3(m-dppm)3(m3-h

1-C^CPh)2]PF6 (lem ¼ 494 nm, s0 ¼ 6.5 ms in solution and lem ¼ 493 nm, s0 ¼ 14 ms in solid
state).

Alkynyl ligands can also protect metal clusters as peripheral ligands via the m3-h
1 coordination modes. The first m3-h

1 bridging
alkynyl ligand was reported in 1985. Complex [Cu4(PPh3)4(m3-h

1-C^CPh)4] (14) (Fig. 6) was obtained by treatment of

Fig. 4 (A) catalytic performance of [Au38(C^CPh)20(PPh3)4]2þ in the semihydrogenation reactions.17 Color codes: orange, Au; gray, C; pink, P.
(B) catalytic performance of [Au34Ag28(C^CPh)34] in the hydrolytic oxidation reactions.18 Color codes: orange, Au; green, Ag; gray, C. From Wan,
X.-K.; Wang, J.-Q.; Nan, Z.-A.; Wang, Q.-M. Sci. Adv. 2017, 3, e1701823; Wang, Y.; Wan, X.-K.; Ren, L.; Su, H.; Li, G.; Malola, S.; Lin, S.; Tang, Z.;
Häkkinen, H.; Teo, B. K.; Wang, Q.-M.; Zheng, N. J. Am. Chem. Soc. 2016, 138, 3278–3281.

(A) (B)

Fig. 5 (A) Example of m3-h1 coordination mode in Cu3 cluster.20 (B) Cyclic voltammogram of [Cu3(m-dppm)3(m3-h1-C^CC6H4OMe-p)(m3-h1-
C^CC6H4OEt-p)]PF6 in acetonitrile (0.1 M nBu4NPF6) showing the quasi-reversible oxidation couple. Scan rate: 100 mV/s.21
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[Cu(PPh3)2]BH4 with one equiv. phenylacetylene.28 This Cu4 cluster consists of a tetrahedral metal skeleton bearing four PPh3

ligands at each vertex and four m3-h
1 bridging alkynyl ligands capping to each face. The CueCu average distance is 2.603 Å and

the CueC contacts of the asymmetric m3-h
1 coordination mode are in the range of 2.072(4)–2.380(4)Å. The structure of the

CeCu3 moieties is in line with the trimer ones mentioned above. Two m3-h
1-C^CFc (Fc ¼ ferrocenyl) capped octahedral hex-

anuclear clusters [Ag6(m-dppm)2(m3-h
1-C^CFc)4(CH3OH)2](BF4)2 (16) (Fig. 6) and [Cu6(m-dppm)2(m3-h

1-C^CFc)4(ClO4)2]
were reported.29 Four of the eight M3 (M ¼ Ag, Cu) trigonal planes in the octahedral M6 cluster are capped by the asymmetric
m3-h

1-bonded acetylides. And the equatorial M4 plane is bridged by two dppm ligands. The asymmetric m3-h
1-bonding mode

in Ag6 cluster has one short AgeC distance (2.059(9)–2.099(9)Å) and two longer ones (2.304(9)–2.436(9)Å). Similarly, the
asymmetric m3-h

1-bonding mode in Cu6 cluster has one short CueC distance (1.897(10)–1.898(11)Å) and two longer ones

Fig. 6 Examples of metal alkynyl clusters in the m3-h1 coordination modes. [Cu4(PPh3)4(m3-h1-C^CPh)4],25 [Li4(m3-h1-C^CBut)4(THF)4],25

[Ag6(m-dppm)2(m3-h1-C^CFc)4(CH3OH)2](BF4)2,25 [Ag8M6(m3-h1-C^CFc)12Cl]BF4 (M ¼ Cu, Ag, Au),26 [Au5Ag8(m-dppm)4{1,2,3eC6(C6H4R-
4)3}(C^CC6H4R-4)7]3þ.27
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(2.116(10)–2.230(10)Å). However, no appreciable responses referred to electronic communication between Fc group and the
M6 core are found in the cyclic voltammogram of the m3-h

1-C^CFc capped M6 clusters, which is in contrast with the obvious
responses revealed by the m3-h

1-C^CFc bicapped triangular [Cu3(m-dppm)3(m3-h
1-C^CFc)2]PF6 clusters.30 This could be

ascribed to that the bicapped coordination mode contains more direct electronic interaction. In 2001, it was reported a series
of halide anions templated silver-alkynyl cage-type complexes [Ag14(m3-h

1-C^CBut)12�]Y (X ¼ F, Cl, Br; Y]OH, BF4).
31 The

authors isolated [Ag14(m3-h
1-C^CBut)12Cl]OH when they tried to recrystallize the hard-soluble [Ag(C^CBut)]n in chloroform.

This strategy is proven to be generally applied by adding [NBu4]Br and [NBu4]F to the synthesis of [Ag14(m3-h
1-C^CBut)12Br]BF4

and [Ag14(m3-h
1-C^CBut)12F]BF4 respectively. These molecular Oh symmetric clusters are composed of a halide anion at the

center, a near-regular rhombic dodecahedron shaped Ag14 cage, and 12 peripheral asymmetric coordinated m3-h
1-C^CBut

ligands. Later, it was found that [Ag14(m3-h
1-C^CBut)12](BF4)2 could also be synthesized without templated halide-anions

and the AgeAg distances 2.945(1)Å are equal to the corresponding bonds 2.971(2)Å in the chloride-encapsulated cage.32 More-
over, a [3þ2] addition product 1,2,5-azadiphospholium [Fc(C2HNP2)Ph4]BF4 in the synthesis process of rhombic dodecahedral
[Ag8M6(m3-h

1-C^CFc)12Cl]BF4 (M ¼ Cu, Ag, Au) (17) (Fig. 6) was found.26 The [Fc(C2HNP2)Ph4]BF4 is obtained from the
cyclic addition between the Ph2PNHPh2 in [M2(Ph2PNHPh2)2(MeCN)2]

2þ (M ¼ Cu, Ag, Au) and the HC^CFc. Subsequently,
the Cu(I)-catalyzed azide-terminal alkyne cycloaddition reactivity of the ButC^CCuC^CBut moieties on the surface of the
[Ag8Cu6(m3-h

1-C^CBut)12Cl]BF4 cluster was studied.
33 As expected, 1,4-disubstituted 1,2,3-triazole is isolated in 83% yield after

treating the cluster with benzyl azide.
Moreover, the bimetallic [Au6Ag13(m-dppm)3(m3-h

1-C^CC6H4CH3-4)14]
5þ cluster was prepared by the reactions of

[AgC^CC6H4CH3-4]n with [Au2(m-dppm)2]
2þ.34 The middle part of the cluster is a triangular prismatic framework composed

of six Ag atoms with another Ag atom lying at the center of the triangular prism. Each of the two triangular Ag3 faces is capped
by a symmetrically bonded m3-h

1 alkynyl ligand. And six RC^CeAueC^CeR (R ¼ eC6H4CH3-4) moieties in quasi-linear
arrangements are adjacent to the AgeAg edges of the triangular prismatic core. Three m-dppmAg2 motifs are connected by
RC^CeAueC^C-R motifs forming 12 RC^C-AuAg2 groups in an asymmetric m3-h

1 mode. Just like the triangular clusters, the
Au6Ag13 cluster also shows intense luminescence emission at 560 nm (s0 ¼ 5.66 ms, Fem ¼ 0.112) in solution. Notably, this
light-sensitive Au6Ag13 cluster will photolyze into a more stable [Au5Au8(m-dppm)4{m5-1,2,3-C6(C6H4CH3-4)3}(C^CC6H4CH3-
4)7]

3þ cluster with a penta-metallized aryl core via a m5-C,C,C-h
2, h1, h2 mode (18) (Fig. 6). The cyclotrimerization of the aryla-

cetylide C^CC6H4CH3-4 in to 1,2,3-C6(C6H4CH3-4)3
3� trianions was first found by Chen in early work.27 This m5-C,C,C-h

2, h1, h2

coordination mode will be discussed in 1.14.3.3 vide infra.
Except for the coinage metals, alkynyl-protected poly-lithium clusters also trend to take the m3-h

1 coordination mode. Two tert-
butylethynyllithium clusters, (15) (Fig. 6) and [Li12(m3-h

1-C^CBut)12(THF)4], are isolated from THF-containing solutions.25 The
tetrameric organolithium complex shows a twisted cubane skeleton of Li4C4, in which four vertexes are terminal carbons of the
ButC^C in m3-h

1 coordination modes and the other four vertexes are THF protected Li atoms. This tetranuclear Li cluster could
grow into a dodeca-nuclear one and the two clusters both would effloresce very readily. This Li12 cluster is composed of linear
coupling of three cubane-like Li4 subunits, resulting in four m3-h

1 coordinated ButC^C vertexes and eight m4-h
1 coordinated

ButC^C linkages.
Taking the advantages of flexible conformation, size tunability and cooperative coordination of a class of emerging macrocycles,

azacalix[n]pyridines (Py[n]s), a series of alkynyl centered organometallic clusters with different nuclearity numbers and coordina-
tion modes were captured. In this part, Py[6] and Py[8] encapsulated silver and copper alkynyl clusters with the m3-h

1, h1, h2 and m3-
h1, h2, h2 modes will be introduced. In a typical example [(CF3SO3)1.5Ag3.5(m3-h

1, h1, h2-C^CBut)(Py[6])]þ (19) (Fig. 7),37 the

Fig. 7 Py[n]s captured Ag and Cu clusters with m3 coordinated alkynyl center. [(CF3SO3)1.5Ag3.5(m3-h1, h1, h2-C^CBut)(Py[(6])]þ,25

{[Ag3C^CC^CAg3] 3 Py[8]}4þ,35 {[CuI3CuII(m3-h1, h1, h2-ButC^C)(m-OH)(CH3CN)]3 Py[8]}3þ.36 From Gao, C. Y.; Zhao, L.; Wang, M. X. J. Am.
Chem. Soc. 2012, 134, 824–827; Gao, C.-Y.; He, X.; Zhao, L.; Wang, M.-X. Chem. Commun. 2012, 48, 8368–8370; Zhang, S.; Zhao, L. Nat. Commun.
2019, 10, 4848.
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size of Py[6] is well-matched with a Ag3-acetylide moiety, wherein the Ag3 triangle is situated on the concave surface of the bowl-
shaped Py[6]. The pyridines of the polydentate macrocyclic ligands supply flexible coordination to support one Ag atom h2-bonded
to the ButC^C (AgeC bond lengths: 2.231(6) and 2.372(7)Å) and two Ag atoms s-bonded to the terminal sp-carbon (AgeC bond
lengths: 2.109(6) and 2.126(6)Å; AgeAg bond length: 3.019(1)Å). The {[Ag3C^CR] 3 Py[6]}2þ (3 represents encirclement)
complexes are also applicable to other alkynyls like phenylacetylide.35 Furthermore, di-acetylide such as 1,3-butadiynediide and
1,4-phenylenediacetylide could bridge two Ag3 moieties, consequently generating a clamlike {[Ag3C^CC^CAg3] 3 (Py
[6])2}

4þ and a dumbbell-like {[Ag3C^CeC6H4-C^CAg3] 3 (Py[6])2}
4þ.36 Due to the different lengths of the carbon chain

adapted to distinct face-to-face conformation of the macrocycles, {[Ag3C^CC^CAg3] 3 (Py[6])2}
4þ is arranged in a m3-h

1, h1,
h2 coordination mode and {[Ag3C^CeC6H4eC^CAg3] 3 (Py[6])2}

4þ is in a m3-h
1, h2, h2 fashion. Upon the use of a larger mac-

rocycle Py[8], the Ag3C^CC^CAg3 aggregate can be encapsulated in one parallelogram conformational Py[8] molecule forming
{[Ag3C^CC^CAg3] 3 Py[8]}4þ (20) (Fig. 7).36 And two pile-up Ag3C^CeC6H4eC^CAg3 aggregates are protected by two Py[8]
molecules through sharing one silver atom at each side generating {[Ag5(C^CeC6H4eC^C)2Ag5] 3 (Py[8])2}

6þ. Moreover, by
employing Py[8] as a peripheral ligand, a mixed-valence copper acetylide cluster merging with a copper-oxygen moiety, {[CuI3-
CuII(m3-h

1, h1, h2-ButC^C)(m-OH)(CH3CN)] 3 Py[8]}3þ (21) (Fig. 7),38 is trapped from the Glaser coupling condition. The
acetylide-centered trinuclear copper cluster composed of two s-bonded CuI atoms (CueC distances: 1.892(5)–1.973(5)Å) and
one p-bonded CuI atom (CueC distances: 1.994(5)–2.015(5)Å) while the p-bonded CuI atom is connected with the CuII atom
via a m2-hydroxo. Notably, the significant [dCu(I) / p*

(C^C)] back donation (long CeC distance: 1.241(8)Å and deviated bond
angle: 161.0(5)�) enables the p-bonded CuI atom featuring uneven positive charge, resulting in a remarkably strong oxidation
capacity (E1/2 ¼ 0.77 V vs NHE) of (m3-h

1, h1, h2-ButC^CCuI3)-(m2-OH)-CuI. Consequently, this bi-cluster exhibits high reactivity
in single-electron transfer and hydrogen atom transfer reactions for a broad scope of substrates like alcohol, amine, alkene and even
hydrocarbons with C(sp3)eH bond dissociation energy (BDE) up to 99 kcal mol�1.

Trinuclear group 8 metal clusters have rich reactions with alkynes. For example, ButC^CH can react with Ru3(CO)12 to generate
[HRu3(CO)9(C^CBut)] cluster with a m3-h

1, h2, h2 fashion. And the bridging H atom can be further removed by OH� in CO atmo-
sphere to form [Ru3(CO)9(C^CBut)]� cluster (22) (Fig. 8).39 In the two clusters, the terminal carbon atom of the alkynyl ligand is
significantly close to one s-bonded Ru atom than the other two p-bonded Ru atoms (Ru-Cterminal distances of the protonated
cluster: 1.947(3), 2.207(3), and 2.214(3)Å; Ru-Cterminal distances of the deprotonated cluster: 1.95(2), 2.18(2), and 2.16(2)Å).
And the carbon-carbon bond lengths (1.315(3)Å for the protonated one and 1.27(3)Å for the deprotonated one) are slightly elon-
gated due to the double [dRu / p*(C^C)] back donation. The C^CeC bond angles are also significantly deviated to 141.0(2)� for
the protonated one and 141(2)� for the deprotonated one.

At the surface of the coinage metal nanoclusters with high nuclearity numbers, the Au shell is more trend to take the m2-h
1, h2

bridged stable motifs as mentioned above, but the Ag and Cu shells are usually composed of the m3 coordination modes. Mak and
Wang have reported a class of anion-templated high-nuclearity Ag alkynyl clusters with general cage structures. Here are SO4

2� tem-
plated [Ag21(C^CBut)18(SO4)]

þ (23) (Fig. 9), SiF6
2� templated [Ag24(C^CBut)20(SiF6)]

þ, CrO4
2� templated

[Ag22(C^CBut)18(CrO4)]
2þ (24) (Fig. 9) and [Ag35(C^CPh)28(CrO4)2(TMEDA)4]

3þ (TMEDA ¼ N,N,N0,N0-tetramethylethylene-
diamine).40 In these anion-templated silver clusters, the interstitial anions are encapsulated by the peripheral Ag skeletons which are
composed of alkynyl ligands bridged Ag3 triangles. In addition, two Ag nanoclusters [Ag19(dppm)3(C^CPh)14]

3þ (25) (Fig. 9) and
[Ag25(dpppe)3(C^CPhOMe-4)20]

3þ (26) (Fig. 9) (dpppe ¼ 1,5-bis(diphenylphosphino)pentane) both feature an centered anti-
cuboctahedral Ag13 core and peripheral Ag2 motifs.41 Two alkynyl ligands cap the top and bottom Ag3 triangles of the Ag13 core
via a m3-h

1 mode and the other alkynyl ligands link the peripheral Ag2 units with the Ag13 core via a m3-h
1, h2, h2 mode. In a bime-

tallic Au19Cu30 nanocluster [Au19Cu30(C^CR)22(PPh3P)6Cl2]
3þ (27) (Fig. 9) (R ¼ thiophene-3 or benzene), the alkynyl protected

Cu30Au6 shell surrounds a centered icosahedral Au13 kernel.
42 All the 22 alkynyl ligands function as m3-bridges on the Cu3 or Cu2Au

triangles of Cu30Au6 shell via m3-h
1(Cu), h1(Cu), h1(Cu); m3-h

1(Cu), h1(Cu), h2(Cu); m3-h
1(Cu), h2(Cu), h2(Cu) and m3-h

1(Au),
h2(Cu), h2(Cu)modes. Similarly, in an all-alkynyl protected Ag74 nanocluster [Ag74(C^CPh)44],

43 all 44 phenylethynyl ligands are
coordinated with Ag3 triangles in m3-h

1, m3-h
1, h1, h2 and m3-h

1, h2, h2 modes forming a protective monolayer. The structures
demonstrate that both the Cu and Ag surfaces of the coinage nanoclusters prefer the m3-bridge triangle coordination modes instead
of the m-h1, h2 stable motifs at Au surfaces. The difference could be ascribed to the preference for the linear double coordination of
gold atoms and the energy privilege of creating gold adatoms on the surface of gold nanoclusters.

22

Fig. 8 Example of the m3-h1, h2, h2 coordination mode in [Ru3(CO)9(C^CBut)]� cluster.39
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Fig. 9 Examples of multiple m3 coordination modes in Ag and Cu shells of metal clusters. [Ag21(C^CBut)18(SO4)]þ (Color codes: green, Ag; gray,
C; red, O; purple, S) and [Ag22(C^CBut)18(CrO4)]2þ (Color codes: green, Ag; gray, C; cyan, Cr; red, O),40 [Ag19(dppm)3(C^CPh)14]3þ and
[Ag25(dpppe)3(C^CPhOMe-4)20]3þ,41 [Au19Cu30(C^CR)22(PPh3P)6Cl2]3þ.42 From Bian, S.-D.; Wu, H.-B.; Wang, Q.-M. Angew. Chem. Int. Ed. 2009,
48, 5363–5365; Yuan, S.-F.; Li, P.; Tang, Q.; Wan, X.-K.; Nan, Z.-A.; Jiang, D.-e.; Wang, Q.-M. Nanoscale 2017, 9, 11405–11409; Wan, X.-K.; Cheng,
X.-L.; Tang, Q.; Han, Y.-Z.; Hu, G.; Jiang, D.-e.; Wang, Q.-M. J. Am. Chem. Soc. 2017, 139, 9451–9454.
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1.24.2.3 Alkynyl and alkenyl involved metal clusters with m4-h
1, m4-h

1, h1, h2, h2 and m5-h
1, h1, h1, h1, h2 modes

The alkynyl ligand can also be coordinated to four metal atoms forming the m4 cluster units. For instance, cationic tetranuclear ace-
tylide complex [Rh4(C^CR)(CO)4(PNNP)2]

þ (28) (Fig. 10) (R ¼ p-tol; PNNP ¼ 3,5-bis((diphenylphosphino)methyl)pyrazolato)
composes of a m4-h

1, h1, h1, h2 coordinated center.44 Each tetradentate PNNP ligand can protect two Rh atoms and the two parts are
connected by a p-tolylethynyl. The molecular structure determined by X-ray crystallography shows the four Rh atoms are arranged in
a folded Z-shaped linkage and one wingtip Rh atom has a moderate distance of 2.386(5)Å with the Cb of the Ca^CbR. Meanwhile,
the Ca exhibits tetra-fold interactions with all the four Rh atoms (Rh-Ca distances: 2.151(4), 2.223(4), 2.309(4) and 2335(4)Å),
leading to a m4-h

1, h1, h1, h2 coordination mode.
The m4-h

1, h1, h1, h2 coordination units are also found in some counter-anions linked [C2Ag4] aggregates. A kind of [Ag4C4Ag4]
aggregates, Ag8(C^CeC^C)(NO3)6(H2O)m]n (m ¼ 2, 3), is obtained by the reaction of [Li2(C^CeC^C)] with AgNO3.

50 In the
crystal structure, each terminal carbon atom of the C4

2� anion is capped by a butterfly-like Ag4 basket. In each m4-h
1, h1, h1, h2

coordinated C2Ag4 unit, one Ag atom is p-bonded to the adjacent triple bond of Ca^Cb-Cb^Ca with Ag-Cb ¼ 2.633(8)Å, longer
than the other s-bonded Ag-Ca distances (2.161(8)-2.338(8)Å). The [Ag4C4Ag4] arrays are linked by nitrate groups into a layer, then
further generating a network with the linkage of the remaining nitrate groups. This coordination is stabilized by the inner argento-
philic interactions and the outer ionic network. Likewise, the [C2Ag4] aggregates, [Ag4(C^CBut)(CF3CO2)3(TMEDA)2]n (32)
(Fig. 8), are butterfly-shaped tetrasilver units bridged by C^CBut in a m4-h

1, h1, h1, h2 mode.48 The tetrasilver units protected
by TMEDA could aggregate into a chain structure linked by the CF3CO2

� ligands.
Moreover, taking the advantages of the larger cavity and cooperative coordination of azacalix[8]pyridines (Py[8]), a square-

planar tetranuclear aggregate with a tert-butylacetylide anion center is captured by Py[8] from a suspension of [AgC^CBut]n and
silver triflate (33) (Fig. 10).49 The cluster contains a m4-h

1, h1, h1, h2 coordination mode with p-type Ag-C bonding distance at
2.704(16)Å and s-type Ag-C bonding distances in the range of 2.130(14)–2.430(19)Å. Four-fold argentophilic interactions (AgeAg
edges: 2.941(1) and 2.997(1)Å) support the Ag4 square skeleton. As the alkynyl substrate extended to conjugated 1,3-bis((3-
ethynylphenyl)ethynyl)benzene, two encircled Ag4 clusters in m4-h

1, h1, h1, h2 mode can be bridged by the two terminal alkynyls
with small conformational changes of the Py[8] ligands. The adjustments of the conformation of the macrocycle are essential for the
control of the nuclearity number and cluster geometry.

Alkynyl centered organometallic clusters in the m4-h
1, h1, h2, h2 coordination modes involve double [dM / p*

(C^C)] back
donation like the m3-h

1, h2, h2 coordinated ones. Therefore the C^C bond lengths and C^CeC bond angles will also be

Fig. 10 Examples of multiple m4 coordination modes in metal clusters. [Rh4(C^CR)(CO)4(PNNP)2]þ,44 [CoRh3(RC^CR)3(CO)9],45 [Co4(m4-h1, h1,
h2, h2-C^CCMe3)(dppm)(PPh2)(CO)7],46 [Co4(RC^CR)3(CO)10],47 [Ag4(C^CBut)(CF3CO2)3(TMEDA)2]n,48 [(CF3SO3)
Ag4(ButC^C)(Py8)](CF3SO3)2.49
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significantly influenced by the double p-type coordination. In a typical complex [Co4(m4-h
1, h1, h2, h2-

C^CCMe3)(dppm)(PPh2)(CO)7] (30) (Fig. 10),
46 the Co4 cluster is butterfly-like with a dihedral angle of 135.1�, wherein two

Co atoms are s-bonded to the Ca carbon of the Ca^CbR (CoeC distances: 1.932(7) and 2.001(8)Å) and other two Co atoms
have interactions with both the Ca and Cb (CoeC distances in the range 1.912(9) and 2.306(8)Å). The CeC bond length of the
triple bond is elongated to 1.301(11)Å and the C^CeC bond angle widens to 138.2(9)�. It indicates that the metals of the cluster
and the alkynyl ligands can have richer electron communications with more p-type coordination.

The reaction of tetranuclear Co4, RuCo3, Rh2Co2, Mo2Ir2, W2Ir2, etc. carbonyl clusters with phenylacetylene result in generating
the m4-h

1, h1, h2, h2 coordinated butterfly-like clusters (31) (Fig. 10).47 Here are two s-bonded metal atoms at each side of the
carbon-carbon bond and two p-bonded metal atoms at the two “wings” consisting of a butterfly configuration. The centered
C^C bonds in the products are elongated to longer than 1.40 Å in most examples and the bond angles with the adjacent carbons
are ca. 126�. Moreover, the reaction between Co3Rh(CO)12 and excess of dimethyl acetylenedicarboxylate not only gives the m4-h

1,
h1, h2, h2 coordinated butterfly-like clusters, but also generates a square-shaped CoRh3 cluster [CoRh3(RC^CR)3(CO)9] (29)
(Fig. 10).45 There are two carbon-carbon bonds capping the two faces of the planar array via a m4-h

1 mode as well as one another
carbon-carbon bond m2-h

1 bridging one of the RheRh edges. The carbon-carbon distances in the m4-coordinated mode are 1.411(6)
and 1.428(6)Å with adjacent bond angles of 119.8(4)–120.6(4)�. The carbon-carbon distance in the m2-coordinated mode is
1.290(7)Å with adjacent bond angles of 130.6(4) and 132.5(4)�. This m4-h

2(C), h2(C) featured tetra-metalated carbon-carbon
bond resembles the adjacent double gem-dimetalated carbon-carbon bonding of aryls in Section 1.24.3.1.

A pentanuclear nickel hydride cluster was applied to selectively cleave the C]C double bonds of ethylene, styrene, and isobu-
tylene, generating a pentanuclear nickel carbide and methane, toluene, and propane respectively.51 In the isolation of the interme-
diates in the reactions, the authors find the pentanuclear nickel kernel cooperatively h2 bound to the triple dehydrogenated double
bond of (pHeC]C)3� and h3 bound to the triple dehydrogenated allyl fragment of (CC(Me)]CH2)

3�. The 1.397(5)Å carbon-
carbon bond length of m5-h

1, h1, h1, h1, h2eC]C in [Ni5(
iPr3P)3(m-H)3(C]CPh)(H2C]CHPh)] (34) (Fig. 11) along with

a bent bond angle indicates the maintained double bond character in the reaction intermediates. The multi-activations from the
Ni atoms facilitate the C]C bond cleavage under H2 atmosphere to give carbide and the consequent alkanes.

1.24.2.4 Metal clusters protected by alkynyl ligands in multiple coordination modes

In some high nuclearity numbered or multifarious ligands (polydentate phosphane ligands, acetate ligands, halides, etc.) co-
protected Cu, Ag, and alloy organometallic clusters, the alkynyl ligands will trend to take multiple coordination modes to cater
for the structural stability. Copper alkynyl clusters usually feature more sophisticated structures due to richer coordination geom-
etries than Au and Ag. A homoleptic [Cu24(C^CBut)24] cluster with identical numbers of metal and ligands was reported.52 Here
are five types of coordination modes revealed by alkynyl ligands: m-h1, m-h1, h2, m3-h

1; m3-h
1, h1, h2 and m4-h

1, h1, h1, h2. Later,
a [Cu20(C^CBut)20] cluster was reported and the authors believe the architectures of these homoleptic clusters are associated
with the [(CuC^CR)n] aggregates.

53 Taking the diverse coordination modes and extensive intermolecular interactions of the homo-
leptic clusters as an example, the authors determine the polymeric structures of the insoluble [(CuC^CR)n] solid.

A series of CueAg heterometallic alkynyl complexes were prepared with the assistance of Hdppa and dppm ligands.54 The
alkynyl ligands in hexanuclear clusters [Ag4Cu2(Hdppa)4(C^CC6H4R-4)4](ClO4)2 (R ¼ H, CH3) display m3-h

1(Ag), h1(Ag),
h1(Cu) and m4-h

1(Ag), h1(Ag), h1(Cu), h1(Cu) bonding modes. And three types m3-h
1(Ag), h1(Ag), h1(Cu), m3-h

1(Ag), h1(Cu),
h2(Ag) and m4-h

1(Ag), h1(Ag), h1(Cu), h1(Cu) bonding modes are adopted by the octanuclear clusters
[Ag6Cu2(dppm)3(C^CC6H4R-4)6(MeCN)] (ClO4)2 (R ¼ H, CH3, OCH3, NO2,n ¼ 1). All the clusters show intense luminescence
with emissive lifetimes in the microsecond scale derived from a 3LMCT (C^CC6H4R-4/ Ag4Cu2 or Ag6Cu2) transition. With the
assistance of bis(2-(diphenylphosphino)ethyl)-phenylphosphane (dpepp) ligands, a Ag16Cu9 heterometallic alkynyl cluster,
[Ag16Cu9(dpepp)3(C^CC6H4Bu

t-4)20]
5þ was synthesized. The alkynyl ligands show five types of asymmetric bonding modes,

including m-h1(Ag), h1(Ag), m-h1(Ag), h2(Cu), m3-h
1(Ag), h1(Ag), h1(Cu/Ag), m3-h

1(Ag), h1(Cu), h2(Cu) and m4-h
1(Ag), h1(Ag),

h1(Ag), h1(Ag). This Ag16Cu9 cluster is emissive in the visible to near-infrared region (650-812 nm at room temperature) with life-
times 0.36–0.43 ms derived from the 3LMCT (C^CC6H4Bu

t-4 / Ag16Cu9) transition.
In an alkynyl and acetate ligands consolidated Cu20 cluster [Cu20(C^CPh)12(OAc)6],

55 there are one alkynyl ligand featuring
a m4-h

1, h1, h2, h2 bonding mode, four featuring a m3-h
1, h1, h2 bonding mode and seven featuring a m4-h

1, h1, h1, h2 bonding

Fig. 11 Ni5 cluster with m5 coordinated alkenyl center [Ni5(iPr3P)3(m-H)3(C]CPh)(H2C]CHPh)].51
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mode. This Cu20 cluster could be grafted onto silica by the release of one equiv. of phenylacetylene per cluster, generating immo-
bilized [Cu20(C^CPh)11(OAc)6(OSiR3)] cluster with similar structures. Both clusters are effective catalysts for [3þ2] cycloaddi-
tions (such as “Click” reaction) between alkynes and azides at room temperature. Notably, the unsupported Cu20 cluster could
act as a precatalyst and dissociate into smaller active species under the reaction conditions. But the immobilized Cu20 cluster shows
minor structural changes during the reaction. Meanwhile, the reaction supernatant undergoes no reactivity toward fresh substrates
after removing the supported Cu20 catalyst, indicating no Cuþ ions are leached from the immobilized Cu20 cluster during the reac-
tion process.

The small spherical halides can supply flexible coordination to promote the formation of alkynyl-protected Au/Ag nanoclusters
with multiple coordination modes. Two Ag38 clusters [Ag38(C^CBut)20Cl6(ClO4)12] and [Ag38(C^Cchx)20Cl6(ClO4)10](ClO4)2
(chx ¼ cyclohexyl) bearing the same Ag8Cl6 kernel and the Ag30 shell were synthesized from smaller Ag14 clusters via inner-core
transformation.56 The 20 tert-butylethynide ligands can be divided into three types of ligation modes: 10 m3-h

1, h1, h2, two m3-
h1, h2, h2 as well as eight m4-h

1, h2, h2, h2 and the 20 cyclohexylethynide ligands also contain three groups based on the different
ligation modes: six m3-h

1, h1, h2, six m3-h
1, h2, h2 as well as eight m4-h

1, h2, h2, h2. In the larger bimetallic nanoclusters
[Au80Ag30(C^CPh)42X9]

þ and [Au57Ag53(C^CPh)40X12] (X ¼ Cl or Br),57 here are six m-h1(Au), h1(Au), 12 m-h1(Au), h2(Au),
six m-h1(Au), h2(Ag) as well as 18 m3-h

1(Au), h1(Ag), h2(Ag) in Au80Ag30 clusters and two m-h1(Au), h1(Ag), 15 m-h1(Au),
h2(Ag), three m3-h

1(Au), h1(Ag), h1(Ag), 18 m3-h
1(Au), h1(Ag), h2(Ag) as well as two m3-h

1(Au), h2(Ag), h2(Ag) in Au57Ag53 clus-
ters. In addition, the peripheral alkynyl coordination shell of [Ag112(C^CAr)51Cl6]

3� is consisted of four types of alkynyl-silver
bonding modes: m-h1, symmetric m3-h

1, asymmetric m3-h
1 and even m5-h

1.58

1.24.3 Aryl ligands

The C]C involved CeMn bonds show distinct coordination features from the C^C triple bonds. For instance, alkenyl bridged gem-
digold species are extensively detected in gold-catalyzed reactions.59 The isolated alkenyl bridged diaurated complexes adopt the
[Au2-m-h

1, h2-CbR]CaH2]
þ skeleton (35) (Fig. 12), wherein the Cb of alkenyl usually participate in the coordination. Although

the alkenyl ligands centered organometallic clusters are relatively rare and fragile, the coordination modes of alkenyl ligands could
give insight into the bonding modes of the sp2 carbons in more abundant aryl ligands centered organometallic clusters.

The gem-dimetalated aryl species contain a three-center two-electron moiety with one negatively charged sp2 carbon and
two metal cations. With the involvement of p systems, the stable C(aryl)-M2 groups are extensively found in the di-metal agent
(m-C(aryl)-Al2, m-C(aryl)-Li2) (37, 38) (Fig. 12),60 di-metal catalysts (like m-aryl dicopper catalyst),61 intermediates of metal-
mediated reaction (such as gem-diaurated aryls)62 and products of organometallic complex transformations (such as m-
C(aryl)-Fe2,

63 m-C(aryl)-Ru2 and m-C(aryl)-Os2
64). In addition, C(aryl)x-My(x ¼ 1–3; y ¼ 2–5) moieties can also make up

a broad range of small organometallic clusters with novel structures.

1.24.3.1 Aryl bridged gem-dimetal moieties in metal clusters

The gem-dimetalated aryl species are building blocks for a class of m-h1 aryl connected linear, square, pentagonal, triangular bicon-
ical, and cubic metal clusters. Two gem-dicopper aryl moieties can form a linear tricopper cluster by sharing one Cu atom. An aryl

Fig. 12 Alkenyl and aryl bridged gem-dimetal species.
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bridged organocopper(I) cluster composed of cationic [Cu3Ph2(PMDTA)2]
þ (PMDTA ¼ N,N,N0,N0,N00-pentamethyldiethylenetri-

amine) (39) (Fig. 13) and anionic [Cu5Ph6]
� was found.65 In the Cu3 cations, two phenyls connect three copper atoms Cu(2)

eCu(1)eCu(2a) in a linearly fashion. The phenyl rings are oriented almost perpendicular to the Cu(2)eCu(1)eCu(2a) axis
(86.5� and 83.8�) and the Cu(2)-C-Cu(1) angles of CCu2 moieties are 75.4(2)� and 72.5(2)�. Each of the terminal Cu(2) and
Cu(2a) atoms is protected by one tridentate PMDTA ligand. The triangular biconical [Cu5Ph6]

� anion will be introduced vide infra.
Trinuclear clusters [Au2Ag(mes)2L2]

þ (mes ¼mesityl; L ¼ PPh3 or AsPh3) in similar skeleton with [Cu3Ph2(PMDTA)2]
þwere subse-

quently reported.69 In [Au2Ag(mes)2(AsPh3)2]
þ, the AueAgeAu axis are bridged by two mesityl groups via a m-h1 coordination

mode. The central Ag atom is linear coordinated by two carbon atoms and each of the terminal Au atoms is coordinated by one
bridged carbon atom and one peripheral AsPh3 ligand. The two-electron three-center AueC(mesityl)eAg bond is air and moisture
stable, which may be ascribed to two main orbital interactions. The former shows the involvement of C-M interaction and AueAg
interaction in the 3c,2e� center and the latter is responsible for the perpendicular orientation of the bridging aryl to the metal vector
(36) (Fig. 12). Recently, a cationic organo-copper cluster [Cu4(PCP)3]

þ (PCP ¼ 2,6-(PPh2)2C6H3) with bulky tridentate bisphos-
phane phenyl ligand is reported to feature robust narrow-band green luminescence with a photoluminescent efficiency up to
93%.70 The rhombic arranged Cu4 core involves one rather short CueCu distance, 2.316 Å, which is m-h1 bridged by one phenyl
carbon atom. Such rigid coordination of the Cu4 cluster limits the nonradiative decays and promotes the photoluminescent
efficiency.

The tetramer [Cu4(C6H3(5-Me)-2-CH2NMe2)4] with bridging m-h1 phenyl groups is the first reported arylcopper cluster in
1972,71 in which four Cu atoms are arranged in a butterfly shape with average CueCu distances at 2.38 Å. In each m-C(aryl)-
Cu2 moiety, the plane of the phenyl groups is orientated almost perpendicular to the CueCu axis. Later, [Cu4Mes4(C4H8S)2],

67

[Cu4(2,4,6-iPr3C6H2)4],
72 and [Cu4(C6F5)4]

66 (40) (Fig. 13) with similar structures are also found, indicating the good stability
of the phenyl bridged Cu4 kernels. Moreover, the structures of the reactive lithium phenylcuprate reagents in the formula of
[M2Li2(C6H5)4] are verified to adopt a m-h1, h1 bridging mode in each Li-C(aryl)-M fragment. In 1984, the organo-aurates analog
of organocuprates, [Au2Li2(C6H4CH2NMe2–2)4],

73 was reported. The Au2Li2C(ipso)4 skeleton has a square planar Au2Li2 arrange-
ment with LieAueLi and AueLieAu angles both close to 90�. Notably, the gem-dimetalated aryl moieties take typical asymmetri-
cally coordination modes, wherein the C(ipso) of aryl primarily bond to Au (AueC distances: average 2.06(2)Å) with the near
coplanarity of the two phenyl in PheAuePh arrangements in contrast to the much longer bond distance of C(ipso)eLi (average
2.46 Å). Similar asymmetric m-h1 coordination modes are also found in organocuprates [Cu2Li2(C6H5)4(SMe2)3] synthesized.

74

Fig. 13 The gem-dimetalated aryl species as building blocks for the linear and ring-shaped metal clusters. [Cu3Ph2(PMDTA)2]þ,65 [Cu4(C6F5)4],66

[Cu4(C6F5)4],67 [Au6Ag(trip)6]þ.68

Synthesis, carbon-polymetal bonding and applications of organometallic clusters 1063



Each CuPh2
� unit is bridged by two Li atoms, forming a Cu2Li2 butterfly center with a fold angle of 145.9�. Moreover, the LieCeCu

moieties also take typical asymmetrically coordination modes, wherein the dihedral angle between the CueC bonds and their adja-
cent phenyl planes is only 10.5� in contrast to the much larger dihedral angle of 71.5� between the LieC bonds and their adjacent
phenyl planes.

Polymeric phenylcopper(I) (CuAr)n is widely applied in organic synthesis as organocuprate reagents.75 However, (CuAr)n is
insoluble in common organic solvents due to the high degree of association. Apart from [Cu4Ar4] clusters mentioned before, ther-
mally stable and soluble [Cu5Ar5] clusters are also isolated.67 The small cyclic pentameric arylcopper cluster [Cu5Mes5] (41)
(Fig. 13) shows good solubility in the most common organic solvents. The puckered five-pointed star-shaped ring consists of
five Cu atoms and five m-h1 bridged C(aryl) atoms. The mesitylene groups between coppers take 91.0(5)-105.0(4)� dihedral angles
with the Cu5 plane. [Au5Mes5],

76 featuring similar 10-membered star-shaped kernels with [Cu5Mes5], is synthesized from the reac-
tion between AuCOCl and MesMgBr. The dihedral angles between the mesitylene groups and the Au5 plane are ranging from
85.8(5)-89.7(5)�. [Au6Ag(trip)6]þ (trip ¼ 2,4,6-Triisopropylbenzyl) (42 (Fig. 13) could be the largest m-h1 aryl bridged cluster
ring, in which six gold atoms and six carbon atoms form the rim and the silver atom is located at the center.68 The AgAu6 core
is almost planar with AgeAu distances in the range of 2.797(1)-2.809(1)Å and AueAu distances in the range of 2.795(1)-
2.817(1)Å. Moreover, [Li(THF)4]

þ[Cu5Ph6]
� (43) (Fig. 14) is isolated from the reaction mixture of phenyllithium and CuBr in

THF.78 The five copper atoms are shaped in a “squashed” trigonal bipyramid, in which the distances of Cuapical(ap)-Cuequatorial(eq)
(average 2.449(9)Å) are much shorter than those of the Cueq-Cueq (average 3.151(6)Å). The distinct CueCu edges can be ascribed
to that each of the Cuap-Cueq edges is m-h1 bridged by one carbon atom of the phenyl groups but none of the Cueq-Cueq edges is
bridged. Similar [Li2Cu3Ph6]

� organocopper-lithium cluster is further characterized,79 wherein two axial Cu atoms in [Cu5Ph6]
�

were replaced by Li atoms. Here are also no significant CueCu interactions between the non-bridged CueCu edges in the Cu3
triangle.

Mixed aryl and halide protected copper(I) clusters could be catalytically active species in Ullmann biaryl synthesis, such as an
octahedral arranged [Cu6(2-Me2NC6H4)4Br2] cluster.

80 Four triangular faces of the octahedral are spanned by the 2-Me2NC6H4-
groups by bridging a Cuap-Cueq edge via a m-h1 carbon and bonding to another Cueq atom via a nitrogen atom. The other two
Br atoms symmetrically bridge two opposite Cueq-Cueq edges. Here are four types CueCu edges with different distances, 2.69 Å
bromide bridged Cueq-Cueq, 2.52 Å aryl bridged Cuap-Cueq, 2.58 Å and 2.63 Å unbridged Cuap-Cueq and Cueq-Cueq. More impor-
tantly, quantitative formation of symmetric coupling product N2,N2,N2’,N2’-tetramethyl-[1,10-biphenyl]-2,20-diamine biaryls is
achieved by the reaction of [Cu6(2-Me2NC6H4)4Br2] and CuOTf. However, asymmetric coupling product RC^CR’ (R ¼ 2-
Me2NC6H4-, R’ ¼ -C6H4Me-4) is selectively and quantitatively generated upon heating [Cu6R4R’2], the analog of [Cu6R4Br2].
[Cu6(2-Me2NC6H4)4(4-MeC6H4C^C)2] (44) (Fig. 14) is synthesized by ligand substitution of [Cu6(2-Me2NC6H4)4Br2] with Li
[4-MeC6H4C^C].77 The m-h1 bridged C^C bond is collinear with the central line through the Cu4(eq) plane, thus resulting in
the edge bridged by aryl and the edge bridged by ethynyl sharing one Cueq atom in the triangular face. The author proposes
that through the valence disproportionation of Cu(I), the two kinds of organic groups could bond to the shared copper center
then occur elimination. In addition, octahedral gold cluster [Au6(2-Ph2PC6H4)4]

2þ with a closest AueAu edge of 2.71 Å can
also be prepared with similar aryl ligands.81

1.24.3.2 Aryl involved metal clusters with m3-h
1 mode

The sp2hybridized carbon in aryl ligands canbridgeup to threemetals in some typical clusters. In thepolymeric structures of themesityl
bridgedbimetallic Ag andAu clusters, the ipso carbonof the aryl ligands canbindoneAu center and twoAg atoms at the sides via am3-h

1

coordination mode (45) (Fig. 15).82 In each C(ipso)-AgAuAg group, here are one short AueC bond (2.045(4)Å) and two long AgeC
bonds (2.614(4)Å and 2.530(4)Å). Moreover, in the isolation and structural characterization of dimethyl sulfide solvates of lithium
phenylcuprate reagents, apart from the [Cu4Ph4(SMe2)2] and [Li2Cu2Ph2(SMe2)3] mentioned in Section 1.24.3.1, here are two

Fig. 14 The gem-dimetalated aryl species protected Cu clusters. [Cu5Ph6]�,65 [Cu6(2-Me2NC6H4)4(4-MeC6H4C^C)2].77
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bimetallic clusters [Li3Cu2Ph5(SMe2)4] and [Li5Cu4Ph9(SMe2)4] featuring am3-h
1 (Cphenyl-LiCuLi) coordinatingmode andone lithium

cluster [Li4Ph4(SMe2)4] with a m3-h
1 (Cphenyl-Li3) moiety.74 The two bimetallic clusters can be described as

[Li3CuPh3(SMe2)4]
þ[CuPh2]

� and [Li3CuPh3(SMe2)4]
þ[Li2Cu3Ph6]

�, wherein the [Li3CuPh3(SMe2)4]
þ moiety shares similar skele-

tons (46) (Fig. 15). There are three Cphenyl atoms and three Li atoms making up a distorted six-membered cycle accompanied by
a Cu atom approximately locating at the center of the C(ipso)3 plane. The three phenyl rings are almost perpendicular to the
C(ipso)3 plane, eachwithoneCuatomat the center and twoLi atomsat the sides. In thedistorted tetrahedral Li4 cluster [Li4Ph4(SMe2)4],
each of the four faces is m3-capped by an ipso Cphenyl atom.

1.24.3.3 Aryl ligands with adjacent two or three coordination sites

Aryl ligands can supply two or more carbon anions as coordination sites due to the stability from the delocalization in the aromatic
rings. The poly-deprotonated aryl ligands centers with adjacent coordination sites in organometallic clusters can be synthesized
from the in situ cyclization. Therefore, the isolation of poly-anionic aryl centered metal clusters is usually accompanied by poly-
metal promoted organometallic reactions. For example, in the reaction of polymeric (AgC^CC6H5)n with
[Au2(dppm)2(MeCN)2]

2þ, the phenylacetylide cyclotrimerized into [1,2,3-C6(C6H5)3]
3- trianions, which is m5-h

2(C), h1(C),
h2(C) coordinated by a Au3Ag2 moiety.27 The adjacent three CeAu bonds are almost coplanar with the trianions ring of
[1,2,3eC6(C6H5)3]

3� and the other two CeAg bonds (2.672 Å) are oriented in an anti-conformation.
Taking Py[n]s as a molecular flask, polynuclear silver clusters promoted in situ aromatic cyclization were conducted. In a typical

example, a Py[8] encaged indole dianion-centered Ag4 rectangle with a m4-h
2(C), h2(C) mode is isolated via AgOTf mediated 5-

endo-dig cyclization of o-ethynylaniline.83 The gem-disilver coordinated Caryl carbons are adjacent to each other and both show
pseudo-tetrahedral coordination featuring with a short AgeAg edge. Moreover, taking advantage of the flexible conformation of
the macrocycle capsule, polynuclear silver clusters mediated 6-endo-dig cyclization and cascade cyclization can also be achieved.
Therefore, dianionic quinolinium, 2,20-biindole and benzo[a]carbazole centered Ag4 clusters in the m4-h

2(C), h2(C) coordination
modes are captured accordingly (47–50) (Fig. 16). It is worth noting that the Py[n]s encapsulated polymetalated aromatics show
superb stability upon exposed to air and moisture. It could be ascribed to the three-centered bonding nature in the gem-CAg2
moiety, which involves the sp2 hybrid orbital and pp orbital of C(ipso) atom.

Moreover, using a multi-activation strategy, a series of poly-aurated heteroaromatics with hyperconjugative aromaticity were
prepared.84 The synthesis relies on the intramolecular 5-endo-dig cyclization between the nucleophilic tri-aurated imido group
and the electrophilic s, p-aurated carbon-carbon triple bond. Here is only one gem-diaurated carbon moiety in m4-
h2(C1),h1(C2),h1(N) coordinated tetra-aurated indolium, while two folds gem-CAu2 in m5-h

2(C1),h2(C2),h1(N) coordinated
penta-aurated indolium (51,52) (Fig. 17). The poly-aurated indoliums show superb stability upon exposure to air and moisture.
According to the nucleus-independent chemical shift (NICS) and anisotropy of current-induced density (ACID) calculations, a type
of transition metal involved hyperconjugative aromaticity is found in the poly-aurated indoliums. It worth noting that the gold
substituents perform better hyperconjugation than the traditional main group substituents. It could be ascribed to the multi-
bonding nature of the gem-digold groups inducing a more significant hyperconjugative effect between the Au orbitals and the p

system. Between the tetra- and the penta-aurated indoliums, the penta-aurated one shows smaller bond length alternations in
the five-member ring. This could be ascribed to the double hyperconjugative effect induced better electron delocalization, which
consequently causes the reduction of charge distribution on the N atom and the elongation of the NeAu bond (2.052(11)Å in
the Au4 cluster, 2.062(11)Å in the Au5 cluster). Therefore, such difference in aromaticity accounts for the higher protodeauration
reactivity of the Au5 cluster over the Au4 cluster.

1.24.4 Alkyl carbons as coordination sites

Double deprotonated methylene CH2R2 and carbene, as well as triple deprotonated methyl CH3R and carbyne are capable to coor-
dinate to 2–4 metal atoms by one carbon atom. The adjacent groups of the deprotonated carbon are usually phenyl, PR’3, and
SOR’2, electron withdrawing groups like cyanogroup and carbonyl, electron donating groups like trimethylsilyl, and even one

Fig. 15 Aryl ligands in the m3-h1 bridged coordination modes. [AuAg4(mes)(CF3CO2)4(tht)]n,82 [Li3Cu2Ph5(SMe2)4].74
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hydrogen atom. The novel structures, promising reactivities and intriguing physicochemical properties of these hypercoordinated
carbon centered organometallic clusters enable the studies worthwhile.

1.24.4.1 Alkyl carbon centered metal clusters with m2-h
1 and m3-h

1 modes

A m-h1-bridged diphenyl carbene that connects gem-disilver moieties of triangular or tetrahedral Ag kernels was reported.85 The car-
bene bridged silver clusters [Ag3(R2C)(OTFA)3] and [Ag4(R2C)2(OTFA)4] (OTFA ¼ CF3COO�; R ¼ NMe2-Ph-4) (53) (Fig. 18) are
synthesized by the reaction of diaryl diazo derivatives with silver trifluoroacetate at low temperature. In each carbene bridged gem-
disilver moiety, the carbene acceptor orbital benefits from enhanced back-donation from the two Ag atoms compared to that of the

Fig. 16 Py[n]s encaged indole dianion-centered Ag clusters. Color codes: purple, Ag; gray, green, C; blue, N. From He, X.; Xue, Y.; Li, C.-C.; Wang,
Y.; Jiang, H.; Zhao, L. Chem. Sci. 2018, 9, 1481–1487.

Fig. 17 Poly-aurated indoliums.84
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traditional terminal carbene. The AgeC bond lengths are almost equidiatant in this three-center four-electron bonding mode. More
importantly, the tetra-nuclear Ag cluster could first occur a ligand exchange of OTFA with diaryl diazo, PhCH2NH2 or PhMgBr, then
followed by insertion of AgeC(carbene) bond and oxidation from Ag(I), generating two-electron oxidative coupling organic prod-
ucts and precipitated Ag(0).

The m3 coordinated methylidyne ligands in many metal hydride clusters are mainly generated from bond cleavage. For example,
the reaction of [Ru3Cp3(m-H)3(m3eH)2] with PhCH]NPh at 100 �C results in the cleavage of the C]N bond and formation of m3-
benzylidyne�m3-phenylimido complex [Ru3Cp3(m3-CPh)(m3-NPh)(m-H)2] (55) (Fig. 18).87 The C-Ru3-N moiety is shaped in
a trigonal bipyramid with the m3-C atom and the m3-N atom capping the two faces of the Ru3 triangular. Apart from these, the
m3-CH ligand could also be obtained from the reaction of [Pd2(dba)3] (dba ¼ dibenzylideneacetone), PBut3 and 0.5 equiv.
CHCl3 in toluene via triple cleavage of CeCl bonds.88 The isolated tetrahedral cluster [Pd4(m3-CH)(m-Cl)3(PBu

t
3)4] (56)

(Fig. 18)involves a face capping methylidyne ligand with three PdeC bonds.
Deprotonated sp3 carbons show special stability in coordination to poly gold clusters. In 1988, a [Au3(PPh3)3(m3-h

1-C-PMe3)]Cl
(57) (Fig. 18) trimer was prepared by the reaction of Me3P]CHSiMe3 trimethylphosphonio(trimethylsiylmethanide) with
PPh3AuCl in the presence of CeSi bond cleavage agent CsF.89 In the ylidic carbon atom bridged four-center six-electron moiety,
the three gold atoms are almost equidistant from the center carbon and here are triple AueAu aurophilic interactions supporting
the Au3 triangular. Trinuclear gold(I) compound [(PPh3Au)3(m-O)](BF4) ([Au3O]) can be regarded as a type of strong base. Treat-
ment of [Bis(trimethylsily)methyl](triphenylphosphane)gold(I) with [Au3O] gives a dinuclear compound (Me3Si)2C[Au(PPh3)]2
and a trinuclear compound {(Me3Si)2C[Au(PPh3)]3}(BF4) (54) (Fig. 18).

86 In the penta-coordinated carbon centered trinuclear
gold cluster, the center carbon atom of m3-h

1-R2C
2� moiety is coplanar with two Si atoms and one Au atom. The SieCeSi face

is almost vertical to the two AueAu interactions and three CeAu bonds supported Ce(Au)3 face.

1.24.4.2 Alkyl carbon centered metal clusters with m4-h
1 mode

Metalated m4 methyl carbons can also be divided into tri-radical carbyne and tri-anions R-C3- according to different synthetic
methods. Using two equiv. [Ru3(CO)12] to react with 6,60-dimethyl-2,20-bipydine (Me2bipy) or 2,9-dimethyl-1,10-
phenanthroline (Me2phen) will give a carbyne-type carbon atom capped Ru4 square moiety. Take [Ru6(m-CO)3CO13(m3-H)(m5-Cbi-
pyMe)] as an example,90 the m4-h

1-C-Ru4 fragment shows square-pyramidal skeleton with one Ru4 basal square and one carbon
vertex.

Tetra-aurated R-C3- methyl carbon is a class of extensively existed molecular pattern in small gold organometallic clusters. In
1988, Schmidbaur reported the first tetra-aurated methyl in (Me3SiF2)2[Au8(PPh3)6(Me2C3H2ON-C)2] (58) (Fig. 19),

92 wherein
takes advantage of the acidity of the R-CH3 group of 2,4,4-trimethyl-4,5-dihydrooxazole toward nBuLi. The terminal R-C3- carbon

Fig. 18 The m2 and m3 coordinated carbene, methylidyne and anionic methyl ligands. [Ag4(R2C)2(OTFA)4],85 {(Me3Si)2C[Au(PPh3)]3}(BF4),86

[Ru3Cp3(m3-CPh)(m3-NPh)(m-H)2],87 [Pd4(m3-CH)(m-Cl)3(PBut3)4],88 [Au3(PPh3)3(m3-h1-C-PMe3)]Cl.89
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Fig. 19 The m4-h1 coordination mode with tri-anionic methyl. [Au4(PPh3)4(m4-h1-CR)](BF4),91 (Me3SiF2)2[Au8(PPh3)6(Me2C3H2ON-C)2],92 [Au8Ag4(PPh2py)8(CH3CN)2(CCN)2](BF4)6,93 {Au4Ag4(PPhpy2)4[m4-CC(O)
R]}(BF4)5.94 From Pei, X.-L.; Yang, Y.; Lei, Z.; Wang, Q.-M. J. Am. Chem. Soc. 2013, 135, 6435–6437; Pei, X.-L.; Yang, Y.; Lei, Z.; Chang, S.-S.; Guan, Z.-J.; Wan, X.-K.; Wen, T.-B.; Wang, Q.-M. J. Am. Chem. Soc.
2015, 137, 5520�5525.
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is coordinated to four gold atoms of the Au4 plane in roughly equal bond lengths. Later, [Au4(PPh3)4(m4-h
1-CMe)](BF4) and

[Au4(PPh3)4(m4-h
1-CH)](BF4) were isolated.91 The [Au4(PPh3)4(CH)](BF4) was synthesized by the reaction of [Au3O] with

Me3SiCHN2 by the loss of N2 and desiylation. The CeAu4 moiety adopts a distorted square-pyramidal structure with the carbon
atom as the vertex and quadruple AueAu interactions as the square plane. Subsequently, tetra-aurated sulfur ylide
complex {Au4(PPh3)4[m4-h

1-CeS(]O)eMe2]}(ClO4)2 was reported, which is similar to the tri-aurated phosphorus ylide complex
[Au3(PPh3)(m3-h

1-C-PMe3)]Cl.
95 The identical square-pyramidal coordination is revealed in this tetra-aurated sulfur ylide

complex with the carbon atom lying 0.86(1)Å out of the center of the Au4 basal plane. Apart from the tri-aurated phosphorus ylide
complex, tetra-aurated phosphorus ylide complex {Au8[CH(NC8H9)]4[m4-h

1-C-P(Ph2)Me]2} is also successfully constructed by the
reaction of digold amidinate precursors with the neutral ylide CH2]P(Ph2)Me.96 In this distorted Au8 cube, the opposite upper and
lower faces are capped by two m4-hypercoordinated ylide carbon atoms which are placed 0.755 Å from the Au4 basal plane. The
successful synthesis of these tetra-aurated methyl mainly relies on the affinity between gold and carbon atoms and the involvement
of acid-base reactions. A type of Ag(I) involved oxonium Au(I) cluster [OAu3Ag(PPh2py)3](BF4)2 (PPh2py ¼ diohenylphosphino-2-
pyridine) was adopted as base to deprotonate the weakly acidic H atoms of acetonitrile in result of generating a Ag-m5-NCC3�-Au4
moiety.93 The isolated [Au8Ag4(PPh2py)8(CH3CN)2(CCN)2](BF4)6 (59) (Fig. 19) contains two basic Au4Ag2 units dimerized by
double Ag-m5-NCC3�-Au4 fashions. The continuous generation of H2O from the reaction of oxo ions and CH3CN was verified
by 1H NMR spectra, indicating the basicity of the oxo ions is one of the important driving force in the deprotonation-
metalation process. Another driving force for auration can be the strong carbophilicity of gold due to relativistic effects.97 The car-
bophilicity of gold is further verified by the selective auration of the eCH3 rather than the more reactive eNH2 or eOH with
[OAu3Ag3(PPhpy2)3](BF4)4.

94 [OAu3Ag3(PPh2py)3](BF4)4 could activate C(sp3)eH bonds under mild conditions for a series of
methyl ketones, generating m4-C-Au4 centered {Au4Ag4(PPhpy2)4[m4-CC(O)R]}(BF4)5 (60) (Fig. 19) heterometallic clusters. More-
over, the terminal methyl group is aurated in preference to the secondary C(sp3)eH bonds of 3-methylbutanone, which may be
ascribed to the stability of m4-C-Au4 structures.

1.24.5 Conclusion

This chapter provides an account of reported organometallic clusters, mainly with metals of Group 8–12. The transition metals
featuring variable orbitals can construct multiple carbon-metal bonds and metal-metal interactions. From the minimal carbon
bridged clusters like alkynyl centered trimers and gem-dimetallic species to several units composed of ring-shaped, geometry-
shaped and high-nuclear numbered organometallic clusters, there are substantial examples with well-defined structures. The
isolation of different ligand involved clusters with adjustable nuclear numbers and cluster transformation have been the focus
of organometallic clusters studies in the past few years. However, to date applicable multi-metal mediated synthetic strategies
are rarely explored. This could be ascribed to several hurdles in the catalytic mechanism studies of multi-metallic catalytic reactions.
First, the actual role of the known organometallic clusters in the catalytic cycle, active species or “dead-end,” needs to be classified.
Whether the clusters defined by X-ray crystallography will keep their structural integrity in reaction solution should be further moni-
tored by multiple methods. Second, we need deeper comprehension of the bonding modes between the poly-metallic catalytic sites
and a substrate. Comparing with the systematic bonding rules of mono-nuclear organometallic species, the bonding nature in the
most common carbon-polymetal bonds still lacks comprehensive studies. Third, typical elementary reactions in the polymetallic
catalysis need to be established, like the oxidative addition, reductive elimination, and migratory insertion in mononuclear
metal-catalyzed reactions. By using instrumental analytical methods like synchrotron radiation and the improvement of theoretical
and computational chemistry, researchers are able to study the cluster-involved reaction kinetics within nanoseconds as well as the
complex structural changes in the cluster-involved elementary reaction. There is no doubt that the organometallic cluster chemistry
will open a promising future for organometallic catalysis and synthetic methodology.
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