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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-], 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
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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 new materials 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 CeO, or Fe,O3 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 CO; 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 'H and '>C, 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 > ') 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 been made 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 the materials. 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 Jons Jacob
Berzelius (1779-1848) (see Fig. 1A). Between 1822 and 1841, he published annually “Jahresbericht tiber 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 Wohler (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 Hoft-
mann.' 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 Elémen-
taire de Chimie, présenté dans un ordre nouveau et d'apres 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 Wohler for showing that the organic compound, urea
(H,N),CO, 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, Wohler
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 Ill, Volume 1 https://doi.org/10.1016/B978-0-12-823144-9.00180-1 1
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Fig. 1 (A) Jons 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 (iber die Fortschritte der physischen Wissenschaften.” (A) Reproduced under the terms of the CC 0 license https://creativecommons.
org/publicdomain/zero/1.0/.
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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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Fig. 3 Alfred Werner (1866—1919). ETH-Bibliothek Ziirich, Bildarchiv. Reproduced under the terms of the CC BY-Sa 3.0 license https://
creativecommons.org/licenses/by-sa/3.0/.

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.”

1.01.2 Inorganic chemistry in the 20th century

The development of inorganic chemistry in the 20th century has been excellently reviewed by McCleverty.” As he notes, the progress
often rests on the shoulders of the discoveries made in other disciplines. For instance, the advance on modern 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. McCleverty” 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. Schrodinger). With the
exception of Ehrenfest and Jordan, they all won Nobel prizes in physics. The early history of quantum mechanics 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. Miller 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 1.
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Organic Chemistry 15 %

Fig. 4 The classification of Nobel prizes in different subdisciplines of chemistry.®

Joliot-Curie in 1935). The chemical interpretation of bonding and its significance in molecular 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 McCleverty’ and Chivers and Konu.” This is exemplified by
crown-ethers® and their s-block metal complexes,” which paved the way to the Noble prize of Cram, Lehn, and Pedersen about
20 years later.

The oxidation of O, by N. Bartlett using the very reactive gas PtFs unexpectedly resulted in the formation of (O,)[PtFs].'® Since
the first ionization energies of O, and Xe are similar, Bartlett assumed that xenon could be oxidized using PtF. His experiment of
mixing colorless xenon and red PtF; to form immediately yellow solid is well described by him'' 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) model'” originally formulated by Gillespie and Nyholm'* based on the paper by Sidgwick
and Powel.'” While VSEPR is powerful in predicting molecular geometries of main group compounds, its theoretical basis has not
been clear. Gillespie'® has utilized the AIM approach to rationalize the justification of electron density distribution around atoms
on which the geometries of the molecules are dependent. He also extended electron-counting principles to main group rings, chains,
and cages, which are electron-precise or electron-rich.'”

Wade’s rules provide another approach to utilize electron-counting principles to deduce molecular geometry.'® 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 carboranes'’ and tran-
sition metal clusters,”® 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.
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Table 1 Nobel prizes awarded in themes involving inorganic chemistry.®

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 Discovery of Grignard reagent

P. Sabatier 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 1. Joliot-Curie Synthesis of new radioactive elements

1944 0. 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. 0. 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 Development of DFT method

J. A. Pople 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

1.01.3 Current trends in molecular inorganic chemistry
1.01.3.1 General

The important opinion papers by Chivers and Konu,” Power,”’ and Yam?”? 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 Konu’ 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.” Some of them will also be introduced below, since they are discussed in Volume 1 of Compre-
hensive Inorganic Chemistry IIL
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(») (B)

Fig. 5 Oxidation of xenon by platinum hexafluoride.'? (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.”

Alternative energy Medicinal

New aspects of bonding New reagents in synthesis sources New materials  Catalysis chemistry
- Multiply bonded compounds - Bimetallic reagents - Hydrogen storage - Electronics - Lactic - Chemotherapy
- Biradicals - Weakly coordinating anions - Solar and thermoelec-  industries polymerization - Radionuclide
- Homoconjugation and - Ligand-stabilized polycations of isolated tric energy - Nanomaterials - Organic therapy

homoaromaticity p-block elements - Inorganic synthesis - Contact lenses
- Metal-metal bonding in s- - Low-coordinate main group element polymers

block metals centers - Chemical

- Activation of small molecules Sensors

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(w)-np(w) (n > 3)
overlap. In 1981, however, West et al.>> and Yoshifuji et al.”* 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.”” > 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]phenyl®' and 2,4,6-tris(2-propyl)phenyl’” [see
Chart 1A and BJ.

Heavy Group 14 element analogs of alkynes (RMMR; M = Si, Ge, Sn, Pb) have also been prepared and structurally character-
ized.”” 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 R;M = MR; (M = Si, Ge, Sn, Pb;
R = is the protective organic group) show pyramidal bonding geometry. In the similar fashion, while —C=C- is linear, the higher
congeners are bent. These differences in the bonding environments have been discussed in terms of Jahn-Teller effect’” and are
shown in Fig. 6.

In case of the heavy Group 14 elements, the distortion of the geometry from the planar (R;MMR;) 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
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Fig. 6 The orbital interactions upon distortion of (A) the planar structure (Dap) to frans-pyramidal (Czp), and (B) the linear structure (D p) to frans-
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bent structure (Cop)

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 ¢ bonds of a, 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 ¢ bond and two = bonds, ultimately becomes two
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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 o-bond. The behavior of
heavy Group 15 elements is analogous to that of Group 14 elements.

Heavier Group 14 and Group 15 atoms form multiple bonds with chalcogen atoms. Lawesson’s and Woollins' 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.?” They have also been called soft-soft, closed-
shell, nonbonding, semi-bonding, non-covalent, weakly bonding, or o-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 elements 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.*” Chalcogen bonds have also recently been defined by IUPAC"® and have been reviewed on several occasions.”*~
*7 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.**~>"

Whereas halogen bonds can mainly be rationalized in terms of electrostatic o-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 n*(D) — ¢*(E-X) with the lone pair orbital of the electron donor atom D overlapping with the anti-
bonding ¢* orbital of the E-X bond (E = heavy p-block element; X = 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 ¢(E-X) and ¢* (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-

38-41
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Fig. 7 (A) Surface electrostatic potentials of 1,2-I,(CF),, SeFCl, PH,Cl, and GeHsBr.*"*2 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 » — ¢* interaction between the Lewis base Br~ and the formal
Lewis acid CBrs.*" (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.

level MO calculations have increased the understanding of these interactions. Early literature on theoretical calculations is reviewed
by Pyykko’® with more recent literature discussed by Zheng et al.>”

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 d'%-d'® [M(I) in Group 11 or M(II) in Group 12], s*-s*
[M(T) in Group 13, M(II) in Group 14, or M(III) in Group 15] or d®-d® [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 d'°-d'® interaction can be explained by the simplified molecular orbital description,
which is shown in Fig. 10.°° The mixing of the empty (n + 1)s orbital with the filled d orbitals leads to the stabilization of the
bonding 1o orbital and to a smaller extent of the antibonding 2 orbital. It can be seen from Fig. 10 that the (n + 1)s contribution
to the 1o orbital is 11.0, 8.8, and 2.6% for Cu, Au, and Ag, respectively.

1.01.3.4 Small-molecule activation

Power”" 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, H; 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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complexes.°® The initial step in both activations involves oxidative addition (see Fig. 11). It was argued by Power’' that this is
a consequence of the small energy separation between the HOMO and LUMO in the heavy p-block compounds.

Spikes et al.®® have shown that ArGeGeAr {Ar = [2,6-'Pr,(C¢H3)],CsHs )} reacted with H, at ambient temperature and pressure to
afford ArHGeGeHAr, ArH,GeGeArH,, and ArGeHs. Their relative yields depend on the initial molar ratios of the reactants. The
related reaction with ArSnSnAr gives exclusively ArSn(u-H),SnAr.®” 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.°” have shown that while electrophilic
diaminocarbenes are inert towards molecular hydrogen, the more nucleophilic alkylaminocarbenes activate H, under mild condi-
tions probably involving oxidative addition in the similar manner to that in ArtMMAT 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.®’



12 Introduction: Significance of molecular inorganic chemistry

(G (B)
n.(a) m(a,) N Ao
(ORI ©r

a =) @ﬂ of M®:<_ o
H@ X
O @

Fig. 11 (A) The interaction of o(H—H) (HOMO) of Hp with n,. (LUMO) of ArMMAr (M = Ge, Sn; Ar = moderately bulky aromatic group), and the
back-donation from 7(HOMO) of ArMMAr to o*(H—H) (LUMO) of H,. (B) The related interaction of H, with the d orbitals of the transition metal.'
Reproduced with permission from Power, P. P., Nature 2010, 463, 171-177. @ 2010 McMillan Publishers Limited.

In 2006, Welch et al.”® reported the first metal-free reversible activation of H, 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.”®

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

can accept electron density from the bonding o orbital of H; resulting in the cleavage of the H—H bond and the formation of both
P—H and B—H 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 CO,, as well as the generation of solid-state FLP catalysts, as reviewed recently.

1.01.3.5 Weakly coordinating anions

p-Block elements can form polyatomic cations, such as E4>* or Eg?™ (E = 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 MFs~ (M = As, Sb) (for two reviews, see refs. 72, 73).
The advent of weakly coordinating anions (WCAs) stems from the search of “noncoordinating” anions”* to improve the stability of
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Scheme 2 Reversible metal-free activation of H,.”°

E
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Fig. 12 Simplified hypothetical orbital interactions and charge transfer in the activation of Hy by a FLP.
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Fig. 13  Crystal structure of [Aga(Ses)(02S)4][AI(OC(CF3)3]4l2.”®

materials containing such cations. However, WCAs have also had impact on areas like olefin polymerization, lithium battery tech-
nology, and ionic liquids.” [Aga(Ses)(028)4][Al(OC(CF3)3]4], is an example of the use of WCAs in stabilization of otherwise
unstable cations (see Fig. 13).

Krossing and Raabe’* 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 Li*-ions in non-polar solvents, which is important in Li*-ion catalyzed organic transformations,
such as in Diels-Alder reactions. Air- and moisture-stable [Ag(PPhs)|"[CB;1HgBrg] ™ is considered to be the best catalyst for hetero
Diels-Alder reactions.”®! The use of WCAs in supporting electrolytes in cyclic voltammetry enhances the solubility of the polyca-
tionic products and hinders inadvertent oxidization.”*! 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.”* 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.”””"”® The increased stability, however, leads to the reduction of the biradical char-
acter. These kinds of species are designated as biradicaloids.”®~%°

The biradicaloid nature is exemplified by (RBPR’,); (see Table 4).°' (PhBP'Pr,), and (‘BuBP'Pr,), both have 22 valence elec-
trons. Their B,P, 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) A are significantly longer than the
B—B single bonds. Upon controlled modification of the substituents on boron and phosphorus, it was observed that the four-
membered B,P, ring is folded and the transannular B- - - B becomes shorter (see Table 4). The B—B distance is the shortest in
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Table 3 Some examples of commonly used weakly coordinating anions.”*

Borate-based anions

[B(GeFs)a]l™
Carborane-based anions

[CB11HsClg] [CB11HMesCls] ™
Fluorinated alkoxymetallates Teflate-based anions

.-\\“/‘ .o 0

[AHOC(CF3)3}a]~ [Sb(OTeFs)e]
Anions from Lewis acid-base reaction

g ofS

[Sb2F11]7 [Sb3F16]7

the case of (PhBPPh;), [1.835(2)] approaching that of the single bond. At the same time the folding is the most pronounced.
Scheschkewitz et al.®" have discussed the factors affecting the folding.

The electronic structures of the four-membered cyclic molecule S,N, and it isoelectronic cations E;** (E = S, Se, Te) have been
under extensive discussion. S$;N, is formally a 67 aromatic molecule, but it has been shown to be only a 27 aromatic system.®’
Several reports conclude that the ground-state wavefunction of S;N) 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.®

The situation in the square-planar E;>" (E = S; Se, Te) cation is somewhat different with that in S,N,. The positive charge is
delocalized over all chalcogen atoms, and the two main biradical structures.

®
E—E E—E®

[ L
E—E@ ®

contribute equally to the wavefunction.®’ It was inferred that the biradical character of these cations are comparable to that of Os.
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Table 4 The influence of the substituents on boron and phosphorus on the biradical nature of (RBPR’,),.%'

Compound rap (4) 6 (°)? B---B#) PP
(PhBP'Pr,), 1.8915(16)-1.8942(16) 180.00(8) 2.563(2) 2.7861(6)
(‘BuBPPry), 1.8904(14)-1.8933(17) 180.00(9) 2.559(2) 2.7868(6)
[(2,3,5,6-Me4CgH)BP'Prs], 1.8879(10)-1.8891(11) 133.38(4) 2.2405(17) 2.7924(3)
(‘BuBPPhy), 1.8859(17)-1.8956(17) 115.50(5) 1.989(2) 2.7498(6)
[(2,3,5,6-Me4CgH)BPEt ], 1.8910(19)-1.8952(18) 114.72(8) 1.892(3) 2.7615(6)
(PhBPPhy), 1.893(5)-1.897(4) 114.07(18) 1.835(8) 2.7833(16)

1.01.4 Volume 1 of Comprehensive Inorganic Chemistry lll

The first edition of Comprehensive Inorganic Chemistry®* 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.%° 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.
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Table 5 Themes of the nine volumes in Comprehensive Inorganic
Chemistry 11 (CIC 11).3

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

Solid-state materials, including ceramics and minerals

Porous materials and nanomaterials

Homogeneous catalytic applications

Surface inorganic chemistry and heterogeneous catalysis

Coordination and organometallic chemistry

Theory and methods

O oo N O

Table 6 Themes in Comprehensive Inorganic Chemistry IlI.

Volume Theme

1 Synthesis structure and bonding of inorganic molecular
systems

2 Bioinorganic chemistry and homogeneous biomimetic

inorganic catalysis
Theory and bonding of inorganic non-molecular systems
Solid-state inorganic chemistry including supramolecular
Inorganic materials chemistry
Heterogeneous inorganic catalysis
Inorganic electrochemistry
Inorganic photochemistry
NMR of inorganic nuclei
Xray, neutron and electron scattering methods in
inorganic chemistry

— O o N U W

o

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 by more 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
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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 d'9-d'°, d8-d8, and s>-s> 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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8Se2 1,5-Diselenacyclooctane

983 1,4,7-Trithiacyclononane

1083 1,4,7-Trithiacyclodecane

1284 1,4,7,10-Tetrathiacyclododecane

1484 1,4,8,11-Tetrathiacyclotetradecane

1684 1,5,9,13-Tetrathiacyclohexadecane

16Se4 1,5,9,13-Tetraselenacyclohexadecane

18S6 1,4,7,10,13,16-Hexathiacyclooctadecane
248e6 1,5,9,13,17,21-Hexaselenacyclotetracosane
2488 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

[BAT"4]~ [{3,5-(CF3),CsH3}4B]~

bbp 2,6-Bis(benzimidazol-2-yl)pyridine

bpy 2,2’-Bipyridine

bpydo 2,2’-Bipyridine N,N’-dioxide

4,4'-bpy 4,4'-Bipyridine

4,4'-bpydo 4,4'-Bipyridine N,N’-dioxide

‘Busacac 2,2,6,6-Tetramethyl-3,5-heptanedione
‘BuOacac tert-Butyl 3-oxobutanoate

‘BuO,acac Di-tert-butyl malonate/di-tert-butyl propanedione
Bz Benzyl

4-CICgH,tpy 4’-(4-Chlorophenyl)-2,2":6/,2"-terpyridine
CMA Calcium magnesium acetate

CN Coordination number

4-HO,Cpy 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-Pr,CgHs

depe 1,2-Bis(diethylphosphano)ethane

depeO, 1,2-Bis(diethylphosphano)ethane dioxide
dien N'-(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

dppbO, 1,4-Bis(diphenylphosphano)butane dioxide
dppbz 1,2-Bis(diphenylphosphano)benzene

dppe 1,2-Bis(diphenylphosphano)ethane

dppeO;, 1,2-Bis(diphenylphosphano)ethane dioxide
dppeeO, 1,2-Bis(diphenylphosphano)ethene dioxide
dppm Bis(diphenylphosphano)methane

dppmO Bis(diphenylphosphano)methane monoxide
dppmO, Bis(diphenylphosphano)methane dioxide
en Ethane-1,2-diamine

Hacac 2,4-Pentanedione

[HBpz3| ~ Tris(pyrazolyl)borate

[emim] " 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-Me, 3,5-Dimethylpyrazole

Hpz-3,5-Ph, 3,5-Diphenylpyrazole

Hpz-4-CO,H 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

H'Butfacac 1,1,1-Trifluoro-5,5-dimethyl-2,4-hexanedione
Hjadip Adipic acid (hexanedioic acid)

Hjboa 4-(Carboxymethoxy)benzoic acid

H,edt Ethane-1,2-dithiol

H,iQ 1,2-Dihydroisoquinoline

4-H,Npy 4-Aminopyridine

Hjpc Phthalocyanine

H,pin® 2,3-Bis(trifluoromethyl)perfluorobutane-2,3-diol

Hgtabht 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

H)tmtaa 5,14-Dihydro-6,8,15,17-tetramethyldibenzo|b,i][1,4,8,11] tetraazacyclotetradecine
H,tpp 5,10,15,20-Tetraphenylporphyrin

H,tppBr 5,10,15,20-Tetrakis(4-bromophenyl)porphyrin
H,tpp‘Bu 5,10,15,20-Tetrakis(4-‘butylphenyl)porphyrin
iQ Isoquinoline

Mestacd 1,4,7-Trimethyl-1,4,7,10-tetraazacyclododecane
Megtacd 1,4,7,10-Tetramethyl-1,4,7,10-tetraazacyclododecane
Megtrien 1,1,4,7,10,10-Hexamethyltriethylenetetramine
5,5'-Me,bpy 5,5'-Dimethyl-2,2-bipyridine
2,9-Mesphen 2,9-Dimethyl-1,10-phenanthroline
2-Mepy 2-Methylpyridine

4-Mepy 4-Methylpyridine

3,5-Me,py 3,5-Dimethylpyridine

MeOjacac Dimethyl malonate/dimethyl propanedione
4,4'-(MeO),bpy 4,4'-Dimethoxy-2,2’-bipyridine

Mes Mesityl

NBO Natural bond orbital

NLO Non-linear optical

pentagm 2,5,8,11,14,1 7-Hexaoxaoctadecane

phen 1,10-Phenanthroline

Phjacac 1,3-Diphenylpropane-1,3-dione

pip Piperidine

pipz Piperazine

pmdeta N'-(2-N,N-Dimethylaminoethyl)-N",N? N?-trimethylethane-1,2-diamine (N,N,N’,N”,N"’-
pentamethyldiethylenetriamine)

pn Propane-1,3-diamine

py Pyridine

pym Pyrimidine

pyz Pyrazene

quin Quinudlidine

salen N,N-Bis(salicylidene)ethylenediamine

seth Selenanthrene

tacd 1,4,7,10-Tetraazacyclododecane

tacn 1,4,7—Triazacyclononane

teg 2,2’-((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-2'-yl)phen 3-(Thiophen-2’-yl)-1,10-phenanthroline
thp Thiophene

tht Tetrahydrothiophene

tmbp 4,4’,5,5'-Tetramethyl-2,2’-biphosphinine

tmeda 1,2-Bis(dimethylamino)ethane

tmpda 1,3-Bis(dimethylamino)propane

tpy 2,2':6’,2" -Terpyridine

trien N',N"-(ethane-1,2-diyl)bis(ethane-1,2-diamine)
tripodSes 1,1,1-Tris(methylselenomethyl)ethane

Tripp 2,4,6-PrsCeH,

TROP [5H]|Dibenzo[a,d]cyclohepten-5-yl

tth Thianthrene
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Abstract

This article surveys the coordination chemistry of the main group metals (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(IIT) 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-TI), 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,'~'* aluminum including speciation in solution and under physiological conditions,'”~** group 13 metals
Ga-Tl including precursors for chemical vapor deposition (CVD) materials,”**°~*" group 14,***® group 15,””~* and tellurium-
centered compounds.®~®” With an emphasis on ligand-types, the following reviews cover the coordination chemistry of the main
group elements with phosphane, arsane and stibane ligands,’® with amidinate and guanidinate ligands,°” with tripodal amido
ligands,70 with ligands derived from (XPR,)(YPR';)NH acids (X, Y =0, S, Se; R, R’ = alkyl, aryl, OR),71 with o-diimine ligands,72
with semicarbazone and thiosemicarbazone ligands,n’74 with anionic scorpionate ligands,75 with boraamidinate ligands,76 with
imido ligands,””~”? with nitrido ligands,*° with ene-diamido ligands,” with formazanate ligands (formazan = Ar'-NH-N=CR-
N=N-Ar?),*' with amidoborane ligands,"” with bis(phosphinimino)methanide ligands,® with N-heterocyclic imines®* and N-
heterocyclic carbenes,®*®> and with sterically demanding monodentate amide ligands.*® Tan and Garcia have reviewed the use
of mechanochemical methods in main group metal chemistry.®’

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)®**” with searches made using Conquest v. 2021.3.0 and v. 2022.1.0%® and figures drawn using Mercury
2021.3.0 and v. 2022.1.0.°° We have also sourced data from the Inorganic Crystal Structure Database (ICSD, v. 4.7.1, data release
2021.2).”" 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.”> > 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 NHz, RNH,, RsN

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)¢]Cl,, it is possible to store
9.1% hydrogen by weight in the form of ammonia.’® 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 1 metal complex cations [Li(NH3)3]",”” [Li(NH3)4]*,””'9% [Na(NH3)4] ™, %% [K(NH3)6] 7, '*% [Ko(NH3)10(u-NH;z), >+,
and [Rby(NH3)4(p-NH3)4]**.'% The increase in coordination number with size of metal ion is as expected. The 3-coordinate
[Li(NH3)3]" occurs (along with [Li(NH3)4]") in the salt Li;B;,H;,+7NH; and is stabilized by additional Li---H-B contacts in
the solid state.”” In contrast to Li;BioH1,-7NH;3,”” Li;B1oHp,+ 10NH3 contains tetrahedral [Li(NH3)4]* and NH;3 solvate,'” and
the tetrahedral [Li(NHj3)4]" ion is more usual than [Li(NH3)3]*. The square-planar structure of [Na(NHj3)4]" is found in the indenyl
salt [Na(NH;3)4][In] which forms a layered structure, in contrast to the non-layered [Li(NH3)4][In] which contains tetrahedral
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Fig. 1 Structures of group 1 metal ammine complexes: (A) [Li(NH3)3]™* (CSD refcode XUNYAH), (B) [Li(NH3)4]™ (refcode COVLUV), (C)
[Na(NHs)4]* (refcode XICMED), (D) [K(NHs)s]* (refcode QOTQOH), (E) [Ka(NHs)1o(1-NH3)2]?* (refcode XEJWAL), and (F) [Rbo(NHs)4(u-NHz)4]>*
(refcode VIHGUQ).

[Li(NH3)4]" ions.'® Ammine complexes of K are represented by the octahedral [K(NH3)g]" and the dinuclear [Ko(NH3)q0(u-
NH;),]*" (Fig. 1E) in which K is 7-coordinate; the K-N distances for the bridging NH; ligands are only slightly longer
(3.087(2) A) than the terminal bonds (2.933(2)-2.998(2) A).'* The [K(NH3);]" ion has also been structurally characterized
(see later).'”> The [Rby(NH3)4(u-NHz)4]*" ion (Fig. 1F) is present in Rb,[BjoH1,]-8NHj, whereas in Csy[B1,Hs|-6NH3, the
Cs™ ion is bound by only two NH3 molecules (Cs-N = 3.259(2) and 3.125(2) A) with Cs---H-B contacts completing the Cs™ coor-
dination sphere.'’° The competition between M—NHj3 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 Li;Bj,Hjp-4NH3,
N32B12H12'2NH3 and NaB12H12~3NH3,10(‘ and in Na2B10H10-2NH3 and (1-1\132]31()1‘[10'I\H‘l?,.lo7

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]?" ion is present in [Be(NHs),]>Cly- 17NH;. 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 Be’* ion.'® Fig. 2A shows the octahedral [Mg(NH3)s]>" ion characterized in LiMg(BH,)4-6NH3.'% The [Ca(NH3)7]*" ion

Fig. 2 Structures of group 2 metal ammine complexes: (A) [Mg(NHs)g]?* (CSD refcode HIPFIX), (B) [Sr(NH3)s]>" (refcode IFUZEQ), (C)
[Ba(NH3)7]** (refcode NUSVAY), and (D) [Ba(NH3)e]?* (H atoms omitted, refcode EBOYOJ).
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is present in [NH4(NH;3)4][Ca(NH;3)]As3Ss- 2NH;3 which was prepared by the reduction of As4S4 using Ca in liquid NHj3. The coor-
dination geometry of [Ca(NH3)7]*" is a monocapped trigonal prism,''® and is structurally similar to that reported by Kolis and
coworkers in [Ca(NH3)7][S].'"" Heavier group 2 metal ammine complexes include those associated with the syntheses of fulleride
anions in liquid NH;3 by reduction of Cgg or C7¢ with a group 2 metal. The coordination geometries of the [Sr(NH3)g|>" ion in
different salts are described as a distorted, bicapped trigonal prism (Fig. 2B)''? or distorted tetragonal anti-prism.''> Ammine
complexes of the heavy group 2 M>" ions are rather sparse. The structure of [Ba(NH3);]*" (Fig. 2C) in [Ba(NH3);][Ceo]-NH3 is
a mono-capped trigonal antiprism,'%”''* and this coordination geometry is replicated in [K(NH3);]" and [Sr(NH3),]*".'%" The
highest CN of nine is found in [Ba(NH3)9]*" which adopts a distorted, tricapped trigonal prismatic structure (Fig. 2D).'"”

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 [AI(NH3)s]*" and [Ga(NH3)g]>" ions.''*"''®

Examples of main group metal 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(MeNH;)]I> and [Pb(MeNH;)4I]I formed from Pbl, in liquid MeNH; the former has a cubic anti-K,PtClg structure. In
[Pb(MeNH,)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) A.'"? Interest in these systems stems from relationships to MeNH3Pbl; perovskite materials. Reactions of LiGaH,4 with
the hydrochloride of MeNH, or ‘PrNH, lead to [Ga(RNH,),H,]Cl which are structurally similar,"* and [Ga(‘BuNH,),H,]Cl has
also been reported.'?! [Ga(MeNH,),H,]Cl exhibits short N-H -+ Cl~ contacts in the solid state (Fig. 3A). [Ga('PrNH;),H,]" reacts
with LiGaH, to yield a trigallium amino complex.'?° [Ba(MeNH,)sTes], has the layer structure shown in Fig. 3B in which the
methylamine ligands protrude above and below the sheet.'”” A study of solvates of Mg(BH,), includes [Mg(‘BuNH;)3(BHy)]
in which the Mg”" 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)s(BH4)2] (pip = piperidine). When
the solvent was benzylamine (BzNH,), the [BH,]™ ions were non-coordinated and the octahedral [Mg(BzNH,)s]*" cation was
formed.'”” In [In(BzNH;)3;(PhCH,CO,)s3], the In(Ill) center is octahedral with a fac-arrangement of BzNH, ligands.'”* The
[K>("BuNH,)4]*" ion (Fig. 3D) was isolated in a paramagnetic salt with the 3-oxyl-4,4,5,5-tetramethyl-2-oxoimidazolidin-1-
olate anion.'”® Complexes of aniline are represented by [Li(PhNH;)3(BH,4)] which contains a tetrahedral Li* center with a tridentate
BH,~ ion occupying one of the four coordination sites.'® Mixtures of 2,6-dimethylaniline (DmpNH},) and SbCls in toluene yielded
a co-crystalline mixture of [SbCl3(DmpNH;),| and [SbCl3(DmpNH;)] in which the Sb atoms are in square-based pyramidal and
see-saw (disphenoidal) geometries, respectively.'?’

Monodentate, terminal en ligands coordinating to main group metal centers are found in [Be(en)3]Cl, and [Be(en)s|Br, (one
chelating and two monodentate en). A change to BeF, leads to a polymeric structure (see later).'*®

Group 1 metal complexes with {M(RNH;),(18-crown-6)}* motifs are well represented, both with terminal and bridging amino
ligands. In 1993, Dye et al. reported the sodide (Na™) salts [Li(MeNH,),(18-crown-6)|[Na] and [Li(MeNH;),(18-crown-6)][Na]-
3(18-crown-6). In the former, the Li* ion is tetrahedrally sited with Li-N distances of 2.021 and 1.955 A (Fig. 4A) while in the latter,
the Li* ion sits centrally in the ring (Fig. 4B) with unusually short Li-N distances of 1.733 A 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.'*” While Li™ is not size-
compatible with the cavity in 18-crown-6, the latter is ideally suited for K*, as illustrated in Fig. 4C with the structure of [K(en),(18-
crown-6)]*."%° {K(18-crown-6)}* 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 [Ge;sSb,]*~ Zintl ion,"*" and other studies of
Zintl ions give tise to examples of {K(18-crown-6)(u-en)} units in which the en ligand bridges two K centers or one K™ and
a second metal ion."*?""** A hexanuclear cyclic array (Fig. 4E) has also been structurally characterized.'*’

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
[Lig(en)10],*™" network comprising sheets of double layers (Fig. 5A) which host the Chevrel clusters.'*° In contrast, a 1D-
coordination polymer with both bridging and chelating en ligands (Fig. 5B) is present in {[Li(en),][BHg]},.'>® Other examples
of 1D- and 2D-assemblies with en ligands connecting Li™ centers have been described by Dehnen et al.">” and Thiele et al."*® In
{K,[Li4(en)s][Ge1s]}n each LiT center acts as a 4-connecting node to give a 3D (sra) net (Fig. 5C)."*” The reduction of red P by

)
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Fig. 3 (A) The structure of [Ga(MeNH,),H,]CI (CSD refcode RITRUI) showing short N-H---Cl~ contacts. (B) Part of one 2D-layer in
[Ba(MeNH,)sTes],, with 8-coordinate Ba2*, terminal MeNH, ligands and bridging Tes2~ units (H atoms omitted, refcode JEQNAX). (C) The structure
of [Mg(‘BuNH,)3(BHa)2] (refcode LUVMAQ). (D) The [Ka('BuNHy)4]>* ion (H atoms omitted, refcode TICWIM).
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Fig. 4 The cations in (A) [Li(MeNHy),(18-crown-6)]* Na~ (CSD refcode COJDIOQ), (B) [Li(MeNH,)2(18-crown-6)]* Na™-3(18-crown-6) (refcode
COJFAI), and (C) [K(en)2(18-crown-6)]* (refcode HEVTOS). (D) Part of one chain in [K(18-crown-6)(u-en)];t (refcode EWAVII), and (E) the
metallohexacycle [K(18-crown-6)(u-en)]&* (refcode FAPLIU).

(A (8) o—

Fig. 5 (A) Part of one sheet in the [Lis(en)1o]4™ network in [Lis(en)10][Pds(ua-Te)s] (CSD refcode ZOYNOS). (B) Part of one 1D-[Li(en),]7" chain
in the borohydride salt (refcode UBEVOM). (C) Part of the sra net in {Ko[Lis(en)s][Ge1s]}, represented with only the 4-connecting Li nodes; each
Li---Li edge is bridged by an en ligand (refcode OHUWEW).

Na in en gave [Nay(en)sP14], in which all en ligands bridge between pairs of Na* centers and Py3~ units are also interconnected by
Na™ ions; each Na™ center is bound by three N and two P donors.'*°

Although a few examples of groups 2 and 13-15 metal complexes with bridging en ligands were reported prior to 200
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)s]Cl, and [Be(en)s|Br; (see above), and to the 1D-
polymer [BeF,(en)], (Fig. 6A)."”® Moving to group 14, lead(Il) complexes with bridging en ligands are illustrated by [Pbl,(en)a],
(Fig. 6B),"*” and [PbCly(en),], which is structurally similar to the iodido derivative.'*® The bromido analog was reported in
1996."%7
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Fig. 6 Part of one 1D-chain in (A) [BeF,(en)], (CSD refcode IRUHOV), (B) [Pbly(en)2], (refcode NOCZQV).
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Our discussion of main group metal complexes with tertiary amino ligands is restricted to selected examples of those containing
MesN and EN, for which group 13 derivatives dominate. Tetrahedral M(III) is typical in RsMNMe; (M = group 13 metal)
compounds, but these organometallic derivatives, of which there are many examples, are outside the scope of this article.
[Li(NMes3)][WMe;] is worthy of note because of the unusual environment of the Li* ion (Fig. 7A).'*® Examples of group 13 coor-
dination complexes with MesN or EtsN ligands published after 2000 include [2,6-(Dipp),CsH3OAIH,(NMes)] (Fig. 7B, Al-
N =2.0009(16) A),"** [{W(CO)s} (H,P)AIH,(NMes3)] (Fig. 7C, Al-N=2.036(3)A), and [{W(CO)s}(H,P)GaH,(NMes)]
(Fig. 7D, Ga-N =2.039(7) A). The latter complexes were designed to stabilize the otherwise elusive simple phosphanylalane
and -gallane. In the solid state, [{(CO)sW}H,PGaH,(NMes)] exists as a monomer whereas the analogous aluminum compound
is dimeric, with asymmetric Al-H-Al bridges (Fig. 7E, Al-H = 1.553 and 2.053 A).'*® A GaH(NEt3) unit has been incorporated into
the cyclosiloxane [(OPh,SiOSiPh,OSiPh,0)GaH (NEt3)]."”"

1.022.1.2 RN, RHN-, RN*~

In this section, we survey main group metal complexes incorporating simple amido (R;N~ and RHN ") and imido (RN?") ligands,
many of which exhibit an {M,(u1-N),} core. There is a wide range of complexes with {Li>(1-NR),} or {Li>(n-NRH),} units,'>>~'"?
and Figs. 8A-C illustrate examples that exhibit 4-, 3- and 2-coordinate lithium.'**'>*'7* The use of the sterically demanding ligands
to stabilize the {Li;(1-NR;),} core without the need for terminal ligands (Fig. 8C) is notable and is observed in several exam-
ples.'”*'”5 Fig. 8D shows the structure of [Li(1,2-CsF2Hs)2(1n-N(CsFs)2)2] in which there are short Li---F contacts (2.038-
2.139 A); this increases the coordination number of Li from 4 to 6.'”° A related motif is found in [Nay(OEt;),(n-N(CgF5)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;

© ©)

Fig. 7 (A) One ion pair in the solid-state structure of [Li(NMeg)][WMe;] (CSD refcode RETNIN). The structures of (B) 2,6-(Dipp)2CsH30AIHo(NMes)
(refcode OGONAA), (C) [{(C0O)sW}H.PGaH2(NMes)] (refcode MIHGOZ), and (D) [{(CO)sW}H2PGaH,(NMes)] (refcode MIHGUF). In (B), (C), (D), only
the M—H atoms are shown; in (C) and (D), each P is a PH, unit.

(G ©

Fig. 8 Structures of (A) [Lio(THF)4(1-NMey)2] (CSD refcode PAHCIQ), and (B) [Lix(diox)2(u-N(CHMePh),),] (refcode CAZLIB). (C) Use of a sterically
demanding amido ligand to stabilize 2-coordinate Li* (refcode JOKSIM). (D) The structure of [Lix(1,2-CeFoHa)2(1-N(CsFs)2)2] (refcode VUHREY). (E)
The tetralithium complex [{Liz(tmeda)(p-NPhy)2)o(n-tmeda)] (refcode COBZUQ). (F) Part of the 1D-chain in [{Lia(1-NHDipp)o}(n-tmeda)], (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)."”” Related to
the homonuclear species described above are [LiNa(THF),(u-N(CHMePh),),],"* and associated heterometallic species.'”®
Extended systems incorporating {Li;(w-NRy),} units include [{Li,(tmeda)(p-NPh;);},(p-tmeda)] (Fig. 8E, tmeda = 1,2-
bis(dimethylamino)ethane),'”* and [{Li,(u-NHDipp),} (u-tmeda)], (Fig. 8F).'®° The use of 1,3-bis((2,6-di-isopropylphenyl)ami-
domethyl)benzene has led to the formation of a metallomacrocycle containing two {Li;(1-NRy)} units.'®'

Complexes containing {Nay(1-NRy),} or {Nay(u-NRH),} units (NR; includes non-aromatic heterocycles) belonging to the
same families as those described above for Li have also been reported,'”®'¢* 1527184 a5 have potassium-based dimers,'8* 85188
The complex [K;(diox)s(p-NH(2,6-CgF,H3)),], 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 [{Li,(p-NHDipp),} (p-tmeda)], (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.'®” Rubidium and cesium derivatives with {M,(1-NR;)} motifs are rarer than their lighter group 1 metal
analogs. [Rb(tmeda),(u-tmp),] (Fig. 9B) and [Cs,(tmeda),(p-tmp),]'°° are structurally similar to their Na and K homologs,'®’
but differ from that of the tmeda-solvated Li(tmp) derivative which, in the solid state, exists as [Liy(tmeda)(tmp)(p-tmp)]
(Fig. 9C) with only one bridging amido ligand; note the low coordination numbers of the Li* centers (Fig. 9C).'”! The reaction
of Rb metal with 4-aminobenzonitrile in THF results in the formation of [Rb(u-THF),(u-NH(4-NCCgHy))],, 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-NCCsH4)NH]™ ligands which coordinate to Rb" both through RCN and RHN~ donors
(Fig. 9D).'°°

Moving now to group 2, and the ubiquitous {M,(p-NR;),} unit is observed in [Be,(p-BHy),(1t-N'Pr)1] (Fig. 10A)."?? However,
amido beryllium derivatives remain scarce, and those of magnesium are dominant.'’*~?°” Among these examples are trimagnesium
and heterometallic species. In [Mg3(THF)4(1-NHCgFs)6], pairs of Mg atoms are triply bridged by amido ligands (Fig. 10B) and each
Mg?" ion is 6-coordinate. Interestingly, in contrast to examples described earlier in this review, e.g, [Liz(1,2-CsFaHg)2(p-
N(CgFs),)2], there are no short M--F contacts in [Mgs(THF)s(p-NHCgFs)s].”°” On the other hand, short Mg:--F contacts are found
in the solid-state structure of [Mgs(1-N(CgF5)2)2(N(CgF5)2)2].2°” Interest in alkali metal-magnesium complexes lies in their use as
cooperative dimetallic catalysts, with PrNMgCl-LiCl being described as the ‘turbo Grignard reagent.”'® Examples include
[Nay (THF)4Mgy(1-Npip)e] (Fig. 10C) and [Nay(tmeda),Mg(n-Npip)a4] (Fig. 10D). In both, each metal ion is tetrahedrally sited
and the Na-N distances are noticeably long (av. 2.46(1) A in the former and av. 2.432(3) A in the latter) and are described as ‘ancil-
lary bonds.”"”” Related group 1-2 dimetallic species include [Li(THF)Mg(u-NCy,)2(NCy,)] in which Na and Mg are both 3-
coordinate (Fig. 10E),”%° [Na(tmeda)Mg(p-N'Pr,),(NPr,)],*** and [Li(THF)4Mg,(-Cl)4(u-N'Pr),] (Fig. 10F) which dissociates
in THF solution to give [Li(THF)4]" and ‘Pr,NMgCl-containing species.”’*

Amido complexes of Ca®* reveal the metal in a range of coordination environments. The use of a sterically demanding B-dike-
timinate co-ligand leads to 4-coordinate Ca?" in [Cay(L),(n-NHBz),] (HL and the complex are shown in Fig. 11).>'" CaH,
reduction of isoquinoline (iQ) results in the formation of trans-[Ca(HiQ),(iQ)4] (H,iQ = 1,2-dihydroisoquinoline) and
[Cas(iQ)s(1-HiQ)s] which contains a linear {Cas(p-NRy)g} core with 6-coordinate Ca®".”'? A similar linear {Cas(u-NHR)s}
core is present in [Caz(THF)s(pn-NHMes)s] (Mes = mesityl) which was formed by reaction of K[MesNH] with Cal, in THF. In
contrast, a change from K[MesNH] to K[2,6-F,CcH3NH] resulted in the formation of the dinuclear complex [Ca,(THF)s(2,6-
FoCeH3NH)(p-NH(2,6-F,CHs))s] (Fig. 11B).'% There are no short Mg-+-F contacts in the latter, while in [Cas(N(SiMes3),),(p-
N(2-FCgHy,)2)] (Fig. 11C), Ca---F interactions are key in stabilizing a low-coordinate group 2 metal complex; related Ba*"
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Fig. 9 (A) Two repeating units in [Ko(diox)s(u-NH(2,6-CgFoHs))2], (CSD refcode NOBQEB). The structures of (B) [Csy(tmeda)s(u-tmp),] (refcode
VEBLEV) and (C) [Lip(tmeda)(tmp)(u-tmp)] (refcode YAPCOH). (D) Part of the 3D-network in [Rb(u-THF),(u-NH(4-NCCgHj))], (all H atoms omitted,
refcode FEXLIE).
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Fig. 10 The structures of (A) [Bex(u-BH4)2(u-NPra),] (only H atoms in [BH,] ™~ ligands are shown, CSD refcode AQADAX), (B) [Mgs(THF)g(ui-
NHGsFs)s] (only amido H atoms are shown, refcode YOHTOF), (C) [Naa(THF)sMga(u-Npip)e] (refcode POFREK), (D) [Nax(tmeda),Mg(u-Npip)a]
(refcode POFRIO), (E) [Li(THF)Mg(u-NCys)2(NCy2)] (refcode QOLFEC) and (F) [Lio(THF)4Mga(p-Cl)4(p-N'Pr2),] (refcode TUYGUQ).

(Y

Fig. 11 The structures of (A) the B-diketimine HL, and [Cay(L)2(1-NHBz)2] (only amido H atoms are shown, CSD refcode LIYYUO), (B)
[Cay(THF)5(2,6-F,CsHaNH)(1-NH(2,6-F2CgH3))3] (only amido H atoms shown, refcode NOBQUR), and (C) [Cag(N(SiMe3)2)2(n-N(2-FCgHs)2)g] (refcode
POJXAQ).

complexes were also reported.”’” The tendency for higher coordination numbers is seen in [Cas(THF)g(pn-NHPh)g] which contains
6-coordinate Ca’" centers in a {(THF)3Ca(p-N)3Ca(THF)(p-N),Ca(THF)(u-N)3Ca(THF)3} motif.”'* Related strontium and
barium derivatives [Sr(THF),(u-NHPh),], (Fig. 12A) and [Bay(THF)3(n-NHPh),], (Fig. 12B) are polymeric with 6-coordinate
metal ions and increasing interactions to the phenyl ring 7t-systems with increasing size of the group 2 metal.”'*

For group 13, we again see complexes based on dimetallic {M,(u-NR;),} cores with Al-containing species predominating over
complexes of the heavier metals.?'>~??® There are many simple dinuclear complexes in the [MX4(1-NR;),] and [M2X4(u-NHR),]
families, and their typical structures are illustrated by that of [Al,Cls(n-NEt;),] (Fig. 13A). An interesting related complex is
[Al,H,(NHDipp)(NMe,Et) (n-NHDipp)(p-NDipp)] in which both amido and imido ligands bridge the Al,-unit (Fig. 13B). This
was prepared by reaction of H3Al-NMe,Et with DippNH,, and is one of a series of associated compounds reported by Bauer
et al.’'> Chivers reported a series of heterometallic compounds formed from reactions of MAIH, (M = Li, Na) with RH,N (R = ‘B,
'Pr, 4-tolyl). [LiAl(NH'Pr),], and [NaAl(NH'Pr),], (Fig. 13C) are 1D-polymers in the solid state, while [Li(THF)4][AI(NH(4-
tolyl))4] contains discrete ions.”*’

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 [Ge,Cl,(n-NEt;),] (Fig. 14A) and
[Sn,Cl(n-NMe,),| which were the first crystallographically characterized group 14 metal(Il) chlorides with small alkylamino
ligands. The Ge(II) and Sn(II) derivatives are structurally similar. However, the Sn,N, rthombus is planar (crystallographically
imposed) whereas the Ge,N, rhombus has a butterfly configuration with internal dihedral angle of 167° Ge-N bond lengths
are 2.034(2) and 2.073(2) A, and Sn-N = 2.267(4) and 2.229(4) A.**° In [Ge,Cl,(n-NEt;)5] and [SnyCly(u-NMey),], the chorido
ligands are in a mutually anti arrangement.””° In contrast, they are in a syn-arrangement in [Sn,Cl,(u-NHDipp);],>*" and in
[Pb,Cl,(u-NHDipp),].>*? Other examples of tin(II) amido complexes include [Sn,L,(p-NMe;,),] (HL is a salicylaldimine, e.g,,
Fig. 14B) which have been investigated for use in rac-lactide polymerization,”*” [Sn,(Me,NC(S)NPh),(u-NMe,),] (Fig. 14C) which
acts as a single source precursor for the deposition of phase-pure films of SnS,”** and [Sn,(OR),(u-NMe;,),] complexes (e.g.,
Fig. 14D) which have been applied to the synthesis of SnO, nanowires.”*”

The first Sb(III) aziridinides were reported in 2017. The reaction between Sb(NMe,)3 and aziridine (HAzn) yielded [Sb,(Azn)(p-
NAzn);] (Fig. 15A) which exhibits a ‘weak’ dimeric structure in the solid state (for the bridging ligands, Sb-N = 2.084(1) and
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(A) (B)

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

(A) (8) (©)

Fig. 13 Structures of (A) [AloCls(u-NEtp)o] (refcode SUDKUZ), and (B) [AloH2(NHDipp)(NMe,Et)(1-NHDipp)(u-NDipp)] (CSD refcode PUZSQS). (C)
Part of one 1D-polymer chain in [NaAI(NH™Pr)4], (refcode PEGZAD).

(A ©) (D)

Fig. 14 The structures of (A) [GeaClao(n-NEtp),] (CSD refcode KIJVAB), (B) an example of a [SnoLa(u-NMey),] (refcode DUGHIX) complex where HL
is a salicylaldimine, (C) [Sna(MeaNC(S)NPh)o(-NMey),] (refcode RACPET), (D) [Sna(0(2-MeCgHa))2(1-NMez),] (refcode VAYRIY). All H atoms are
omitted.

(Y () © ®

Fig. 15 The structures of (A) [Sbp(Azn)4(n-NAzn),] (CSD refcode HAPSEZ) and (B) part of the 1D-polymer in [LizSb(us-Cl)2(p-Azn)a(THF)2], (Li,
dark purple, Sb, pale purple; refcode HAPSAV). (C) General structure of an E4(ns-NR)4 cubane, and (D) the cubane [SnsSesLi(THF)(1s-NBu)s]~
(refcode FERVEE). H atoms are omitted.
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2.534(2) A). [Sba(Azn)4(p-NAzn),] could not be accessed by reacting SbCl, with Li[Azn], but instead, a reaction in THF produced
the polymeric [LizSb(us-Cl),(p-Azn)4(THF),], (Fig. 15B).”*° Neutral bismuth amides, e.g., BI(N(SIM€3)2)3, and a bismuth thioa-
midate were investigated as volatile Bi-containing precursors for bismuth oxide materials.”*>’ Cationic Bi amido derivatives
[Bi(NR;)5L,|* (R=Me, 'Pr, Ph; L = neutral ligand) have also been described. However, in the [BPhy| "~ salts, transfer of Ph from B
to Bi was observed; use of fluorinated tetraarylborate counterions yielded more stable cationic bismuth amides.”*®

The imido (RN?") group is isoelectronic with an oxido O?~ ligand, and main group metal clusters involving M—NR-M bridging
units are well represented and reviewed.”’~”” Although strictly organometallic, [SboPh,(u-N‘Bu),] is a representative example of
a simple imido complex.”** Imido cubanes [E4(p3-NR)4] (Fig. 15C) are represented by [My(ui3-NGeMes)y] (M = Ge, Sn, Pb)
and [Sng(u3-NSnMes)y],”*® [SnsMg(us-NBu)s] and [SnsLi(us-N'Bu)s]~,?*! and [Sn3X3Li(THF)(us-NBu)s]~ (X =Se, Te;
Fig. 15D).”**

1.02.2.1.3 Nitriles

We have restricted our discussion of nitrile (RC=N) complexes to homoleptic compounds and other simple species. For Li", tetra-
hedral coordination is typical, e.g., in salts of [Li(NCMe)4]",>**7?*" in [Li,(NCMe)4(u-Br),] (Fig. 16A),**® and in the 1D-
coordination polymer [Li(NCMe),(u-Cl)], (Fig. 16B).>*>?°° {|Li(u-NCCH,CH,CN),][N(SO4F),]}, is an example of a network
built up from Li* and a dinitrile (Fig. 16C); the compound is of interest for its high Li-ion conductivity.”®' The coordination envi-
ronments of Na' in apparently simple complex cations with MeCN ligands are surprisingly varied. Both octahedral
[Na(NCMe)s]*,”>? and 5-coordinate [Na(NCMe)s]" ions have been structurally characterized.””>?>> The Na™ ion displays
a square-planar coordination geometry in trans-[Na(NCMe),(OEt,),]7*°% note that this complements the square-planar
[Na(NH3),]" ion described earlier. An unusual [Na(NCMe),]" cation with a non-linear geometry has been reported in [Na(NC-
Me),]2[n” (MeOCHZCHg)ZCZBloHloEr]z, but as Fig. 16D illustrates, the Na* ion is also closely associated with the carbaborane
counterion.””” Just as [Na(NCMe),|" deceptively displays CN = 2, the 3-coordinate K ion present in the tripodal cobalt(II)
complex depicted in Fig. 17A exhibits close contacts to arene rings in the complex anion.?® This and the octahedral [K(NCMe)g]*
ion”*? are among the few structurally characterized homoleptic acetonitrile complexes of K*. A further example in which the low
coordination number of the group 1 metal ion is ambiguous is [Cs,(i-CNMe),]** where the apparently open coordination sites of
Cs™ are occupied by virtue of close Cs---Cl or Cs--- Br contacts with the counterion.”*’

A number of [M{C(CN)3},]," ~ 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.”°"

Simple acetonitrile complexes of all the group 2 metals are represented. Tetrahedral coordination prevails in RCN complexes of
beryllium, exemplified by [BeBr,(NCMe),],”* [Be(OSO,CF3),(NCMe),],”** and [BeCl,(NCPh),].”°* Treatment of Be powder with
I, in MeCN led to the formation of [Bes(p3-O)3(MeCN)s{Be(MeCN)s} 5]l and an active role of trace amounts of BeO in this reac-
tion has been suggested. The cation has an essentially planar BegOs-core (Fig. 17C).”®® On going to Mg?*, octahedral coordination
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Fig. 16 (A) The structure of [Lio(NCMe)4(n-Br),] (CSD refcode SAWSUEO1). (B) Part of the 1D-chain in [Li(NCMe)o(n-Cl)], (refcode XENHAZO1).
(C) Part of the 3D-network (viewed down the a-axis) in the [N(SO4F),] ™ salt of [Li(u-NCCH,CH2CN)o]5* (refcode FAHDUR). (D) The [Na(NCMe),]*
cations in [Na(NCMe)y]o[n”-(MeOCH,CH,)2C2B1gH10Er], with only B-H-Er H atoms shown (refcode IRIZEQ).
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Fig. 17 (A) The ion-pair in [K(NCMe)s]*[Co(NCMe)(Lipoa)] ~ (CSD refcode GICGUW) and the structure of HaLyipog. (B) Part of the [K{C(CN)la]7 ~
3D-net in the [CpRu(CgHsMe)]* salt (refcode LOMZEV). (C) The structure of the [Bes(1a0)s(MeCN)g{Be(MeCN)s}s]®* cation (refcode INILUN).
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dominates as in [Mg(NCMe)s]**,%°°~?"? and trans-[Mg(OH,)4(NCMe),]*".>”> Higher CNs are expected on descending group 2 and
are indeed observed in [Ca(NCMe)g]*" (CN = 8),”°® [Ca(NCS),(NCMe)s] (CN = 7),”"* [Ca(NCMe),(OH,)s]*" (CN =7),°”°
[Ca(NCMe)3(15-crown-5)]** (CN = 8, Fig. 18A),”’° [Ca(NCMe),(18-crown-6)]** (CN = 8),”’” [Ca(NCMe)3(18-crown-6)]**
(CN =9, Fig. 18B),”"® [Ca(NCMe)4(THF)4]*" (CN=8),""® [Sr(NCMe)g]*" (CN =8),”°® [Sr(NCMe)s(18-crown-6)]**
(CN =9),””% and [Ba(NCMe)g(OH,)]** (CN = 9).>°° Fig. 17B showed part of the [K{C(CN)3},],”~ 3D-net in which cavities
are occupied by cations. In contrast, the neutral [Ca{C(CN)3},], forms an interpenetrating 3D-network (Fig. 18C) with octahedral
Ca’" centers connected by [C(CN);]™ ligands. On going from [Ca{C(CN)3}2], to [Ba{C(CN)3},(OH,),], the coordination
number of the group 2 metal increases from 6 to 9 (a capped tetragonal antiprism). The 3D-network is unusual, with Ba®>" ions
linked both by trinitrile and aqua ligands (Fig. 18D).?”’

Group 13 metal complexes with simple nitrile ligands are restricted to those of aluminum, if organometallics are excluded. A
number of examples of octahedral [AI(NCMe)sX]** complexes with X = Cl or Br have been reported since 1979,”%°~?% but these
dications have been described as being ‘rather uncommon.”®® The AI*" center retains octahedral coordination in [Al,(u-
OH),(NCPh)g]*",”®* and [Al,(n-OH)(p-O2C'Bu),(NCPh)s]**.7%% For the later main groups, examples of simple nitrile metal
complexes reported since 2000 are relatively few: cis-|Ge(NCCH,F),F4],”®” cis-[Sn(NCMe),Cl,],>"%?°" cis-[Sn(NCMe),Bry],”"? cis-
[Sn(NCEt),Cl4],>*° cis-[Sn(NCPr),Cly],*”° [Sn(NCMe)s]*+,?”* [Sn(NCMe)s]*",'" and cis-[Te(NCMe),Cl4].>°* In the case of
[Sn(NCMe)s5]*" and [Sn(NCMe)s]*", such examples of tin(Il) dications without close contacts to the counterion are
uncommon.'”%?%?

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),”*” [Rb(18-crown-6)(N3)(OH,)] (with
an Rb-N-N angle of 134.7(2)° and hydrogen-bonded pairs of molecules, Fig. 19A),>°° [Cs,(18-crown-6),(u-N3),],>”> [Cs(18-
crown-6)(n-N3)|, (Fig. 19B),>*> [K(18-crown-6)(N3)(OPPh;3)],>*° [Bay(18-crown-6),(MeOH),(1-N3)3] (10-coordinate Ba®™,
Fig. 19C),””” [Sr(15-crown-5)(N3),],>°” and [Sr(15-crown-5)(NO3-k?)(1-N3)], (9-coordinate Sr**, Fig. 19C).”°” In [K(18-crown-
6)(1-N3)U{OSi(O'Bu)3}4] the azido ligand forms a near-linear bridge between the two metal atoms (K-N-N = 174.3°, U-N-
N = 167.8°).””® This is one representative example of an N3~ bridging ligand linking a group 1 metal ion to a second metal; in
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Fig. 18 The structures of (A) [Ca(NCMe)s(15-crown-5)]2* (CSD refcode CIPFOZ) and (B) [Ca(NCMe)s(18-crown-6)]>" (refcode FUDCAJ). (C) Part
of the interpenetrating nets in [Ca{C(CN)3},], (refcode DOJVUU). (D) The coordination environment of Ba?* in [Ba{C(CN)s}o(OHs)s], (refcode
DOJWAB).

Fig. 19 (A) Structure of one hydrogen-bonded pair of [Rb(18-crown-6)(N3)(OH,)] molecules (CSD refcode TEDKUJ). (B) Part of the 1D-
coordination polymer in [Cs(18-crown-6)(u-Ns)],.>% (C) Structure of [Bay(18-crown-6)o(MeOH),(11-N3)3] (refcode WIZCEQ) and (D) part of the 1D-
chain in [Sr(15-crown-5)(NOs)(p-Ns)], (refcode WIZCAK).
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Fig. 20 Structures of (A) [BesBra(u-N3)s]>~ (CSD refcode TANHAS), (B) [Te(N3)s]~ (refcode BELZUO), (C) [Te(Ns)s]?~ (refcode BEMBAX), (D)
[Ge(N3)3]~ (refcode JUCROQ), (E) [GaoClg(n-N3)]~ (refcode LUHRIQ), and (F) [In2Cla(THF)4(n-N3)2] (refcode LOFVAD).

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.””” %%

In group 2, in addition to the tetrahedral [Be(N3)4]*~ ion which was the first structurally characterized homoleptic beryllium
azide,”*” Be offers a number of interesting azido complexes. The dimer [Be;(N3)4(1-OSiMes),]?~ contains terminal N3~ ligands
with the typical bent geometry (Be-N-N = 134.5(4) and 120.0(4)°)*'® which is also observed in [BeCI(N3)L] where L = (R,R)-
N,N'-di-isopropylcyclohexyl-1,2-diamine.”"" [Be4Cly(1-N3)s]>~ and [BesBrs(1i-N3)g]*~ (Fig. 20A) are isostructural and contain
tetrahedral Bey units, edge-bridged by azido ligands.”'**'? 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)s] and [Sb(N3)s] were reported
for the first time in 2004 and were prepared by treatment of AsFs5 or SbFs in SO, with excess Me3SiN3.%>'* Limited examples of non-
organometallic compounds are found in group 16, and these include the homoleptic complexes [Se(N3)s]*~,>" [Te(N3)s]~
(Fig. 20B),*'® and [Te(N3)s]*~ (Fig. 20C).>'” A summary of homoleptic group 15 polyazides was provided in 2013 by Haiges
et al.>'® Homoleptic azides of the p-block metals that have been isolated and characterized since 2000 are [M(N3)3] (M = Ga,
In, T > [Ga(N3)5]*~*"” [M(N3)]>” (M=1In, TI)>"” coordinatively unsaturated metal(II) [M(N3)3]~ (M= Ge, Sn)
(Fig. 20D),*?°??!  octahedral [Ge(N3)s]*~,*** octahedral [Sn(N3)s]*>~,*>® octahedral [As(N3)s],****?° octahedral
[Sb(N3)g]~,>'*??32° octahedral [Bi(N3)s]*~,*?"*?® square-based pyramidal [Sb(N3)s]*~,*?° square-based pyramidal
[Bi(N3)s5]*~,*?” and [Bi(N3)4]~ which forms a chain structure by virtue of weak intermolecular Bi--- N interactions.’*” 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.’'®??° 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.’'® Salts of both [As(N3)4]* and [Sb(N3)4]" 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 [PhaP][Sb(N3),] exhibit relatively high stabilities.”*”

Additional simple azido complexes include [M(N3)3(NCMe)] (M = Ga, In with tetrahedral metal center),>"” [Ga;Clg(p-N3)|~
(Fig. 20E),**° tetrahedral [GaH,(N3)(qu)] (qu = quinuclidine),”*" [InyCl4(THF)4(1-N3),] (Fig. 20F),>*? trigonal bipyramidal
[Ga(N3)2{(Et;NCH,CH,),N} ] used as a CVD precursor to GaN,?*? octahedral [InCl(N3),py3] with a trans-arrangement of azido
ligands,”** octahedral [Ge(N3),(phen)| (Fig. 21A),%??*° octahedral [GeCl,(N3),(tmeda)] with a trans-arrangement of azido
ligands,**® and octahedral trans-[Sn(N3)4(py)2] and [Sn(N3)4(phen)].*?? Like lead(Il) azide, tin(Il) azide is shock sensitive and
explosive. However, the adducts [Sn(N3),(py)2] and [Sn(N3),(4-Mepy)z] (4-Mepy = 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.””' The dinuclear complex [Pb,(phen)4(1-N3),] with 8-coordinate Pb(II) exhibits
two different azido bridging modes (Fig. 21B) with Pb-N-N angles in the range 104.8-121.9°°°7 whereas in
[Pb,(phen)4(NCS),(u-N3),], each bridging azido ligand binds to two Pb(II) centers through one terminal N-atom.’*® The
Pb(II) coordination sphere suggests the presence of a sterically active lone-pair.**?~***

The octahedral As(V) and Sb(V) complexes [M(dmap)(N3)s] (M = 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.’** The As(III) and Sb(III)
complexes [AsCl(N3),py] and [SbCl,(N3)(py),] have disphenoidal and square-based pyramidal geometries, respectively.’** The
homoleptic polyazides As(N3)3, Sb(N3); 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)s]>~ and [Biz(bpy)a(N3)4(p-N3)2].*>” The Bi(Ill) center in
[Bi(N3)s(dmso)]*~ is octahedrally sited.’*’ Fig. 21C shows the structure of [Bis{'BuC(‘PrN);}4(N3)4(1-N3)4] which features
both terminal and bridging azido ligands; this is one in a series of amidinatobismuth(III) diazides [LBi(N3),] made by reactions
between LBiX, (X = Cl, I) and AgN3.**" In [Sby(N3),(u-N'Bu),], each Sb(III) center is in a trigonal pyramidal environment and
the azido ligands are directed over the SboN, rhombus (Fig. 21D).>*°

B-Diketiminate derivatives include tetrahedral [AI(N3),{HC(CMeN'Pr),}] (Fig. 21E)**” [Ga(N3),{HC(CMeNPr),}]*** and
[Ga(N3),{HC(CMeNPh),}],**? and the 3-coordinate metal(II) species [Ge(N3)L] (HL = H,C(CMeNDipp),) (Fig. 21F),**° and
[Sn(N3)L] (HL with Ar = Mes).>”"
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Fig. 21  Structures of (A) [Ge(N)s(phen)] (refcode BUHQOM), (B) [Pba(phen)s(p-Na)s] (refcode MUMBUS), (C) [Bia{BUC(PrN)o)a(N3)a(p-Ng)a] with
the amidinato ‘Pr substituents omitted for clarity (refcode CEJTOC), (D) [Sba(N3)o(-N'Bu),] (refcode RANBUD), (E) [Al(N3)o{HC(CMeN™Pr),}] (CSD
refcode LUCKEC), and (F) [Ge(N3)L] (HL = HoC(CMeNDipp),, refcode OHUXIZ).

We now move 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),} 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)(SiMe,Ph)]
in which the cation and anion interact through a bent K-N=C-Cu bridge (K-N = 2.830(4) A, K-N=C = 112.7(3)° 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 = 151.5(2)°).”*” Bidentate metalloligands include linear [Ag(CN),]~ and [Au(CN),], although a monodentate mode
is observed in [Pb(OH,)(bbp),{Au(CN),},] (Fig. 22A).*> [Ag(CN),]~ coordinates in a bidentate manner to Li* in [Li(NC-
Me),(1-Ag(CN),) " K in [K(18-crown-6)(pn-Ag(CN),)], (Fig. 22B),°>> and Pb®' in [Pb(tpy)(n-Ag(CN),),], (Fig. 22C);
[Pb(tpy)(n-Au(CN),),], is structurally analogous to the Ag(I) complex.’”® Other examples incorporating bridging [Au(CN),]~
include [Pb(bpy)a(u-Au(CN),)2],>>¢ [Pb(phen),(pn-Au(CN)2),],>°¢ and [K(u-bpy)(u-Au(CN),)2], which has a layered struc-
ture.”>” Numerous examples of square-planar Au(IIT), Pd(II) and Pt(II) cyanido derivatives acting as metalloligands to main group
metals are known. With L = dibenzo-18-crown-6, [Ba;Ly(OH;)3(MeOH),{Pt(CN)4},] is a discrete molecule (Fig. 22D) featuring
one monodentate and one bridging [Pt(CN)4]*~.%°® Other examples of hypodentate [Pt(CN),;]*>~ ligands are found in the 1D-
polymer [Ba(18-crown-6)(OH,),(p-Pt(CN),)], (bidentate [Pt(CN)4]?7),>*? the discrete molecule [Ky(18-crown-6),(p-Pt(CN)g4)]
(bidentate [Pt(CN),4]*~ with a trans-arrangement of K* ions),?°® and the 2D-network [Ba(azacrown)(ps-Pt(CN)4)], where the aza-
crown is 1,4,10,13-tetraoxa-7,16-diazacyclooctadecane (tridentate [Pt(CN)4]*~).>°" Tridentate [M(CN)4]*~ connecting Ba®* or Sr*
centers is observed in [Ba(DMF)4(p3-Ni(CN)4)]n [ST(DMF)4(p3-Ni(CN)4)]y [St(DMF)4(p3-Pd(CN)4)],n and [Sr(DMF)4(ps-
Pt(CN)4)]s. In contrast, in [Ba(DMF)3(py-Pd(CN),)], and [Ba(DMF)3(pg-Pt(CN)4)]n [M(CN)4]>~ is tetradentate.’®” We return
to tetradentate metalloligands later.

Bidentate cyanido metalloligands are further represented by [Pd(ppy)(CN),]~ which coordinates to TI(I) in [TIPd(ppy)(CN)2],
to produce a 2D-network featuring Pd-Tl donor-acceptor metal-metal bonds (Fig. 22E); the TI-N=C angles are 149.8(9) and
110.5(7)°.>% Related to [Pd(ppy)(CN),] ™ is [Pt(4-Meppy)(CN),]~ which acts as a bidentate ligand, binding K* to give the motif
shown in Fig. 22F; the structure propagates into a sheet with additional coordinated H,O and acetone, and the {Pt(4-
Meppy)(CN),} units are arranged in stacked pairs (Fig. 22F) with a Pt---Pt separation of 3.2785(7) A.*** The discrete molecule
[Pb,(HBpz3)2(OCMe;)»(u-Pt(CN), (4-MeCsH4C=C),)] features a near-linear Pb-N=C-Pt-C=N-Pb unit.’*” In [K(p-OH,){p-
AuCly(CN);} ]y, trans-[AuCl,(CN),]~ binds K* 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 [AuX,;(CN),]™ units.**® On moving from Au(Ill) to Hg(Il), the square-planar metal environment is retained but the
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Fig. 22 (A) The structure of [Pb(OH,)(bbp)2{Au(CN)2}o] (CSD refcode CAFREJ), (B) part of the 1D-chain in [K(18-crown-6)(u-Ag(CN)2)], (refcode
EJELUA), and (C) the building block in the 2D-network in in [Pb(tpy)(n-Ag(CN)2)2], (refcode KISDUM). (D) The structure of
[BagLo(OH2)3(MeOH),{Pt(CN)4}2] (L = dibenzo-18-crown-6) with the crown ether shown in stick representation for clarity (refcode EBALUR). (E) Part
a 2D-net in [TIPd(ppy)(CN).], (refcode REJHOF). (F) The building block in the 2D-sheet in solvated [KPt(4-Meppy)(CN).] (refcode AHIGUV). (g) Part
of the 3D-assembly in [K(n-OHg){n-HgCI(CN)2}], (refcode HAYHAT).

propensity for Cl-Hg-Cl bridges leads to an extended array in [K(p-OH;){pu-HgCI(CN),} |, comprising alternating {Hg(p-Cl)},
and K-containing sheets interconnected by bridging CN™~ ligands (Fig. 22G).>®’

Many hypodentate [M(CN),,]*” and related ligands act in a bidentate mode toward main group metals. Representative examples
are the discrete molecular [Kp(18-crown-6),{p-Rh(CN)3(CO)}| with a trans-arrangement of coordinated {K(18-crown-6)}"
units,”®® and the 1D-coordination polymer [Ba(OH;)s(u-OH,) {u-Ru(bpy)(CN)4} ], which features a central {Ba(u-OH;)}, 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 >MLCT luminescence of
[Ru(bpy)(CN)4]*~.>°? Similarly, binding of metal cations to the cyanido ligands of [Os(diimine)(CN),]*~ complexes enhances
the emission; [Na(p-OH,){p-Os(phen)(CN)4}]n~ (Fig. 23B) is an example of the resulting polynuclear assemblies.>”® With
a goal of devising structural models for the iron subsite in [NiFe]-hydrogenases, Whaley et al. reported the structure of [K;(18-
crown-6), {p-HFe(CN)3(CO),}] in which trans-cyanido ligands in [HFe(CN)3(CO),]*~ link two K centers.’”" The following
assemblies incorporate octahedral [M(CN)g]*™ or [M(CN)sNOJ*" metalloligands in bridging modes between two metal centers:
[K2(18-crown-6),{pu-Ru(CN)s}]~ (Fig. 23C) and its Os(Ill) analog,’”” [Li(OH,),{u-Co(CN)s}]a" (Fig. 23D),’>”> [Ba(phe-
n)3(OH,) {u-Fe(CN)sNO}] (in which Ba®>" and Fe>* centers are linked into a 1D-coordination polymer via trans CN and NO
ligands),””*  [Cay(phen)4(OH,)s{p-Fe(CN)s}|*,*”>  [Sra(phen)4(O,CCF3)(OH,)3{pu-Fe(CN)s}] and  [Cay(phen)4(O,CC-
F3)2(OH2)2{p-Co(CN)g}].” "

Trigonal planar [Cu(CN)3]*>~ is a rare example of a tridentate, but not hypodentate, metalloligand binding to main group
metals. [Lip(THF)3{n3-Cu(CN)3}], possesses the 2D-network shown in Fig. 24A; both the Cu" ions and {Li,}*" units are 3-
connecting nodes in the net.””” In [Ky(18-crown-6),{p-Cu(CN)3}], the [Cu(CN)3]*~ ligand is bidentate (Fig. 24B).”>” Examples
in which hypodentate ligands act in a tridentate mode include [K(OH;){u3-AuCly}], (3D-network),””® {[Li][Li(O;H)(us-
W(CN)s(bpy)]}n (Fig. 24C),>"° [K{n3-Fe(CN)3(CO)s3}], (Fig. 24D) and [Na(OH;){u3-Co(CN)s}|2"" (both with layer
structures).>%%8!

Examples of [M(CN),]*~ and [M(CN)s]"" ions that act as tetradentate ligands are found in [K(phen),{py-Pt(CN)4} |, (2D-
sheet),*®? [Ky{1s-Zn(CN)4}], (in which K™ has CN = 8),%%* [Ba(DMF)3{14-Pd(CN)4}], (2D-sheet),’*” the imidazolium salt of
[Na(OH;){p4-Co(CN)s}]3™ (with non-coordinated cyanides being mutually trans),*®* the pyridinium salt of [Na(OH,){p4-
Co(CN)g} 2™ (with non-coordinated cyanides cis, Fig. 24E), and [MesNOH],[KCo(CN)g| (a perovskite material in which the
{Co™(CN)s} unit is in a pg-mode).’®* In a second phase of the latter, the [Co(CN)s]*~ metalloligand is hexadentate and
[Me3sNOH]" ions are hosted within a 3D-network of cubic cages.’®” Pentadentate metalloligands are observed in the [Me;NH,|*
salt of [Na{j5-Fe(CN)s5(NO)}]n~ (3D-network and a hybrid high-temperature ferroelectric material),’*® and the [MeNH;3]" salt of
[Na(OH,){ns-Fe(CN)s(NO)}|i~ (2D-double sheets, Fig. 25A).>%” There are many examples in which [M(CN)]"" ions act as hex-
adentate ligands forming 3D-networks with exploitable dielectric, ferroelectric or magnetic properties. Representative examples are
the [MeNH;]" salt of [Na{ps-Co(CN)s}]2",*5® salts of [K{us-Co(CN)g}]2",*5?%73°% and [Rb{us-Co(CN)g}|3" (Fig. 25B),*""
salts of [K{ps-Fe(CN)g}|?"~ (Fig. 25C),>”””" the mixed valence Co(II)/Co(Ill) [KCo,(0ox)(OH,)3{us-Co(CN)s}],>"" the
Prussian blue analog [Ga{pus-Fe(CN)g}],’”° the guanidinium salt of [Ca{us-Co(CN)s}],""*"" the [H30]" salt of
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Fig. 23 The structures of (A) part of the 1D-chain in [Ba(OHo)s(1-OHo){n-Ru(bpy)(CN)4}], (CSD refcode RIBCUD), (B) part of the 1D-chain in
[Na(p-OHa){n-0s(phen)(CN)4}5~ (refcode QITCUS), (C) [Kao(18-crown-6)x{n-Ru(CN)g}]~ (refcode OSINOU), and (D) part of the 1D-polymer chain in
[Li(OHy)2{1-Co(CN)g}]2™ (refcode PODFEV).

Fig. 24 (A) Part of the 2D-network in [Lio(THF)3{n-Cu(CN)s}], (CSD refcode GOKXIP); for clarity, the THF molecules are depicted in stick
representation. The structures of (B) [Kz(18-crown-6)2{n-Cu(CN)s}] (refcode HAXZEQ), (C) part of the anionic 2D-net in {[Li][Li(O2H)(ps-
W(CN)g(bpy))1}, (refcode BUNJIG), (D) part of a 2D-sheet in [K{us-Fe(CN)3(CO)3}], (refcode CADYAI), and (E) part of a 2D-sheet in [Na(OHz){p4-
Co(CN)g}],"(refcode QUGCECO1).

[Ca(OH,),{1s-Co(CN)s} ]~ >"% the [NH,4] ™ salts of [Sr{ps-Fe(CN)}[3", " and [St(OH,), { us-Fe(CN)s} 17"~ the [NH,] " salt of
[Ba(OH,)3{1s-Fe(CN)s}|7"~,*°" and salts of [K{ps-Cr(CN)g}]2"."°**% The guanidinium salt of [Ky(OH,)s{us-Fe(CN)g}[3"
possesses a 2D-structure with a central layer of {Fe"'(CN)s} units interconnecting peripheral fac-{K(OH,)3} units.***

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 = O, §, Se) ligands. The structure of Cs[NCO] is related to that of KN
with disordered NCO™ ligands in Cs-NCO/OCN-Cs bridging sites.*> Reactions between 3,4-dicyano-1,2,5-chalcogenadiazoles
(Ls, Lge and Ly, Fig. 26A) and pseudohalides XCN™ (X = 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)(L1e) (u-NCO)], [K(18-crown-6)(Lr.)(NCS)] and K[Lr.(NCSe)| (Fig. 26A)."°° 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 [Lig(THF)4(tmp)s(pn-NCO),| in which the N of each NCO™ interacts with three Li
centers."”” Group 2 metal complexes are represented by [Mg(tpp)(NCO)|~ (with a terminally N-bound ligand),"*® trans-
[Mg(py)4(NCO),] (terminally N-bound NCO™),****'° and a trimer containing a cyclic {Mgs(u-NCO)3} core (Fig. 26C)."""
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Fig. 25 (A) Part of one double sheet in the [MeNHs]* salt of [Na(OHz){us.-Fe(CN)s(NO)}]5~ (CSD refcode EHEBOL). Part of the 3D-nets in (B) the
[MeNHs]* salt of [Rbius-Co(CN)gl]2™ (refcode AXUDII), and (C) the [MesNOH]™ salt of [Kiue-Fe(CN)sl]2™ (refcode CATXED).
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Fig. 26 (A) Top: ligands Ls, Lse and Lye; bottom, left to right: structures of [K(18-crown-6)(Lr)(1-NCO)] (CSD refcode BIHQOB), [K(18-crown-
6)(Lte)(NCS)] (refcode BIHQUH) and [Lt¢(NCS)] ™ in the K* salt (refcode BIHRES). (B) The structure of [Lig(THF)4(tmp)4(n-NCO),] (refcode
HASKUK). (C) The structure of [{MeoAl(u-0SiMes)2Mg(THF)(1-NCO)}3] (refcode WEJREJ); the NCO™ ligands are disordered and only one site for
each is shown.

Moving to the p-block and compounds exhibiting N-bound terminal NCX™ ligands include the B-ketiminate derivative [Al
{OCMeCHCMeNDipp},(NCO)],*"” the tetrahedral [LAIX,| complexes in which HL = HC{MeC(NDipp)}, X =NCO or NCS
(the first examples of species in which two pseudohalide ligands are bound to AI’", Fig. 27A).*"° Note that in 1996, Assmann
et al. reported [In(pc)(NCO),]” with two terminal NCO™~ ligands bound to In**.*'* In the centrosymmetric [Ga,(dpp-
bian),(NCO),] (which contains dpp-bian radicals, Fig. 27B), the Ga-N-C angle is 149.2(4)°,""> compared to 167.9(1) and
171.8(1)° in [AI{OCMeCHCMeNDipp },(NCO)]. A trans-arrangement of NCO ™ ligands is found in [Ge(tmtaa)(NCO),| (H,tmtaa
is defined in Fig. 27C) in which the Ge-N-C angles are 160.9(2) and 136.7(2)°."'® Similarly, bent geometries are observed in
related Ge(IV) complexes,*'” and in trans-[Sn(pc)(NCO),|>~ (Sn-N-C = 140.9°).*'?

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-
Me,phen)(NCS)(MeOH)] (the LINCS unit is close to linear),*'? while the Na* center in [Na(2,9-Me,phen),(NCS)] is in a distorted
trigonal bipyramidal environment; the Na-N-C angle is 156.5(3)°.**° 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)°.**" In [Li(18-crown-6)(OH,)(NCS)], the Li* binds
to three of the six O-donors of the crown ether and is 5-coordinate*”’; this contrasts with the tetrahedral environment found in
[Li(MeNH,),(18-crown-6)|" (Fig. 4A). Examples with group 2 metals include the tetrahedral [Be(NCS),]*~ anion (linear BeNCS
units),"*’ octahedral trans-[Mg(THF)4(NCS),] (Mg-N-C = 163.6°),"** octahedral cis-[Mg(phen),(NCS),] (Mg-N-C = 165.63
(16)°),**° octahedral [Ca(NCS)g]*™ (ca. linear CaNCS),**° octahedral cis-[Ca(OH,),(NCS)4]*~ (ca. linear CaNCS),**” [Ca(N-
CMe)5(NCS),] and [Ca(OH,)(dme);(NCS),] with close to linear CaNCS units,”’* [Ca(dme)3(NCS),] (Ca-N-
C =156.9(2)°),””* and the 9-coordinate barium complex [Ba(Lgiazacrown)(OH2)(NCS)2] (Ldiazactown = N,N'-bis(4-aminobenzyl)-
4,13-diaza-18-crown-6) with a Ba-N-C angle of 132.0°.*? Thiocyanato complexes of group 13 metals include octahedral
[AI(NCS)6]*~ (ca. linear AINCS units),**’ mer-[Ga(OH,)3(NCS)3] (which co-crystallizes with 18-crown-6 and has approximately
linear GaNCS units, Fig. 27D),"*° trans-[Ga(iQ)2(NCS)4]™ (ca. linear GaNCS),"*" octahedral [In(NCS)s]*~ (In-N-C angles in
the range 162.7-176.2°),"*? and cis-[In(OH,)4(NCS),]" and trans-[In(OH,),(NCS),]~ which occur in the salt
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Fig. 27 (A) Structure of [LAI(NCO),] where HL = HC{MeC(NDipp)}, (CSD refcode QIGWIP). (B) Schematic diagram and structure of [Gax(dpp-
bian)2(NCO),] (refcode XEWMIY). (C) Structures of Hotmtaa and the Ge(IV) complex [Ge(tmtaa)(NCO),] (refcode DABHEU). (D) The structure of mer-
[Ga(OH,)3(NCS)3] (refcode EFOSAU).

[In(OH,)4(NCS),][In(OH;),(NCS)4].*** The anion trans-[In(OH,),(NCS),]™ has also been characterized in the 4,4’-bipyridinium
salt.***

Group 14 germanium and tin complexes are represented by the NCS™ analog of [Ge(tmtaa)(NCO),] (see Fig. 27C),"*” and the
trigonal pyramidal [SnCI(NCS),]™ (Sn-N-C = 149.5(4) and 139.5(4)°).**® Lead(lI) thiocyanate derivatives are exemplified by
[Pb(18-crown-6)(NCS)]* (Pb-N-C = 130.8(7)°),"*” [Pb(phen)(NCS)(NO,-k?)],*** and [Pb(5,5'-Me,bpy)(NCS),| (Fig. 28A)
and [Pb(4,4’-(MeO),bpy)(NCS),] (Fig. 28B) both of which show four ‘normal’ Pb-N bonds and three weak Pb---S contacts to adja-
cent molecules in the solid state.”*” The coordination geometries for Pb(II) (Fig. 28A and B) are indicative of the presence of a stereo-
chemically active lone pair,"*” and this is, in general, a much discussed topic for Pb(II).***>*? Terminal NCS~ ligands in

A (B) © (D)

(B

Fig. 28  The structures of (A) [Pb(5,5'-Me,bpy)(NCS),] (CSD refcode RAXGUU), (B) [Pb(4,4’-(Me0)obpy)(NCS),] (refcode RAXHAB), (C)
[Bi(THF)(NCS)s]?~ (refcode CIYKED), (D) [Ko(benzo-15-crown-5),(u-NCS)s] (refcode FIXJOM), (E) [Nas(NCS)s(OHa)a(1-NCS)]>~ (refcode LACDOU),
and (F) [K(18-crown-6)(u-SCN)In(NCS)s]>~ (refcode RUDTIU).
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[Pb,(phen)4(NCS),(1-N3),] exhibit Pb-N-C angles of 147.1(3)°.>*® In contrast to the N-bonded NCS™ ligands in the complexes
above, Saghatforoush et al. observe S-bonded thiocyanates in [Pb(4-CICsH4tpy)(SCN),].**°

Homoleptic Sb(NCS)3 and Bi(NCS)3 are formed in reactions of SbF; or BiF; with Me3Si(SCN) and were crystallized as THF
adducts. The thiocyanato ligands are N-bonded in [Sb(THF)(NCS)3]. In [(Ph3P),N],[Sb(NCS)s], the [Sb(NCS)s]>~ 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)°). Both N- and
S-bonded thiocyanato ligands occur in the [(Ph3P),N]" salt of [Bi(THF)(NCS)s]*~ (Fig. 28C) with Bi-N-C angles of 173.8(5),
123.9(5) and 159.5(5)°.**!

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 [K(benzo-15-crown-5),(pu-NCS),]
(Fig. 28D),**? and [Nay(NCS),(OH,),(u-NCS),]*~ with both terminal and bridging NCS™ (Fig. 28E). In [K(18-crown-6)(p-
SCN)In(NCS)s]*>~, one thiocyanate ligand bridges between K* and In** centers, S-bound to K and N-bound to In (Fig. 28F).**
Doubly bridged pairs of Pb(II) centers are seen in the 1D-coordination polymer [PbL,(p-SCN),], (L = 5,6-bis(furan-2-yl)-3-(pyr-
idin-2-yl)-1,2,4-triazine).*** 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.”’° The tetrahedral complex [Be(D-
MF);,(NCSe);] (angle Be-N-C = 176.8(5)°) was the first example of a structurally characterized selenium-containing beryllium
compound; it was prepared by reaction of BeCl, and KSeCN in DMF/THF.*** [In(Me,NCH,CMe,S),(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.**®

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

N H H
C QO o o

pyridine (py) pyrazine (pyz) pyrimidine (pym) imidazole (Him) pyrazole (Hpz)
Scheme 1 Heterocyclic ligands discussed in this section.

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)a] ", **"~*** [K(18-crown-6)(py)2] t,*>>*°” [Mg(15-crown-5)(py)2|*",**® porphyrinato complexes,*>”*°*
phthalocyanato complexes,*®”*”° corrole derivatives,*”' **° corrphycene derivatives,*®° or complexes in which tetradentate Schiff
base ligands define a plane in the coordination sphere of the metal.**”

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)s]™,**®*** tetrahedral [Li(OH,),(py)2]",*"” tetrahedral [Li(OH,)
Cl(py),],"’° trigonal planar [Li(py),{N(SiMes)(SiPhs)}],**” the dimer [Li,(py)4(n-NHPh),],'”" tetrahedral [Li(py)s(PHR)] adducts
and related dimers [Li;(py)2(p-PHR),] with 3-coordinate Li*,*’® and dimeric [Liz(py)4(p-OAr),] e.g., Ar = various arene substitu-
ents.”?”°°° When the reaction of LiN(SiMe3), and HOCH,'Bu was carried out in pyridine, the cubane [Li4(py)s(p3-OCH,'Bu),] was
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Fig. 29 The structures of (A) [Lis(py)s(ns-OCH,Bu)4] (CSD refcode ACIYAM), (B) part of the 1D-polymer chain in [L@CI(py)],, (refcode LICLPYO02),
(C) [Na(py)a{0(2,6-BusCgHs)}] (refcode FIKJUG), (D) the cuband [Nas(py)s(us-OCsH4Pr)a] (refcode FIKKIV, and the 2-PrCgH4 groups drawn in stick
representation for clarity), and (E) the [Beg(py)a(1-NHz)12(14-0)]2* 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).°°! This contrasts with cubanes such as [Lis(py)4(ps3-
OCsH4OMe),] in which all four Li atoms carry a terminal py ligand.”°® Also worthy of note is the 1D-polymeric structure of [LiCl(-
pY)]n (Fig. 29B).*%® There have been few reports since 2000 of homoleptic [M(py),]" (M = Na, K, Rb, Cs) complexes. In terms
of simple complexes, [Na(18-crown-6)(py).]" and [K(18-crown-6)(py),]* are ubiquitous (see above). An apparently low CN is
found in [Na(py),]" but the vacant coordination sites are occupied by B-H---Na interactions with a carbaborane cluster’"?; this
mirrors ambiguous low CNs discussed earlier in this review. A distorted octahedral [K(py)s]* ion has been reported, but in
a composite environment associated with a dicerium-based, so-called, ‘letter-box’ complex.””” NaBH, crystallizes from pyridine
as the 5-coordinate [Na(py)s(BH4-k?)] although association of these units via additional Na-H-B bridges leads to the assembly
of a 1D-chain in the solid state.**? Related to this is a {Na(py)4(BH,)} unit in which the BH,™ ion is part of an extended {BH,-
U-(u-BH,)-U-BH4} motif.””* Members of the series [Na(py)(OAr)], have been studied in detail. [Na(py)s{O(2,6-'Bu,CsHs)}]
is trigonal pyramidal (Fig. 29C),”"” and {Na,;O,} cubanes with Na-coordinated py ligands are of different types: [Nas(py)a(us-
OR)4] with 4-coordinate Na and [Nay(py)s(13-OR)4] with 4- and 5-coordinate Na (Fig. 29D).”%°

Moving to group 2, beryllium forms a number of simple complexes with pyridine and examples with tetrahedral Be environ-
ments are [Be(py)a]*",”°“"%” [BeCls(py)]~,*"® [BeCly(py)2],”** [BeBr(py)s]*,’°” and [BeCl(py)(NHPPh;3),]*.>'" An investigation
of Be(II) species formed in acidic liquid ammonia led to the isolation of [Beg(py)4(pn-NH)12(14-O)]1, and confirmed that the
{Be4(114-0)}°" unit can be stabilized without bidentate O,0'-ligands; Fig. 29E illustrates the structure of the unusual
[Bes(py)a(u-NHa)12(1a-O) > cluster.”'’ While CN = 6 is common in simple pyridine-containing complexes of Mg>", lower
CNs are also encountered, for example, in trigonal planar [Mg{N(SiMes)(SiMe,’Bu)},(py)],°'? tetrahedral [Mg
{N(SiMe3)2}2(py)2],””° tetrahedral [Mg{N(SiMes)(Mes)}.(py)2],’'” the tetrahedral bis(diphenylphosphanyl)amido complex
[Mg{N(PPh;)>}2(py)2],”"” and the 5-coordinate [Mg{O(2,6-Me,CsH3)}2(py)s] which contains sterically demanding ArO~
ligands.’"* The compound [Mg(py)s][BHa], crystallizes as trans-[Mg(BH4-k?),(py)a] - 2py.'*” Taking each [BH,-k?]|~ 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-[MgCly(py)a],”">'° trans-[Mg(O2CCF3)2(py)a],”'” and trans-[Mg(NCO),(py)a]."*”*'® The octahedral trans-
[Mg(NCsHg)2(py)s] (Fig. 30A) was formed by treating [Mg(SiPhs),(THF),] with neat pyridine,”'® 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.”'’ Simple
octahedral complexes of Ca®" include trans-[CaBry(py)s],””° and trans-[Ca{Si(SiHMe;)s}2(py)4],”>" while in [Ca(S,COEt-
?)2(py)s], the Ca®" center is 7-coordinate.””” Lower CNs are represented by the tetrahedral [Ca{N(SiMe3)(SiMe,'Bu)}(py)2]
which contains very bulky amido ligands.’” Earlier we pointed to the role of py as an axial ligand in [ML(py),] or [ML(py)] species
where L is a macrocyclic ligand. The structure of [Ca(tpp'Bu)(py)s] is interesting in having three py ligands bound to a Ca®* center
which resides above the porphyrin Ny-donor set (Fig. 30C).**? Simple complexes of pyridine and the later group 2 metals are rep-
resented by the 5-coordinate [M{O(2,6-Bu,CsHs)}2(py)s] for M=Sr or Ba,”** the distorted octahedral trans-[St
{0(2,6-BusCeH3)}a(py)a]  and  trans-[M{ODipp}a(py)al (M=Sr,  Ba), "  [Sra(py)s{O(2,6-MesCHs)}2{n-0(2,6-
MQQCGHg)}z],Sz4 [Baz(py)5{0(2,6—M62C6H3)} {u—O(Z,G—MeZCGHg)}ﬂ (Flg 30D),524 and [Ba3(py)6{u—O(Z,G-MeZCGHg)}6] in
which each Ba has CN = 6.7

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 [AICI3(py)],>*° [AlBr3(py)],>*® [GaX3(py)]
(X = Cl, Br, I),”°° [GaHCl,(py)] and related derivatives with substituted py ligands,”*” [GaCl,(py) {N(SiMe3),}],°*® [InBrs(py)],”*’
trigonal bipyramidal [M(CN)s(py),] (M = Ga, Tl) with axial py ligands,”*° 5-coordinate [In(py),(SeC¢Fs)3] with axial py
ligands,”®' and octahedral trans-[AlF,(py)s]™,°?> 7% trans-[AICly(py)s]",>®" trans-[AlBry(py)s]™,”*? and trans-[AICl4(py),] .
The octahedral cation trans-[AlH,(py)s]" has been isolated in the salt [Al(NCs5Hg)4][AlH2(py)4] in which CsHeNH is 1,4-
dihydropyridine; however, each Al-H site in the anion is disordered with an approximately 0.15 Al-OH superimposition.”*” Exam-
ples for the heavier group 13 metals in octahedral environments are [GaF3(py),(OH,)] with a trans-arrangement of py ligands,”*
mer-[InBrs(py)s],””° mer-|Inl3(py)s],”>” [InCI(N3)2(py)s],>** and mer-[In(CN)s(py)s].”*° Dimeric species are represented by
[AL,Cly(py)2(1-PSi'Pr3),] with an Al,Clg-type structure,”*® and [In,Bry(py)a(u-Br),] with octahedral In(III) centers and trans-py
ligands.’”’ The compounds GaEX (E = S, Se and X = CI, Br) have been prepared from Ga,E3 and Ga,Xg, and cyclic trimers [Gas3X3(-
pY)s(u-E)3] have been isolated from pyridine solutions of GaEX; each Ga(III) center in a trimer is tetrahedrally sited.”*”

© (D)

Fig. 30 Structures of (A) trans-[Mg(NCsHs)2(py)4], (B) trans-[Ca(NCsHsR)2(py)4] with R = allyl (refcode GUYQEX; for clarity, H atoms are only
shown in the allyl group), (C) [Ca(tpp'Bu)(py)s] (CSD refcode QIVGIL; for clarity, the porphyrin framework is shown in stick representation), and (D)
[Baa(py)st0(2,6-Me2CeH3)Hp-0(2,6-MeoCeHs)ls] (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), 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),.*>> Other M(IV) complexes include trans-
[GeF4(py)2].”**7*° The metal(Il) derivatives [SnBra(py)a],”*® [Sn(NCO)a(py)a],”*" [Sn(N3)2(py)2],*?" [Sn(py)a(SeCesFs)2] and
[Pb(py)2(SeCsFs)2],”*" [Pb(py)a(SePh),],”*? [Pb(py)2{S(2,6-MesCsHz)},2]°** and [Pb(py)2(SCsFs)2],”** have disphenoidal (see-
saw) geometries with axial py ligands. Interest in some of these lead(II) complexes is as precursors to PbE (E = chalcogen) materials.
In [SnBr,(py),], close Sn---Br contacts (3.65 A) interconnect molecules into 1D-chains (Fig. 31A). In this case, the Sn-Br---Sn angle
is close to 180°, and this contrasts with the weak bridging interactions in the related [SnBr,(py)(THF)] (Fig. 31B).>*° [Pb(pn-
C)1(py)2], comprises infinite 1D-chains in the solid state with octahedral Pb(II).>**

Octahedral [SbCl5(py)] is one of only a limited number of adducts of SbCls.”*® For M(III), examples are the octahedral
[BiCls(py)]>~,>*" [Bils(py)]*>~,°*® and [BiBrIs_(py)]*~ with disordering of the Br and I sites.”*? Bi(Ill) appears to be in
a square-based pyramidal environment in [Bi(py),(SCsCls)s]. 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) A, and a similar {5 + 1} coordination pattern is observed in
[Bi(py)3(SCsFs)3].”>® No such short contacts occur in the crystal structure of [SbCl,(N3)(py)2] which is square-based pyramidal
with py ligands mutually cis in the basal plane. The latter was prepared by reaction of SbCls, Me3SiN3 and py, while in a similar
reaction using AsCls, the isolated product was the 4-coordinate [AsCI(N3)2(py)].*** Reactions of SbCl3 and pyridine under vaccum
resulted in the formation of compounds formulated as [(SbCl3)4(py)4] and [(SbCl3)3(py)s]. In the solid state, the former comprises
{SbCl;(py)2} units bridged by an {Sb,Cls(pn-Cl),} motif (Fig. 31C). ‘[(SbCl3)3(py)s]’ consists of two 5-coordinate [SbCls(py),]
complexes and [SbCl3(py)] with a disphenoidal geometry; the three molecules associate through Sb --- Cl interactions.”®' Prokudina
et al. reported a series of [SbyBr,py,] complexes containing 5-coordinate Sb(IIl) 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 = 2.384(6) and 2.395(6) A)
with asymmetric Br-Sb---Br bridges.””> The analogous iodido-bridged dimer has also been reported and a related complex is
[SbsIs(py)4] (Fig. 31E).>*” These compounds were prepared from pyridine and Sbls under vacuum, and other members of the series
are the disphenoidal (see-saw) shaped [SbI,(py),]" cation (the counterion for which is [Sb,l7(py)];~ comprising a 1D-chain),
[Sbals(py)2] (Fig. 31F), and [Sbl;s(py)s] (Fig. 31G).”>> A CN of 7 is found in [BiCl3(py)4]; in the pentagonal bipyramidal structure,
the py ligands occupy equatorial sites.”>* Seven-coordinate Bi(III) is also found in the 1D-polymeric [Bi(N3)(py)2(1n-N3)2]n.”"’

Complexes in which pyridine is coordinated to Se and Te include pyramidal [SeO;(py)],°>® disphenoidal
[Te(py)2(‘BUNCHMeCHMeN'Bu)|**. The latter was the first example of a monodentate pyridine-type donor coordinated to
Te(IV).>*”

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,””® but it is more often associated with
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the assembly of 1D-coordination polymers with [M(porph)] (Hporph = general porphyrin) building blocks. ' In the
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Fig. 31 The structures of (A) [SnBry(py)2] with intermolecular Sn---Br contacts (CSD refcode VUTTAG), (B) [SnBra(py)(THF)] showing
intermolecular Sn---Br contacts (refcode VUTSUZ), (C) [(SbCls)4(py)4] (refcode MIQMOR), (D) [SboBrg(py)4] (refcode XAFQEE), (E) [Sbslg(py)4]
(refcode UNAHAV), (F) [Sbalg(py)2] (refcode UNAGEY), and (G) [Sbelis(py)e] (refcode UNAGIC).
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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(j4-ClO4)(1-pyz)], (consisting of
{Na(u4-ClOy4)},, sheets interconnected by bridging pyz ligands),”®” and heterometallic assemblies in which pyz bridges between
Na* and Re(V),”** or Na* and Ru(IIl),”** and pym bridges between Na* and Ru(II1).”*” 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(1-pyz)a], (M = Mg,
Ca); a (4,4) net is defined by 4-connecting Mg** or Ca®" nodes linked by pyz ligands, and terminal [BH,]™ ligands complete the
octahedral coordination at each metal.’®® Other Mg”>" pyrazine complexes involve [Mg(porph)] units (see above).

We turn now to the p-block metals. Timoshkin and coworkers®®” have investigated the solid-state structures of group 13 metal
halide complexes with pyz and have structurally characterized [Al,Brg(p-pyz)] (Fig. 32A), [Ga,Clg(p-pyz)| (with tetrahedral M), and
the 1D-polymers [AlBr3(p-pyz)], and [GaCls(pu-pyz)], in which the M(III) center is 5-coordinate.’®”®® The analogous polymer
[GaBr3(p-pyz)], (Fig. 32C) has also been reported.’®® Galz (which is a weaker Lewis acid than AlBr3, GaCls or GaBr3) forms the
tetrahedral monomer [Gals(pyz)].”®” A structure related to [Al,Brg(u-pyz)] (Fig. 32A) is found for [InyCls(DMSO)4(p-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 InClz and pyz yields a 1D-ladder (Fig. 32D) with octahedral In(IIl) and a mer-arrangement of N-donors.”®” A
similar polymer was confirmed for [Tl,Clg(u-pyz)s],.”®® An interesting comparison is in the products of the reactions of InXj
(X=Cl, Br) and pyrimidine or pyrazine in EtOH. The former leads to the discrete octahedral mer-[InCl3(OH)(Hpym),]*
(hydroxide salt), while for pyz, the 1D-polymer [InBr3(OH,)(p-pyz)], was isolated.”®®

Krossing and coworkers have succeeded in isolating gallium(I) species with monodentate pyz; use of the sterically demanding
and weakly coordinating [AI(OR")4]~ anion (R" = C(CF3)3) was a key factor. The trigonal pyramidal [Ga(pyz)s]" was the first 3-
coordinate, non-chelated, homoleptic N-donor complex of Ga(I). The addition of one equivalent of pyz to [Ga(pyz)s][Al(OR)4]
led, unexpectedly, to the isolation of {[Ga(u-pyz).(pyz)][Al(OR)4]},. The formation of monomer or polymer is dependent upon
both the concentration of pyz and the temperature of crystallization.’”°

The tin(IV) complex trans-[SnCly(pyz),] is a discrete molecular species in the solid state.”” The [Sn(NCMe)¢]*" cation was
mentioned in Section 1.02.2.1.3, and use of the [Al(OR),]™ anion led to the tin(II) cation being relatively isolated from the coun-
terion in the solid state. Two MeCN ligands in [Sn(NCMe)s]*>" can be replaced by pyz to give cis-[Sn(pyz),(NCMe)4]** (Sn-
Npyz = 2.373(4) and 2.421(3) A) with three of the MeCN ligands being only weakly bound (Sn-N = 2.713(4)-2.863(4) A).>*
[Pb{S(2,6-Me,CsH3)}2(11-pyz) |, forms a 1D-coordination polymer (Fig. 32G),”** while in [Pb,(p-Br)4(p-pyz)], all ligands are
in bridging modes giving a double-layer structure (Fig. 32H); each Pb(II) center is in a square-based pyramidal environment.””?
[Pb(p-1)2(p-pyz) ], comprises a (4,4) net with Pb(II) acting as 4-connecting nodes; alternate edges of each Pb, thombus are bridged
by pyz or two I~ ligands.”””

Pyrazine complexes of the group 15 metals focus on Sb and Bi. In addition to the discrete molecule [Sb,F;o(p-pyz)],”" group 15
metal(III) halides form a number of extended arrays with pyz. [SbCls(u-pyz)], is a 1D-chain with Sb(III) in a square-pyramidal
environment, indicative of a stereochemically active long pair. In contrast, the compounds [Sb,X¢(p-pyz)s], (X = 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>’”; inspection of the crystallographic data (CDS refcodes KUNXUP and KUNYAW) reveals that both
[Sb2Xs(1-pyz)3], (X =Cl, I) have interpenetrating 3D-nets (Fig. 33A). The reaction between Bil; and pyz yields [Bi(p-I)s(p-
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Fig. 32 Structures of (A) [AlBrg(u-pyz)] (CSD refcode HIJBOT), (B) [In2Clg(DMSO0)4(1-pyz)] (refcode NIBLOA). (C) Part of the 1D-chain in in
[GaBrs(n-pyz)], (refcode NIWTIX). (D) Part of the 1D-ladder in [InoClg(1-pyz)s], (refcode NIBMAN) indicating the direction of chain propagation. Part
of (E) a 1D-chain in [Pb{S(2,6-Me2CgHs)}2(1-pyz)], (refcode GAGXOC), and (F) one double-layer in [Pbo(u-Br)4(u-pyz)], (refcode MOTSET).
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Fig. 33 (A) The interpenetrating networks in [ShoClg(n-pyz)s], (CSD refcode KUNXUP) showing only the 3-connecting Sb nodes; the diagram was
constructed using Mercury 2021.3.0.°° (B) Part of the 2D-net in [Bi(u-1)3(n-pyz)], (refcode VUPMAX). (C) Part of the [BioClg(r-Clo)o(p-pyz)]2™ 1D-
chain (refcode KEKTIG); the direction of chain propagation is clarified with the arrows.

pyz)], with the 2D-network shown in Fig. 33B; the (4,4) net is defined by nodes at the centers of the {Bils} units.””® In contrast, the
reaction between Bils, BuyNI and pyz produces the [BuyN| " salt of 1D-polymer [Bi,Clg(u-Cls)2(p-pyz)|2"~ (Fig. 33C).”"7

1.02.2.1.5.3 Imidazole

Imidazole (Scheme 1) complexes of the s-block metal ions are represented by octahedral [Mg(Him)g]*" and trans-
[Mg(Him)4(OH,),]*", the structures of which have been determined from powder X-ray diffraction data using full-profile
Rietveld refinement methods.’”® The single crystal structure of trans-|[Mg(Him)4(OH,),]Cl, has also been reported (Mg-
N =2.2281(10) and 2.1611(10) A).””” Using solvent-free conditions, Zurawski et al. prepared the group 2 coordination polymers
[Mg(im),(Him)s], and [M(im),(Him);], (M = 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),(Him)s], (Fig. 34A) is a 1D-polymer, [Ca(im),(Him);],
and [Sr(im);(Him),], form (4,4) nets with each M>* ion coordinated to trans-terminal Him ligands and four bridging im™~
ligands. A CN > 6 is favored for Ba®>" and metal ions are connected into a 1D-chain by bridging im~ ligands which coordinate
in an n°-manner to one Ba®" and via an M-N c-bond to the next (Fig. 34B).”®° 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)],”®" in [Mgs(Him)4(HOAC),(u-OAc),(1-0)],°%? fac-[Ca(Him)(OH,)3(02CCsH4NO,),] and trans-
[Ca(Him);(OH;)2(02CCsH4NO,),]. %

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)g]>" (as the nitrate salt) was isolated.’®* An interesting approach to MOF synthesis capitalizes on the fact that both
gallium metal and imidazole are low melting. Thus [Ga,(Him)(im)e], was isolated from a melt with Ga being oxidized to Ga(III)
during the reaction. [Ga,(Him)(im)g], comprises a 3D-network, with two independent, octahedral Ga(III) centers, in {Ga(im)s}
and {Ga(im)s(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-
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Fig. 34 Parts of the 1D-chains in (A) [Mg(im)o(Him)s], (CSD refcode CAVTEA) and (B) [Ba(im)o(Him),], (refcode CAVTUQ); only the N-H hydrogen

atoms are shown. (G) The 3D-network in [Gax(Him)(im)s], (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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Fig. 35 Structures of (A) [Lia(Hpz-3,5-Bug)afu-(pz-3,5-Buy)}z] (CSD refcode YEBBOX, only the NH H atoms displayed), (B) [Mg(Hpz-3,5-Bus)z(pz-
3,5-Buy)s] and (C) [Mga(Hpz-3,5-Pra)a(pz-3,5-Pr)afu-(pz-3,5-Prs)}2] showing intramolecular hydrogen bonds (refcodes MIRMEF and XETXAW, only
the NH H atoms are shown). (D) The building block in [Ca(OH,)3(Hpz-4-S03)2], (refcode OLITIM). (E) Structure of trans-[GaClo(Hinz)4]" (refcode
TAHPAV, with only NH H atoms shown).

dicarboxylate ligands that act as N,O-chelates to main group metal ions,”®>~>°° but in this section, we focus on N-bonded pyrazole
ligands in simple complexes.

The Li" ion in [Li(Hpz-4-CO,)(OH,);] is tetrahedrally sited, with N-bound [Hpz-4-CO,|~.>°® In [Liy(Hpz-3,5-Bus), {u-(pz-
3,5-'Buy)},], the bridging pyrazolato ligands exhibit different bonding modes to the two Li" centers as depicted in Fig. 35A.
This is one of a series of complexes formed in reactions of Hpz-3,5-Me, or Hpz-3,5-'Bu, with RLi, Na or K.”>°7 The reaction between
BeCl, and Hpz in Et,O produced tetrahedral [BeCl,(Hpz)(OFEt,)] (Be-N = 1.717(4) A); with two equivalents of Hpz, the isolated
product was [Be;(Hpz),Cly(1-OFEt;),].°% An interesting feature of the sterically crowded tetrahedral [Mg(Hpz-3,5-'Bu,),(pz-
3,5-'Buy),] is the presence of hydrogen bonds between pairs of Hpz-3,5-Bu, and [pz-3,5-Buy]” ligands (Fig. 35B, N-
H---N =2.7448(17) A, angle N-H---N = 153(3)°).>”® A similar feature occurs in [Mg,(Hpz-3,5-Prs),(pz-3,5-Pra), {u-(pz-
3,5-Pry)},] (Fig. 35C).>° Octahedral group 2 metal complexes include [Mg(Hpz-5-th)4(pz-5-th),],°°° [Ca(Hpz-3,5-Me,)4(pz-
3,5-Me;),],°°" and [Sr(Hpz-3,5-Me;)4(pz-3,5-Me;),].°°" Reactions of pyrazole-4-sulfonic acid (Hpz-4-SOsH) with Na,COs,
K,CO3, CaCO3 and BaCOj3 under aqueous conditions lead to metal sulfonate networks (the first containing Hpz-4-SO5~) which
consist of inorganic-organic layered structures. For example, in [Ca(OH;)3;(Hpz-4-SO3),], one [Hpz-4-SOs]™~ ligand is N-
bound and the other O-bound; the structure propagates through additional O-Ca bonds with each Ca®" being 7-coordinate
(Fig. 35D).°? This study is complemented by assemblies between Hpz-4-SOsH and Rb*, Cs™, Mg®" and Sr*+.°%

Complexes with group 13 metal ions are illustrated by tetrahedral [GaCls(Hpz-3,5-Ph;),],°** octahedral trans-
[GaCl,(Hpz)4]™,°% trans-[AlCl,(Hinz),]™ and trans-[GaCl,(Hinz)4] " (Fig. 35E)°°°; 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 Miiller investigated the use of en as an alternative solvent to liquid NH3 in beryllium chemistry.'*®
Homoleptic [ML,]"" are represented by tetrahedral [Be(en),]*" and [Be(en)(en-N),]*" (Fig. 36A),'*® octahedral

[Mg(en)3]2+,°07’(’” [Ga(en)3]3+,"]2’6” [In(en)3]3+,m4’(’l(‘ [Tl(en)3]3+,(”7 and [Ge(en)3]2+.6]8'(’19 In contrast to a CN of 6 in

H,N NH,  HN  NHy  HN NH,  MeoN NMe

en pn pda tmeda

Scheme 2 Chelating diamines included in Section 1.02.2.2.1.
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Fig. 36 Structures of (A) the [Be(en)(en-M)2]> " cation in the chloride salt (CSD refcode IRUJIR), and (B) the [Ba(en)s(u-pn)]** cation with 9-
coordinate Ba®>* (refcode TOMTOG). (C) Part of the 1D-chain in [Sn(en)(n-S)2], (refcode QUKPUI). (D) In [Pb(pda)>][NOs]2, one NO3™ ion interacts
with the cation (Pb---0 = 3.177(3), 3.090(3) A, refcode FAKYUN).

[Mg(en)3]*", the larger Ca®* ion forms the 8-coordinate [Ca(en)4]*". The latter was formed with selenium-based anions under
superheated and supercritical solvothermal conditions in en.®*° A further increase in CN is observed on going to [Bas(en)(u-
pn)]** (Fig. 36B).°’' Mixed amine/halido and related complexes are illustrated by tetrahedral [AlBry(en)]*, [Ally(en)]* and
[Galy(en)]*,°?? octahedral cis-[In(OAc),(en),]" with monodentate acetate ligands,’”” and octahedral [Ge(en)(OH)4].°'® The
centrosymmetric [Iny(en)4(p-S)2]*",%%% [Iny(en)4(p-Se)2]* ™, *** [Ina(en)y(p-Te),]*+,°* and [Iny(en)y(u-OH),]*+,°% contain octa-
hedrally sited In(IIT). The [Pb(en),]*", [Pb(pda),]**, and [Pb(tmeda)]*" cations were isolated in salts containing [Ag,Is]*~ anions
with cation --- anion interactions through Pb--I contacts. Note the lower CN in [Pb(tmeda)]** vs [Pb(en),]** caused by the greater
steric hindrance of tmeda.®”” In the solid-state structure of [Pb(en)(NO3z)(MeCO,-k?)], 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
NOj3~ ligand of an adjacent molecule.’*® 1D-coordination polymers featuring interconnected {M(en)}, {M(en)X,} or {M(en),}
units are represented by [Li(en),]n" with both bridging and chelating en (Fig. 5B),"*® [Tl(en),(p-CN)|2"" with a trans arrangement
of bridging cyanido ligands,®”” [Sn(en)(u-S),], (Fig. 36C),°*° [Pb(en)I,(p-en)], (Fig. 6B),'*

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)L;] in which HL = 2,2,6,6-tetramethylheptane-3,5-
dione.®®' 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),]*™ in salts with [Ag,Is]*~
anions was mentioned above.®”” Fig. 36D depicts the structure of the [Pb(pda),]*" 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.**”

A wide variety of coordination and organometallic compounds is formed between tmeda and the s- and p-block metals, in
particular Li*. Some {Li(tmeda)}* complexes which also incorporate amido and imido ligands were described in Section
1.02.2.1.2. The steric hindrance imparted by the NMe; units in tmeda does not preclude the formation of tetrahedral [Li(tmeda),|*
(representative examples are cited),*>>~°*? while in [Li(tmeda) {N(CHMePh),}]"*? [Li(tmeda){O(2,6-'Bu,-4-MeCsH,)}],**° and
[Li(tmeda) {NPh(CH'Pr,)}|,°°" Li is in a trigonal planar environment. An investigation of dichalcogenidoimidodiphosphinate
anions (Scheme 3a) has included structural data for [Li(tmeda){N('Pr,PSe),}] and [Li(tmeda){N(‘Pr,PTe),}] as well as the mixed

) )
N E=E'=S H
! 0N E=E'=Se
'PrzP( *~PPr, E=E'=Te H.B é
| '] E=S;E'=Se R N N L
E © E' E=S;E'=Te Ehe P
E=Se;E=Te e Ph

Scheme 3 (A) General families of dichalcogenidoimidodiphosphinate anions.®%? (B) Structure of the [Ph,PCH(BHs)P(BH3)Ph,]~ ligand.

Q)

©) (D)

Fig. 37 Structures of (A) [Na(tmeda),]* (CSD refcode CIVWIO), (B) [Lis(tmeda),(u-tmeda)(u-BsMeoNsH,)4] (refcode CAPTAP), (C)
[Sro(tmeda)o{MeoN(BHs)olo] (refcode TAHWOS), and (D) [Inglg(tmeda),] (refcode XIQWAW). In (C) and (D), tmeda is shown in stick representation
for clarity.
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S/Te and Se/Te analogs; the Li™ ion is tetrahedrally sited.’>” The [Na(tmeda),]" ion appears to have first been structurally charac-
terized in 1983,°>® and the Na™ ion is in a planar environment (Fig. 37A).°°*®°> This mirrors the structural preference found in, for
example, [Na(NH3)4]" (Fig. 1C). The axial sites are occupied by MeCN ligands in trans-[Na(tmeda),(NC'Bu),]".°>® A similar coor-
dination environment is found in [K(tmeda),(Ph,PCH(BH3)P(BH3)Ph;)], (see Scheme 3B for the ligand); the axial sites of the
{K(tmeda),}" unit are occupied by B-H-K interactions to produce a 1D-polymeric structure in the solid state.®”” The K* ion is
large enough to accommodate three chelating tmeda ligands; [K(tmeda)s]" has a distorted octahedral structure.®>®

Tetrahedral [M(tmeda)X,] derivatives include [Be(tmeda)X;] (X = Br, 1),°°”°>® [M(tmeda){N(SiMes),},] (M = Mg, Sr),°*°
[Mg(tmeda)(BH,-k>),] (pseudo-tetrahedral with tridentate BH, ™~ ligands),*®' [Mg(tmeda)(NHSi'Pr3),] (which has large Mg-N-
Si bond angles of 139.2(1)°),°° [Mg(tmeda){O(2,6-'Bu,CsH3)}2],"" [Ca(tmeda){N(SiMes),},],°®* [Ca(tmeda)(N'Pr;),],°**
[Ba(tmeda) {N(SiMe3)1},],°** [AlBry(tmeda)]™,°*” and [GaCl,(tmeda)]™.°**

Complexes with CN =5 are exemplified by the square-based pyramidal [K(tmeda),{Si(SiMe3)3}],""” trigonal bipyramidal
[Mg(tmeda)Br,(THF)],°° [Sr(tmeda)(NPh'Pr),(THF)],°®” [In(tmeda)Is],°°® and [Sb(tmeda)F3]®’; the latter is unstable unless at
low temperatures under inert conditions. Examples of octahedral species include trans-[MgBro(tmeda),],°”® trans-[Caly(t-
meda),],°”" trans-|AlH;(tmeda),]",°”? [In(tmeda)Cly],°*® [Ge(tmeda)Xy] (X =F, Cl, Br),*****® and [Ge(tmeda)Cl,(N3),] (with
trans azido ligands).>*°

Dimers with {M,(tmeda),(p-X)} motifs are represented by [Lis(tmeda),(u-Cl)5],*® [Liz(tmeda),(u-Br),],°”> " [Liy(tme-
da),(u-OMes),] (note there is a change to a monomer when the ArO™ ligand is more bulky, see above),*° a series of [Li(tme-
da),{-OSAIR},] dimers (prepared by lithiation of ArRS=O by "BuLi in tmeda),®”” [Li,(tmeda),(u-E"Bu),] (E = Se, Te),*”°
[Ms(tmeda),(u-HBEt3),] (M =Na, K),°”” [Nay(tmeda),(u-NPh'Pr),],'** [Rby(tmeda),{p-N(SiMe3),},],°®° and [Ge,(tme-
da),Cl,(p-Cl),] (in which Ge(II) is in a trigonal pyramidal environment with asymmetrical Ge-Cl - Ge bridges).®"®

A number of other species are worthy of note. Reaction of the borazine B3Ph3;N3H;3 with LiMe/Lil/tmeda in Et,O leads to [Li(t-
meda)(p-Ph3B3N3H,)Lil(tmeda)].*”” Similarly, trimethylborazine is deprotonated when treated with BuLi in tmeda giving rise to
[Lis(tmeda), (p-tmeda) (1-BsMeoN3H,)4] (Fig. 37B).°%° The reactions of Li, Na or K with MesPCl, yields MPHMes; for M = Na, the
tmeda adduct is the 1D-coordination polymer [Na(tmeda)(u-PHMes)],..°*" An [MgzCls]" unit is stabilized by tmeda in the trian-
gular [Mgs(tmeda)s(p-Cl)3(ps-Cl),] 7.05%% Sr2* is 11-coordinate in [Sry(tmeda), {Me,N(BH3),},] (Fig. 37C) and was character-
ized as part of an investigation of complexes of Sr for use as CVD precursors.’®* The [Me,N(BH3),] ™ ligand coordinates to Ba®"
through four B-H-Ba interactions in the 10-coordinate [Ba(tmeda) {Me,N(BH3),},].°®” The dissolution of solid indium(I) iodide
in a mixture of toluene and tmeda led to the isolation of crystals of [Inglg(tmeda),] (Fig. 37D) which is the first example of a neutral
indium sub-halide cluster complex; thermal decomposition of the latter gave [In,l4(tmeda),].°®*® Dissolving InBr in toluene/tmeda
produced [In;Bry(tmeda);], 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 = 3.678(2) A.°®” Reaction of Pb(SAr),
with (Ar = 2,6-Me,;CgH3) with tmeda leads to [Pb(tmeda)(SAr)][Pb(SAr)s] in which there are close S---Pb contacts between the two
units.**

665

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.(’9’(’89'(‘9“

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{‘BuC(NMes),},],°”' 5-coordinate [Mg(THF){HC(NDipp),},],°>* distorted octahedral cis-
[Ca(THF),{BzC(N'Bu),}2],°”> trans-[Mg(THF),{MeC(NCy),},]*”* and the dimer [Mgy(OEt;y);{MesC(NCy),},(u-Br),].%””
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 [GaH,(quin) {HC(NDipp),}]°”® which is discussed later. A combi-
nation of chelation and bridging is found in [Li(OEt;), {u-PhC(NSiMe3)(N"Pr) },] (Fig. 38A)°”” and in a range of other dilithium
species.®”®7%% A simple bridging mode is exemplified in the dilithium complexes [Liy(THF),(u-THF) {i-HC(N(4-MeCgHy))2} 2]
(Fig. 38B) and [Li, {u-HC(N(4-MeCgHy))2}3],7%* while in [Lip(THF), {u-HC(N(2-FCgHy))2} 2], the imidoamidate bridging mode
is supplemented by CF-Li interactions similar to those depicted in Fig. 8D.”%° The dimer [Mg,{MeC(N'Pr),},{u-MeC(N'Pr),} 5]
exhibits both chelating and bridging imidoamidates.”® Fig. 38C depicts an example of another bridging motif, illustrated with
the structure of [K, {u-PhC(NCHMePh),},].”°” In the coordination polymer [Na(THF),{u-"BuC(NH)(NDipp)} ], the imidoami-
date anion acts as a ditopic ligand (Fig. 38D),”%® and a similar structure is observed in [Li(THF), { u-PhC(NH)(N(2-PrCsHg4)) }|.” "’
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Scheme 4 The general structures of imidoamidate (also called amidinate, left) and guanidinate (middle) ligands, and the structure of guanidine
(HsGu).
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Fig. 38  Structures of (A) [Lio(OEt)o{PhC(NSiMes)(N"Pr)}o] (CSD refcode AGOJOV; Et,0 shown in stick representation for clarity), (B) [Lia(THF)o(u-
THF){HC(N(4-MeCgHy))2}2] (refcode AGONAL; THF shown in stick representation), (C) [Kofu-PhC(NCHMePh)J)o] (refcode AQISAV), (D) part of a chain
in [Na(THF)o{u-BuC(NH)(NDipp)}, (refcode AROXUC, THF in stick representation, and only NH H atoms shown).

Other s-block metal complexes with imidoamidate ligands which demand attention include [Mg{(4-MeCcH4)C(NDipp),}»].
This is a rare example of square-planar Mg?* which is not imposed by a porphyrinato environment’'%; a further example of
square-planar Mg>" is the guanidinate complex [Mg{(Cy,N)C(NMes),},].”"" Beryllium complexes with imidoamidate ligands
are sparse, and are represented by the tetrahedral [BeCl,{PhC(NSiMes),}],°°® and [Be{EtC(NDipp),},],”'” and the centrosym-
metric dimer [Be,(u-OEt), {'BuC(NDipp),},].”"”

Lithio derivatives are typical precursors to p-block metal complexes. For example, treatment of [Li{ PhC(NSiMes), } | with GeCl,
leads to [GeCI{PhC(NSiMes3),}],”"> reaction of [Li{(4-BuCs¢H4)C(NDipp),}] with SnCl, vyields [SnCl{(4-BuCsHy)
C(NDipp),}],”"* and reaction of SnCl, with [Li{"BuC(NCy),}] gives [SnCl{"BuC(NCy),}].”"" In each case, the imidoaminate
ligand is chelating. Reaction of [Li{'BuC(N'Pr),}]| with Gals produces [Gal,{'BuC(N'Pr),}], while with Gal, the product is the tri-
gallium species shown in Fig. 39A; replacing the C'Bu unit in the imidoaminate ligand by CMe redirects the assembly to a tetragal-
lium complex.”'®

QY

®)

(B) "

Fig. 39 Structures of (A) [Gaslo{'BUC(N'Pr),}s] (CSD refcode FUBHES), (B) [AICIx®{DippC(N'Pr),}] (refcode AGEMUU), (C) [AKPhC(NPh)l3] (refcode
QETBAS, in space-filling representation), (D) [Geg{PhC(N'Bu)l4] (refcode GIHZOO), (E) [Ph{HC(NDipp)alo] (refcode GODWUS), and (F) [Bi
{HC(NMes)2}s] (refcode PIHHIY). In (E) and (F), ligands are shown in stick representation for clarity.
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Scheme 5 Examples of imidoamidates with two metal-binding domains.

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(Ill) complex shown in Fig. 39B) has been described by Arnold.”'” The same tetrahedral {AICI,N,}
motif is found in [AICl,{PhC(NPr),}], and this derivative has been used as a precursor for the synthesis via salt metathesis of
complexes with AI-M bonds.”'® Cole et al. showed that the reaction of [GaH3(quin)] with one equivalent of H,C(NDipp), resulted
in the formation of tetrahedral [GaH;(quin) {HC(NDipp),}] 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.’”® Examples of 5-coordinate {MX(imidoamidate),}
complexes include [AIH{PhC(N'Bu),},],”"* [InX{PhC(N‘Bu),},] (X = Cl, Br),”*° and [InCI{MeC(N'Pr),},].”*" With less sterically
crowded ligands, octahedral tris-chelates can be accommodated, e.g., in [Al{MeC(N'Pr),}3],”*> [M{HC(NSiMes),}3] (M = Al
Ga),”** and [In{MeC(NPr),}3].”*" Interestingly, even with the relatively sterically encumbered [PhC(NPh),| "~ ligand, interlocking
of the phenyl substituents (Fig. 39C) allows three ligands to be accommodated in [Al{PhC(NPh),}3].”** Ligands such as those
shown in Scheme 5 allow the formation of dinuclear complexes, e.g,, coordinating to two {AlX,} units.””’

Imidoamidate complexes of Ge(Il) 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(N'Bu),}],”*® [SnCI{PhC(N'Bu),}],”*” and [M{N(SiMe3),} {PhC(N‘Bu),}| with M = Ge or Sn (which are catalysts for phenyl
isocyanate cyclization).””® Reduction of [GeCl{PhC(N'Bu),}] by K in THF results in the formation of [Ge,{PhC(N'Bu),},] which
contains an unsupported Ge-Ge bond.”?® In [Ge(u-O3SCF3){PhC(N'Bu),} ], the triflate ions bridge between pairs of Ge centers to
give a 1D-polymer decorated with chelating imidoamidate ligands.””” Yeong et al. reported two interesting complexes with Ge,Sn,
and Ge, cores supported by imidoamidate ligands and bearing low-valent Ge{PhC(N'Bu),} substituents (Fig. 39D); a theoretical
investigation confirmed planar charge-separated core-structures.””” With the use of the sterically demanding [RC(NDipp),]~
ligands (R = H, ‘Bu), it has been possible to isolate the thermally stable Pb(1I) complexes [Pb{HC(NDipp),},] (with a geometry
indicative of a stereochemically active lone pair on Pb, Fig. 39E) and [PbCl{‘BuC(NDipp),}], (in which pairs of molecules are
weakly associated through Pb--- Cl interactions, Pb-Cl = 2.571(2), Pb---Cl = 3.260(2) A).”*°

Imidoamidate complexes of the heavier group 15 elements are represented by [SbCl,{'BuC(N'Pr),}], [SbCl,{"BuC(N'Pr),}],
[SbCl,{'BuC(NCy),}], [SbCl,{'BuC(NDipp),}], [BiCl,{'BuC(NDipp),}| and [Bi,Cly(u-Cl) {'BuC(N'Pr),} ] and this series illus-
trates the influence of both the metal and ligand on the coordination geometry.””' In [Bi{HC(NMes),}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.”??

Guanidinates (Scheme 3) offer the same donor set as imidoamidates with the peripheral NR, (R # 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,”” as well as dinuclear species in which the gua-
nidinate acts simultaneously in chelating and bridging modes (e.g., Fig. 40A).'¢”7°>734=74! A simple bridging mode of a guanidi-
nate ligand is illustrated in [Liy(THF), { u-Me,NC(NPh)(NSiMes3)},].”*! In the solid state and in the absence of a donor solvent, [Li

Fig. 40 Structures of (A) [Lio(OEtp)o{EtNC(NPR)(N(2,6-Me;GeHa))bo] (CSD refcode CUHQUT), (B) [LifMeoNC(N'Bu),}l, (refcode HATZAF), (C)
[Mgo{'ProNC(NDipp)o)o] (refcode JISWIS), (D) [Sn{(Me3Si)oaNC(N(4-MeCgHa))2)o] (refcode APIHUE), and (E) [SnCl{(Me3Si)oaNC(NPr),}] (refcode
HUKQAI).
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{Me,NC(N'Bu),}] exists as the tetramer shown in Fig. 40B in which each guanidinate acts as a ditopic ligand, bridging two Li
centers.”””

Just as with imidoamidates, there is a variety of group 2 metal complexes of guanidinates with CN =5 or 6. These include
[M(OEt;){(Me3Si),NC(NCy)1},] (M = Ca, Sr),”*> [Mg(THF){(MesSi),NC(N'Pr),},],”*® and the dimer [Mg,(THF),{(Mes-
Si),NC(NCy)1}2(p-Cl),].”** Green et al. have demonstrated that the reduction of [Mgs(OEt){'Pr,NC(NDipp),}2(p-1)2] (which
contains sterically demanding Dipp substituents) with metallic K results in the formation of the Mg(I) complex
[Mg, {Pr,NC(NDipp),},] with an unsupported Mg-Mg bond (Fig. 40C, Mg-Mg = 2.8508(12) A).”*> The sterically crowded
['ProNC(NDipp),]~ forms severely distorted 4-coordinate [ML,] complexes with Ca>" and Sr*".”*° Kays and coworkers have
reported the formation of a series of Mg(Il) complexes incorporating the sterically demanding ligand [Cy,NC(NMes),] ™. These
include [MgI{Cy,NC(NMes),}| which was isolated in the form of the cubane [Mg4{Cy,NC(NMes),}4(n3-1)4] and the dimer
[Mg,{Cy,NC(NMes),}2(OEty)a(p-1),].”"" Of particular note is [Mg{(Cy,N)C(NMes),},] with sterically demanding ligands
with surround a square-planar Mg>" center. Significantly, this preference is not wholly due to steric constraints because the
5-coordinate THF adduct [Mg(THF){Cy,NC(NMes),},| has also been structurally characterized. Moving to the larger group
2 metals allows the CN to increase to 6 in [M(THF),{Cy,NC(NMes),}>] (M = Ca, Sr), while for Ba>*, there is a preference
for Ba®" -+ Taene interactions in [Ba{Cy,NC(NMes),},].”'' A CN of 6 is also exemplified in cis-[M(THF),{Ph,NC(N'Pr),},]
(M = Ca, Sr) and trans-[Ca(THF),{(Me3Si),NC(NCy),},].”*"

Tetrahedral group 13 metal [MX;(guanidinate)] complexes are represented by [AICl,{Pr,NC(NCy),}],”*® [GaCly{"ProNC(-
NPr),}],”*° [AI{NHDipp},{(Me3Si)oNC(NCy),}],”*® and [Gal,{Cy,NC(NDipp),}].”*’ The dimer [Al,Cl, { - {Me,NC(NMe),} } ]
is an interesting example in which the guanidinate ligand adopts a bridging mode in preference to the halide ligands.”*° Five-
coordinate complexes of the type [MX(guanidinate),] (M = Al, Ga; X = H, halide, NR;) with square-pyramidal structures have
been detailed.”*7?%7>!752 In group 13, octahedral tris(chelates) are found for sterically non-congested ligands,”**”>* and have
been assessed as precursors for In,O3 thin films.””*”* By using the sterically congested guanidinate ligands [Cy,NC(NDipp),]~
and ['ProNC(NDipp),] ~, 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 5-donor and weak Tt-acceptor metalloligands.”*” 7"

Group 14 metal(IT) complexes include 4- and 3-coordinate Sn(II) guanidinates formed, respectively, from reactions of R-N=
C=N-R with [Sn{N(SiMe3),},] or [SnCI{N(SiMes),}]; Fig. 40D shows the structure of [Sn{(Me3Si),NC(N(4-MeCgHy)),},] as an
example.””®  Similar structures are found for [Sn{(MesSi),NC(NPr),},],"""  [Sn{(MesSi)aNC(NCy),}2],”>”  [Sn
{Me,NC(NCy),}2],”°® and [Sn{CyHNC(NCy),},].”*’ 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.”°° The structure of [SnCl{(Me3Si)oNC(N'Pr),}]
(Fig. 40E)”*" is typical of [MX(guanidinate)] complexes (M" = Ge, Sn, Pb).”?%7¢!~7%3 The oxidative addition of Ph,E, (E=S,
Se, Te) to [Sn{Me,NC(NCy),},] results in the formation of Sn(IV) complexes, e.g., [Sn(TePh),{Me,NC(NCy),},], which have
been applied as precursors to SnE nanocrystals.”®* Reactions between elemental S or Se with [Sn" {Me,NC(NCy),},] also result
in oxidative addition to yield [Sn"™(E4){Me,NC(NCy),},] in which S4>~ or Ses*~ ligands adopt chelating modes.””® Reactions
of [Ge"(N(SiMe,)2){ProNC(N(2,6-Me,CgHs))2}] with elemental S or Se yield the tetrahedral [Ge™E(N(SiMe,),)
{'Pr,NC(N(2,6-Me;CsH3)),} ] containing E* ~ (E = S, Se) ligands, whereas analogous reactions with the Sn(II) analogs lead to [Ge"
V(E4)(N(SiMe,),) {'ProNC(N(2,6-Me,CsHs)), } | with chelating E4* ™ as described above.”®® Treatment of SnCly with triisopropyl-
guanidine yields [SnCl,{'PrHNC(N'Pr),}] which adopts the expected tetrahedral geometry.””” Earlier in this section, we
described the use of sterically demanding [RC(NDipp),]~ ligands (R = H, ‘Bu) to isolate thermally stable imidoaminate Pb(II)
complexes. Related to this are the dimers [PbClI{DippHNC(NDipp);}], and [PbCl{Cy,NC(NDipp),}]».”*°

For the group 15 metals, 4-coordinate [M"'X,(guanidinate)| complexes are represented by [MCl,{Cy,NC(NDipp),}] (M = As,
Sb), and [SbI,{Cy,NC(NDipp),}], all with distorted disphenoidal structures, consistent with a stereochemically active lone pair on
the metal center.”®® Reduction of [AsCl,{Cy,NC(NDipp),}] using KCg yielded the dimeric [As,{p-{Cy,NC(NDipp),}2}] with
a planar As,N, framework (Fig. 41A).”°° The tris(chelate) [Bi{Me,NC(NPr),}3] has the structure shown in Fig. 41B with the coor-
dination sphere consistent with the presence of a stereochemically active lone pair.”®’

Before leaving guanidinate metal complexes, we should mention s-block metal complexes which incorporate conjugate bases of
guanidine (HsGu). The very strong basicity of [HsGu]~ coupled with moisture sensitivity of its compounds have served as barriers
to the isolation of group 1 metal salts.”®® [Li(H4Gu)],, was the last of the alkali metal guanidates to be isolated (from guanidine and
Li in liquid NH; under pressure, or from solid guanidine and LiH) and structurally characterized. Each Li* center is tetrahedrally
bound by one NH; and three NH units.”®® [Na(H4Gu)], and [K(H4Gu)], have been prepared from HsGu and either Na or K in
liquid NH3 at P = 10 atm and ambient temperature. In the Na™ salt, each metal center is tetrahedrally sited, whereas K coordi-
nation environments in [K(H;Gu)], are irregular.”®” While the structures of [Li(H4Gu)], and [Na(H;Gu)], are similar, they differ
in that 1D-chains of linked LiN,-tetrahedra are found in the latter contrasting with what are described as ‘edge-sharing tetrahedra’ in
the Li* salt; analysis of the structure illustrates an overall sheet assembly (Fig. 41C).”°® Crystalline [Rb(H4Gu)], and [Cs(H4Gu)],
(prepared using the liquid NH3 route described above) possess the same structure type (Fig. 41D).””° Group 2 metal guanidinates
are represented by [Ca(H3Gu)], (prepared in liquid NH3 by a similar strategy as described above) and [Sr(H3Gu)], which are iso-
structural’”’; note that in each compound, guanidine is doubly-deprotonated. In contrast, the barium compound [Ba(H4Gu),],
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(HyGu)],; each Ba®" 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.””?
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(B)

E)

Fig. 41 Structures of (A) [Asy{p-{Cy>NC(NDipp)2}2}] (CSD refcode JEWRUZ) and (B) [Bi{MeoNC(NPr)o}s] (refcode OSENEI). (C) Part of the sheet
structure of [Li(H4Gu)], viewed down the crystallographic b-axis (refcode KUTFEQ). (D) Part of the 3D-structure of [Rb(H4Gu)], viewed down the
b-axis (refcode XUNJEX). (E) Part of one sheet in [Ba(H4Gu)2], viewed down the c-axis, and emphasizing in red that both syn- and anti-
conformations of the ligand are present (refcode VUDKAJO1).

R" H H H
R' )\ R I\ R A R Me,N o NMe,
o o "o ron
I 1 1 1 I 1
R/N N\F{"" Ar/N N\Ar Ar” SAr Ar” SAr
[Nacnac]~ [R-Nacnac]~ [Me,N-Nacnac]™

Scheme 6 General structures of B-diketiminate ligands. The abbreviation [Nacnac]~ and [Me,N-Nacnac]™ are used in the text (here and in later
sections) with Ar specified.

1.02.2.2.3 (-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.”””

Lithiation of HNacnac (Ar = 2,6-F,CgH3) in Et,O or THF yields the 3-coordinate [Li(OEt;)(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) (D)

Fig. 42 Structures of (A) [Lix(Nacnac),] with Ar = 2,6-F,CgHs (CSD refcode HEFSUI), (B) [Mga(Nacnac),(u-AlHsNMes),] (refcode FEGJUZ), (C)
[Cay(THF)2(Nacnac),(u-Cl)2] (Ar = Dipp) (refcode DIVTEI), and (D) [Mgs(Nacnac),(u-F)s] (Ar = 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).””*

Beryllium B-diketiminates are represented by the trigonal planar [BeX(Nacnac)] (Ar = Mes; X = Br, I),””” trigonal planar [BeBr(-
Nacnac)] (Ar = Dipp),®*” trigonal planar [BeX{HC(CPh),(NDipp),}] (X=Cl, 1),’”” and tetrahedral [BeBr(OEt,)(Nacnac)]
(Ar=Ph).>” THF reacts with [Bel{HC(CPh),(NDipp),}] in a ring-opening insertion reaction to yield [Be(O(CH,)4l)
{HC(CPh),(NDipp),}].””” The extremely bulky TROP substituent (derived from tropone) has been incorporated into [Nacnac]~
(Ar = TROP) and the asymmetric [Nacnac]~ (Ar; = TROP, Ar, = Dipp). Complexes of Li" exhibit a 1:1 stoichiometry, and reac-
tions of the two [Li(Nacnac)] complexes with Mgl, in Et,O led to the 3-coordinate [MgI(Nacnac)] (Ar = TROP) and the highly dis-
torted 4-coordinate [MgI(OEt,)(Nacnac)] (Ar; = TROP, Ar, = Dipp).””® Tetrahedral Mg(II) complexes with B-diketiminate ligands
include [MgCI(THF)(Nacnac)] (Ar = Dipp),”’” and [MgI(OEt,)(Nacnac)] with an asymmetric B-diketiminate (Ar; = CHMePh,
Ar, = Dipp).””® In contrast to the mononuclear [MgCI(THF)(Nacnac)| (Ar = Dipp)’’” and [MgIL(Nacnac)] (Ar = Mes, L = THF,
OEt,),””” dimeric structures are found for [Mg,(Nacnac),(p-1),] (Ar = Mes),””” [Mg,(Nacnac),(u-Cl),] (Ar = 2,6-Et,CgH3s),”°
and [Mg,(Nacnac),(p-Cl),] (Ar = Dipp).”®' 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.””” [Mgy(Nacnac),(n-Cl),] (Ar = 2,6-Et,CsHs) reacts with
NaAlH, in Et,O to produce [Mg,(OEt,),(Nacnac),(p-AlHy),], and with AlH3(NMes) to yield [Mgy(Nacnac),(pn-AlH4NMes);]
(Fig. 42B).”®° The calcium analog of [MgCI(THF)(Nacnac)] is a dimer (Fig. 42C) and is structurally similar to the F~ and I~
derivatives, and to [Cay(NHs)s(Nacnac),(p-NH;),] (Ar = Dipp). The common precursor to these compounds is [Ca(NSi-
Me3)(THF)(Nacnac)] (Ar = Dipp).”®? Hydrodehalogenation of aromatic halides using [Sr,(THF),(Nacnac),(p-H),] (Ar = 2,6-(3-
pentyl),CgH3) is a route to the halido derivatives [Sro(THF),(Nacnac),(p-X),] with X = F, Cl, Br, 1.”% Earlier, we described the
Mg(1) imidoaminate complex [Mg,{Pr,NC(NDipp),}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.”*”> Addition of a C-F bond
across the Mg-Mg bond in [Mg;(Nacnac),| occurs rapidly in solution to produce a new family of F-containing Grignard
reagents’®*7%%; among the compounds isolated was the trimer shown in Fig. 42D.”%’

A wide range of tetrahedral [MX;(B-diketiminate)| complexes is known in which M(III) = Al, Ga, or In, and representative exam-
ples include [MF,(Nacnac)] (Ar = Dipp, M = Al or Ga),”*® [All,{HC(CR),(NMe),}] (R =Me, Pr),"®" |GaCl,(Nacnac)] and
[GaCl(OSiMes)(Nacnac)] (Ar = Dipp),”*® [GaCl, {HC(CPh),(NPh),}],”* [Galy(Nacnac)] (Ar = 2,6-Me,CsH3),””° [InI(Nacnac)]
(Ar = Ph),”" [AICI,{PhC(CH),(NDipp),}] and related Al, Ga and In complexes,””” [AlBr,{PhC(CPh),(NDipp),}] and related
compounds,””? [AICl, {Ph,PC(CMe),(NDipp),}],””* [GaCI(NR)(Nacnac)] (Ar = Dipp),””” and [Inl,(Nacnac)| (Ar = Dipp) and
related derivatives.””® The reaction of [AICl,(Nacnac)] (Ar = C4Fs) with BCl; followed by H,O produced the first example of a stable
oxoborane monomer [O=B(Nacnac)] which is stabilized by B=0 — AICl3 adduct formation.””” B-Diketiminate analogs of the
ligands shown in Scheme 5 have been used to access dimetallic species in the families [AIX;{bis(p-diketiminate)}] (X = Cl, Br,
1).””® The hydrolysis of [AlICII(Nacnac)] (Ar = Dipp) led first to [Al,Cl,(Nacnac),(u-OH),| and then to [AI(OH),(Nacnac)].””’
Oxidative addition of SiBr, to the Ga(I) derivative [Ga(Nacnac)] (Ar = Dipp) gives [GaBr(SiBrs)(Nacnac)]; at 60 °C, the product
was [{GaBr(Nacnac) },SiBr;], while in the presence of CO, [{GaBr(Nacnac)},Si(CO)] (a silylene carbonyl that is stable at room
temperature) was isolated.*° Compounds incorporating a non-bridged M-M bond include [In,Cl,(Nacnac),] (Ar = Dipp, In-
In = 2.8343(7) A),*°" [In,Br,(Nacnac),| (Ar = Mes),”*” and [In,Cl, {PhC(CH),(NDipp),}»].”"*

The Ge(IV) compound [GeCl, {PhC(CH),(NDipp),} (OGeCls)] (Fig. 43A) is formed in the reaction of the lithium B-diketimi-
nate and (GeCl3),0.%°? [SnBr3(Nacnac)] and [Snlz(Nacnac)] (Ar = Dipp) possess square-based pyramidal structures with the
B-diketiminate ligand occupying two basal sites.®”®> 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 = Ph; X = Cl, I, OMe) is best described by a struc-
ture comprising [Ge(Nacnac)]™ weakly coordinated with the X~ unit.%** Sterically demanding N-bonded aryl groups such as
2,6-Pr,CgHs (Dipp) are often used to stabilize low oxidation state group 14 metal B-diketiminate complexes,®>~*'* and
Fig. 43B and C illustrate two examples. [GeX(Nacnac)| and [SnX(Nacnac)| complexes with less sterically demanding NAr units
(e.g., Ar= Mes, Ph) are also known.’”'®'> Tam et al. showed that the reactions of Li[Nacnac| (Ar= Ph, 4-PrC¢H,4 or 2,6-
Me,CH3) with PbCl, yielded the corresponding [PbCl(Nacnac)| complexes, and that, in the solid state, [PbCl(Nacnac)| with
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Fig. 43 Structures of (A) [GeClo{PhC(CH)o(NDipp)2}(0GeClz)] (CSD refcode IHIRIB), (B) [GeCl{BzC(CMe),(NDipp)»}] (refcode ACEPIJ), and (C)
[PbCI(Nacnac)] with Ar = Dipp (refcode CIJQES). (D) Part of the 1D-chain in [PbCl(Nacnac)], (Ar = Ph, refcode DABCIV).
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Ar = Ph exists as a 1D-polymer (Fig. 43D). In contrast, intermolecular Pb--- 7 contacts are observed in [PbCl(Nacnac)| with
Ar= 2,6-M€2C6H3.8]6

Representative PB-diketiminate complexes of the heavier group 15 elements include [Asl{PhC(CH),(NDipp),}],
[SbX, {PhC(CH),(NDipp),}] (X = Cl, Br; each structure is derived from a square-based pyramid with a stereochemically active
lone pair in one basal site),’'® [SbCly(Nacnac)] (Ar= Mes; disphenoidal geometry with axial Cl),®"’ [BiyX,(THF)
{PhC(CH),(NDipp),} (1-X)2] (X = Cl, Br),*”° and [Bi,l,{PhC(CH),(NDipp),} (u-1),].5*°

817

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 [DippN3;Dipp]~ 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.*'

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(OEt;){(2,6-Mes,CsH3)N3(2,6-Mes,CsH3)} |
(trigonal planar),®** [Li(OEty),{(2,6-Mes,CsH3)N3(3-MeCsH,)}| (tetrahedral),®”® [Li(OEt;),(DippN3Dipp)] and [Li(TH-
F),(DippN3Dipp)] (both tetrahedral),®*' [Na(THF);(DippN3Dipp)] (CN =5),°?" [M(dme),(DippN3;Dipp)] (M =Na, K;
CN =6),%?" [Na(15-crown-5)(PhN3Ph)] (CN =7),*** [Na(15-crown-5)(DippN3;Dipp)] (CN=7),*' and [K(18-crown-
6)(DippN3Dipp)] (CN = 8).%?" Of particular note is [Li(ArN3Ar)] (Ar = 2,6-Mes,CgH3) in which there are no additional donors
bound to Li* and the metal ion is sandwiched between two mesityl rings; similar complexes with heavier alkali metal ions have
also been reported.®”” Metal --- Tt interactions feature in a number of triazenide complexes with very bulky aryl substituents, and
we discuss these further below.

A departure from monomeric group 1 metal complexes is found in the 1D-coordination polymer [K;(THF)3(DippN3Dipp),], in
which the triazenide ligand is in a bridging mode and the arene ring is involved in K*--- 7 interactions; the crystal structure suffers
from a complicated disorder/desolvation phenomenon.®”' However, the bonding mode of [DippN3Dipp]|~ in [Ko(THF)3(DippNs-
Dipp),], is similar to that observed in the heterometallic complex [K(THF)3(p-DippN3Dipp)Ba(THF) {N(SiMes),},] (Fig. 44A).%%°
As with imidoamidates and guanidinates (Figs. 38A and 40A), triazenides may act both in chelating and bridging modes within the
same dilithium species.®”” In contrast, in [Ko(THF)4(p-MesN3Mes),] and [Ky(dme),(p-MesN3Mes),], each N3-unit symmetrically
bridges a K,-unit (K++-K = 3.5613(8) and 3.4678(5) A, respectively), coordinating through the outer N atoms to each K* to form an
octahedral K,Ny-core. 5?8

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-Pr3CgH,)
CgHs and other aryl substituents to participate in M-~ interactions should be noted (see below): tetrahedral
[MgI(THF)(AIN3Ar')] (Ar = 2,6-Mes,CgHs, Ar = 2-(2,4,6-"Pr3CsH,)CsH,),%*° square-based pyramidal [Mg(OFEt,)(DippNs-
Dipp),],®*°  octahedral trans-[Mg(THF),(MesN3Mes),],°*®  [Ca(THF),{N(SiMes3),}(DippN3Dipp)] (CN =5),**°  trans-

R' Pr iPr
R_ _N R R )\ R" N
SNZSNT SN7SNT N7 NN
S) C] ! S !
'Pr 'Pr

[RNRT [DippN3Dipp]”

Scheme 7 Structure of a general triazenide ligand [RN3R’]~ which is isoelectronic with an imidoamidate ligand (center). Right: structure of the
sterically hindered triazenide ligand [DippNsDipp]~.
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)
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Fig. 44  Structures of (A) [K(THF)3(u-DippN3Dipp)Ba(THF){N(SiMes)al2] (CSD refcode AGEGOJ), (B) [Sr(CeFs)(ArNzAr')] (Ar = 2,6-Mes,CeH,
Ar' = 2-(2,4,6-Pr3CgH2)CeHa; refcode KAVNOL), (C) [K(ArNsAr)] with Ar = 2-(2,4,6-"PrsCgH2)CeHy4 (refcode MELPEZ), (D) [Tlo(DippN3Dipp)2]
(refcode NADQOC).
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[Ca(THF),(MesN3Mes),] (a distortion in the coordination sphere is caused by intramolecular face-to-face wt-stacking),®*® [Ca,(TH-
F)a{N(SiMes), } (DippN3Dipp)s(a-1)a] (CN = 6),%  [St(THF)3{N(SiMes),}(DippN3Dipp)] (CN = 6),%  [St(THF),(DippNs-
Dipp),] (CN = 6), and [Sr(tmeda)(MesN3Mes),] (CN = 6).%”® Vindus and Niemeyer have made an extensive study of hetero
and homoleptic Mg*" triazenides, and among these is [Mg(ArN3Ar),]| (Ar = 2,6-(3,5-Me;CgH3),CsH3) in which Mg?" is in
a square-planar environment.®*! Niemeyer and coworkers have designed sterically hindered triazenides incorporating the 2-
(2,4,6-Pr3CgH,)CgHy 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-Pr3C¢H,)CgHy substituent with the pendant aryl unit oriented so as to facilitate the M---7 contacts.
[MgI(THF)(ArNsAr')] (Ar = 2,6-Mes,CgHs, Ar 2-(2,4,6—iPr3C6H2)C6H4) was mentioned above,®”’ and a related complex is
[MgI(OEt,)(ArN3Ar)].**! The ligand also encloses Ca”", Sr>* or Ba>" in a cavity with stabilizing M --- 7 interactions as depicted
for [Sr(CgF5)(AIN3Ar)] (Ar = 2,6-Mes,CgHs, Ar' = 2-(2,4,6-Pr3sCgH,)CgHy) in Fig. 44B; although these pentafluorophenyl deriv-
atives are organometallic, we include them because of the innovative triazenide ligand design strategy.®*” Similar M-+ interac-
tions also feature in [K(ArN3Ar)|, [Cs(ArN3Ar)| and [TI(ArN3Ar)| with Ar = 2-(2,4,6-"Pr3C¢H,)CsHy (Fig. 44C).57#32

Typical group 13 M(III) triazenide complexes are 5-coordinate and include [AIH(MesN3{2,6-(4-MeCgH4)2CsHs3}),],%** and
[MX(DippN3Dipp)2] (M = Ga, In, Tl; X = Cl, Br, I, H).*”! The dihydrido derivative [AIH,(THF){MesNj3(2,6-Mes,CsH3)}] is stabi-
lized by the extreme steric demands of the ligand.®** [Ga,I,(DippN3Dipp),] contains a Ga-Ga bond and is formally a gallium(II)
compound.®”" Trischelates can be accessed using non-sterically crowded substituents, for example, [In(PhN3Ph);].%** Reaction of
TIOEt and H|DippN3Dipp] yields [TI(DippN3Dipp)] which has a dimeric structure in the solid state (Fig. 44D, Tl --- Tl = 3.4612(5)
A)®?'; this motif is seen regularly for thallium(I) triazenide complexes.

Triazenide complexes of the group 14 and 15 metals are relatively sparse. The M(II) derivatives [M(DippN3Dipp),] (M = Ge, Sn,
Pb)®%° are structurally similar to their imidoamidate analogs, and the sterically demanding [MesN3Mes]~ was used to stabilize
[MCI(MesN3Mes)] and [MH(MesN3Mes)] (M = Ge, Sn).**°

1.02.2.2.5 2,2 -Bipyridine and 1,10-phenanthroline
Main group metal 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,**” and also bpy
complexes of the group 1 metals.®*® Rather than repeat this discussion here, we refer the reader to these reviews.

— n+ - - N n+ -
GO =D QO = Q0
N N N\ /N N N\ /N

phen M™ bpy M

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

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 N'-(2-aminoethyl)
ethane-1,2-diamine (dien), a general derivative, and the commonly encountered N'-(2-N,N-dimethylaminoethyl)-N",N?,N?-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.

HoN N NH, RoN N NR, Me,N N NMe,
H R' Me
dien pmdeta

Scheme 9 Typical open-chain tridentate N-donor ligands. The abbreviations derive from the non-lUPAC names diethylenediamine and N,N,NV, N, N'-

pentamethyldiethylenetriamine.
X —H A S A
| = - | P | |
N Me N CH, (l:l) CH,

N7”-CH
IS) 2

2-Mepy
carbanion azaallyl enamide

Scheme 10 Forms of the conjugate base of 2-methylpyridine, abbreviated to [2-Mepy-H]~.
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QY (B) ©

Fig. 45 Structures of (A) [K(pmdeta){N(SiMe,Ph),},] (CSD refcode HUXPIA), (B) [Mgz(pmdeta){N(SiMes)z}a(1-H)2] (refcode GOWHOS, only the p-H
atoms are shown), and (C) [GeCl(pmdeta)]* (refcode FULZUI). Parts of the 1D-chains in (D) [Pb(dien)(u-S2CgHa4)], (refcode HAVDAL) and (E)
[Pb(dien)(u-N3)], (refcode HPEXHIK).

Lithium typically exhibits CN = 4 or 5 in complexes with bischelating pmdeta. Representative examples are [Li(pmdeta)(NH-
Dipp)],'*® (R,R)-|Li(pmdeta) {N(CHMePh),},%*’ [Li(pmdeta)(2-Mepy-H)] (see Scheme 10),*® [Li(pmdeta)(THF)]",°*® [Li(pm-
deta){O(2,6-Buy-4-MeCsH,)},°*° [Li(pmdeta) {N(SnMe3),}],**" [Li(pmdeta)(TFSI-k?)],%* [Li(pmdeta)(BH4-«?)],%"*
[Li(pmdeta),(u-Cl),],°%*%** and [Lip(pmdeta),(u-O3SCF3-1k0':2k0?),].5*°

For sodium, a CN = 5 is illustrated by [Na,(pmdeta),(u-OH,),]*",%° and CN = 6 is seen in, for example, [Na(pmdeta),]™.5*”
In contrast to the tetrahedral [Li(pmdeta)(2-Mepy-H)] with N-bound [2-Mepy-H]~, the K* analog is a dimer with bridging [2-
Mepy-H]~ ligands tending to an azaallylic (Scheme 10) mode of coordination.®° As we have noted earlier in this review (e.g.,
Fig. 44A and C), M*--- 1t interactions may influence the structures of complexes of the heavier s-block elements. Such is the case
in [K(pmdeta) {N(SiMe,Ph),},]| (Fig. 45A).5"°

Tetrahedral coordination for Be?* is exemplified in [BeX(pmdeta)]™ (X = Cl, 1).°°”**° In related halide derivatives, Mg>"
exhibits a CN = 5 in [MgBr,(pmdeta)]**° and [Mg(OMes),(pmdeta)].””" Whereas the reaction of [Mg{N(SiMes),},] 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.*” As expected, the metal ion coordination number increases
down group 2, and an example of CN = 7 is found in [Sr(pmedta) {HC(CO,Me),},].5*

Group 13 metal complexes with dien and pmdeta include the trigonal bipyramidal [AlH;(pmedta) and octahedral fac-
[M(dien),]*" (M = In, T1).2**%°° Group 14 M(II) complexes include [GeCl(pmdeta)]" (Fig. 45C) and its bromido analog.®”® In
the 1D-coordination polymer [Pb(dien)(p-S,C¢Hy)], (Fig. 45D), the PbN3-unit is close to planar and the thiolate ligands are mutu-
ally trans,®>” whereas in [Pb(dien)(u-N3)], (Fig. 45E), the dien ligand can be described as binding in a fac-mode and the azido
ligands are cis.””® 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.

]85

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 (HBpz; ™) 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.”” Thallium(I) and potassium salts of tris(pyrazolyl)borate ligands are commonly encountered, and a recent study
has highlighted the use of ''B NMR spectroscopy to follow the synthesis of K™ salts and determine compound purity.®*’

The reaction of Hstripod' (R = Me or ‘Bu, Scheme 11) with ‘BuLi produces lithium amides which exhibit dimeric structures in
the solid state; the LizNy core possesses a ladder-like assembly (Fig. 46A).%°° The ability of amido ligands to bridge between metal
centers facilitates the formation of heterometallic species, illustrated by [Li(OEt,)AICI(tripod?)] (Fig. 46B).°°" Reaction of [Liy(tri-
pod?),] (R = Me) with TICl led to [TI,(tripod)] and in the solid state, pairs of molecules associate through a weak Tl--- Tl interac-
tion (Tl---Tl = 3.500(2) A).*°° Thallium(I) derivatives have also been formed directly. For example, the ligands tripod® with
R = Me or ‘Bu, Ar = 2-'PrCgH, react with TI[BAr',] to give the [BAr',]~ salt of [Tl(tripod®)]*. There are no short cation-+-anion
contacts in the solid state, and the cation forms dimers with Tl--- Tl distances of 3.649(4) A (R = Me) and 3.7862(2) A (R = ‘Bu,
Fig. 46C).%°?

The Ge(II) complex [Ge(tripod®)] ™ (Fig. 46D) was structurally characterized as the [Na(THF)s] " salt; [Ge(tripod*)| ™ utilizes its
Ge-centered lone pair to act as a ligand to metal centers such as Cu(I) and Fe(0).%%° The larger Pb(II) can accommodate two tripod®
(Scheme 11) ligands as shown in Fig. 4GE, with the metal center in a distorted octahedral environment.*** Examples from the group
15 metals include [Sb(tripod®)] with a structure similar to [Ge(tripod*)]~ (Fig. 46D); the compound crystallizes as a benzene
solvate and a CgHg molecule sits between the Sb atoms of two adjacent [Sb(tripod*)] molecules (Sb-:-benzenecenioid =
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Scheme 11  General types of tripodal ligands. The substituents are specified in the text with reference to these general structures.

Fig. 46 Structures of (A) [L|4(tr|pod‘)2] with R = Bu (CDS refcode QAQXEL), (B) [Li(OEt,)AICI(tripod?)] (refcode RIQGAA), (C) [Tly(tripod3),]>*
(R = Bu, Ar = 2-PrCgH,; refcode BIKGAF), (D) [Ge(tnpod“)] (refcode FISGOG), and (E) [Pb(TrIp0d5)2]2+ (refcode OTEDOQH).
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Fig. 47  Structures of (A) [LitHB(RR'pz)s}] (R = Me, R' = Bu; CSD refcode CEZSOR), (B) [Lio{HB(RR'pz)s}s] (R = R’ = Me; refcode 1YIQOY), (C)
[Mg{HB(RR'pz)3}2] (R = R’ = 'Pr) (refcode EKOTIK), (D) [{HB(RR'pz)s}Ga(Galo),Ga{HB(RR'pz)3}] (R = R’ = Me; refcode KAJWID), and (E) the weakly
associated dimer [TI{HB(RR'pz)s}], with R = H, R” = Ph (refcode ASADAZ).
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3.648 A). [Sb(tripod*)] was used as a building block in conjunction with pyridine-based ligands to produce a number of supramo-
lecular assemblies.®”

Complexes with tetrahedral Li* bound by one tris(pyrazolyl)borate and one other monodentate donor include [Li
{HB(RR'pz)3}(Hpz-3,5-Me;)] (R=R =Me, see Scheme 11),°°° [Li{HB(RR'pz);}(OH,)] (R=H or Me, R ="Bu)*’ [Li
{HB(RR'pz)3}(NCMe)] (R = Me, R’ = 'Bu),**” and [Li{HB(RR'pz)3}(THF)] (R = H, R’ = Mes).*°® Less common is 3-coordinate
Li* as found in [Li{HB(RR'pz);}] (R = Me or H, R = ‘Bu; Fig. 47A).°” A departure from these monomeric assemblies occurs in
[Li{HB(RR'pz)3}2] (R=R' = Me) in which two pz arms of each ligand coordinate to different Li* centers, and the third pz
unit is in a bridging mode (Fig. 47B); each Li™ maintains a tetrahedral geometry.®®” A further structural variation is achieved by
using B-fluorenyl substituted tris(pyrazolyl)borates; in [Li(RBpzs),] (R = fluorenyl), two pz rings of each ligand coordinate to
Li* (giving a tetrahedral geometry) leaving a pendant third arm.*’® With bulky substituents in the 3-positions of the pz rings,
Na* also tends to form 4-coordinate complexes, for example, [Na{HB(RR'pz);}L] (R = Ph; R’ = CF3; L = H,0, THF),*”" [Na
{HB(RR'pz)3}(OEty)] (R=R =CF;),*"' and [Na{HB(RR'pz);}(THF)] (R=Me, R ="C3F;)*”? although CN =5 with
a square-based pyramidal arrangement of donors is found in [Na,{HB(RR'pz)3}2(n-OHs),] (R = Me; R’ = CF3).%”" Two tris(pyr-
azolyl)borate ligands can be accommodated if the pyrazole 3-substituents are not sterically demanding, e.g., in [Na
{HB(RR'pz)3},]” (R=TR' =Me).®”> Octahedral Na" is also observed in [Na,{HB(RR'pz)3},(n-OCMe,)3] (R=R' = Me) with
bridging acetone ligands,®”* and a similar structural motif is found in [K, {HB(RXR'pz)3},(1-OH»)3] (R =R’ = Me, X = CI; see
Scheme 11).%”> We noted above the monomeric structure of [Na{HB(RR'pz)3}(THF)] (R = Me, R’ = "C3F;). In contrast, in [Cs
{HB(RR'pz)3}]; (R = Me, R’ = "C3F;), the perfluoropropyl substituents engage in Cs--F contacts (range 3.10-3.72 A) producing
a 1D-chain in the solid state; this was the first structurally characterized tris(pyrazolyl)borate of cesium.®”? The single crystal struc-
ture of [K{HB(RR'pz)3} (NCMe)s] (R = H, R" = Ph) reveals an apparent vacancy in the coordination sphere of K" and inspection of
the structural data (CSD refcode USUSIN) shows that molecules are aligned into chains with K---HB separations of 3.47 A%’

Moving to group 2, beryllium complexes of tris(pyrazolyl)borates are exemplified by tetrahedral [BeX(HBpzs3)] (X=F, Cl, Br,
1),5”° and [Be(THF)(HBpz3)].*”” The Mg?" ion is large enough to accommodate two tris(pyrazolyl)borate ligands (Scheme 11),
as exemplified in [Mg(HBpz3),],%"® %% [Mg{(4-Br-CsHy4)Bpz3},],%*" [Mg{HB(RR'pz)3},] (R = R’ = Me),*** [Mg{HB(RXR'pz)3},]
(R=R' = Me, X = Cl; see Scheme 11),°*° and [Mg{HB(RR'pz)3},] (R = R’ = 'Pr) (Fig. 47C).**> However, incorporating sterically
demanding substituents adjacent to the metal-binding site typically prevents the coordination of two tripodal ligands to Mg ™, for
example, in [MgX{HB(RR'pz)3}] (R=Me, R'='Bu; X=F, Cl, Br, 1)."*? The Ca, Sr and Ba analogs of [Mg{HB(RR'pz)3},]
(R =R =Pr) (Fig. 47C) have also been structurally characterized,** as have [Sr(HBpz3),] and [M{HB(RR'pz)3},] (M = Ca, S,
Ba; R = R’ = Et).*® Complexation of [HBpz3]~ with Ba>" leads to the unusual dimer [Ba,(HBpz3),] in which two ligands bind
in the typical fac-mode and two are bridging with a combination of - and n’-pz-Ba interactions.*®* In [Ca{HB(RR'pz)3},]
(R = Me, R’ = ‘Bu), the steric bulk of the ‘Bu groups results in a 5-coordinate Ca®* with one ligand arm non-coordinated®®’; the
same coordination behavior is seen in [Ca{HB(RR'pz)s}2] (R =H, R’ = Bu).** Interestingly, in [Ca{HB(RR'pz)3},] (R = Me,
R’ = Ph), the spatially demanding phenyl rings engage in inter-ligand face-to face m-interactions and octahedral coordination is
retained.”®” Both [Ca{HB(RR'pz)3} {N(SiMe3),}] (R = H, R' = 'Bu),**® and [Ca{HB(RR'pz)3}(ODipp)] (R = H, R' = 'Bu) contain
tetrahedral Ca”?*.®®” One interest in such species is their activity in lactide ring-opening polymerization.®®® Thermolysis of
[Ca(H,Bpz,),(THF);] leads to the formation of [Ca(HBpzs),] and [Ca(HBpzs)(BH,4)]; the latter reacts with THF to give fac-
[Ca(HBpz3)(THF),(BH,)] and a tetranuclear [Cay(HBpz3)4(THF)4(1-BH,)4] with the Ca centers forming a thomboid.*”°

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 [Ga, {HB(RR'pz)3},] (R =R = Me), [{HB(RR'pz)3}Ga-GaX3] (X=Cl, [;
R=R =Me) and [{HB(RR'pz)s}Ga(Gal,),Ga{HB(RR'pz);}] (R=R = Me; Fig. 47D); the octahedral [Ga{HB(RR'pz)s3},]"
(R =R’ = Me) has also been structurally characterized.®”' In the Ga(Ill) complex [GaH {HB(RR'pz)3},]* (R = Me, R’ = 'Bu), the
hydrido ligand is protected within a sheath of ‘Bu substituents.®”> Monomeric In(I) complexes are exemplified by [In
{HB(RR'pz)3}] (R =R’ = Me; R = Me, R’ = ‘Bu).?”” The coordination chemistry of tris(pyrazolyl)borate thallium(I) species is an
extensive area which was reviewed by Janiak in 1997,%”” and is included in a 2015 review by Reglinski and Spicer.”” The following
examples are necessarily selective. Thallium(I) complexes of [HB(RR'pz);]~ with R = H, R’ = Ph and [HB(RR'pz),(R"R"pz)]~ (see
Scheme 11) with R = R” = R” = Me, R’ = Ph, possess dimeric structures in the solid state. The former dimer (Fig. 47E) is supported
by a weak Tl--- Tl interaction (3.853(1) A), and in both complexes weak CH - 7t 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.®”* The incorporation of bulky substituents in the pyrazole 3-position prevents the formation of Tl - Tl close contacts
in the solid state, eg, in [TI{HB(RR'pz)3}] (R=Me, R =Bz),*” [TI{HB(RR'pz);}] (R='Bu, R =4-MeCsH,),**® [TI
{HB(RR'pz)3}] (R=H, R =CHPh,),*" [TI{HB(RR'pz)s}] (R=H, R =Mes),**® and [TI{HB(RR'pz);}] (R="Pr,
R’ = adamantan-1-yl).*”’

Group 14 metal(IV) complexes are represented by [Ge{HB(RR'pz)3}(N3)3] (R = R’ = Me) (which was prepared by oxidation of
[Ge{HB(RR'pz)3}(N3)] using HN3),’°° and octahedral [SnCl3{HB(RR'pz)s}] (R=R =Me).”°" The use of sterically non-
demanding ligands proved critical in the formation of lead(Il) compounds, exemplified by the dimer [Pb,{HB(RR'pz)3},(p-
NCS),] (R =R’ = Me) and the 2D-coordination network [Pb(HBpz3),(n-NCS)],..”°”

A combination of the size of Bi(Ill) and lack of steric hindrance in the unsubstituted [HBpzs|™~ allows the formation of the 8-
coordinate [BiCl(HBpz3),(pz)]. This was the first example of a pyrazolylborate complex of a group 15 metal.’’’ In
[BiCl, {HB(RR'pz)3}] (R= R’ = Me), the Bi(Ill) center is in square-based pyramidal environment with dimer assembly by virtue
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Scheme 12 General structures of representative pincer-type ligands with three N-donors.

of long Bi--- Cl interactions (3.234(3) A); the highly electrophilic [Bi{HB(RR'pz)3}]*" cation is an active catalyst for alkene hydro-
silylation.”* Tris(pyrazolyl)borates are tridentate o-donor ligands, and have been used to investigate the trans-influence in Bi(II)
compounds in the presence of other ligands with different nucleophilicities. Among the series of complexes studied are [Bi
{HB(RR'pz)3},] (R=R =Me), [BiCl3{HB(RRpz)}] (R=R =Me), and [Bi,Cl,{HB(RR'pz)},(1-O3SCF;3-1k0":2k0?),]
(R=R =Me).””

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 im,py (R = Me, R' = Dipp) unexpectedly resulted in methylation of the pyridine N atom to give ‘Li
{im,(CsH3NMe)}'; 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(im,py)(THF)]
confirmed Li* in a distorted square-planar environment.’”® In [K,(OEt,)4(pyr2py)] (R = Ph, R = Mes, see Scheme 12), two
{K(OEty),} units are bridged by an [pyr,py]” ~ ligand as shown in Fig. 48B.”°” Jones and coworkers have reported a series of group
2 metal complexes of im,py with R = Ph, R" = Dipp (see Scheme 12) in which the im,py ligand is neutral, singly or doubly reduced.
These complexes include [Mgl,(im;py)], [Cal,(im,py)] and [Mgl(im;,py)]| (with a radical anion ligand and approximately square-
planar Mg>").”°® Marks and coworkers have reported [MgCl,(im,py)] (R = Me, R’ = ferrocenyl) along with analogous d-block

©
QY
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Fig. 48 Structures of (A) [Lix{ima(CsHzNMe)lo(THF)] (CSD refcode CALSQY) with a schematic of ‘Li{imy(CsHsNMe)Y, (B) [K2(OEtz)4(pyrapy)]
(refcode GOYNOA), (C) [PbBrao(H2Bzimopy)] (only the NH H atoms are shown; refcode CAFQELI), (D) [Pbo(HBzimopy)o(n-boa)] (refcode EHEYOG), and
(E) [Pb(imgpy)s] (R = H, R = Ph; refcode HOXQER).
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metal compounds; combined experimental and computational data indicate that coordination of the im,py ligand results in mixing
of the ferrocenyl d-orbitals with the 7t* orbitals of the im,py unit.”*’

Trigonal bipyramidal group 13 metal M(III) complexes containing pincer ligands of the general type [MX;(pincer)| with X~
ligand in equatorial sites are exemplified by [MCl,(im,py)] (M = Al, Ga; R = Ph, Me, R’ = Dipp),”'*’'" and [GaCl,(R,bzim,py)]
(R = Bz, CH,CH=CH,).”"" In the blue-emitting complex [InCl,(OH,)(Hbzim,py)],”'” and [InCI(O3SCF3),(im,py)] (R = Ph,
R =2,6-Me;CgH3),”"? the In(Ill) center is octahedrally sited. Berden and coworkers have reported bis(imino)pyridine ligand-
based mixed valent (MV) complexes of Al(II) which feature electron donating and electron withdrawing substituents on the
ligands, allowing access to species with [AI(L™)(L* )] and [Al(L* 7)(L* )] charge states,”'* and related water-stable MV compounds
have been prepared by reactions of reduced bis(imino)pyridine ligands with AI(III), Ga(III) and In(III) salts.”'” Related to this is
a reaction of [(pz,py)AIClL,(THF)|* (R = CH,'Pr, R = 'Pr, see Scheme 12) involving 2-electron reduction and single-ligand proton-
ation to give [(pzopy)AICl,]; each electron- and H-transfer process is ligand-centered.”'® An attempt to form Ga(I) coordination
compounds using the sterically demanding bis(imino)pyridine ligands im,py (R = Ph, R’ = Dipp or 2,5-Bu,C¢Hj3) resulted instead
in the Ga(IIT) complexes [Gal,(im,py)][Galy]; the neutral radical [Gal,(im,py)] was also isolated.”'”

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(imypy)]™ (R = Me, R’ = Dipp),”'*?"” [MCl(im,py)]* (M = Ge, Sn; R=H, R’ = ferrocenyl),”*’
[SnCl(imapy)]" (R =Me, R’ =Dipp),”*"?** [SnBr(imypy)]" (R=H, R =Dipp),’”’ [SnX(im,py)]" (X=Cl, Br; R=Ph,
R =2,5-Bu,CgHs),”** and [Pb(NCS)(im,py)]t (R =Me, R’ =2,6-Me,CsH3).”?? The reduction of [GeCl(im,py)]™ (R = Me,
R’ = Dipp) with KCg yielded the 3-coordinate Ge(0) derivative [GeCl(im,py)] which possesses a singlet ground state and partial
Ge-N multiple-bond character.”'® In the triflate salt of [SnCl(im,py)]", there is ion pairing in the solid state with an Snc,.
tion — Ouiflate Separation of 3.042(2) A, and in [Sn(O3SCF3),(im,py)], both triflate ions coordinate to the Sn(Il)center.””! In
a detailed study of Ge(IT) and Sn(IT) complexes, Flock et al. observed that the triflate salt of [Sn(im,py)]** (R = H, R’ = Dipp) crys-
tallizes with two independent, neutral molecules in the asymmetric unit; one has CN = 5 (as just described), and the second is 6-
coordinate with an additional THF ligand.”*® The same coordination geometry as in [Sn(O3SCF3),(im,py)] is observed in
[PbBr,(H,Bzim,py)] (Fig. 48C, see Scheme 12 for the ligand); the latter is one of a series of H,Bzim,py derivatives of Pb(II) re-
ported by Thompson et al. which has included a correlation of structural parameters with the 2°”Pb NMR chemical shift span
parameter, Q.°>> A similar coordination environment is found in [Pb;(ONQO;),(H;Bzim,py),(u-adip)], although each CO,~
unit of the bridging ligand is bidentate, giving a CN of 7 for each Pb(II).””” In contrast, in [Pb,(HBzim,py),(p-boa)| (Fig. 48D)
which contains monodeprotonated [HBzim,py] ~ ligands, the outer axial site of each Pb(II) center is occupied by a stereochemically
active lone pair.”?° Reactions of lead(Il) triflate with im,py (R = H, R’ = Ph) in MeCN solution produced [Pb(im,py),] (x = 1-3)
while crystal growth by layering produced only [Pb(im,py)s] with 9-coordinate Pb(II) (Fig. 48E); the ligands are arranged so that
there is efficient inter-ligand 7t-stacking of phenyl substituents. Interestingly, when im,py (R = H, R’ = Ph) was replaced by im,py
(R=H, R’ = 4-HOCgHy,), only single crystals of [Pb(O3SCF3),(im,py)] were obtained.”*’

Group 15 metal(Ill) complexes with pincer ligands are represented by [Bil(pyr,py)] (R =R’ = Bu, or R = Ph, R’ = Mes) and
[SbI(pyr2py)] (R = Ph, R' = Mes) in which the 3-coordinate M(III) is protected by sterically hindered substituents ‘Bu or Mes;
Turner has reported a detailed study of the reduction of these species with strong metal reductants.’®” Low oxidation compounds
include the 3-coordinate As(I) complex [As(im,py)]" (R = Me, R’ = Dipp).”*® The first diiminopyridine complexes of S, Se and Te
have been reported; the triflate salts of [Se(im,py)]*" and [Te(im,py)]*" (R = H, R’ = Dipp) are air-stable, and notably, the anal-
ogous sulfur complex was also isolated.””” Reactions of group 16 element halides with im,py (R = H, R’ = Dipp) have also been
reported, and include the structures of salts of the square-planar [SeX(im,py)]* (X = Cl, Br) cations.

1.022.3.4 2,2:6,2'-Terpyridines
For a coverage of the coordination chemistry of main group metal complexes containing 2,2":6’,2”-terpyridine (tpy) ligands, we
direct the reader to our recent review of the field.**”

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.*'>?°°>' Porphyrinato and phthalocyanato
main group metal complexes have been adequately reviewed elsewhere.’*?32~938

Use of the tetradentate ligand Megtrien (Scheme 13) directs a cis configuration in [Ca(Megtrien)(PPh,),]; this is very air and
moisture sensitive, and as a result, cis-[Ca(Megtrien)(PPh,)(OPPh,)] was also isolated.”*” In [Sr(tetraen)(‘Busacac),|, the Sr*™
ion has CN = 9; this is one of a series of Sr(II) related complexes containing both polyamine and p-diketonate ligands.”*® Examples
of group 13 M(III) complexes include the 6-coordinate [Iny(trien),(u-Se),]**,°** [Iny(trien),(p-Te),]*",%*° and cis-
[TI(trien)(CN),]".*° In [Pb(tetraen)][Ag14], the Pb*" center is bound by the pentadentate tetraen ligand (Scheme 13) and has
three Pb---1 cation - anion contacts giving an overall CN of 8.°%7
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Fig. 49 Structures of (A) [Na(Rqtacd)]* (R = Bz; CSD refcode JOTRAO), (B) [Cag(Mestacd—H)o(u3-H)o]" (refcode FAXCQY), (C)
[Ca(THF)2(HaLcompart)] (refcode KAFHAD, only the pyrrole H atoms are shown), (D) [Ge(Megtacd)]2* (only the hydrido H atoms are shown; refcode
DUSKEJ), (E) [BafHsaza(2.2.2)crypt}]™ (refcode HAGNOT), and (F) [K(Ng-azacrypt)]™ (refcode HIFCIL).

Moving on to the macrocyclic ligands shown in Scheme 13, and group 1 metal complexes are exemplified by [Li(THF)(Mey-
tacd)] with 5-coordinate Li*,”*" [M(THF),(MesRtacd)] (M = Li, Na, n = 1; M = K, n = 2) containing the hypervalent R = SiH,Ph,
group,”*” the peroxolato complexes [Li(O,CMe,Ph)(Mestacd)],  [K(O,CMe,Ph)(PhCMe,O0H);(Megtacd)]  and
[K(O2CMe,Ph)(PhCMe,OOH)3(Meytacd)] (which are stabilized in the solid state by strong hydrogen bonds from PhCMe,OOH
solvate molecules),’*® and the square-based pyramidal [Nal(Mestacd)].”** The trisodium complex [Naz(Mestacd—H)3] is structur-
ally related to [Cas(Mestacd-H)3(p3-H)z|" described below.”*? In [Na(Rytacd)]™ with R = Bz, the benzyl substituents provide
a caged environment for the Na* ion with Na*--- 7 contacts (Fig. 49A).”"> While the [K(18-crown-6)|* 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{Megs[18]aneNg}]" as well as the Li*, Na*, Rb" and Cs* congeners. In
[K{Meg[18]aneNg}]", the K ion sits within the plane of the six N-donors, while in [Rb{Mes[18]aneNg}]*, the Rb™ ion is displaced
from the plane; the macrocycle adopts a puckered conformation in [Li{Mes[18]aneNg}|" with Li* in a distorted octahedral envi-
ronment. This investigation also includes the structures of [Na(THF)(Meytacd)]" (square-based pyramidal Na™) and [K(Mesta-
cn),]" (K" octahedrally sited).”*

Group 2 metal complexes include the square-based pyramidal [Mg(BH4)(Mestacd)]*,”*” [MgCl(Mestacd)| " (formed by treating
[Mgy(Megtacd),(n-H),|*" with [NEtzH|CI),*® [M{N(SiMes),}(Mestacd-H)] (M = Mg, Ca),’*’ [Mg(pyridin-1(4H)-yl)(Mes-
tacd)],”'® and the 7-coordinate [Ca(THF),I(Meytacd)]".””° Reaction of Mestacd (Scheme 13) with [Ca{N(SiMes),},(THF),] fol-
lowed by treatment with Ph,SiH, resulted in the formation of [Cas(Mestacd—-H)3(u3-H),|* (Fig. 49B) in which [Mestacd-H] ™ is
the conjugate base of Mestacd; 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.””' Related complexes are [Sr3(Mestacd—H)s3(ns-H),|",”*? [Cay(Mey-
tacd),(u-H)s]*,”? and [Cay(THF)(Mestacd),(p-H),]*".2°%?°* The hydrido ligands in [Cay(THF)(Megtacd),(u-H),]*" exhibit
nucleophilic behavior and the complex is a precursor to a series of dicalcium derivatives retaining {Ca(Megstacd)} units.””® Mukher-
jee et al. have reported a series of Mg>", Ca®", and Sr*" silylamide complexes assembled upon an Mestacd framework.””” The Schiff
base compartmental ligand HsLeompare Shown in Scheme 13 accommodates one or two Ca®" ions in Ny-donor sites in the
complexes [Ca(THF)y(HoLeompart)] (Fig. 49C) and [Cay(THF)y(u-THF)(Leompar)], as well as one Ca’" and one Li" in
[LiCa(THF) (u-THF) (HLcompart)]; the bowl-shaped conformation of the ligand is noteworthy.””°

Group 13 metal tacd derivatives include the octahedral [GaCl,(tacd)]" in which the tacd ligand directs a cis configuration.”” The
reaction of [AlH,(Mestacd-H)] with BPhs in THF gave [Al(O"Bu)(Mestacd-H)|[HBPhs] by ring-opening of THF.””® In [GaCl(H,-
tabht)] (see Scheme 13 for Hytabht), the Ga(III) center is in a square-based pyramidal environment.”*’

Everett et al. have explored reactions of [GeCl,(diox)] with neutral azamacrocyclic ligands, and [Ge(Megtacd)]*" 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(Megytacd)]**,”°? and a similar coordination geometry is seen for the Pb(II) center in [Pb(Rytacd)]** (R = Bz; see Scheme 13
for Rytacd).”®!

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.”®*~7%%
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Scheme 14 Formation of the cryptand derivative reported by Gerus et al.””

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.’®’

The first barium sodide [Ba{Hsaza(2.2.2)crypt}]*Na~ was prepared from Ba, Na, and Hgaza(2.2.2)crypt (Scheme 13) in NH;-
MeNH, solution; Fig. 49E shows the [Ba{Hsaza(2.2.2)crypt}]" complex.”’® Alkali metal cations template the assembly of the
Ny-azacryptand (Ny-azacrypt, Scheme 13), and the Pb(II) complex has also been described; Fig. 49F shows the structure of

[K(No-azacrypt)]*.””" 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 Na,COj3; or K,CO3 under basic conditions yielded enantiopure azacryptates of

;
Na® or K™.77?
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1.02.3 Phosphorus-donor ligands
1.02.3.1 Monodentate ligands

1.02.3.1.1 RPH,, R.PH, RsP including P,P-ligands in monodentate or bridging modes

In this section, monodentate phosphane ligands belonging to the classes RPH,, R,PH, and R3P will be discussed along with ditopic
ligands such as R,PCH,CH;PR; which can coordinate in a monodentate manner to a metal center. The latter category includes those
with ligands which bridge between two main group metals. Complexes of main group metals with RPH; ligands are restricted to
organometallic species and are outside the scope of this review. Simple derivatives of p-block metals containing R,PH ligands are
also sparse. Group 13 M(III) compounds with R,PH ligands are represented by [MBr3(PH'Bu,)] (M = Al, Ga, In),””? and complexes
featuring a Ga-Ga bond include [Ga,Bry(PHCy,),] (formed from [GaBr(THF),] and PHCy,),””* and [Ga,l4(PHR;),] (R = Cy,
'Bu).””® 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 SePHPh,’”*°”” and SePH'Bu,,””® P-H - Se hydrogen bonds dominate packing inter-
actions in the solid state, but are not observed in SeI’H(CHzCHZPh)I979

Compared to those with RPH, and R,PH 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 [BeCl,(PMes),] which has been used as a precursor to "Bu,Be.”®” While reaction of [Bel,(OFEt;),] with dppm
yielded [Bel,(dppm-k'),] (Fig. 50A),°>” that with dppe led to the 1D-coordination polymer [Bel,(p-dppe)],.”®" A similar structure
to that shown in Fig. 50A is also found for [BeCl,(dppm-k'),].”*?

The reactions of AlX3 (X = Cl, Br, I) with PMejs lead to the formation of [AlX3(PMej3)] or [AlX5(PMes),| depending on the ratio of
reagents used; with the bisphosphane Cy,PCH,CH,PCy,, dinuclear [{AlCl3},(pn-Cy,PCH,CH,PCy;)| was the sole product while
with the less sterically demanding Me,PCH,CH,PMe; (dmpe), the formation of [{AlCl3},(n-dmpe)] competed with trans-
[AICl,(dmpe),] containing chelating ligands. All products are extremely moisture sensitive.”®” A series of tetrahedral [InX3(PR3)]
and trigonal bipyramidal trans-[InX3(PR3);] complexes with X = Cl, Br, I; R = Ph or various MeO-substituted phenyl) have been
structurally characterized and studied in detail by solid-state '**In and *>'P NMR spectroscopies.”®* [Ga(PPhs)3]" 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(O'Bu’)4]~ anion (‘Bu’ = perfluoro-tert-butyl).”®> This work was followed by the isolation of the 2-
coordinate [M(P'Busz),]|" (M = Ga, In) and 3-coordinate [In(PPh3)3]".”*° Phosphane adducts of InH3 have been prepared by reac-
tions of PR3 (R = Cy, Ph or cyclopentyl) with [InH3(NMes)] in 1:1 or 2:1 M ratios, and the crystal structure of [InH3(PCys3),] reveals
a trigonal bipyramidal structure with a trans-arrangement of PCys ligands.”®’

Group 14 M(IV) complexes are illustrated by [SnF4(PCys3),],°%® trans-[SnCly(PMes),],”% trans-[SnClz(PMes),]",”%° and
[SnCl,(PMes),]*" (which has close Sn -+ Cl contacts with [AlCl4]~ counterions),”® as well as octahedral [SnCl3(O3SCF3)(PMes),]
with trans-PMejs groups, and trigonal bipyramidal [SnCl,(PEts)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.””® Germaniu-
m(Il) cations containing neutral, soft-donor ligands are rare, and Reid and coworkers reported |Ge(PMes);][CF3SO3], in 2021;
[Ge(PMes)s]* " has a trigonal pyramidal structure with a stereochemically active lone pair.’”" Tin(II) is large enough to accommo-
date four PPhj ligands in [Sn(PPhs)4]*"; the space-filling diagram in Fig. 50B shows the extent of intra-cation CH - 7 contacts.””?
Lead(II) complexes are illustrated by the tetrahedral [Pbl,(PPhs),],””” the structure of which contrasts with that of [Pbl,(PMes),] in
which [PbsI,(PMes)4(p-1)]" units are connected via short contacts through the I” counterion (Pb---I = Fig. 50C).””*

A noteworthy reaction in group 15 coordination chemistry is that of [(1>-Cp*)As(toluene)]*" with PMes which yields
[As(PMes),]" (Fig. 50D) isolated as the [B(CgFs)s]™ salt.”” This unusual As(I) species has also been reported by Burford and
coworkers, but (as the triflate salt) could not be isolated.”” The reaction of PMes with SbCl; in the presence of Me3$SiOSO,CF3
leads to the [CF3SO3] ™ salt of [SbCl,(PMes),| " with the PMes ligands in the equatorial sites of a distorted see-saw (disphenoidal)
structure; comparisons were made with the structures and >'P NMR spectra for related complexes with chelating bisphosphanes.”””
In a complementary study, SbF; was reacted with Me3SiOSO,CFs; phosphane coordination to Sb(III) was expected but redox
processes between Sb and P ultimately led to cyclo-[Sbs(PMes)4]*"."?% A series of [SbCl,(PR3),,]®™* (R = Me, Ph, Cy; n = 1-4,
m =1, 2) has been reported and the structures analyzed in detail. The group 15 metal center can behave as a Lewis acceptor despite

Fig. 50 Structures of (A) [Belo(dppm-k'),] (CSD refcode TIVJIU), (B) [Sn(PPhs)4]2* highlighting intra-cation CH--- 7t contacts (refcode RELKOJ),
(C) [Pbala(PMe3)4(u-N]I (refcode ZUBWIF), (D) [As(PMes)o]™ (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 < PPhs < ClI~ < PCy = PMe < Ar—.””? Burford and coworkers have also reported the reaction of PhsP with
SbF(O3SCF3), and the 5-coordinate [SbF(O3SCF3),(PPhjs),] was isolated; reductive elimination of [PhsPF|" (as the triflate salt)
occurs and, after a redox process, the unusual bicyclic [Sbs(PPhs)4]*" cation (Fig. 50E) resulted.””’

1.02.3.1.2 R,P~, RPH~, RP*~

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 [LiPR;] are precursors
to a range of main group metal phosphides as exemplified throughout this section.

The reaction of Dipp,PH with "BuLi in THF leads to the tetrahedral [Li(THF)35{P(Dipp),}|, while reactions between Dipp,PH
and BzNa or BzK in THF result in the formation of [Na,(THF)4{pu-P(Dipp),}2] or [K(THF)4{P(Dipp),}], respectively. Under
vacuum, loss of THF yields new solvates, including [Li(THF),{P(Dipp),}] which undergoes a dynamic monomer-dimer equilib-
rium in solution.'””’ An analogous reaction to that above is that of Ph{(MesSi),CH}PH with "BuLi which leads to
[Li(OEt,),{PPh(CH(SiMe3),)}] or [Li(THF)3{PPh(CH(SiMe3),)}]. The etherate can be converted to the Na* and K" derivatives;
[K(OEt,),(PPhR)] (R = CH(SiMe3),) is a precursor to [Ge,(PPhR),(pu-PPhR),], while reaction between [Li(PPhR)] and SnCl, fol-
lowed by crystallization from THF leads to [Li(THF)4][Sn(PPhR)3] in which Sn(II) is in a trigonal pyramidal environment.'°°" In the
sterically crowded [Li(THF),{PPh(2,6-Mes;CsHj3)}], the Li* is 3-coordinate but with additional Li--- 7 contacts to one Mes group;
the Li-P distance is relatively short (2.478(4) A). Treatment of [Li(THF),{PPh(2,6-Mes,CsH3)}| with SnCl, yielded [Sn{PPh(2,6-
Mes,CgHs)},].'°% Lithium complexes derived from (Dipp)PH(CH,),PH(Dipp) with n = 1-5 have been reported, and structures
are dependent upon #; for n = 1 and 3, discrete monomers with LiP, cores were found, whereas for n = 4, the complex [(THF)3Li
{u-(Dipp)P(CH;)4P(Dipp) } Li(THF)3] was isolated with each Li" being tetrahedrally sited. Detailed NMR spectroscopic studies give
insight into the solution behavior of these species.'*

Recrystallization of an Et,O solution containing 18-crown-6 and KP'Bu, leads to [K(18-crown-6)(P'Buy)] (Fig. 51A); the rather
long K-P distance of 3.239(1) A 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.'°** We have noted earlier (e.g., Figs. 44A, C,
45A) that M"--- 7t 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 [KPPh;]. The structure is complicated, and exhibits cyclic K,P, and K3P3; motifs as well as extensive
K"+ Tophenyl interactions.' %"

In the group 2 metal complexes [M(18-crown-6)(PPh;),] (M = Ca, Ba), the phosphido ligands are axially boun and
a trans-arrangement is also found in [M(THF)4(PPh,),] (M = Ca, Sr)'°°®'%°” and [Ba(THF)5(PPh,),].'°®” However, trans-cis isom-
erism in [Ca(THF)4(PPh,),] can occur.”*” Note the increase from CN = 6 to 7 on going from Ca”>" and Sr’" to M = Ba®*. However,
in [Ba(THF)4(PMes;),] with the bulkier Mes,P~ ligands, a CN = 6 is observed.' °°” Di-, tri- and hexanuclear calcium complexes have
been obtained from combinations of PH,(Si‘Buz) and [Ca(THF,) {N(SiMe3),}]; in the Ca, and Caj species, [PH(Si'Bus)] " ligands
bridge between pairs of Ca?* centers, while the hexanuclear cluster is supported by p-[PH(Si'Bus)]™ and ps-[P(Si'Bus)]*~
ligands.'°°® Westerhausen et al. have also characterized SrsPg-clusters which are structurally related to their calcium congeners.' %’
Reaction of Srl, with K|PHPh| in THF yields the 1D-coordination polymer [Sr(THF),(u-PHPh),], with octahedrally sited Sr**; this
is one of a series of related group 2 metal assemblies with [PHPh]~ ligands.'®*°

The Ga(Ill) complex [Ga(P'Bu,)s] (trigonal planar Ga) results from the reaction of GaCls with 3 or more equivalents of Li
[P'Buy], while a 1:1 reaction followed by protolysis produced the [‘Bu,PH,|" salt of [Li{'Bu,P(GaCls),},]” in which Li is
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Fig. 51 Structures of (A) [K(18-crown-6)(P™Bus)] (CSD refcode TIVLUI), (B) the diradical [Alo(P'Buy)s] (refcode LUNMUD), (C) the diamagnetic
[Alx(PBuy)4] (refcode LUNNAK), (D) [Sn{P(Dipp)al»] highlighting different P environments (refcode DAGQEK), and (E) [Sn{P(Tripp)als] (refcode
DAGQOU).
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octahedrally sited between two ‘Bu,P(GaCls), units with Ga-Cl-Li bridges.'®'" An intriguing investigation from Henke et al. starts
with the premise that highly energetic [Al(P'Bu,),]|. radicals should dimerize via an intermediate biradical with a long Al---Al
distance. The addition of Li[P‘Buy] to a solution containing the metastable AICI produced green crystals of [Aly(P'Buy)s]
(Fig. 51B) with Al---Al = 3.508 A. In contrast, replacing AICI by AlBr resulted in the isolation of yellow crystals of [Al;(P‘Buy)s]
(Fig. 51C) with Al --- Al = 2.587 A. 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).'?'? [GagCl,(P'Pry),(u-P'Pry)g] is a representative example of group 13 metal clusters supported by R,P™
ligands.'’"? Other phosphido Al, and Ga, clusters have also been described.'®'*"'°*! Treatment of [Ges{Si(SiMe3)s}3]” or
[Geo{Si(SiMe3)3}2]*~ with R,PCl (R= Cy, ‘Pr, ‘Bu) yielded the first Zintl clusters carrying R,P-substituents; one example is
[Geo {Si(SiMe3)3}3(PCy,)],'%*? and related Gey-clusters have been reported.'’*’

Group 14 M(IV) derivatives with R,P~ ligands include the tetrahedral [GeCl{N(SiMes),}»(PEt,)].'°>* The use of [Li(PPhR)]
(R = CH(SiMe3),) to access [Ge,(PPhR),(u-PPhR);] and [Sn(PPhR);]™ was detailed earlier in this section,'”' and we also
described the synthesis of [Sn{PPh(2,6-Mes,CsH3)},].'°°> [Sn{P(Dipp)2},] is noteworthy for being the first example of
a compound with a crystallographically confirmed P=Sn bond, arising from a P-Sn 7-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.'®*"'°?° Izod
et al. point out that if both P environments were planar, a weaker P— Sn or P-Ge Tt-interaction would result and this would not
compensate for the energy required to rehybridize both P atoms. Significantly, in [Sn{P(Tripp),}.], both P atoms are pyramidal
(Fig. 51E), indicating the absence of the Sn—P 7w-bond.'°*° In the related [M{P(Dipp)(Mes)},]| and [M{P(Dipp){ CH(SiMe3),} } ]
(M = Ge, Sn) derivatives, Izod et al. have assessed the roles of both P-Ge or P-Sn -interactions and Ge - arene or Sn -+ arene inter-
actions.'%?” The first example of an [As(PR;),]| " cation was reported in 2019 in the salt [As{P(Dipp),}2][Al{ OC(CF3)3}4]; as in the
isoelectronic Ge(II) and Sn(II) species above, stabilization of [As{P(Dipp),},]" is due to a P-As w-interaction.'°*® 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);},].'***

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)(PPh,)] (M = Mg,
Ca; Ar=Dipp, see Scheme 6 for definition of Ar),'°**'°*° |AlH(Nacnac)(PPhy)] (Ar= Dipp),'**" [Ge(Nacnac)(PPh,)]
(Ar = Dipp),'”*? [M(Nacnac)(PR;)] (M = Ge, Sn, Pb; Ar= Dipp; R=Ph, Cy),'°*® and the Ge(IV) derivative [Ge(E)(Nac-
nac)(PCy,)] (Ar = Dipp; E =S, Se).'034103°

1.02.3.1.3 PCO ", PCS
In Section 1.02.2.1.4, we surveyed main group metal complexes with N-bonded NCO™ and NCS™ ligands, and we noted terminally
N-bonded, bridging N-bonded, and bridging N,X-bound (X = 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),(PCO-O)] and [Li(dme)s][PCS] (with non-coordinated
[PCS]™ ion).'?**'97 Since 2000, the structures of Na(PCO) (a 3D-network with P,0-bonded bridging ligands),'**® [Na,(d-
me)4(u-OCP),] (with Na-O-Na bridges),'”” [Na(OCP-O)(THF)(Bz18-crown-6)],'°*® and the 1D-coordination polymers
[K(18-crown-6)(PCO)],,,'°*" [Na(18-crown-6)(PCS)],,,'°*> and [K(18-crown-6)(PCS)], (Fig. 52A),'%*? all with P,X-bonded
(X = 0O, 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),(THF),4], but with O-
bonded PCO~.'%*°

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 {AI"™-OCP} and {Ga™-PCO} units. Note the change in coordination mode with selective P-coordi-
nation to the softer Ga(IIl) center (angle Ga-P-C = 88.43(11)°, Fig. 52B).'** A similar coordination mode is observed in the
Ge(Il) compound [Ge(MeyN-Nacnac)(PCO)| in which [Me;N-Nacnac]™ is an amino-functionalized B-diketiminate ligand
(Scheme 6 with Ar = Dipp),'*** and in [Ge(Nacnac)(PCO)] (Ar = 2-Ph,PCsH,)."°*” 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,'®*® and a related structure is
found in  [As(DippNCH,CH,NDipp)(PCO)].'*®  [Sn(NRR)(PCO)] with R=Si(4-BuC¢Hs); and R =2,6-
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Fig. 52 (A) Part of the 1D-chain in [K(18-crown-6)(PCS)], (CSD refcode QUZWOZ; the S and P sites are disordered). (B) An example of a salen-
supported {Ga"'-PCO} unit (refcode VOBCEX). Structures of (C) [Ga(py)(dpp-bian)(PCO)] (refcode SUZJIJ) and (D) [Gax(py)2(dpp-bian)a(u-Ps)]
(refcode SUZLIL).
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{CH(3,5-Bu,CgH3),} ,-4-MeCgH, is one of a series of Sn(11) and Ge(1I) species in which the steric congestion of the amido ligand
stabilizes 2-coordinate M(II) in a mononuclear complex.'%*”

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 = Dipp,
R = H) which loses CO upon irradiation and, via an { Ge=P}-containing intermediate, forms the dimer [Ge,(R-Nacnac),(n-P),]|
(Ge-P = 2.2550(6) and 2.2673(6) A, indicative of some double-bond character).'®*® 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 [Gay(dpp-bian),(NCO);]|, Fig. 27B) and its photolysis with loss of CO to yield [Gay(py)2(dpp-
bian),(u-P,)] (Fig. 52D).'%*°

1.02.3.2 [P,]* ligands derived from P,

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.'**°

A themed issue of Dalton Trans. (‘'Phosphorus chemistry: discoveries and advances’)'?”" 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 Scheer'°*? coupled with papers from
Inoue'>* and Power'?** give a good entry into this field. In this section we use a few selected examples to illustrate the coordination
of small [P,]*" ligands to main group metals and we focus on activation of P;. Many complexes contain M-C bonds, e.g.,
[Ge(Dipp),(P4-x)],' %> and fall outside the scope of this review.

The activation of P4 by LiSi‘Bus leads to P4(Si‘Bus),, P7(Si‘Bus)s, [LisP(PSi‘Bus)s] and [LiPs], while in the presence of LiOSi‘Bus,
the product was [LiP;(Si'Bus),]."°°° The reaction between P, and NaSi‘Bus produces the dimer [(‘BusSi)3P5Na,(THF)], in which the
Na atoms have CN = 3 or 4 (Fig. 53A).'%” A wide range of Ga(IIl) polyphosphane complexes, the simplest of which is [Ga(Nac-
nac)(P4-«?)], (Fig. 53B) have been isolated from the reaction of [Ga(Nacnac)] (Ar = Dipp, see Scheme 6) and white phos-
phorus.'%*% Reactions of [Ga(Nacnac)(P,-k?)] with Cy,PCl, Ph,PCl, Mes,PCl or (CsHs),PBr have led to compounds containing
Ps units with [GaBr(Nacnac) {P5(CgHs), } ] as a representative complex (Fig. 53C); kinetics data offer insight into the reaction mech-
anism.'?”® Power and coworkers have shown that P, reacts with Tl,(2,6-Dipp,CsH3), with transfer of the aryl groups to phosphorus
and formation of [Tl {P4(2,6-Dipp2CsHs),}] (Fig. 53D).'%° Coordination compounds of bismuth with [P,]*~ 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

L]
Dipp~ Bi. _Dipp
O 'Tl ’T‘ + Py
MeQSi\O/SiMez

©)

Fig. 53 Structures of (A) [(BusSi)sPsNao(THF)]o (CSD refcode CAQHUY), (B) [Ga(Nacnac)(P4-k?)] (refcode SEGFUI), (C) [GaBr(Nacnac){Ps(CeHs)2}]
(refcode SAYKAH), and (D) [Tlo{P4(2,6-Dipp2CgH3)2}] (refcode CEDBET). (E) The product of the activation of P4 by an isolated Bi(ll) radical (refcode
AYUXEZ).

PN /N SN /N
Ph,P” “PPh,  Me,P PMe,  Et,P PEt,  PhyP PPh,

dppm dmpe depe dppe

Ph,P  PPh, Ph:P  PPh;  MesP  PMe, Ph,P  PPh,

dppen dppp dmpbz dppbz
Scheme 15 Chelating bisphosphanes included in Section 1.02.3.3.1.
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Fig. 54 Structures of (A) [Li(dmpbz)3]* (CSD refcode LUDXUF), (B) [K(dppm-H)(diglyme).] (refcode NISKAD), (C) [I(dppe)BeAl(Nacac)I] with
Aracnac = Dipp (refcode ASIBIQ), and (D) [Pb(dmpe)(0,NO-k2),] showing intermolecular O---Pb contacts (refcode MUJMIP).

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)s]", [Li(dmpbz);]" (Fig. 54A), [Na(dmpe)s]" and [Na(dmpbz);|" cations by using the very weakly coordinating [Al
{OC(CF3)3}4]” and [B{3,5-(CF3),-C¢H3}4]” anions.'®' Lithium bis(diphenylphosphanyl)methanide, [Li(dppm-H)], is well
established.'’®? In [Li(dppm-H)(tmeda)], the Li" center is tetrahedrally sited with Li—P distances of 2.537(4) and 2.568(4)
A,'°%% whereas in [Li(THF)(dppm-H)(tmeda)], the Li-P distances of 2.653(4) and 3.018(4) A indicate preferential coordination
of THF and only one principal Li-P interaction.'®®* In contrast, in [Li(dppm-H)(dme),], both Li-P distances are long
(2.896(3) A) suggesting that the species should be considered as a contact ion-pair.'°®> The K* center is 8-coordinate in
[K(dppm-H)(dgm),] (Fig. 54B); this complex can be accessed by treating polymeric [K(dppm-H)(OEt,)o 5], with diglyme.'°®°
The conjugate base of dppm also appears in [Ca(THF);(dppm-H),], which was prepared by treatment of dppm with "BulLi, fol-
lowed by KO'Bu and the Cal, in Et;O/THF.'°®* A rare example of a Be-Al bonded compound is found in [I(dppe)BeAl(Nacac)
1] with Ar = Dipp (see Scheme 6); the structure (Fig. 54C) features a Be—Al bond distance of 2.368(2) A.”%'

Octahedral group 13 M(III) coordination environments are found in trans-[AlCl;(dmpe),]",”® trans-[AICl,(dmpbz),]™,”%*
trans-[AICly(dppbz),]*,°%  trans-[GaXy(dmpe),]™ (X=Cl, Br, 1),'°°" trans-[GaXy(dmpbz),]* (X=Cl, Br, 1),'°® trans-
[InX,(dmpbz),]* (X = Br, 1),'°°” and [In,Cl4(dmpbz),(u-Cl),].'°°° Tetrahedral M(III) coordination compounds which have
been structurally characterized include [GaCl,(dppbz)]*,'°® and [InX,(dmpbz)]|* (X = Br, 1).'°%°

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)],'°”° [GeF4(dmpbz)],'"° [SnF4(depe)],”*® and [SnCl4(dppen)].'°”" In group 14, structurally
characterized Ge(II) complexes with chelating bisphosphanes are exemplified by [GeX;(dmpbz)] and [GeX,(dmpe)] (X = CL, Br, I;
disphenoidal geometries), and [GeX,(dppbz)] (X = Cl, Br; with an asymmetrically bound dppbz ligand); other complexes in this
series have also been described.'®”” The [GeCl(dppp)]™ 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.'°”* An insightful comparison between complexation of SnF, and SnCl, with bisphosphanes
concludes that an underlying problem with SnF, is its insolubility in weak donor solvents and, therefore, the lack of soluble molec-
ular precursors with readily displaced ligands.'°”* Reid and coworkers have reported rare examples of phosphane complexes of lea-
d(11). [Pb(dmpe)(O,NO-k?),] is a representative example, and Fig. 54D illustrates that intermolecular O---Pb contacts extend the
structure in the solid state; a CN = 8 is achieved by additional contacts not shown in Fig. 54F.'%""

Phosphane complexes of the heavier group 15 M(III) elements include [Sb(dppm)(O3SCF3)3(NCMe)] (distorted octahedral)
and [Bi(dppm)(O3SCFs)s]; 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.'®”® A coordination number of 3 occurs in
[SbCl(dppe)]*" and [SbCl(dppm)]*", and 4-coordinate geometries occur in [SbCly(dmpe)|" (disphenoidal, axial Cl) and
[SbCl,(dppe)]* (disphenoidal, axial Cl); in [SbCl,(dppm)]* the dppm ligand is asymmetrically bound with Sb-P distances of
2.6011(4) and 3.0272(4) A.°°” The Bi(IlI) compounds [BiX,(O3SCF3)(dmpe)] (X = Cl, Br) and [BiCl(O3SCFs3),(dmpe)] readily
decompose in solution giving elemental Bi; in the solid state, all three complexes are dimers supported either by pu-X or p-
03SCFj3 ligands.'*””

R
R P R' R R"

[RP;RT
Scheme 16 Ligand types included in Section 1.02.3.3.2.
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Fig. 55 Structures of (A) [Ko{'BusSiPPPSiBus}a(THF)4] (CSD refcode DAKQOW), (B) part of the 1D-chain in [Cs{'BusSiPPPSiBuslo(THF)], (refcode
BIVZAI), and (C) part of the 1D-chain in [Nap(dme); 5(tmbp)], (refcode EFAFIA).

In group 16, [Se(dppe)]|[CF3SOs3], and [Te(dppe)][CF3SOs], 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.'%”®

1.02.3.3.2 PXP (X = P, CR) ligands with delocalized backbone

In Section 1.02.2.2.4, we surveyed complexes containing [RN3R’]~ and [RNC(R')NR”]™ 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(R’)PR”]~ which possesses a delocalized backbone.

Lerner et al. have investigated the reaction of P, with ‘BusSiK in detail, and K[‘BusSiPPPSi‘Bus] was among the products reported.
The structure of the THF adduct (Fig. 55A) exhibits short P-P bond lengths (2.0721(16) A) consistent with 7t-character.'””” The
same group has demonstrated that Cs[‘Bu3SiPPPSi‘Bus] is more stable than the Li", Na* and K* homologs. In the solid state,
[Cs{'Bu3SiPPPSi'Bus},(THF)], possesses a 1D-polymer (Fig. 55B) and P-P bond lengths of 2.090(3) A.'°% Although an organo-
metallic compound, we include [Al'Bu, {ArPCHPAr}| (Ar = 2,4,6-BusCsH,)'%®" as a representative of the second ligand type
shown in Scheme 16.

1.02.3.3.3 Heterocyclics: Reduced 2,2 -biphosphinine

There are no examples of main group metal complexes containing neutral 2,2’-biphosphinine, i.e., the P analog of 2,2’-bipyridine.
However, the reduction of 4,4’,5,5’-tetramethyl-2,2’-biphosphinine (tmbp) by lithium naphthalene or sodium naphthalene in dme
has been investigated, and [Na,(dme); 5(tmbp)], was isolated and structurally characterized. A 1D-chain assembles (Fig. 55C) with
the [tmbp]?~ ligand chelating to one Na™ and forming P-Na contacts to two additional Na™ centers; there are also weak Na™---7
contacts.' %%’

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(CH,CH,PPh;); are illustrated by Sb(III) and Bi(II) complexes. In fac-[Sb{PhP(CH,CH,PPh;),} (O3SCFs)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) A vs 2.589(3) A).'%7°

The reaction between TIPFs and [Li(tmeda){PhB(CH,PPh;)3}] leads to [TI{PhB(CH,PPh,)s}] which, in the solid state is
a dimer), but is a monomer in solution.'*** Significantly, the ‘Pr analog [T1{PhB(CH,P'Pr;)3}] is monomeric in the crystal and
this is attributed to the 'Pr substituents forming a protective sheath around the Tl atom.'®* The compounds [TI{(3,5-
(CF3),CsH3)B(CH,P'Pr;)3} ] and [Tl{(3,5-Me2C6H3)B(CH2PiPr2)3}] are distinct in their solid-state structures; in the latter, there
are two TI(I) environments, one engaging in weak intermolecular m-interactions and the other involving a TI-Tl interaction. In
contrast, [T1{(3,5-(CF3),CsH3)B(CH,PPry)3}]'°% and [TI{PhB{CH,P(4-CF3CsH,),}3}]'*®® are monomeric in the solid state.
The change in the P-substituents on going from [TI{PhB(CH,PPh;)s}] to [TI{PhB{CH,P(4-CF3C¢H4),}3}] enhances the electro-
philic character at the metal center.'%¢

) o e
BR BR BPh

Ph,P P PPh
2 Ph 2 PhyP iProP (4-CF4CgHa)oP
3 3

PhP(CH,CH,PPh,), [RB(CH,PPhy)s]” [RB(CH,PPr,)s]~ [PhB{CH,P(4-CF5CgH4)2)s]
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 Rs3As

Main group metal complexes containing R3As ligands are dominated by metals from the p-block. This section covers monodentate
R3As ligands, as well as RyAs(CH;),AsR; 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(IIT) complexes are illustrated by [AlX3(AsPhs)] (X = Cl, 1),'°%” [GaCl3(AsPh3)],'%®" [GaX3(AsMe3)]
(X =Cl, Br, 1),'°°% [GaCl3(AsEt3)],'*® and [InCl3(AsEt3)].'*® The In(IIl) center can also accommodate two AsEts ligands as in
the trigonal bipyramidal trans-[InCl3(AsEts),].'*®® Ph3As is among the ligands that forms a donor-acceptor adduct with the Lewis
superacid AI(OR")3 (R" = C(CF3)3).'°% In [Ga,ls(p-dpae)], each Ga is tetrahedrally sited.'°°® Rather than coordinate to a single
Ga(I1I) center, the tripodal ligand MeC(CH,AsMe;)5 reacts with GaX3 (X = Cl, I) to yield [{MeC(CH,AsMe;,)3 } (GaXs3)3] when suffi-
cient GaXj is available; with a 1:1 M ratio of reactants, [{MeC(CH,AsMe;)3}(GaCl,)][GaCl,] was isolated.'**°

Germanium(IV) and tin(IV) complexes incorporating tertiary arsane ligands include trans-|GeCly(AsEt3),],"°”° trans-[SnX4(A-
sEt3),] (X = Cl, Br),””° trans-[SnCl3(OS3CF3)(AsEt3)5],””° [SnCls(AsEts)]~,””° and trans-[SnCly(AsPhs),]."%°" In contrast to the
latter octahedral complex, the bromido analog crystallizes as [SnBry(AsPhs)]-AsPhs with the non-coordinated arsane molecule
showing a close As--Braya contact (3.567(3) A).'°°" Tetrahedral Ge(II) complexes with arsane ligands are exemplified by [Ge(As-
Me3),(0O3SCF3);]. Reid and coworkers were not able to isolate a tris(trimethylarsane) complex from reactions of [GeCl,(diox)] with
MesAs followed by CF3SO3SiMes even when using excess MesAs; this behavior differs from that with Me3P and was attributed to the
weaker 6-donor power of Me3As vs Me3P.””"

Compounds containing Sb-As or Bi-As coordinate bonds remain rare. [SbCl3(AsEts)], [SbCly(AsPhs)][O3SCF;] and
[BiCl,(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) A,
respectively, suggesting ion pairs rather than coordinated [CF3SOs3]™ ligands.'?%?

1.02.4.1.2 R)As™

Few non-organometallic complexes involving RyAs™ ligands have been reported since 2000. The tetrahedral [Li(THF); 75(OE-
t2)0.25(AsDipp,)] was used as a precursor to [Ge(AsDipp2)2] and [Sn(AsDipp;)»]. Stabilization by As-Ge/Sn m-interactions is pre-
vented by a high energy barrier to planarization at the As center, and Ge/Sn--arene interactions are important instead.'®”* The
dimer [Ge,Cl,(AsMes;),(u-NPh),] was observed as one product of the reaction of GeCl, -diox and [(Mes,AsNPh){Li(OEt,),}].'%”*

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),], and used this as
a precursor to [Ge(AsCO)(Nacnac)| (Ar = Dipp, see Scheme 6 for the B-diketiminate ligand [Nacnac]| ). The AsCO™ ligand coor-
dinates to Ge(1II) through As (Ge-As = 2.635(1) A, Ge-As—C = 84.5°). Loss of CO occurs readily to yield [Ge(=As)(Nacnac)]."**"
Results from the Goicoechea group also open up the coordination chemistry of AsCO™, e.g., with the organometallic derivative
[Sn(AsCO)(2,6-Mes,CgH3),] . 0%°

1.02.4.2 Bidentate ligands: Chelating R2As(X)AsR;

Within main group metal coordination chemistry, the most popular chelating RyAs(X)AsR; 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 [GaX;(dmabz)]* (X = Cl, 1) and [Inl,(dmabz)]*,'*’
and the dimer [In,Cly(dmabz),(pu-Cl),] (Fig. 56A).'°°° The structure of [InyCly(dmabz),(u-Cl)s],"" is related to that of
[In,Cly(dmabz),(pu-Cl),] but with two terminal In-Cl units converted into In-Cl-In bridges (Fig. 56B).'°®” [Bi,Cly(dmabz),(u-
C),]'7 is structurally related to [In,Cly(dmabz),(p-Cl),]. Complexes of group 14 M(II) include [GeCl(dmabz)]™,'°”? and

(») (B) (©)

Fig. 56 Structures of (A) [InaCls(dmabz),(u-Cl),] (CSD refcode QOKMIN), (B) part of the 1D-chain in [InoClo(dmabz)o(u-Cl)s],™ in the [InCl4]~ salt
(refcode QOKMOT), and (C) [Ge{MeC(CH,AsMe,)a}]>" (refcode UZEHEP).
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[SnCl(dmabz)]™,'”* which have trigonal pyramidal structures. In [Gel,(dmabz)], there are significant Ge---I contacts in the solid
state which result in a polymeric assembly.'%”

1.02.4.3 Tridentate: Tripod ligands

In Section 1.02.4.1.1, we included [{MeC(CH,AsMe;)s3}(GaX3)3] and [{MeC(CH,AsMe;,)3}(GaCl,) "] in which the tripodal ligand
coordinated to three or one Ga(Ill) centers, respectively.'’”® Bidentate MeC(CH,AsMe;, )3 is also seen in [SnBry { MeC(CH,AsMe;)s-
k?}].”%% However, in the triflate salt of [Ge{MeC(CH,AsMe;)3}]*", the ligand binds a single Ge(II) center (Fig. 56C) in the classical
tripodal manner.””!

1.02.5 Antimony-donor ligands
1.02.5.1 Monodentate ligands

1.02.5.1.1 RsSb

As with main group metal complexes containing R3As ligands, those with monodentate stibanes are relatively few in number if one
excludes organometallic species. [GaCl3(SbPhs)] has the expected tetrahedral structure (Sb-Ga =2.654A),'”% as do
[GaCl3(SbMes)],'%%? [All3(SbPr3)],' ' [GaXs(Sb'Pr3)] (X=Cl, 1),''°° [GaBr3(SbEts)],"'”° [InX3(SbR3)] (X=Cl, I, R=Et,
Pr),''°° and [InX3(Sb"Bus)] (X = Cl, Br).'%®®

1.02.5.1.2 RsSb™

Just as for Ry)As™ (Section 1.02.4.1.2), non-organometallic main group metal complexes with R,Sb™ ligands are sparse. The reaction
of [Al(Nacnac)] (Ar in Nacnac = Dipp, see Scheme 6) with Sb;Et, results in Sb-Sb cleavage and the formation of [Al(SbEt;),(Nac-
nac)]; an analogous reaction with Bi,Et, follows a similar route,"'°" and related complexes of Ga(III) have also been reported.' '’

1.02.6 Oxygen-donor ligands
1.02.6.1 Monodentate ligands: Simple coordination compounds

1.02.6.1.1 H,0 (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(OH,)4]", [Na(OH,)s] ", [Mg(OH,)s]>", only selected literature citations are given.

© F
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Fig. 57 Structures of (A) [Lio(OHz)4(1-0Hy)o]%+ (CSD refcode CUSWESO1) and (B) [Lia(OHz)s(1-0H,)]2* (refcode SODLEE). Parts of the 1D-chains
in (C) trans-[Na(OHy)2(u-0Ha)2],™ (refcode ASABEB), (D) [Na(OHz)(u-0Ha)o],™" with both trans and cis-arrangements of terminal aqua ligands
(refcode OSURUR02), (E) cis-[Na(OHz)2(n-0Hz)2],™" (refcode DARNIU), (F) trans-[Na(OH,)4(n-0Hz)],™* (refcode CUPQIO), (G) cis-[Na(OHg)4(p-
OHp)],™ (refcode PEPNUU), and (H) [Nag(OHz)2(u-OHy)s],2™ (refcode LULSAN).
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For the group 1 M* ions, we expect the coordination number to typically increase as the group is descended. However, although
CN =4 is most typical for Li", tetrahedral [Li(OH,),]",'"">""""" square-based pyramidal or trigonal bipyramidal
[Li(OHy)s]*,'"'#"""3 and octahedral [Li(OH,)g]",'""* have all been structurally characterized. Dinuclear aqua complexes of
lithium are represented by [Lio(OH,)4(u-OH,)o]*™ (Fig. 57A),"'"7'''¢ and [Li,(OH,)s(u-OH,) " (Fig. 57B).' 171118

For Na*, the octahedral hexaaqua ion is common,'''”"'"?” with octahedral coordination also seen in [Na,(OH,)s(p-
OH,), ", 1257113 and [Nag(OH,)q2(n-OHy)g]**.""?! The variety of 1D-polymeric assemblies based upon interconnected
{Na(OH,)¢} units is fascinating and these include [Na(u-OH,)3],/*" (face-sharing octahedra),?”® [Na(OH;),(u-OH;), ], with
trans-terminal aqua ligands (Fig. 57C),""?°~"'** [Na(OH,),(n-OH,)1],"" with Na* centers along the 1D-chain having alternating
cis- and trans-terminal aqua ligands (Fig. 57D),""**~" "¢ [Na(OH,),(u-OH,),],,** with cis-terminal aqua ligands (Fig. 57E),""*"~'*°
[Na(OH;)4(n-OH,)|,,"" with a trans-arrangement of u-OH, (Fig. 57F),'"°° [Na(OH,)4(n-OH,)]," " with a cis-arrangement of p-
OH, (Fig. 57G),""”" and [Nay(OH,),(u-OH,)s],>"" (Fig. 57H).''*? Such 1D-polymeric assemblies, especially isomers of
[Na(OH,),(n-OH,),],"", 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 [Nas(OH,)14],*"" sheets (Fig. 58A) alternating with layers of Lindqvist heteropolyan-
ions,"'”? the hydrate of sodium (E)-2-(2-fluorobenzylidene) butanoate in which [Nay(OH,)7],,>"* 2D-sheets feature octahedral
{Na(OH,)s} units connected as shown in Fig. 58B,''>* and in [Na(OH,)s],"" in which all the aqua ligands are in a bridging
mode and each Na™ center is in a distorted trigonal pyramidal rather than octahedral environment.''>® A departure from
CN = 6 is found in [Nay(OH,)12(u-OH,)]** in which each Na* is bound to six terminal and one bridging aqua ligand,''*® and
in the 1D-polymeric [Nay(OH,)14],*"" in which both 5- and 6-coordinate Na™ are observed.''*” Higher CN values are typical
for the heavier group 1 metals, for example, [K(OH,)7]™,"'*® [K(OH,)g]",'"*? [Rb(OHa)s]™, " '? and [Cs(OH,)10]".""'? However,
the diversity of extended chains and networks found for Na* (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 = 4 in [Be(OH,)4]**,?°>'*%*'**! and CN = 6 in the
ubiquitous [Mg(OH,)s]*" (only a few examples of ca. 430 structures in the CSD between 2000 and 2022 are given).''*% !¢
'175 Calcium shows a wider range of CNs than Mg’", starting with CN =6 in [Ca(OH,)s]*",'""*"""® CN=7 in
[Ca(OH,),*H, 1120 177-1179 and CN =8 in [Ca(OH3)g]*"."'”> A CN of 6 is seen in the 1D-polymer [Ca(OH,)4(u-
OH,)5],2""."1%% In [Cay(OH,)g(u-OHy)s]*", each Ca®" is 7-coordinate,''®' while a CN of 8 is found in [Cay(OHa)a(p-
OH,),|**+.11¢7 1182 Crystalline CaBr,-9H,0, Caly-8H,0, Cal,-7H,O and Cal,-6.5H,0 contain the [Ca(OH,)g)*",
[Cay(OH,)12(n-OH,),]*", [Cas(OH;)12(1-OH,)o]*F, and [Cay(OH,)10(1-OH;)3]* " cations, respectively, each with CN = 8 (dis-
torted antiprism).''®> Hennings et al. have also reported the structures of Ca(ClO4),-4H,0 and Ca(ClO,);-6H,0; these contain
the neutral polymer [Ca(OH,)4(1-ClO4-1k0':2k0?)],, and discrete [Ca(OH,)s(ClO4-k")]* cations, respectively.''®*

For the heaviest group 2 metals, values of CN >8 are common, for example, in [Sr(OH,)g]*" (CN = 8),"'">''7? [Sr,(OH;) 10(-
C)Hz)4]4Jr (CN = 9),] 185 [Ba2(0H2)14(u-OH2)2]4+ (CN = 9),] 186 [Baz(OHz)lo(u-OH2)4]4+ (CN = 9),1 185 [Ba(OH2)3(u-
OH,)3],"™" (CN =9, Fig. 59A),"""" [Bay(OH;)10(n-OH)4l,™* (CN=10),'"*® and [Bay(OH,)s(n-OH,)gls"™" (CN =10,
Fig. 59B)."'%? It is also worth noting that the structures of Sr(ClO4),-3H,0, Sr(ClO4),-4H,0 and Sr(ClO4),-9H,0 have been
studied by Hennings et al., complementing the investigations of the calcium halides and perchlorates described above.
Sr(ClO4),-3H,0 and Sr(ClOy4);-4H,0 assemble into 3D-networks with aqua ligands in both terminal and bridging modes, and

Fig. 58 (A) Part of an [Nas(OH,)14],*™* 2D-net in a layered structure which also contains Lindqvist heteropolyanions (CSD refcode LAYCAQ), and
(B) part of the [Nay(OH,)7],2"" sheet in the hydrate of sodium (£)-2-(2-fluorobenzylidene) butanoate (refcode PEHSEC). (C) Part of the [Na(OH,)s],"*
2D-net with all bridging aqua ligands (refcode SOQZAA).

(G ? B)

Fig. 59 Parts of the 1D-chains in (A) [Ba(OHy)3(1-OH2)3],2™ (CSD refcode LINYEB), and (B) [Ba(OH,)s(1-OHa)e],*™ (refcode TEDWAC).
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perchlorate ions in p-ClO4-1k0":2k0? bonding modes. In contrast, Sr(ClO4),-9H,O crystallizes with discrete [Sr(OH,)7(ClO4-
k'),] complexes and H,O solvate molecules.'"*°

The octahedral [Al(OH,)g]*>" ion is found in the solid-state structures of, for example, [AI(OH;)s]2[Cs(CO2)s]-4H,0,""”!
[AI(OH,)s][MeSOs3]3,'"”* [4-H,NpyH][Al(OH,)6][SO4]2-4H,0," " and [2-H,NpyH][Al(OH,)s][SO4]2-4H,0,""”* [pipzHa]o 5[A-
1(OH,)6][SO4]2-4H,0," " [AI(OH,)6][NOs]3- (15-crown-5)-4H,0,""”> and [H,im][Al(OH,)s][SO4)2."'?¢ Octahedral hexaaqua
ions of Ga(Ill) and In(Ill) have also been structurally characterized in the solid state,"'””~''*? and [MesN]s[In(OH,)¢]
[InFs]3-18H,0 contains octahedral [In(OH,)¢]** cations which form strong O-H:--F hydrogen bonds with the [InFg]*~ anions
(O---F=2.472(1) A)."%°

The crystal structure of [Bi(H,0)9][CF3SO3]3 was reported in 2000 (a redetermination); the conversion of the hydrated Bi(III)
ion to [BigO4(OH)4]°" was prevented by using solutions containing a large excess of HClO4 or CF38O3H (1.0-2.0 mol dm™?). The
[Bi(H,0)o]*>" ion has a tricapped trigonal prismatic structure.'”!

1.02.6.1.2 ROH, R,0

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 R,O 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 M>* from the p-block.

Tetrahedral coordination for Li™ is seen in [Li(HOMe)4] ™, 29?127 [Li(HOPr),] " (in [LiOiPr]- 5iPrOH with a hydrogen-bonded
chain structure),'*°® and [Li;(HOMe)4(1-HOMe),]*"."*%” Two series of ‘BuOH solvates of LiX (X = Cl, Br, I) have been reported
with LiX:'BuOH ratios of 1:4 and 1:6; in both, Li" is 4-coordinate and structurally characterized complexes are [Li(HO'Bu)4]X
(X=Cl, 1) and [Li(HOBu)4]X-2'BuOH (X = Cl, Br, I)."*'” The [Na(HOMe)s]" ion in [Na(HOMe)s]s[Mog(13-Br)s(OMe)s] has
a square-based pyramidal structure.'”'" The [K(HOMe)4]" ion has been described, with the four O-donors in a plane and the
K" center disordered above and below this plane.'*'?

Homoleptic group 2 metal complexes with alcohol ligands include [Mg(HOMe)g]*","?'*712'° [Mg(HOEt)g]**,"?"*'?!” and
[Ca(HOMe)g]*"."*"'® Additionally, there is a range of complexes with alcohols and simple anionic ligands. These are represented
by trans-|[MgCl,(HOEt)4] and [Mg,Cl,(HOEt)s(p-Cl),] (compounds of interest as precursors for Ziegler-Natta polymerization cata-
lysts),'?'”  trans-[Mg(OH,)2(HOEt)4]*",'*?°  trans-[Mg(4-0,Cpy)2(HOMe),],'*?"  cis-[Ca(OH,),(HOMe)4]*t,'?*? and  trans-
[Ca(O3SCF3-k')2(HOMe)4].'??

The cyclic aluminophosphonate [Al,(HO"Bu)g(u-PhHPO,-1k0":2k0?),]*" has been isolated and structurally characterized as
a chloride salt; a detailed solid-state NMR spectroscopic study was carried out.'?**

We move now to main group metal complexes containing ether ligands, focusing again only on homoleptic complexes and
other simple species. Low CNs for Li" are seen in [Li(OEt,),]" (angle O-Li-O = 113.4(4)°),°”? trigonal planar [Li(OEt;);]",'**°
tetrahedral [Li(OH,),(THF),]™,'>*° tetrahedral [Li(OEt,)4]™,"*?""'*°° and tetrahedral [Li(OEty)(THF)3]*."**'~'?*° Cubanes con-
taining {Li(OEt,)} units are illustrated by [Lis(OEty)4(p3-Br)s].'**”

In line with the structures of a number of Na™ complexes described earlier in this review, a square-planar geometry is found in
trans-[Na(OFEt,),(NCMe),|*.%°° This contrasts with the tetrahedral or distorted tetrahedral structures reported for [Na(OEt;)4]"
combined with various complex anions.'””'?*%!?3% Na* also forms the 5-coordinate cation [Na(OEt,)(THF)4]"."**° Four-
coordinate K is observed in [K(OFEt;)4]",">*' ~'?*? but higher CNs are also observed, for example, in [K(OEt,)(THF)5]"."*** Simple
complexes containing monodentate ether ligands are not prevalent for Rb* and Cs*. Examples of structurally simple group 2 metal
complexes containing monodentate ether ligands are tetrahedral [Be(O"Buy),(03SCFs-k')1],'**” [Bey(OEt,)2Cly(p-Cl),], ' **¢ trans-
[Mg(OEty)4(GaHy-k1)5],'**” trans-[Cal,(OFt,),4],°”" and [Mgsz(OEty)s(u-Cl)3(u3-Cl),]."**® 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
[AICI3(OEt,)]."**° Mitzel et al. reported the isolation and structure of trans-[GeF4(OEty),],"**° and the tin(IV) complex trans-
[Sn(O2CCFs-k")4(OEt,),] was described as part of a detailed investigation of tin trifluoroacetates as vapor phase single-source
precursors for F-doped SnO,."*”"

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 alkoxides'?*?;
Mg(II) alkoxides and aryloxides as promoters of chemical transformations of lactic acid'**%;
dinuclear catalysts for the ring opening polymerization of lactide'***;
relevant to Mg(Il): precursors of polymerization catalysts and new materials
1256,

main group metal complexes as catalysts or initiators for polymerization of lactides ~”°;

1255,
’
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heterometallic alkoxides (includes both main group and transition metals)'*"’;

Ga(IIT) and In(I1I) alkoxides and aryloxides®’;

molecular precursors for gallium and indium oxide thin films>%;
precursors for semiconducting materials (includes Sn and Sb alkoxides)*’;
precursors to bismuth oxide-based materials.'**®

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 terminal O-
bonded NCO™ appear to be sparse, and are represented by [K(18-crown-6)(OPPh3)(OCN)],”’® and [Sn(tpp)(OH)(OCN)] (which
shows a substitutional disorder of the axial OH™ and OCN™ ligands).'?>” Group 1 metal complexes containing O-bound or P,O-
bridging PCO™~ were included in Section 1.02.3.1.3.'°°¢193871942 we also described the use of a sterically demanding salen-type
framework to stabilize {AI"-OCP}; in contrast, the Ga(IIl) analog exhibits a P-bound PCO™ ligand (Fig. 52B).'%*?

1.02.6.1.5 RsPO

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 = 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.%%

Homoleptic complexes of the group 1 metals include tetrahedral [Li(OPPhs)a]",'?°°"'?®® and [Na(OPPhs3),4]" (in the PFg
salt),’”®* and related structures are found in [Na(OPPh3)3(THF)|*,'”®® and [Na(OPPh3)3(O3SCFs-k%)]."?°® [KI(OPPh3)(18-
crown-6)] crystallizes in the trigonal space group R3¢ and the K-O-P bond angle is 180°'%°7; this is one of several examples of linear
M-O-P units (Fig. 60) found in [KX(OPPhs)(18-crown-6)] complexes, in which crystallographic symmetry is associated with the
M-O-P linearity.””®'?%%-127! Reaction of LiBr and dppeO, in THF led to the assembly of [Li>(dppeO,)3Br,], which has a 2D-
network with (6,3) topology; each Li* is tetrahedrally sited and is bound to one Br~ and three O atoms of three different dppeO,
ligands making the Li a 3-connecting node (Fig. 61A)."*”? An extended assembly is also observed in [Li(dppbO,),]i™ (isolated as
the [CuClBr|~ salt) in which tetrahedral Li" centers are linked by pairs of bridging dppbO, ligands into a 1D-coordination polymer

ol
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Fig. 60 Distribution of M—0-P angles for terminal RsPO-M units (see text for search details).
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Fig. 61 Structures of (A) part of one (6,3) net in [Lio(dppe02)sBra], (CSD refcode LAPGIT), (B) [LisCls(u-OPEts)s(ns-OPEts)] (refcode MISGIF), (C)
[BeCl3(OPPh,CH,PPhs)] (refcode CAGXEP), and (D) part of the 3D-network in [Pb(depe0,)o(NOz-Kk?)2], Showing only the 4-connecting Pb(ll) nodes
(refcode MUJNEM).
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with a double-loop-like structure.'*”* A few multinuclear lithium clusters provide examples of R3PO ligands in p- and p3-bonding
modes, and these are illustrated by [LizCl3(u-OPEt3)3(u3-OPEts)] (Fig. 61B)."*"*

The zwitterion [BeCl;(OPPh,CH,PPh3)]| (Fig. 61C) contains an interesting example of a monodentate phosphane oxide for-
mally related to dppm,'?””> and [AlBr3(OPPh,CH,PPh3)] adopts an analogous structure.'’’® It is relevant, therefore, to
comment that the doubly oxidized form of dppm forms a trigonal prismatic complex with Na™ in [Na(dppmO,-k?)3]ClL."*"”
Note that the corresponding [Mg(dppmO;-k*)3]*" complex is octahedral.'””® Octahedral coordination is also seen in
[Mg(OPPh3),(NO3-k?),].">”? PhsPO binds as an axial ligand to [Mg(pc)].'**' Combinations of MCl, (M = Mg, Ca, Sr, Ba),
Ph3PO and SbCl;s in solution conditions led to [SbClg]™ salts of distorted tetrahedral [M(OPPhs),4]*" for M = Mg, Ca, Sr, and to
[Ba(OPPh3)s]**; this investigation also included reactions with chelating bis(phosphane) dioxides.'”®® Tetrahedral
[MgCl,(OPPhs),] has also been reported.'*®''?*> Although only 2 equivalents of Ph3PO were used in the reaction of Cal, in
THEF, the product was mer-|Cal,(OPPh;3)3(THF)], while the use of 4 equivalents gave trans-[Cal,(OPPhs),4]. Salts of the octahedral
[Cal(OP"Pr3)5]" and [Bal(OPPhs)s]|" were also isolated.'*® The crystal structure of trans-[CaCl,(OPPh3),] has been reported,'*%*
as have the structures of octahedral cis-[Ca(OH;)2(OPPh3)4]>™,"*®* and fac-[Ca(OH,)3(OPPh3)3]*" (as the [AuCly]™ salt).'?5°
[Ca(OPPh3),{N(SiMes),}5] has a distorted tetrahedral structure with angles O-Ca-O = 95.74(4)° and N-Ca-N = 129.44(5);
the structure was compared with those of several related compounds.'?®” As part of an investigation of cationic Lewis base-free
B-diketiminate complexes of Mg’"™ and Ca’" (isolated as their [B(CgFs)s]” salts), the tetrahedral complexes
[Mg(Nacnac)(OPEt3),]* and [Mg(Nacnac)(OPEt3)(FC¢Hs)|" (Ar = Dipp in [Nacnac|~, see Scheme 6) have been described.'***
The centrosymmetric strontium complex [Sro(OPPhj),(u-OH),(Nacnac),] (Ar = Dipp, see Scheme 6) contains 5-coordinate Sr,
and is prepared by Ph3PO-for-THF ligand substitution from a related dimer.'**’

Moving on to group 13 metals, and the tetrahedral compound [Al(OPEt3)(OR)3] (R = C(CsFs)3) is an adduct of the thermally
stable Lewis superacid Al{OC(C4Fs)3}3.'””° The Al(I) compound [Al(Nacnac)] (Ar = Dipp, see Scheme 6) reacts with Ph3PO or
Et3PO with cleavage of the P=0 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.'””! Gallium(II) complexes are illustrated with tetrahedral [GaCl3(OPMe;3)], [Gal,(OPMes),]" and [(GaBrs),{p-1,2-
(OPPh,CH;),CsHy}| in which the bisphosphane dioxide is monodentate to two GaBrs units.'*”? The In(Ill) complexes trans-
[InX,(OPPh3)4]" (X = Cl, Br) were prepared by halide transfer reactions involving Te(IV) compounds and were isolated as the
[PhTeX,]™ salts,'*”? and the structure of fac-[InCl3(OH,)(OPMes),] has also been reported.'*”* In the 5-coordinate [Inl3{OP(4-
MeOCgH,)3} 5], the phosphane oxide ligands are mutually trans; this is one of a series of complexes studied by solid-state '**In
NMR spectroscopy.'?’® Thallium(I) forms a trigonal pyramidal complex [TI(OPPh3)3]™."'2¢®

Complexes of Ge(IV) and Sn(IV) include octahedral trans-[GeF4(OPR3),] (R = Me, Et, Ph),'*’° trans-[SnF4(OPMes),] and
related complexes with chelating bis(phosphane) dioxides,'*”” trans-[SnF4(OPPh3),],”*® trans-[Snly{OP(4-MeCsHy)3},],'**® cis-
[SnCl4(OPPh3),],"**? cis-[Snl4(OPPhs),],"*° fac-[GeCl3(OPMes)s]™, "¢ cis-[GeX,(OPMes)4]*™ (X = Cl, Br),'*’° and the zwitter-
ions [SnF5(OPR,CH,PHR;)] (R = Ph, Cy)."*°" In the anionic complex [(SnCls),(u-dppeeO,)]*~, each Sn(IV) center is octahedrally
sited.’*°> Moving on to group 14 M(II) compounds takes us to the ylide-containing complex [SnCl,(OPPh,CHPPh3)] in which the
Sn(II) center is in a trigonal pyramidal environment,'*°* and to 4-coordinate [SnCl,(OPMes),] which possesses a disphenoidal
structure with one axial Me3PO and one equatorial MesPO.'°”* Under solvothermal conditions (MeCN/EtOH), Pbl,, KI, I, and
dppe react to give the 3D-network [Pbs(p-I)¢(p-dppeO,)s],-nEtOH, and in the presence of H,O,, the product was [Pby(p-
1)2(n3-1)2(n-dppeO,)]y; the former compound contains discrete {Pbs(p-I)s} units connected by bridging dppeO, ligands, while
the latter contains [Pb,(pi-1)5(ps-1),], 1D-chains interconnected by dppeO, ligands.'*** Levason and coworkers investigated reac-
tions of Pb(NOs3), with various bisphosphanes, and the presence of adventitious O, resulted in the formation of [Pb(un-
depe0,),(NO;3-k?)5],, in which each Pb(II) has CN = 8 but acts as a 4-connecting node as shown in Fig. 61D.'%”

Within the group 15 metals, a series of Sb(IIT) complexes has been described by Bamford et al.: [SbX3(OPCys3)] (X = F, Cl) with
disphenodial geometry, and [SbCl3(OPCys),] with a square-based pyramidal structure.'*°> Octahedral coordination is found in
[Bislg(p-1)2(OPPh3)y4] (Fig. 62A) and this compound is one of a series representing a new class of semiconducting materials.'*°°

) KA ®

Fig. 62 The structures of (A) [Biols(p-1)2(OPPhs)a] (CSD refcode TPOBII11), and (B) [TeBra(OPPhs),] (refcode QUHKOU).
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Examples of phosphane oxide coordination to Te(IV) include [TeF4(OPPhs)],'*°” [TeF4(OPMe3)],"*°” and cis-[TeBry(OPPhs),]
(Fig. 62B)."%%%

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]" is extremely well documented and a few of the very many examples are given in the following refer-
ences.' 273139971323 Degpite the ubiquitous nature of [Li(THF),4]", it is noteworthy that trigonal bipyramidal [Li(THF)s]*,"?**
and octahedral [Li(THF)g]" with long Li-O bond lengths (2.16-2.17 A)'??>'3?° have also been reported. Complexes of Li* con-
taining THF and halido ligands are illustrated by [LiBr(THF)3] and [Liy(THF)4(p-Br)2],'**” and [Lio(THF)s(p-Cl)]™ which is inter-
esting in that the dimer is supported by a single bridging chlorido ligand (Fig. 63A, angle Li-Cl-Li ranging from 124-174° in
different salts)'??%~'*?'; the bromido and iodido analogs of the latter are also known (angle Li-Br-Li = 159-168° in different salts,
Li-I-Li = 155.9° or 180° which is symmetry-imposed, CSD refcode ZEKCOK).'?'®!332-133% Other intriguing species include
[Li3(THF)9(u3-C1)]*" (Fig. 63B)"** [Lig(THF)10(n3-Cl)2]*","**° and [Lig(THF)10(u3-Br)o]* .7

Although both tetrahedral and square-planar [Na(THF)4]" ions have been structurally characterize the CN typically
increases on descending group 1. Both trigonal bipyramidal and square-based pyramidal [Na(THF)s]* have been
observed??%8631340-1348 with octahedral [Na(THF)g] " being more typical as illustrated by selected examples.'?*7~'3¢*

Potassium commonly forms the octahedral [K(THF)g]*,70%!2401309136571372 by in addition [K(THF)4]", " [K(THE)s|*," 37"
1376 and [K(THF)]™,”°*'*"7 have been observed. Cesium exhibits a 7-coordinate complex in [Cs(THF);][B{3,5-(CF3),CsHz}4]." """

Square-planar [Mg(THF)4]*" in the [Ph{CH(SiMe3),}P(BH3),]~ 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 Ca’" and Sr’* analogs.'*”® The trigonal bipyramidal
[Mg(THF)5]*" ion has been structurally characterized.'*”? Octahedral [Mg(THF)g]** is well established,'?!>13781380-1388 apq
a CN of 6 is also found in trans-[Mg(OH,)2(THF)4]**,"*%° [MgCI(THF)s]",%% 3% [MgBr(THF)s] ", *8 132171393 yrans-
[MgCI,(THF),],"** %% trans-[MgBrCI(THF)4],'*°° trans-[MgBra(THF)4],">°° "% [Mg,(THF)(p-Cl)3] " (Fig. 63C, relevant to elec-
trolyte solutions used in rechargeable Mg-containing batteries)®%12?9 132971407 and [Mg,(THF)s(u-Br)s] ™. 4051497

Calcium forms the [Ca(THF)g]*" ion,"?%*'*!%**17 and octahedral coordination is also observed in trans-
[Ca(OH,),(THF)4]*+, "% trans-[CaBry(THF)4],¢” "1 *1% 1420 [Cal(THF)s| ", "' *17 1?1 trans-[Caly(THF)4],"**?  [Cap(THF)g(p-
Br),]*","?*° The octahedral [Sr(THF)g]*" ion has been observed in [Sr(THF)s][VMes,],,'*'” 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 [St(THF)]**,"*'” and trans-[Stl,(THF)s]
(a pentagonal bipyramidal structure, Fig. 63D)."*** For Ba>", a CN = 8 is exemplified in [Ba(THF)g]**."*** 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 = B,
Al, Ga, and V), Langer et al. have demonstrated the increased CN with size of metal ion in [M(THF),]** (M = Ca, Sr, Ba) with a series
of related salts."*"”

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-|AlCl,(THF) 4,2~ 1428
and trans-[AlBr,(THF) 4] *."**° For the group 16 metals, a representative complex is [TeCls(THF)]~."*%°

Moving from THF to furan has a dramatic effect on the number of structurally characterized main group metal complexes.
Excluding metallated compounds leaves [Bi,(furan),ls(u-1),]*~ (Fig. 64A)'***'*3! 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 to main group metal atoms. Examples of discrete molecular complexes containing monodentate diox include the tetrahedral
[Li(diox),] ", ***'***  [Na(diox)4(SiPh,SiHPh,)] (square-based pyramidal),'*** [Na(diox),(dme)(THF)]* (CN =5),'**"

d 1338,1339
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Fig. 63 Structures of (A) [Lio(THF)s(u-Cl)]* (CSD refcode AXATOI), (B) [Lis(THF)o(us-Cl)J%* (refcode MEFKUD), (G) [Mga(THF)s(u-Cl)s] ™ (refcode
AVIXAF), (D) trans- [Stl(THF)s] (refcode IJAVAR).



74 Main group metal coordination chemistry

© i i

a\@%

L

I

Fig. 64 Structures of (A) [Bix(furan)alg(u-1)2]>~ (CSD refcode AZORUE), and (B) [GaxCla(diox),] (refcode DOXGACO1). (C) Part of the 3D-net in
[Na(p-diox)s],™ (refcode JIGQOI). (D) Structure of the [Ky(18-crown-6),(u-diox)]>* unit found in the [(C13Hg)CPhy(CsHa)Nd(BHy4),] ™ salt (refcode
UBUZIA).
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octahedral trans-[Na(OH,),(diox)4]" (not discussed in the original work, CSD refcode UKEJEB),'**® trans-[K(18-crown-
6)(diox),|*,'*?"!*3® the 7-coordinate [Ca(diox)3(NCMe)4]** and [Ca(diox),(NCMe)3(OH,),]**."" The cation [Liy(diox)s(p-
diox)]** features both monodentate and bridging diox ligands with each Li* tetrahedrally sited.'**” [Na,(MeOCsHs)s(p-diox)]**
is another example of a discrete species with a bridging diox ligand.'**°

A new polymorph of [Ga,Cls(diox),] 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.'**'

Polymeric assemblies supported by bridging diox ligands are illustrated by the following examples from group 1. A redetermi-
nation of the structure of [Li(p-Cl) (p-diox)], is consistent with a diamondoid network with 4-connecting {LiO,Cl,}-nodes,'*** and
this has also been described by Jin et al.’** In contrast, in [Li(p-Cl) (u-diox)s],2" " (isolated as the [TaClg]*~ 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) A
and O-Li-O angles of 101.3(5) to 115.0(6)°)."*** In [Li»(03S"C4F),(u-diox)],, each tetrahedrally sited Li* is coordinated by O-
donors of three different ["C4F9SO3]~ and one diox; the latter bridge between pairs of Li* and a 2D-sheet assemblies, decorated on
the outer surfaces with "C4Fy chains in extended conformations.'**” In [Na(H3BNHEtBH3)(u-diox)],, an intricate network
assembles by virtue of a combination of bridging diox ligands and Na-H-B bridges."**® [Na(18-crown-6)(u-diox)]," forms
a 1D-coordination polymer,**”'**? while [Na(p-diox)s],"" assembles into a 3D-network (Fig. 64C) with diox ligands connecting
octahedrally sited Na* ions.”*” The 3D [Na(p-diox)s],"" network is also found in the [PCO]~ salt.'”*® In [Na(diox); 5][BAr"4], the
Na™ ions are octahedrally sited, bound by trans-monodentate diox, trans-bridging diox (to give an infinite {Na(u-diox)}, chain)
and trans-F**™™ contacts; the [BAr";]™ anions act as bridging ligands between the 1D-chains.'***

The [K;(18-crown-6),(pi-diox)]*" motif shown in Fig. 64D is observed in the [(C13Hg)CPh,(CsH,)Nd(BH4),] ™ salt; the vacant
coordination site on each K™ ion is occupied by a weak nZ-interaction with the fluorene unit in the complex anion.'**” In the 1D-
polymer [K(OH,)4(p-diox)],"", the bridging diox ligands are mutually trans within an octahedral K* coordination sphere.'**° The
reaction of (Me3Si)3P, CsF and Mes*COCI (Mes* = 2,4,6-'Bu3sCgH,) in 1,4-dioxane led to a series of products including tri- and
tetraphosphides; in the diox adduct of [Cs{P(SiMes)}], a 2D-network supported by {Cs(u-diox)Cs} units assembles.'**’

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 [MgX,(u-diox),], (X = Cl, Br) which form (4,4) nets with 4-connecting trans-{ MgX,0,} units.'*>” The AlH; adduct
|AlH3(p-diox)], contains trigonal bipyramidal Al(III) centers with axial diox ligands and the structure propagates into a 1D-
polymer,'*>* and [GaCls(pu-diox)], is structurally similar.'*** In group 14, the 1D-coordination polymer [SnBry(p-diox)],, each
Sn(IV) has a cis-arrangement of diox ligands (Fig. 65A)."*>°

Extended assemblies of the heavier group 15 elements are represented by [Sb,Clg(yt-diox)s], 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.'*® 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)], 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-Ogiox = 2.314 A) and
one with Se-Ogjox bond lengths of 2.189 and 2.460 A.'**” Fig. 65C shows part of the 1D-polymer found in [TeF(u-diox)], (Te-
O = 2.686 A); this structural study is part of a wider investigation of the gas phase structures of TeF4 and TeCly, and of the solid-state
structures of a series of their adducts.””*
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Fig. 65 (A) Part of a 1D-chain in [SnBry(p-diox)], (CSD refcode XUMQEB). (B) Part of the 3D-net in [SboClg(p-diox)s]; the overall structure is an
interpenetrating network (refcode BEKHUVO1). (C) Part of a 1D-chain in [TeF4(u-diox)], (refcode HUQNUD).

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 [Nay(u-OHj,)4(OAc),(OHj)a ], the chain is supported by bridging aqua ligands and each Na™
is octahedrally sited. The structure is related to that of [Na(OH;),(n-OHy),],"" shown in Fig. 57E; in [Nap(p-OH,)s(OA-
c)2(OH,),]n, each Na' carries terminal aqua and acetato ligands in a cis-arrangement.'*’® In the octahedral trans-[Mg(OA-
)2(OH,)4], the acetato ligands are monodentate with Mg-O and Mg--O distances of 2.0811 and 3.3261A; this is
a redetermination of the structure.'*>” Scheurell et al. have described a family of magnesium acetate solvates and their hydrates
and these include [Mg(OAc),(OH;)3(EtOH)] (with cis-AcO™ ligands) and [Mg(OAc),(HOACc),(OH;),]| (with trans-AcO™ ligands);
the second O atom of each monodentate AcO™ is involved in intermolecular hydrogen bonding.'*®° An investigation of the struc-
tural nature of calcium magnesium acetate (CMA) road deicers includes a redetermination of the structure of [Ca(OAc),(OH,)]-
AcOH which is better written as [Ca,(pn-OAc)3(OAc)(HOAC)(OH3),],-nAcOH and incorporates both monodentate and bridging
acetato ligands.'*>”

Within the p-block, [Ge(OAc)s]™ is an example of a homoleptic complex with monodentate acetato ligands; it possesses
a trigonal pyramidal structure and was isolated as the thermally stable [Phs'PrP]" salt.'*°! The Pb(II) containing salt [emim],|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]*>~ 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.'*®? In [Sb(p-O,CoHy)(OAC)],, 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 = 5 for the Sb atom is completed by a monodentate acetato ligand.'***
[SeO,(OAC);] was the first example of a selenonyl carboxylate; the Se(VI) center is in a distorted tetrahedral environment, with
Se-Oxco bond lengths of 1.770(1) and 1.751(1) A, and an Oao-Se-Oaco = 96.5(1)°; the monodentate bonding mode of the
AcO~ ligands is defined by the long contacts to the second O atoms (Se:-Oxco = 2.933(1) and 2.787(1) A).'***

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]", the tetrahedral [Li(dme),]* ion'*®>~'*°® is less common
than the 6-coordinate [Li(dme);]*, and this is presumably a consequence of the presence of chelating rather than monodentate
ligands. In some cases, short contacts between the {Li(dme)z}+ moiety and, for example, N, 1469 ge, 1470 or CI'471-147% atoms in
the complex anion lead to an expansion of the coordination sphere. [Li(dme);][PCS] with discrete ions was mentioned earlier
in the review,'°>*'°*” and the octahedral [Li(dme)3]|* cation is well established, with 217 hits since 2000 in the CSD. Selected exam-
ples are found in the following references.”*""'*7>~'*8! Octahedral [Na(dme)s]* is also ubiquitous, with 82 structurally character-
ized examples reported since 2000; selected references are given.'*®*~'*%? For K, the larger size of the metal ion leads to CN > 6,
with octahedral [K(dme);]*,'*?° [K(dme);]" with close contacts to the complex anion increasing the coordination sphere,'*’’
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(B)

Fig. 66 (A) Structure of [Nb(pc)Ko(dme)s(u-dme)(ns-0)] (CSD refcode XAHZIR). (B) Linear arrangement of [Cs(dme)s]* and [CBy1H12]™ ions in
[Cs(dme)3][CB11H12]; H atoms are omitted for clarity (refcode WIBKUQ).

[K(dme),4]* (CN = 7 with one monodentate dme)'*’" and [K(dme)4]* (CN = 8)'*°?7'°°° being reported. The compound [Nb(pc)
Ky (dme)4(p-dme)(p3-O)] deserves inclusion because of the {K(dme)s(p-dme)} unit shown in Fig. 66A."°°" In [Cs(dme)s]
|CB11Hj3], the cations and anions are arranged in alternate positions along the crystallographic c-axis (Fig. 66B) and the CN of
Cs™ is expanded by short interaction between Cs™ and BH or CH units (the carbaborane cages are disordered).'”%?

Homoleptic and other simple complexes of the group 2 metals with dme ligands are relatively well exemplified. Octahedral
coordination is observed in [Mg(dme)s]*","”?>""°%% cis-[Mg(dme),(O3SCF3-k"),],'°?® and [Mgy(dme)4(p-Cl),]."*°>'°%7 As with
[Mgy(THF)6(p-Cl)s] (Fig. 63C), these compounds are of interest in studies of electrolytes in rechargeable Mg-containing batteries.
The octahedral cis-|[MgBry(dme),] is of relevance to the preparation of chiral Grignard reagents.®”” The variability of CN for the
heavier metal ions in group 2 is illustrated by the following: octahedral cis-[Ca(dme),(NPh;,),],'*°® octahedral cis-[Sr(dme),(-
N'PrPh),],°%” [Ca(OH,)s3(dme),]*" and [Ca(OH,)s(dme),]*" (CNs=7 and 8, respectively),'””’ [CaBr(OH,),(dme),]"
(CN =7),""'% coordination numbers of 7 and 8 in [Ca(OH,)(dme),(NCS),] and [Ca(dme)3(NCS),], respectively,””*
[Ca(dme)s]*" (CN =8),'*'7" !> [SrI,(THF)(dme),] (CN=7),""'? [Stl;(dme)3] (CN =8),"°"> [Srly(THF),(dme),]
(CN = 8),"'"?* and [Bal,(THF),(dme),] and [Bal,(dme)s] (CN = 8)."""?

The octahedral cis-[AlCl,(dme),]" 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(HOC,H;OH)3]" and
[Na(HOC,H,40H);]","*"* and the 8-coordinate [Ba(HOC,H;OH),]**.">"* Tonouchi et al. have studied a series of alkali metal
fluoride-diol complexes. While [CsF(HOC,H4OH)], has a 2D-sheet structure, [(MF)5(HOC,H4OH)4], (M = K, Rb) form columnar
structures; the effects of increasing the C,, chain within the diol were also investigated.'”"°

Diolato ligands feature in the cluster complex [Aljo(pn-OAc),0(pn-O2CoHy)s(1-F)2] described in Section 1.02.6.2.4, and in
propane-1,2-diolato and butane-1,2-diolato analogs.'”'” Although the ‘brown-ring’ test has been an analytical tool for over
100 years, full characterization of the [Fe(OH,)5(NO)]** cation has remained elusive. In 2019, the crystal structures of hydrates
of [Fe(OH,)s5(NO)][M(pin")2(OH,)]> (M = Ga™, Fe'") were reported, and the square-based pyramidal [Ga(pin"),(OH,)]™ ion
is relevant to this review.'”'®

In 2007, Kliifers 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),] were surprisingly absent. A detailed investigation of reactions of
GeCly or Ge(OMe), with different diols revealed that tetrahedrally sited Ge(IV) in crystalline [Ge(diolate);] compounds was
limited to sterically demanding substituents as exemplified in Fig. 67A. With ethane-1,2-diol, for example, the 6-coordinate

© ®

Fig. 67 Structures of (A) bis(1,1’-bicyclohexyl-1,1’-diolato)germanium(IV) (CSD refcode GICLUA) and (B) trans-[Ge(02C2H4)o(HOC,H40H),]
(refcode GICMIP, only the OH H atoms are shown). (C) Part of a 2D-sheet in B-Sn(0,C2Ha) (refcode BIVHETO1). (D) Structure of the see-saw shaped
[Se(02C2H4)2] (Se-0 distances = 1.874(2), 1.780(2), 1.863(2), 1.791(2) A; refcode HOCBAD).
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trans-[Ge(O,C,Hy)2(HOC,H,OH),] (Fig. 67B) forms."”' In [Ges(02CoH4)2(r-O2C,Hy), |, each Ge(1V) is 5-coordinate, with one
O donor of two diolate ligands in bridging mode.'”*°

1,2-Ethanediolate complexes of Sn(II) and Pb(II) exhibit polymorphism; a- and B-Sn(O,C,H,) can be selectively prepared by
controlling the reaction times when tin(II) oxalate reacts with 1,2-ethanediol, while a- and B-Pb(O,C,;H,4) were obtained by
controlling the quantities of NaOH and/or water used in the preparations. In B-Sn(O,C,Hy), 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(0,C,Hy)
yields nanocrystalline SnO,."*" The reaction of Sn(O'Bu)4 with Hpin® results in the formation of [Sn(pin")s;]*~ (isolated as the
EtsNH salt) which possesses a distorted trigonal prismatic structure; the Sn(II) complex [Sn(pin),]*~ was also reported.'**” The
Pb(II) coordination network [Pb4Is(14-O2C,Hy)> ], is a rare example of a 3D-oxyiodoplumbate assembled from neutral 2D-[Pb,14],
sheets.'”*

Fig. 67D shows the structure of [Se(O,C;Hy);]; an NBO analysis revealed that the Se-O bonds possess heteropolar character and
the Se lone pair exhibits predominantly s-character.'***

1.02.6.2.3 (3-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(OH,),(Rtfacac)] (R = 4-BrCsHy),"**® and 6-coordinate
[Na(hfacac)3]*~ (which was included in a study of hydrophobic ionic liquids with strongly coordinating anions).'”*® [Li(‘Butfa-
cac)], and [K(18-crown-6)(hfacac)], illustrate different ways in which CFs-derivatives of [acac]™ can produce polymeric structures
with group 1 metals. In [Li(‘Butfacac)],, each O-donor of a [‘Butfacac] ligand bridges between a pair of Li* ions resulting in a 1D-
coordination polymer.'”?” In [K(18-crown-6)(hfacac)], the [hfacac]~ ligand acts as a chelate to one K* center and then connects
[K(18-crown-6)(hfacac)] units into a 1D-chain through K-F interactions (K-F = 3.081(6) A for one of two disordered posi-
tions)."”?® [Nas(p-acac)3(u-PrOH)|, and [Nasz(p-acac);(py)], also form 1D-coordination polymers.'???'>*° [Rb,(Rtfaca-
0)2(OH,)], (R = Ph) assembles into a 2D-sheet with the [Phtfacac]™ ligand acting both as O,0’-chelate and as an F-donor."”*"
[Cs(u-BuOsacac) ], possesses a 2D-network with octahedrally sited Cs™ ions (Fig. 68A); the ligand coordinates through both the
B-diketonate unit and the ‘BuO 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.'>>*

Group 2 metal complexes include the tetrahedral [Be(Phjacac),],'**” octahedral [Mg(hfacac)s]~ (which may be prepared using
hydrophobic [hfacac] -containing ionic liquids),'***~'*?° trans-[Mg(acac),(3,5-Me,py),],'>>” [Mg(‘Bujacac),(tmeda)],'>*® trans-
[Mg(tfacac),(OH,),],'** and trans-[Mg(hfacac),(OH,),]."**? The bis(2-methoxyethyl) ether adduct of [Mg(hfacac),(OH,),] has
been used as an MOCVD precursor to thin films of MgF,."**? B-Diketonates can act as axial ligands in [M(18-crown-6)(B-diketo-
nate),| (M = Sr, Ba) complexes; related [M(18-crown-6)(B-diketonate);] (cis relationship between the B-diketonates), [M(18-
crown-6)(OH,)(B-diketonate)| " and [M(15-crown-5)(B-diketonate),| species have also been reported.'**' '**¢ Davies et al.
have described the tetramer [Mg(‘Bujacac)(uz-OMe)(MeOH)]; which possesses a cubane structure with each Mg”" center
coordinated by a chelating B-diketonate, a terminal MeOH, and three ps-methoxy ligands; using THF solutions of the complex,
liquid-injection MOCVD has been applied to deposit thin films of MgO.'”*” [Mg(acac)(p3-OMe)(MeOH)]4 is closely related to
[Mg("Bujacac) (u3-OMe)(MeOH)]4."**® Calcium is 6-coordinate in trans-[Ca(Phjacac),(THF),], but exhibits a CN of 7 in [Ca(Phsa-
cac),(tgm)]."*>*? The larger Sr** can accommodate four chelating B-diketonates as exemplified by [Sr(Rtfacac)4]>~ (R = Ph), while
in [Sr(*Bujacac),(OH;)2(EtOH)], a CN = 7 is observed.'”* A CN of 8 is observed in [Sr(‘Bujacac),(‘PrOH),].'”"!
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Fig. 68 Structures of (A) part of one 2D-sheet in [Cs(u-BuOsacac)], (CSD refcode FAQQEW), (B) [{Al(acac),}o{Mg(u-0Pr)4}] (refcode GUVHEK), (C)
[Sn(acac)(0Ac)] (refcode BIDWIV), (D) [Sn(tfacac)y] (refcode BAMWOE), and (E) [Sn(acac)(u-03SCFs-1k0':20%)], (refcode BULBIU).
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The trinuclear species [{Al(acac),},{Mg(u-O'Pr),}] (Fig. 68B) makes an appropriate transition in our discussion from group 2
to group 13 metal complexes.'*”? Group 13 metal(III) complexes include tetrahedral [Ga(acac)Cl,] and [Ga(‘Busacac)Cl,],"*”* and
the octahedral [Al(acac)s],'”>* "> [Al("BuOacac)3],"**® [Al(MeOsacac)s],"”>” [Al("BuOsacac)s],"”"” [Al(Rtfacac)s] (R = MeO),'>®
[Al(hfacac)s],' > [Al('Bujacac)s],"”®*'*®" [Ga(acac)s],'”®* [Ga(acac),(Hacac)]™,"”®? [Ga(‘Bujacac)s],'”®° [Ga(Phsacac)s],'”®*
trans-[Ga(acac),(THF),]™,"°”? [In(acac)s],'”** [In(‘Busacac)s],'***'°® and [In(acac)Bry(THF),] (with trans-THF).'”°° [Ga(acac)s]
has been introduced into perovskite precursor solutions to create a core—shell structure to protect perovskite crystallites.'”® Dinu-
clear group 13 metal species are illustrated by [Al,(hfacac)4(u-OH),| and [Al,(hfacac)4(u-O'Pr),] (CN = 6),'*? [Aly(‘Busacac), (O™
Bu),(n-O'Bu),] (CN = 5),"°°7 [Gay(Phyacac)s(n-OMe),| (CN = 6),'°%® and [In,(Phsacac)(p-O0'Bu),] (CN = 6).'*%” The dimers
[Ga,Cly(acac);] and [Ga,Cly(‘Bujacac),] are supported by direct Ga—Ga bonds (2.396(3) and 2.391(2) A, respectively).'*”° The
crystal structure of [Tl(acac)] reveals that units interact through weak TI---Tl contacts, the distance of 3.8553(5) A being approxi-
mately twice the van der Waals radius of Tl, leading to an infinite assembly.'*”" A change to [Phsacac]™ results in the formation
of dimeric [Tl,(Phjacac),] in the solid state, and close contacts occur between these units.'””?

Group 14 metal(IV) derivatives are represented by [Ge(acac)s]™,"”"® cis-[Ge(N3)a(acac),],"*”* cis-[SnCly(acac),],'*”” cis-
[SnCl,(Phjacac),],'””® fac-[SnCls(acac)(OHy,)],"*"” and cis-[Sn(OEt),(acac),].>”® In the trimer [Sns(acac)s(p-O)s], 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."’ 7% Mono [acac] ™ derivatives of tin(Il) are uncommon. In [Sn(acac)(O,Ac)]| (in which one Sn-Opcetato bond is noticeably
long, 2.607(5) A), the coordination geometry (Fig. 68C) reflects the role of the stereochemically active lone pair on Sn(II)."*%" A
similar coordination geometry is found in the CVD precursor [Sn(hfacac),],’*®" in [Sn(‘Bujacac),],'*®* and in [Sn(tfacac),]
(Fig. 68D), although here, the molecules are organized into chains with Sn---Sn distances of 4.290 and 4.299 A; this compound
was used as a precursor to SnO, thin films.'”®* [Pb(acac),] 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 A),
each Pb(II) center exhibits four short Pb---O contacts (3.01-3.26 A)."*** In bis(1,1,1-trifluoro-5-methoxy-5-methyl-hexane-2,4-
dionato)lead(IT), molecules associate into dimers through a Pb---Pb interaction (4.112 A) and dimers are maintained in the vapor
phase.'*®> [Sn(acac)(pn-O3SCF3-1k0':2k0?)],, 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 A)."**® In [Pb(hfacac),(18-crown-6)], the Pb(II)
center is 8-coordinate with a chelating [hfacac|™ ligand sited above and below the macrocyclic ligand.'>®"/'58

For the heavier elements in group 15, examples of B-diketonate complexes include [Sb(‘Bujacac);] which exhibits a distorted 6-
coordinate structure with three chelating ligands and a stereochemically active lone pair.'***'**° [Sb(‘Busacac),(OEt)] is square-
based pyramidal with the ethoxy ligand in the axial site.'*®’ [Bi(acac)s] is atypical of Bi(Ill) B-diketonate complexes in that it is
polymeric in the solid state, with 7-coordinate Bi(IIl) coordinated by one chelating/bridging and two chelating [acac]~ ligands."*”"
In [Biy(hfacac)s]'>”? and [Biy(Phyacac)s],'*** each Bi(Ill) 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-Bi,O3 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 ~CO,~ donor groups. This area of coordination chemistry is too extensive to
be covered here, and the reader is directed to pertinent reviews, > 0115941595 1 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 {M;(p-O,CR)4}-paddle-wheel motifs.

For the group 1 metals, increased CN is observed, as expected, on descending the group. In [Li(u-OAc)(u-OH,)],, Li' is tetra-
hedrally sited and 1D-chains assemble from alternating {Li,(pn-OAc),} and {Li;(n-OH,),} motifs; the OAc™ ligand adopts mode V
(Scheme 18). This investigation deals more widely with polymorphs of anhydrous LiOAc and its hydrate.'>”® [Lio(p-OAc)o(u-
OH,)],-nTHF also contains 4-coordinate Li* and the complicated 3D-network combines different modes of acetato bonding
including V, IX, and XI.'*°” Different polymorphs of NaOAc are known and the structures of two new polymorphs have been deter-
mined by Dittrich et al.">”® The structure of [Nag(u-OAc)s3(j4-ClO4)], 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.'”*” [K(n-OAc)(u-AcOH)], 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.'°°® In both [K(18-crown-6)(OAc)]-2H,0 and [K(18-crown-6)(OAc)(OH,)]-HOAc, the AcO™ ion is in
a chelating mode. In the former, K" is 8-coordinate and AcO™~ adopts bonding mode III (Scheme 18) with K-O =2.6992(11)
and 2.8861(11) A; a mode closer to II is found in [K(18-crown-6)(OAc)(OH,)]- HOAG, but the increase in the CN to 9 causes elon-
gation of the K-O bonds to 2.9562(16) and 3.0303(19) A.'°""

The mixed halido species [Cs3BryPb,(p-OAc);(pa-Br)(ps-1)], 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 Cs* centers (mode VIII in Scheme 18).'°°? The
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Fig. 69 (A) Part of the 3D-network (viewed down the c-axis) in [Cs3BraPby(p-OAC)2(p4-Br)(ns-1)], (CSD refcode PARNEF). (B) Part of the 3D-net in
[Mgs(p-0Ac)s(1-MeOH)g] , showing only the 4-connecting Mg(Il) nodes (refcode BELYIC). (C) Part of the 1D-chain in {{Ca(OHz)4(u-0Ac)]Cl},- nH,0
(refcode CALCLAOQ2). (D) F~ and AcO~ bridging modes in [BaF(OAc)], (refcode 1QICOD). (E) Structure of [Gao(u-0Ac)qo(n-OMe)oo] (refcode

CESGAJ).

related NLO compounds [Cs3Pby(OAc),ls] and [Rb3Pby(OAc),Xs] with X = Br, Cl have similar structures to that shown in

Flg G9A. 1603,1604

The group 2 metals, in particular Mg and Ca*", offer a wealth of carboxylate complexes. The dimer [Mg,(OH,)(1-OAc)3] ™ (6-

coordinate Mg) offers an example of bridging mode V (Scheme 18),'°”

and this mode, combined with mode X bridging ligands, is

also seen in [Mgsz(OH,),(AcOH),(n-OAc)s] which has a linear Mgs-core.'***'°°° The work of Miller et al. on the structural
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Scheme 18 Different modes of coordination of MeCO,~ to main group metal centers. Formal C-0 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.
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properties of CMA toad deicers is an instructive entry into the area.'*”” 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 [Mgs(p-
OAC)s(1-MeOH)g],, a 3D-network is formed with 6-coordinate Mg?* (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-
¢)2(HOAC)],+ 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.'*°® Scheurell et al. have also reported that the dehydration of Mg(OAc), -4H,0
produces basic magnesium acetate which has a porous network; the structures of [Mgs(n3-OH),(OAc)g]-2EtOH and [Mgs(p3-
OH),(OAC)s]-1.19H,0 were also determined. Within this series of structures, AcO™ ligands are found in bonding modes V, VII,
IX, and XI.'°°” Thermal dehydration of Ca(OAc),-H,O at 300 °C yields anhydrous a-Ca(OAc), which exhibits low- and high-
temperature forms; during the phase transition, the coordination mode of an AcO™ ligand switches from monodentate to biden-
tate.'®%® {[Ca(OH,)4(p-OAc)|Cl} - nH,O possesses a 1D-polymeric structure with the bridging AcO™ is mode VIII (Fig. 69C) and
a CN = 8 for Ca?".'%? As part of a study of the ternary system Ca(OAc),-Ca(O,CH),-H,0, Bette et al. reported the structures of
[Cas(pn-OAc)4(O2CH),(OH;)4], (which contains terminal formate ligands and AcO™ in bonding mode VIII, Scheme 18) and
[Ca(p-OAc) (n-O,CH)(OH,)], (containing bridging formates and AcO™ in mode X).'°*°

The Sr(IT) complex [Sr(OAc);]~ has been isolated as the [emim] ™ salt as part of an investigation of dialkylimidazolium acetate
ionic liquids with relevance to nuclear fuel recycling. The 1D-polymer [Sr(p-OAc)s],"” 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).'°!" [Ba(OAC)(u-OAc)(OH,)s3], is a 1D-polymer with CN = 9 for Ba®*; three aqua and one chelating AcO™~ occupy five coor-
dination sites, and Ba®" ions are linked into a chain by mode VIII (Scheme 18) bridging AcO™ ligands, similar to the arrangement
shown in Fig. 69C."'°'” The compounds [MF(OAc)] (M = Sr, Ba) assemble into 2D-networks, details of which were elucidated from
powder X-ray diffraction data. Each M(II) is in a cis-{MF,04} environment (Fig. 69D), with the AcO™ ligands in bridging mode XI
(Ba-O = 2.61(7)-2.92(4) A, Sr-O =2.54(2)-2.8(2) A), and each F in a p4-mode (Ba-F=2.65(5), 2.71(5) A, Sr-F = 2.4(2),
2.6(2) A).'°" [Bag(OAC)14(ClO4)4], forms an unusual 3D-network in which the building block is a Bay-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 Bag units are then linked by a combination of bridging OAc™ and ClO,4 ™ ions. The structure is best appreciated by
viewing in 3D (CSD refcode LUHZUJ).'***

Moving to group 13, and examples of 1D-coordination polymers include [M(p-OAc),(u-OH)], with M = 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,"®'*'°'® and
[In(u-OAc)s],, the first example of a group 13 M(OAc)3; compound with an infinite chain in the solid state.'®'” 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 [Al}o(n-OAc)10(-OEt)20], [Alio(1-OAC)10(1-OMe)so], and [Alyg(1-OAc)20(1-02CoHa)a(n-F)a], ' and
[Gajo(1-OAc)10(1-OMe) o] (described as a ‘gallic wheel,’” Fig. 69E).'¢'®

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 = 4.171 and 4.189 A) 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) A, and 2.207(6) and 2.372(8) A, making a description of between modes V and X more realistic.'®'? [Sn(acac)(OAc)]
(Fig. 68C), the acetato ligand adopts mode IT (Scheme 18) with Sn-Oa.o distances of 2.165(4) and 2.607(5) A."**° In 2016,
the structures of two enantiotropic polymorphs of anhydrous Pb(OAc), were determined for the first time. In both the «- 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.'®*® A related
infinite assembly [Pb,(u-OAc)4(pi-2,5-dimethylbenzene-1,4-diol)], has also been described.'®*! Reactions of carboxylic acids
with Pb are relevant to the corrosion of lead and lead-tin alloys. One of the corrosion products is [Pbg(pg-O)4(p-
OACc),(OACc);,],-nH,0, 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.'°*? [Pb(OAc)(p-OAc)(thiourea)], 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) A) indicate that one interaction is weak; the thiourea S-atoms are also involved in Pb--S interactions.'®**
Fig. 69D illustrated part of the 2D-sheet in [BaF(OAc)],, highlighting the bridging modes of the ligands; analogous coordination
modes are observed in [PbF(OAc)],."*"”

The Bi(Ill) complex [Bi(OAc),(THF)4]" was characterized in the salt [Bi(OAc),(THF),]3[Bislp4], and contains 8-coordinate
Bi.l624

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]* ~.'®*" 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 ox®~ 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, 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 Najy[ox].'°*® Group 2 metal oxalates are well represented. In

1626
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Scheme 19  Different bridging modes of the 0x? ~ anion. The same notations are used for H,0x and Hox~ ligands.

[Mg(OH;)5(p-0x) ], Mg® " is in a {trans-Mg(OH,)(0x),} environment with the ox”~ ligands in mode I (Scheme 19), connecting the
units into 1D-chains; in 2008, this represented a new polymorph of Mg(ox)-2H,0.'*” In [H,dab][Mg;(0x)3], [Mg,(u-0x)3],.2"
sheets consist of octahedrally sited Mg”" connected by bridging ox”~ ligands in mode I (Scheme 19); this gives rise to a honey-
comb-like layered structure.'®® A similar local {Mg(ox)s;} coordination environment is also observed in the salt [Hpdabco]
[Mg(0x)2]-3H,0; however, only two of the three ligands per Mg?™ 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.'°?° Pastero
et al. reported a method of trapping CO, which involved reduction (using vitamin C as a sacrificial reductant) and precipitation
as crystalline Ca(ox) - 2H,O (the mineral weddellite) with the ox?~ ligand adopting mode II (Scheme 19).'°*° The phase transitions
between the calcium oxalates whewellite (Ca(ox)-H,0), weddellite and caoxite (Ca(ox)-3H,O) have been studied by Izatulina
et al. and bonding modes I, II, IIl and IV (Scheme 19) are all represented.'®>' The ox*~ ligand is found in mode IV (Scheme
19) in [Cay(p-0x)(p-Cl)2(n-OHj)z ], (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 H>O molecules between the sheets.'®*?

‘Acid strontium oxalate,” Sry(Hox),(0x)-2H,0, possesses a 3D-assembly with the Hox™ and H,O ligands bridging between
different pairs of Sr** centers, and the ox”~ ligand adopting mode IIT (Scheme 19).'®** Barium oxalates offer a wide range of struc-
tural motifs. The discrete molecular ion [Ba(OH,),(Hox)4]*~ (CN = 10) contains chelating Hox™ ligands and a trans-arrangement
of aqua ligands."®** [Ba,(0x),(OH,)], precipitated from aqueous solutions of BaCl, and (NH),0x possesses a 3D-network with 9-
coordinate Ba>", terminal aqua ligand and ox? ~ ligands in bonding mode IV (Scheme 19).°° Borel et al. described the 3D-networks
in [Ba(ox)(OH;)(1-OHz)3]n [Ba(ox)(H,0x)(OH3),], and [Bas(ox)(Hox),(OH;)2],. The repeat unit in [Ba(ox)(OH;)(1-OHa), ], is

©

(D)
(A) (B)

Fig. 70 The repeat units in (A) [Ba(ox)(OHz)(1-OHz)2], (CSD refcode BAOXALO3), (B) [Ba(ox)(H20x)(0Hz)2], (refcode BAHOXH13). (C) Part of one
sheet in [Ino(0x)3(OHz)3],- 7nH,0 with solvent in the channels omitted (refcode BAPMIP). (D) The structure of the dinuclear complex [Sna(0x)3]?~
(refcode CIXSIM). (e) Part of one [Sna(0x)s],2" sheet in Sna(NHy)2(0x)s-3Ho0 (refcode BAHRAE).
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shown in Fig. 70A with the ox*~ ligand adopting mode V (Scheme 19). In contrast, in [Ba(ox)(H,0x)(OH,),], (Fig. 70B), bridging
mode I is found for both ox>~ and H,0x, while in [Ba,(0x)(Hox),(OH,)1], (CN = 9), ox* ~ and Hox~ adopt modes Il and 1, respec-
tively.'®* In the 2,4,6-trinitrophenolate salt of [Bay(0x)(OH,)4(1-OH,)4]**, 2D-sheets are present with the ox”~ ligand adopting
mode TII (Scheme 19) and Ba®" having a CN = 9.'¢3¢1637

Group 13 metal oxalato complexes in which ox?~ ligands are bidentate include [Al(ox)3]>~,"'¢?* 133193 and [Ga(ox)3]>
2 Dinuclear complexes are represented by [Ga,(0x)4(p-ox)]*~ (bridging mode I).'°**'°** In the 1D-polymer [Ga(u-F)(0x)2],>"
(isolated as the [Hy(4,4'-bpy)]** salt), the oxalates are in a chelating mode and each Ga(IIl) is octahedrally sited with {trans-
GaF,(0x),} units.'®” Feng, Bu and coworkers have demonstrated the use of linear ligands (ox”’~ in mode I, Scheme 19) for the
preparation of zeolite type-structures with RHO, GIS, and ABW (defined in reference 1646) topologies.'®*” In {[H,en]
[Iny(0%)4]} - 4nH,0, each In(1lT) has CN = 8 and is bound by four ox*~ ligands (mode I, Scheme 19) to assemble a porous
3D-network.'®*® Further examples of extended indium oxalate structures include [In,(0x)3(OHj)3],- 7nH,0 which possesses a layer
structure with mode I ox?~ ligands and both 7- and 8-coordinate In(III) (Fig. 70C); thermal decomposition of this material yielded
nanocrystalline Iny03.'°*” The 2D-layer structure of [In,(p-0x)3(OHs)4],-2nH,0 contains 7-coordinate In(Ill) connected by
bridging ox*~ ligands which adopt either mode I or VI (Scheme 19); the pentagonal bipyramidal coordination sphere also contains
axial aqua ligands.'®>® A CN of 7 is also found in the 1D-polymer [In(p-0x)(OH,)3]" in which the oxalate ligand adopts mode I
(Scheme 19).'°>' The hydrothermal reaction of In,O3 and oxalic acid in the presence of boric acid produces [In3(u-OH)s(p-
0x)3(OH3)3],nH,0 which has an open, 3D-network; the ox”~ ligands adopt mode I (Scheme 19) and links In(III) centers into
chains which are interconnected by bridging hydroxido ligands.'®>? Audebrand et al. have reported a series of mixed metal oxalates
which includes [InK(0x),(OH,)4], with a 3D-network in which each In(III) is 8-coordinate bound by four chelating ox”; taking the
O---K contacts into account, each ox*~ adopts mode III, binding two In(III) and two K* (CN = 8).'¢*

Mononuclear complexes of the group 14 M(IV) metals are illustrated by the octahedral [Ge(ox)s]*~,"'®**7'°%® cis-[Ge(O-
H),(0x)2]>~,"%°7 [SnCly(ox)]>~, 7 1%%?  fac-[SnCl3(OH,)(ox)]~, """ cis-[SnCly(0x)2]* "% and cis-[Snly(0x),]*~."°%° A
CN = 8 is found for Sn(IV) in ["PrNH,]4[Sn(0ox)4].'°®* Mononuclear oxalato complexes containing a group 14 M(IT) metal center
are represented by the 4-coordinate [Sn(ox),;]?>~ which exhibits two bidentate ligands and a stereochemically active lone
pair.'®¢>19%¢ A similar coordination environment is found in [Sny(ox)3]*~ (Fig. 70D)."°®>~"°%” In [NHy4],[Sns(0x)3]- 3H,0, there
is a 2D-network of formula [Sn,(0x)3],°"~ 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.'°®® [NH4][SnF(ox)] is one of a series of low
dimensional tin(IT)-containing materials reported by Oliver and coworkers; it contains [SnF(ox)],"~ chains with the ox?~ ligand
coordinated to three Sn(II) centers (mode VIII, Scheme 19).'°°® In the dihydrate of the [Hyen]*" salt, [SnF(ox)],"~ 1D-chains
are again present, but the ox*~ ligand adopts mode VI (Scheme 19), leaving one O-donor uncoordinated.'®®” An example of
a Pb(II) species is the 1D-polymer [Pb(phen);(-0x)],-51H,0 (CN = 8, ox*~ bonding mode I).'*"°

Oxalato complexes of the heavier group 15 elements include [Sb(p-OH)(p-0x)], for which powder diffraction data and refine-
ment by the Rietveld method have been reported. The ox?~ 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 ox>~ and two bridging
hydroxido ligands to produce a 3D-network.'®”" The birefringent material [Hamgu],[Sb,(0x)F4]-H,O contains 1D-coordination
polymer chains [Sb;(p-0x)F4],2" supported by bridging ox?~ ligands in mode I (Scheme 19); the 6-coordinate Sb(III) center carries
a stereochemically active lone pair.'®”? Bismuth oxalates include [Bi,(0x)3]-6H,0 and [Bi,(0x)3]-8H,0O which exhibit similar 3D-
networks with Bi(IlI) centers connected by bridging ox?~ in modes I and VII (Scheme 19); each Bi(III) additionally binds two H,O
ligands leading to a CN of 9, with the lone pair on Bi(III) being stereochemically inactive.'®”” The 3D-network in [NH4][Bi(0x),]-
3.72H,0 comprises 8-coordinate Bi(IIT) coordinated by four ox”~ ligands in mode I (Scheme 19).'°”* A hydrothermal synthesis
was used to form {[Hpy]|,[Bi2(OH;)2(0x)4]}n-2nH,0 and {[NH4][Bi(0x)2]},-3nH,0, in which the Bi(III) centers have CN =9
and 8, respectively, the difference being a coordinated aqua ligand in the former compound. The ox”~ ligands adopt mode I
(Scheme 19) to connect the Bi atoms into 3D-networks which are thermally stable up to 200 °C.'®”® The structure of [Bi(u-
0x)(pn-OH)],, comprises a 3D-network, in which 1D-{Bi(p-0x)}, chains with the ox*~ ligand in mode I are interconnected by
bridging hydroxido ligands.'®”®

1640-
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1.02.6.2.6 N,N'-Dioxides of 2,2 -bpy (bpy) and 4,4 -bpy

In this section, we use the abbreviation bpy to refer to 2,2"-bipyridine, while its isomer 4,4’- bipyridine is abbreviated to 4,4’-bpy;
their N,N’-dioxides are bpydo and 4,4’-bpydo, respectively. The coordination of bpydo in a chelating mode leads to a noticeably
twisted bpy unit, as illustrated below. Like 4,4’-bpy, 4,4’-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,N’-dioxides are the
main feature of interest.

For the group 1 metals, structural characterization of salts of [K(4,4’-bpydo),],"", [Rb(4,4’-bpydo),],"* and [Cs(4,4’-
bpydo),],"" reveal similar 3D-networks in the space group P4/ncc in which anions occupy channels which follow the c-
axis.'®7771°%% 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 Mg®" or Ca’" with 4,4’-bpydo. Reaction of
Mg(OAC),-4H,0 with 4,4’-bpydo gave [Mgy(pn-OAc)4(p4-4,4’-bpydo)], which has the 2D-network shown in Fig. 71A; each 4,4’-
bpydo ligand binds four Mg®" centers. 3D-Architectures are accessed by employing 1,4-benzenedicarboxylic acid as a co-
ligand.'®®' A 3D-network is exhibited by [Cay(OH,),(u-4,4’-bpydo)s],""", isolated as the [BiyIg]*~ salt; there are two
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Fig. 71 (A) Part of one 2D-sheet in [Mgo(u-0Ac)4(p4-4,4"-bpydo)], (CSD refcode MOTRAQ). (B) Part of the 1D-polymer in [Tlo(NO3)g(p-4,4'-
bpydo)s],-2nCH,Cl, (refcode DEFYUJ). (C) Pb(ll) coordination environment in the 2D-sheets in [Pb(NOg)z(u'4,4"bde)(OHQ)],, (refcode WARFIF).
Part of one 2D-sheet in (D) [Pb(u-Cl)o(u-4,4-bpdo)], (refcode DEYYEM) and (E) [Pba(p-Cl)2(ps-Cl)2(p-4,4’-bpdo)], (refcode MIZKUC). The
structures of (F) [BiCly(bpydo)]~ (refcode AKAFOK), (G) [BioBrs(u-Br)a(bpydo),] in the MeCN solvate (refcode ISOYEX), and (H) part of a 1D-chain in
[BioBrg(4,4’-bpydo)s], (refcode GAFKIL).

crystallographically independent Ca®" centers, one with a trans-arrangement of aqua ligands (a 4-connecting node) and one bound
by six different bridging 4,4’-bpydo ligands.'®%*

Moving to the p-block, and the reaction between TI(NO3)3 and 4,4’-bpydo yielded a ladder-type coordination polymer in which
the TI(III) center has CN = 9; the 4,4'-bpydo ligands form both the ‘rungs’ and ‘rails’ of the ladder (Fig. 71B).'°®* A combination of
Pb(NO3);,-2H,0 and 4,4’-bpdo produces [Pb(NO3),(p-4,4’-bpdo)(OH;)], which has a 2D-network in which each Pb(II) center is
bound by three 4,4’-bpdo, two chelating NO3~ and one aqua ligand. As Fig. 71C shows, one O-donor of each 4,4’-bpydo ligand
coordinates to two Pb(II) centers resulting in {Pb,O,} units within the network.'®®** In [Pb(p-Cl),(bpdo)],, 1D-{Pb(p-Cl),},
chains are decorated by chelating bpydo ligands, the latter having the typical twisted conformation; each Pb(II) center is 6-
coordinate.'®®” Crystallization of PbX, (X = Cl, Br, I) with 4,4’-bpdo led to the assembly of isostructural 2D-networks in which
4,4'-bpdo ligands connect infinite {PbX,}, chains; Fig. 71D illustrates part of one sheet in [Pb(u-Cl),(u-4,4’-bpdo)],..' °*® A related
assembly is found in [Pb,(p-Cl),(p3-Cl)2(p-4,4'-bpdo)], (Fig. 71E).'°%

Interest in several bismuth(III) complexes with bpydo or 4,4’-bpydo is, in part, motivated by their photophysical properties.
Fig. 71F shows the structure of [BiCl4(bpydo)]~, highlighting the twisted bpy unit,'°®” which is again seen in the dimer
[BiyBry(p-Br),(bpydo),|. Interestingly, on going to the solvated compound [Bi,Brs(p-Br),(bpydo);]-0.5MeCN, a second isomer
of [Bi,Brs(p-Br)(bpydo)] is observed with the bpydo ligands adopting the unusual bridging mode shown in Fig. 71G.'°®® The
1D-coordination polymer [Bi,Brg(p-4,4’-bpydo)s], contains octahedrally sited Bi(IlI) with a fac-arrangement of bromido ligands
and O-donors; Fig. 71H illustrates the bridging roles of 4,4'-bpydo ligands.'®*°

1.02.6.3 Tridentate (open-chain)

To illustrate open-chain, tridentate O,0’,0”-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),]" and [Na(dgm),|" (CN = 6) are well established, and only selected references are given,'*”% 48016901691
Other examples for the s-block metals include [Li;(dgm),(u-O3SCF3-10":2k0?%),] (CN = 5),'°”? [K(dgm)3]* (CN = 9),'¢”?
[K(dppm-H)(dgm),] (CN =8, Fig. 54B),'"** [Cs(dgm)s]" (CN =9),"*"" [Mg(dgm)2]*" (CN = 6),"*”" [MgCla(n-Cl)2(dgm)s]
(CN = 6)."%? [Cal(dgm),]" (CN = 7),'°”® [Ca(dgm),(OH,),]*" (CN = 8),'°”° [Ba(dgm),(OH,)3]*" (CN =9),'*° and trans-
[Bal,(dgm),] (CN = 8)."°'? Simple complexes incorporating p-block metals are poorly represented and are illustrated by
[SnCl(dgm)]* (CN = 4 with a stereochemically active lone pair).'®”’
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Fig. 72 Structures of (A) [Lix(undecaglyme)]™ (CSD refcode GOFMAQ), (B) [Li(pentagm)]* (refcode LUQHAI), (C) [Mg(OHo)o(teg)]?* (refcode
BAHTEL), (D) [Ba(teg)z]>* (refcode DACRIM), and (e) [GeBr(tgm)]™ (refcode IDUCIW).

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 Li", 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., [Lio(undecaglyme)]*, Fig. 72A) are of interest as polymer electrolytes.'®?%~7%°

Group 1 metal complexes are exemplified by [Li(pentagm)]™ (CN = 6, Fig. 72B),"’°" [Na(tgm),]" (CN = 8),'7*'7* the 1D-
polymer [Na(tetragm),(p-O3SCF;3-1k0':2k0?)], (CN =7),'”°" [Na(tetragm)(ClO4-k?)] (CN = 7),'”%° [Na(pentagm)(OCIO3)]
(CN = 7 although three independent molecules in the asymmetric unit show subtly different bonding modes for the perchlorate
ion),'’°”> [Na(pentagm)(FPFs)] (CN =7),'"% [K(tgm),]* (CN =8),'’°® the 1D-coordination polymer [K(pentagm)(u-PFs)],
(CN = 8),'7°" [K(pentagm)(O3SCF3-k?)],"”°” (CN = 8), [K(hexagm)(PFs-k)] (CN = 9),'”°" and [Cs(tetragm),]" (CN = 10).'7%%
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-[MgBr,(tgm)]| and [Mg;(tgm),(p-
Br),]*" which feature in an investigation of chiral Grignard reagents.’® A pentagonal bipyramidal coordination sphere is found
in [Mg(OH,),(teg)]*" (Fig. 72C),""*” [MgBr,(tetragm)]**,'”'® and [Mg(MeHim),(tetragm)]*","”"" while the larger Ca" ion
can accommodate a CN of 7 and 8 in [Ca(OH,),(teg)]*" (CN = 7),""% [Ca(OH,)s(teg)]** (CN = 8),"7% [Ca(OH,)4(tgm)]*"
(CN = 8),°97199¢ and  [Ca(tgm)(hfacac),] (CN =8).'”'? Strontium(Il) complexes are exemplified by [Sr(tgm),]**
(CN = 8),"”"? [Sr(tgm)(hfacac),] (CN=8),"”"? and [Sr(OH,)4(teg)]** (CN=19).""%" The complex [Bal,(dme)(tgm)] has
a CN = 8 and a trans-arrangement of iodido ligands, while in the 9-coordinate [Bal,(dme)(tetragm)], the I" ligands are mutually
cis.'"”" A CN of 9 is observed in [SrI(tgm),]*,"”'” and [Ba(tgm),(THF)]**."”'® 10-Coordinate metal centers are observed in
[Sr(teg)2]2+,l709 [Ba(teg)z]H (Fig. 72D)/1709,1716,1717 [Sr(tetragm)2]2+,l718 [Ba(tetragm)z]H,1714'1719 [Ba(tgm)Q(OCMeg)2]2+,1719
and [Bal(OH;)(tgm),]*."*”¢

Within group 14, [GeBr(tgm)|* (Fig. 71E), [SnBr(tgm)]™, [GeBr(tetragm)]* and [SnBr(tetragm)| " have similar structures with
a stereochemically active lone pair.'”?° Macdonald et al. reported a series of tin(II) triflate and chloride salts incorporating open-
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chain and macrocyclic polyether ligands; these include [Sn(tgm)(O3SCF3);] (CN = 6) and [Sn(tetragm)(O3SCF3),] (CN = 7).'7!
Coordination compounds of the group 15 metals are limited in number, and a representative example is the 8-coordinate
[BiCls(tetragm)].'”*?

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,'”” lithium (with a focus on optical lithium
sensors),1724 thallium,*® and group 13 and 14 metal ions.>*

1.02.7 Sulfur-donor ligands
1.02.7.1 Monodentate ligands

1.02.7.1.1 RS
Main group metal complexes containing simple thioethers are restricted in number. Dimethyl sulfide appears in the tetrahedral
[BeX5(SMe5),] (X = Cl, Br, I) and the dimers [Be,X;(SMe;,)»(1-X)2] (X = Cl, Br, 1)'7?%; 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
[BeBry(SMe;),] as a precursor has also been reported by Krossing.'”?® Within the p-block, Me,S derivatives are illustrated by
trans-[SnCly(SMe;,),],'”?” and [SbCl3(SMe,)] (disphenoidal geometry).'””® In [BiBrs{u-MeS(CH,)3;SMe}], MeS(CH,)3SMe
ligands coordinate to Bi(IIl) in a monodentate and bridging fashion, linking {Bi,Brs(j1-Br), }-units into a 2D-sheet. In contrast,
[Bi,Brs { PhS(CH,),SPh}], contains infinite {Bi,Brs}, chains interconnected by thioether ligands (Fig. 73A)."”*’ Both
[(GaCls), {u-MeS(CH,),SMe} | and [(GaCls), {u-PhS(CH,),SPh} ] possess discrete molecular structures.'”*°
1,2-Bis(methylsulfanyl)benzene (1,2-(MeS),CgH,) reacts with BiCl; to produce the 1D-polymer [BiCl3{1,2-(MeS),CsHy}|x
with chelating thioether ligands (Fig. 73B). In contrast, [Sb,Clg{1,2-(MeS),C¢Hy4},], contains dimeric units (Fig. 73C) which
are then connected via Sb-CI-Sb bridges into chains; the bonding mode of the 1,2-(MeS),CsH, ligand is unusual and features
long Sb---S contacts. This study extends to a wider range of Sb(III) and Bi(IlI) complexes containing arene-centered thioether
ligands. On going from 1,2-(MeS),C¢Hs to 1,2-(MeSCH,),CsHy, the tendency for chelation is reduced, leading to bridging
modes.'”?! This is also seen in the discrete gallium(II) compound [(GaCls),{p-(1,2-(MeSCH;)>CsHy}],'”?° and an analogous
structure is observed for [(AICI3),{p-(1,2-(EtSCH;)2CsHyg)}].' 7?2

1.027.1.2 S,> (bridging modes)

In this section, we first consider coordination compounds containing S,>~ ligands, followed by those with longer polysulfide
anions. The section is organized by bonding mode rather than by periodic group. Modes of bonding of S,>~ are summarized in
Scheme 21, and examples of homometallic main group metal compounds are sparse. Bonding mode I of the S,*~ ligand is exem-
plified in the structure of [MeNH3],[SbgS14] which contains pairs of chains supported by sulfide bridges linked by bridging S,*~
ligands to produce double chains (Fig. 74A); further association occurs through longer Sb---S contacts.'*>? The network is retained

« % % A o5 "‘%\ S
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Fig. 73 (A) Part of the 2D-sheet in [BioBrg{PhS(CH2).SPh}], (CSD refcode KIGFAH). (B) Part of the 1D-chain in [BiCls{1,2-(MeS)2CgHa}], (refcode
WALZUG). (C) A [ShaClg{1,2-(MeS)2CeHglo] unit in the 1D-polymer [SboClei1,2-(MeS)2CgHalo], (refcode WAMBAP).

Scheme 21 Modes of bonding of the S,2~ ligand.
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Fig. 74 (A) Part of a double chain in [ShgS14],>" (CSD refcode DAYBUB). Structures of (B) [Alx(Nacnac)(pi-Ss)o] (refcode FAQCUW) and (C)
[Alx(Nacnac)(u-0)(u-S4)] (refcode CEYSEG) (both with R = Dipp in [Nacnac]~, see Scheme 6). (D) Structure of [{K(18-crown-6)}2(n4-S4)] (refcode
QOXJOE). (E) Part of the 1D-chain in [{Rb(18-crown-6)}o(NHs)2(1-NHs)(13-S4)]» (refcode QOZLAT). Bonding modes of (F) the Sg2~ ligand in [Ka(pe-
Sg)(THF),], (refcode JEXCEV) and (G) the Sg>~ ligand in [Ka(u7-Se)(THF)], (refcode JEXCIZ).

upon going to the [H3N(CH,)3;NH;3]?" salt.'”** Bonding mode II occurs in [Mg,(THF),(Nacnac),(pi-S;)] (R = Dipp in [Nacnac]~,
see Scheme 6).'7%*

The S5°~ ligand occurs in a bridging mode in [Al,(Nacnac),(p-S3)2] (R = Dipp in [Nacnac] ~, see Scheme 6) in which each AI(III)
is tetrahedrally sited (Fig. 74B); the Al,S ring has a crown conformation analogous to that in Sg.'”?° A bridging S5~ ligand also
occurs as one of the products obtained when Sg reacts with reduced Bi(II) species.'”>” (Note, however, that the most important
finding of this communication is the structural characterization of a dimeric Bi complex of the tetrasulfide radical anion S;~;
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 477, the formation of a favorable 5-membered chelate ring becomes viable, as is observed in [Al(Nac-
nac)(S4)] (R = Dipp in [Nacnac|~, see Scheme 6) which is a rare example of an aluminum polysulfide; the related [Al(Nacnac)(Se)]
with chelating S¢>~ was also isolated.'”*® The Sn(IV) compounds [Sn{Me,NC(NCy),}5(S4)] and [Sn{Me,NC(NCy),},(Ss)] exhibit
chelating S,,>~ 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.””® A related derivative is [Sn{Et;NC(NCy),} {N(SiMe3),}(S4)].”*” The S4>~ ligand can adopt varying
bridging modes. In [Al;(Nacnac),(p-O)(p-S4)] (R = Dipp in [Nacnac] ™, see Scheme 6), the sulfide is monodentate with respect to
each Al(III) center (Fig. 74C).'”*” Fig. 74D and E illustrate additional bridging modes in alkali metal derivatives. Reaction of Sg and
18-crown-6- with KCg produced [{K(18-crown-6)},(n4-S4)] (Fig. 74D) in which all S atoms are within a similar distance of the two
K" centers; the range of K-S distances is 3.191(8)-3.334(9) A.'"*° [{Rb(18-crown-6)},(NH3),(1-NH3)(13-S4) ], was a by-product
in the reaction of Rb metal, $iS, and 18-crown-6 in liquid NH3, and assembles into a 1D-coordination polymer; the S4>~ ligands
supports the polymer backbone and also binds the peripheral {Rb(18-crown-6)(NH3)} units (Fig. 74E).'”*! The S¢”~ ligand inter-
acts with six K" centers in [Ky(ps-Sg) (THF),],, which forms a 2D-network; the bonding mode is highlighted in Fig. 74F. Increasing
the polysulfide chain length to So>~ leads to the formation of the 2D-network [K;(p7-So)(THF)],,, and Fig. 74G displays the bonding
mode of the ligand.'"*?

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)].'”** We have already
described [K(18-crown-6)(u-SCN)In(NCS)s]*~ which contains an NCS™ ligand which is S-bound to K* and N-bound to In(III)
(Fig. 28F)."** This kind of bridging mode is relatively well represented (the NCS™ bridge often suffering from crystallographic
disorder), and other examples are [Li(n-SCN)(p-hmpa)], (a 1D-polymer with alternate pairs of Li* centers bridged by two
SCN™ or two hmpa ligands),'”** [K(18-crown-6)(u-SCN)], (Fig. 75A),'”** [Mg(u-SCN),(THF),], (a 1D-chain with octahedral
Mg?" centers bearing trans-THF ligands and connected by pairs of bridging NCS™ ligands),'”*® [Ca(pu-OH,),(u-SCN)s], (a 2D-
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Fig. 75 Part of the 1D-chains in (A) [K(18-crown-6)(u-SCN)], (CSD refcode KTHOXDO05), (B) [Ba(OH2)(NCS)(18-crown-6)(u-SCN)], (refcode
GOKKUO, only agua H atoms are shown), (C) [Ba{HO(CH,0)3H}(-SCN),], (refcode TADQEY), and (D) [Sn(NCS)(n-SCN)], (refcode WIXLEX).
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Scheme 22 Structures of the heterocyclic ligands tetrahydrothiophene (tht), thiophene (thp), 1,4-dithiane (dith) and thianthrene (tth).

network with {Ca(p-OH,),}, chains interconnected by bridging SNC™ ligands),'”*” [Ba(OH,)(NCS)(18-crown-6)(u-SCN)]J,
(Fig. 75B, Ba-S = 3.335(1) A),'"*® and [Ba(NCS) {HO(CH,0)sH} (u-SCN)], (with a structure related to that in Fig. 75C, Ba-
S =3.3307(6) A).'”* In [Ba{HO(CH,0)3H}(u-SCN),|, (Fig. 75C), NCS™ ligands adopt two different bridging modes, one
through the N-donor and one through both N- and S-donors.'”*°

Structurally simple complexes of the p-block metals include [Sn(NCS)(u-SCN)], (a 1D-chain supported by bridging SCN™
ligands, Fig. 75D),'”>! and [Bi(THF)(u-SCN)s3], (which forms a 2D-network with adjacent Bi(IlI) centers bridged by two NCS™
ligands).**'

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-[SeCl,(tht),] and trans-
[TeCl,(tht),],'”>? octahedral trans-|TeX4(tht),] (X = Cl, Br),"*°” and the dimer [Te,Brs(tht),(pu-Br),].'*°7 In reactions of [AuCI(tht)]
with Sn{N(SiMe3),},, the tht ligand is transferred from gold to tin resulting in the formation of [Au{SnCI(NR;),} {Sn(tht)(NR3),}]
and [Au{Sn(NR;)3} {Sn(tht)(NR;)}] (R = SiMes3).'”>* 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-2’-yl)phen)(BF,)] forms dimeric units by virtue of bridging BF;~ ligands, and these further asso-
ciate through weak Na---S interactions (Na-S = 3.383(5) A).!”>* Reactions between tris(thiophen-2-yl)methanol (HL) and NaH or
KH in THF produced cubanes [MyL4(THF);] (M = Na, K) in which each L™ ligand coordinates through the O- and three S-
donors.'””’

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 [SnBr,(p-dith)], which contains trans-{SnBr,4S;} coor-
dination spheres (Sn-S = 2.6546 (6) A).'”® 1,4-Dithiane binds to Sb(III) in [SbCl,(dith-k?)]*; the dith ligand adopts a boat
conformation and coordinates through both S-donors but in an asymmetric manner (Sb-S = 2.694(1) and 3.003(2) A); additional
1,4-dithiane molecules link the [SbCl,(dith-k?)]* units into 1D-chains although the interactions are rather weak (Sb-S = 3.023(2)
A).1757
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The reaction of tth with AICl5 in a melt yields tetrahedral [AICl3(tth)] with one non-coordinated S-donor. Note that oxidation of
tth is a competitive process and a by-product was [tth3][Al,Cl;], containing [tth3]*" cations.'”®

1.02.7.2 Bidentate: [S(CH,),S]*~ and RS(X)SR

In Section 1.02.7.1.1, we included the coordination of RS(CH,),SR and 1,2-(MeS),C¢Hy, 1,2-(MeSCH,),C¢Hy and 1,2-
(EtSCH;),C¢H,. 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(CH,),S]*~ or RS(CH,),SR ligands leads to a favorable 5-membered chelate ring.
Structurally simple complexes containing the ethane-1,2-dithiolato ligand, edt’~, are exemplified by [GaCl,(edt)]” (tetrahe-
dral),'”*” [Ga(edt),]™ (tetrahedral),'”” [Ge(edt),] (tetrahedral),'”®° [AsX(edt)] (X = Cl, I; trigonal pyramidal),'”®" [As,(edt),(u-
edt)] (trigonal pyramidal),'”®! and [SbCl(edt)] (trigonal pyramidal).'”®> Complexes containing neutral, chelating RS(CH;),SR
ligands include cis-[All;{MeS(CH,),SMe},]"  (octahedral),'”**  trans-[AICl,{MeS(CH;)oSMe},|*  (octahedral),'”*?  trans-
[InX, {'PrS(CH,),S'Pr},] " (X = Cl, Br; octahedral),’”®® [GeF4{RS(CH,),SR}| (R = Me, Et; octahedral),'”®* [SnF4{RS(CH,),SR}]
(R = Et, 'Pr; octahedral),'”** [As,]4 {MeS(CH,),SMe},(uu-1)1] (octahedral As),'”®® [BiBrs {MeS(CH,)2SMe},] (CN = 7)," "7 [TeX,{-
MeS(CH;)2SMe}] (X = Cl, Br; octahedral Te(IV)),'”°® and [TeCl{'PrS(CH,),SPr}| " (ca. planar Te(II) with a weak Te---Cl contact to
the [Te,Cly]™ anion).'”®® Six-membered chelate rings are observed in the octahedral [SnCly{PhS(CH,)3SPh}],'”®” and
[TeCly{MeS(CH;)3SMe}5]." 27

1.02.7.3 Tridentate

Main group metal coordination compounds incorporating simple tridentate S,S’,S”-ligands are not so well represented, and we
focus on the few complexes of the p-block metals containing the conjugate base of 2,2’-thiobis(ethane-1-thiol). [Sn(edt)
{S(CH,CH,S),}] has a trigonal bipyramidal structure with the {S(CH,CH,S),} facially-bound.'”®® The Sb(II) center in [SbI
{S(CH,CH,S),}] exhibits a disphenoidal (see-saw) coordination environment with the I" ligand in an axial site.'”®’ In [Ge
{S(CH,CH;S),}(1-HN-2-SCsHy)], 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) A vs 2.214(1) and 2.2154(9) A).'"7°

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|BAr";] was used as a source of ‘naked’ Na' to prepare
[Na(9S3)(THF);|[BAr'y] and [Na(24S8)]|[BAr",] (see below); severe crystallographic disorder in the [Na(9S3)(THF),|* ion militates
against discussion of the bond parameters.'””" In fac-[AsCl3(9S3)], the As(III) center is octahedrally sited.'”®> In 2008, Levason,
Reid and coworkers reported the first validated chalcogenoether complexes of Ge(II) and these included [GeCly(n-9S3)],
(Fig. 76A); the Ge—S bonds are relatively long (range 2.697(3) to 2.782(3) A for three independent Ge(II) centers in the crystal struc-
ture).'””? Like 953, 10S3 may coordinate in a tridentate mode to a single metal center. This is observed in [Pb(10S3)(OCIO3-
k?)2(OH,)] which exhibits a stereochemically active lone pair; however, the perchlorate ions are only weakly bound to Pb(IT)."””?
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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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Fig. 76 Part of the 1D-chains in (A) [GeCly(9S3)], (CSD refcode QOMBAW), (B) [SnBrs(n-12S4)], (refcode AQARAL), (C) [SnBrs(n-16S4)],

(refcode AQARIT). (D) The structure of trans-[GaCly(1654)]" (refcode CAXJOC). (E) Coordination of 14S4 in [ShoBrs(n-Br)a(u-1454)], which extend
into a 3D-network (refcode QOFLUS). (F) Structure of the [Na(24S8)]* ion (refcode JUCGOF).

The 1284 ligand occurs in a bridging mode in [SnBry(p-12584)], (Fig. 76B) and this is one of a series of related Sn(IV)
complexes reported by Levason et al. The compounds [SnBry(jt-14S4)], and [SnBry(n-16S4)], (Fig. 76C) are also 1D-polymers,
but with a trans-arrangement of S-donors.'””* For group 13 metal complexes of stoichiometry MCl3(1454), a structural change
is observed on going from Al to Ga. [AICl,(1484)][AlICl4] contains [AICI,(1484)]" cations with a tridentate ligand,'”*? whereas
[GaCl3(u-1484)], is a 1D-coordination polymer with trigonal bipyramidal Ga(III) with S-donors in the axial sites.'””” In contrast,
trans-|GaCl,(16S4)] is a discrete molecular complex (Fig. 76D)."””” Earlier, we described the 1D-coordination polymer [GeCl,(p-
9S3)],. With 1484, a 2D-sheet assembles with each 1454 ligand binding four Ge(II) centers in [Ge;Cly(p4-14S4)],. In contrast,
[GeBr,(p-14S4)], 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 [GeBr,(1-1654)],.."”"* As opposed to the discrete molecular fac-
[AsCl3(9S3)] (see above), 1484 combines with AsCl3 to give [AsCl,(p-Cl)(p-1484)],; this is a 2D-network containing octahedrally
sited As(III)."”®> Note that while AsCl; and 14S4 give a 1:1 adduct even in the presence of an excess of AsCls, SbX3 and 1484
combine to give a 2:1 species exclusively. In [Sb,Brs(1-Br),(p-14S4)],, the macrocydlic 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) A compared to 2.535(2),
2.548(2) and 2.609(2) A)."”7° In Section 1.02.7.1.4, we described the structure of [TeX4(tht),] (X = Cl, Br). Hector et al. also
investigated reactions of TeX, with [14]aneS4. Although this typically yielded mixed products as insoluble solids, it was possible
to isolate the 1D-polymer [TeCly(u-14S4)], which exhibits octahedral Te(IV) with a cis-arrangement of S-donors.'*%”

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)]" in which the GeCl™ unit is bound by
four of the six S-donors.'””” Reid and coworkers have investigated the effects of replacing some or all of the O- by S-donors.'””®
Relevant to this section is the reaction of [GeCl,(diox)] with 18S6 which yields the 1D-polymer [GeCl,(p-18S6)], with a structure
similar to that of [GeCl,(u-953)] (Fig. 76A)."7"®

The preparation of [Na(24S8)]|[BAr";] was mentioned above; the conformational flexibility of the ligand allows it to encapsulate
the Na™ ion as shown in Fig. 76F with Na-S bond distances in the range 2.9561(15)-3.0524(15) A."”""

1.02.8 Selenium-donor ligands
1.02.8.1 Monodentate and bidentate ligands

1.02.8.1.1 RsSe
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 Me,Se coordination compounds of gallium and indium halides as potential precursors for Se-
containing semiconducting materials. As part of this study, tetrahedral [Gal3(SeMe;)], trigonal bipyramidal [Inlz(SeMe,),], fac-
[InCl3(OH;),(SeMe;)], [In,Cly(SeMe;)4(n-Cl),] (Fig. 77A) were isolated and structurally characterized.'’”” Related compounds
are tetrahedral [AICl3(SeMe;)],'”*? [GaClz(SeMe;)] (Fig. 77B),'”*° and [InBr3(SeMe;)].'”®? trans-[SnCly(SeEt,),] is representative
of complexes of the group 14 metals.'”*° Coordination of R,Se to the heavier group 16 congener Te is illustrated by trans-[TeCly(-
SeMe,)s] and trans-[TeBry(SeMes),]."?”

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(Ill) complex [(GaCls),{n-Bu-
Se(CH,),Se'Bu}],'”*and in the TI(I) compound [Tl{p-MeSe(CH,)3SeMe}|[PFs] which contains  1D-[TI{p-
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)]

Fig. 77 Structures of (A) [InaCls(SeMez)a(n-Cl)2] (CSD refcode BUPTEM), and (B) [GaCls(SeMey)] (refcode XOHNUH). (C) The [Bis(Clg)(u-Cls){p-
1,2-(MeSe),CgHa}3] molecule is one motif found in [(BiCls)4{1,2-(MeSe)oCeHals] (refcode WAMCAQ). (D) Structure of [SboCly(u-Cl)2(8Se2)] (refcode
EWIWAI). (E) Part of the 1D-polymer [AsyCla(11-Cl)2(8S62),], (refcode EWIVUB). (F) Structure of the [Al(seth)s]** cation (refcode NEFREX).

MeSe(CH,)3SeMe}],"" chains. Shortening the spacer in this last ligand results in a switch to a 3D-network, with each TI(I) center
bound by four Se atoms from different MeSe(CH,),SeMe ligands; the coordination geometry is distorted tetrahedral with Tl-Se
bond lengths in the range 3.2769(8)-3.5058(8) A. These two compounds represented the first thallium(I) selenoether
complexes.'”®!

[(SbCl3),{1-MeSe(CH;)3SeMe} ;| contains dimeric units which associate into 1D-chains through weak Sb---Cl interactions (Sb-
Cl =3.236(3) A). In the bromido-analog, the MeSe(CH,)3SeMe ligands are again in a bridging mode but a 2D-sheet assembles
with each {SbBrsSe;} having a fac-arrangement of ligands.'”®” Moving down the group to Bi(IlI) leads to the formation of
[BiCl3{p-MeSe(CH;)3SeMe} |, with a 2D-network based on {Bi,Cls(pt-Cl), } subunits linked by bridging MeSe(CH,)3SeMe ligands,
and [BiBrs { u-MeSe(CH,)3SeMe} ], has a similar solid-state structure.'”* Levason et al. also reported a compound of stoichiometry
[(BiCl3)4{1,2-(MeSe),CsHa} 3], the solid-state structure of which contains two tetrabismuth(IIl) units in the asymmetric unit. One
consists of the molecular [Bis(Clg)(p-Clg) {pt-1,2-(MeSe),CHy } 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.'”*"

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 [GeCl,(11-8Se2)],, which has a 1D-polymeric structure with bridging 8Se2 ligands, each in
a boat-conformation; each Ge(Il) center is in a disphenoidal (see-saw) environment with S-donors in the axial sites.'””® Whereas
[Sb,Cla(p-Cl)2(8Se2),] 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
[Sb,Cly(p-Cl),(8Se2),] associate through weak Se---Sb contacts into infinite chains. In both compounds, 8Se2 adopts a boat
conformation.'”® On going to Bi(III), the ladder polymer is again observed in [Bi;Cly(ut-Cl)2(8Se2),],.'"**

The reaction of selenanthrene with neat AlCl3 in 3:7 molar ratio yielded [Al(seth)s][Al,Cl;]3 which contains the octahedral
[Al(seth)s]*>" cation (Fig. 77F) with chelating ligands (Al-Se bond lengths are in the range 2.588(2)-2.598(2) A).'"*®

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(IIl) halides, George et al. reported trans-[AlCl, {MeSe(CH;),SeMe},] (Al-Se = 2.5950(13), and 2.6232(13)
A).'73? [SnCly("BuSe(CH;),Se"Bu)] has a discrete molecular structure containing octahedral tin(IV), and was used as a precursor for
CVD deposition of SnSe, thin films.'”®> Complexes of the soft, heavy group 15 metals are represented by the dimer [In,Cly(p-
Cl),{MeSe(CH,),SeMe},] and the octahedral complex trans-[InBr,{MeSe(CH,),SeMe},].'”*® In [BiCl3{1,2-(MeSe),CsHy}],
Bi(III) is in a square-based pyramidal environment and the chelating 1,2-(MeSe),CgHy ligand occupies basal sites. However, the
Bi-Se bonds are long (3.1376(13) A) and are described as being weak interactions; weak Bi---Cl contacts link the molecules into
chains.'”?!
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Fig. 78 Inset: The structure of the tripodal ligand tripodSes. (A) Part of the 1D-chain in [SbBrs(u-tripodSes)], (refcode QOFLOM). (B) Structure of
[Bigla(u-1)o(tripodSes-k?),] (CSD refcode KIGGUC). (C) Part of the 2D-network in [BiCla(p-Cl)(p-tripodSes)],, (refcode KIGGIQ).

1.02.8.2 Tridentate ligands

There are a few examples of group 15 metal complexes containing 1,1,1-tris(methylselenomethyl)ethane (tripodSes, Fig. 78). A
combination of tripodSe; and SbBr; leads to a 1D-coordination polymer; Sb(III) is in an octahedral site and each tripodSe; ligand
is in a bridging mode as shown in Fig. 78A.'””° Reactions of BiX3 (X = Cl or I) with tripod Ses give rise to products which, in the
solid state, are not isostructural. [Bil4(u-I);(tripodSes-k?),] 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) A. In contrast, the chlorido analog contains 7-coordinate Bi(IIT) and
the tripodal ligand chelates to one Bi(IIl) and is monodentate to an adjacent Bi(III). The structure propagates into a 2D-sheet, part of
which is shown in Fig. 78C."”?’ It is interesting to note that although there are examples of tripodSes acting as a typical tripodal
ligand to several d-block metal ions (e.g,, in [Ru(tripodSes),]*"),'"®° 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.

Se Se

™ o
e LS

L K/UeJ
16Se4 24Se6
Scheme 24  Selenium-macrocyclic ligands.
(A) (B) (®)

Fig. 79 (A) Part of the 2D-sheet in [(GeCly)2(16Se4)], (CSD refcode ILIHUH). (B) Part of the 1D-chain in [GeBro(16Se4)], (refcode ILIJAP). (C) The
molecular structure of [(AsCl3)4(24Se6)] (refcode QUTLIA). (D) Building block in the 3D-network of [(AsBrs)a(r4-16Se4)], (refcode MIYZAV). (E) Part
of the 1D-ladder in [BiyBrs(n-Cl)2(16Se4),], (refcode MEMSIG).
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The reactions of GaCls or InCl; with 16Se4 yield [MCl,(16Se4)][MCly] (M = Ga, In) in which the cations display trans-octahe-
dral coordination spheres.'””” In contrast to Ga(IIl), Ge(II) shows a preference for exocyclic-coordination with the formation of
[(GeCl,)2(16Sed)],, [GeBry(16Sed)], and [(Gel,)2(16Sed)],. While the chlorido and iodido derivatives have similar 2D-
networks (Fig. 79A), the bromido complex assembles into a 1D-chain (Fig. 79B). Note that [(Gel,),(16Se4)], co-crystallizes
with Gely and is only a minor product of the reaction of Gel, with 16Se4 in anhydrous MeCN.'”"®

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)."”®” The structures of [(AsCl3)(js-
16Se4)], and [(AsBr3);(psa-16Se4)], comprise similar 3D-networks based on weakly associated {As;X4(1t-X),} dimers which are
interconnected by 16Se4 molecules. Fig. 79D depicts the building block in [(AsBr3),(14-16Se4)], focusing on the coordination
environment of the macrocycle.'”® Fig. 77D illustrated the ladder-like structure of [As,Cly(u1-Cl),(8Se2),],. A similar structure
is observed for [Bi,Brs(p-Br),(16Se4),], (Fig. 79E), and attempts to utilize the non-coordinated Se donors by treatment with
BiBr3 in MeCN solution were unsuccessful.'”®** Reid and coworkers have reported [BiX3(24Se6)], but no structural data appear
to be available.'”**
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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 7 bonds and the resulting reactivity towards small organic compounds. In order to
accommodate the weak m-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=0),
imines (>C=N-), aromatic compounds (e.g., benzene, naphthalene), azo compounds (—N=N-—), 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.! Therefore, it became believed that “elements having a principal quantum
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Dsi\ /Dsi Mes\ /Ph Mes*\ Measi\ /OSiMes Mes\ /Mes
/Sn:Sn P:C\ P:P\ /Si:C\ /Si:Si

Dsi Dsi Ph Mes* Me;Si Ad Mes Mes

Lappert et al., 1976 Bickelhaupt et al., 1978 Yoshifuji et al., 1981 Brook et al., 1981 West et al., 1981

Dis = CH(SiMe3), Mes = 1,3,5-Me3-CgH, Mes* = 1,3,5-(Bu)s-CgH,  Ad = 1-adamantyl
Chart 1 The first double-bond compounds of heavier main group elements.

number greater than two should not be able to form a 7-bond, i.e., so called “double bond rule”.? 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., Si—C 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),” phosphaalkene (P=C, 1978),* diphosphene (P=
P, 1981),” silene (Si=C, 1981),° and disilene (Si=Si, in 1981)” 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.®

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,®'°
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*, RyP*, etc.), tetrylene (> Si: etc.), pnictinidene
(—P: 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 t-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.®~'° For example, although H,C=
CH,; is known to exhibit a planar structure around the C=C m-bonding (D), the planar structures of the heavier analogues,
H,E = EH, (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 HoE = EH, were computed as trans-bent structure (Cap,) (Fig. 1)."" Actually, most of the isolated double
bond compounds between heavier group 14 elements, R,E = ER; (diterpenes), were found to exhibit trans-pyramidalized (trans-
bent) structures as well as the first isolated disilene, Mes,Si=SiMes, ’ 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 6* orbital with the 7 orbital.'""'?

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."” 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
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heavier element analogues

planar geometry (D) trans-pyramidalized geometry (C,y,)

Fig. 1 Heavier analogues of an alkene.
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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 @ bond in heavier diterpenes (H,E=EH,, Si Ge, Sn, Pb), the orbital interactions between the
H,E: units should be considered on the basis of the valence bond theory.® Because the heavier group 14 elements prefer to retain
their ns’np? valence electronic configuration as described above, the ground state of the tetrylene unit (H;E:) should be singlet with
the s-charactered lone pair, in contrast to a carbene (H,C:), which exhibits triplet ground state. Indeed, the singlet-triplet energy
difference (AEgy) of the tetrylene (H,E:) increases AEsy = 16.7 (H,Si:), 21.8 (HyGe:), 24.8 (H,Sn:), and 34.8 (H,Pb:) kcal/mol,
though that of H,C: is estimated as — 14.0 kcal/mol.'* Because of the intrinsic nature of tetrylenes, the relative stability of the singlet
species of RyE: (E=C, Si, Ge, Sn, Pb; R = alkyl or aryl) as compared with the corresponding dimer, R,E=ER;, 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.'® 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)."°
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 (R;E:) would undergo self-dimerization or oligomerization leading to
the formation of the corresponding dimer, i.e., double-bond compounds (R,E=ER;), 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.®”

It can be concluded that, in the case of heavier group 14 elements, a tetrylene exhibits singlet ground state with ns’np? 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).

Thermodynamic / Kinetic stabilization

bulky substituent

vacant p orbital
/ resonance effect ><
@ Q high s character r@ R O nucleophile
HI:,,,‘ Hl,,,," Do”” v,

57 8 7 AP
%
M = Si, Ge, Sn, Pn Do X@ O
Jd\

triplet singlet intra/inter-molecular R
coordination
Do =N, O, P, Cp* ligand, etc. R

self-oligomerization

Fig. 4 Thermodynamic and kinetic stabilization for tetrylenes (R2E:, E=Si, Ge, Sn, Pb).
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Fig. 5 Fate of a tetrylene (RoE:, E=Si, Ge, Sn. Pb) depending on the substituents.

On the consideration of above-mentioned feature of a tetrylene, one can see severe repulsion between the closed-shell orbitals of
two H,E: units would prevent dimerization leading to the formation of a deterrence, HE=EH, in the planar form as shown in
Fig. 6. Accordingly, two H,E: units can form a double bond not only elongated to avoid the repulsion but also in trans-pyramidal-
ized configuration, where each H;E: 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, H,Sn=8nH, and
H,Pb=PbH,, and the bridged dimer of H,E: and 1,2-H-shifted isomer, HE—EH3, are the more stable isomers (Fig. 7),'* since at
least one atom in these isomers can maintain ns’np? valence electronic configuration as divalent species without hybridization
of orbitals leading to the formation of tetravalent species. Thus, two tetrylenes (H,E:) 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 (Dyp,) to the trans-pyrami-
dalized geometry (C,p), the occupied 7 (by) orbital is mixing with the vacant o* (by) to form stabilized slipped-m orbital (b,) from
the viewpoint of (ii) a pseudo Jahn-Teller effect (Fig. 8)."”

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 (D,yp,) in contrast to an alkyne, which has an undistorted linear
geometry (Dwp).””'” 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 7 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.'>'® 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 (o +27) 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 7 bond. From viewpoint of a pseudo Jahn-Teller effect, the trans-bent structure can also be explained by -6 * mixing as in
the case of diterpenes (Fig. 9).' The linear structure of HE=EH has occupied valence orbitals of one ¢ (og) and two 7 orbitals
(7tu). According to the trans-bending of HE=EH, one of the 7 orbitals, in-plane mj, orbital, can be mixing with the low-lying c*
(oy) orbital due to the same symmetry to form slipped mi, + o* orbital (by). The orbital stabilization due to the mixing of 7 and
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Fig. 6 Interaction between (A) HoE moieties in HoE=EH, and (B) HE moieties in HE=EH.
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Fig. 8 Pseudo (2nd-order) Jahn-Teller effect with mixing of o* orbital with the 7t orbital of HoE=EH, upon trans-pyramidalization.

trans-pyramidalization

o* orbitals via the trans-bending in HE=EH should be much effective relative to those in H,E=EH,, because the mj,—c* energy
difference in HE=EH should be much smaller than that in H,E=EH,.

The 7-bonding situation in heavier group 15 elements is very different from that in heavier group 14 elements.®”"“ When
thinking about the bonding situation, it is important to consider the number of valence p electrons. Pnictogen atoms (group 15
elements) have the ns’np> electron configuration, i.e., have one more valence p electron than group 14 atoms (ns’np? electron
configuration). On the consideration of the ns’np* electron configuration of pnictogens, the monovalent heavier group 15 element
species, a pnictinidene (—P: 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
R—Pn="Pn angles should be approaching 90 degrees upon descending the elemental row from N to Bi, because the heavier elements
reluctant to form s-p hybrid orbitals as described above.®”™ 413

As well, chalcogen atoms with ns?np” electron configuration can also form a clear double bond with group 14 elements as
heavier elements analogues of carbonyl compounds (>E=Ch),’* because chalcogens can form two chemical bonds with the
orthogonal np atomic orbitals ns’np* electron configuration. Difficulty in the isolation of such heavier analogues of carbonyl
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Fig. 10 Electronic structure of a dipnictene (HE=EH, E=P, As, Sb, Bi).

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 (Ch™) can form a double bond bearing substituents, RCh"=Ch™" R as well as a dipnictene despite
the cationic charge repulsion, because its electron configuration is same as a pnictogen, ns’np’.

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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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 = 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, 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 the multiple 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:
E®(NHC)=E°(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.'®

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=S8i<

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 Mes,;Si=SiMes,
(Mes=2,4,6—Me3—C¢H,), 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) 2°Si NMR chemical shift of the doubly bonded Si atoms, 8(*°Si) (in ppm) (typically,
low-field shifted), (b) length of the Si=Si bond, rs;s; (in A) (typically, short), (c) geometry of the substituents at the Si=Si
bond defined by either bent angle 8 (in °) or by the sum of the bond angles around the sp-Si atoms, £ (in °); (d) twisting of
the Si=Si bond, 7 (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 N—Si=Si—B
featuring both donating (amino) and accepting (boryl) groups was prepared exhibiting the characteristics typical for disilenes:
(1) 6(?°Si) = 142.4 (N-sp°-Si) and —33.0 (B-sp°-Si) ppmy; (2) rsisi = 2.2146(6) A; (3) £ = 358.1/359.7° (planar geometry around

Chart 2 Bent angles of a disilene.
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the sp?-Si atoms)."” The structural and computational studies revealed an important contribution of the N* = Si—Si=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.”® All of them uniformly displayed deshielded Si nuclei [6 = 44.2-141.5 ppm],
short Si=Si bonds [rsi—s; = 2.1669(5)-2.1846(5) A], and trans-bent geometry [0 = 11.9-26.0°]. Interestingly, such disilenes
showed absorption bands with contribution of intramolecular charge transfer (ICT), p(Si=Si)— p*(aryl). Applying this synthetic
approach, Iwamoto and coworkers synthesized disilenes featuring endocyclic Si=Si bonds functionalized at the sp?-Si atoms by
aryl and silyl substituents.”’ Spectral and structural features of these disilenes were similar to those of acyclic disilenes: low-field
shifted resonances of the sp?-Si nuclei [6 = 74.9-134.2 ppm|, short Si=Si bonds [rsi—s; = 2.1525(7)-2.1915(5) A], and unremark-
able trans-bent geometry [# = 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 sp?-Si nuclei [6 = 128.7-187.2 ppm|], relatively short
Si=Si bonds [rsi—s; = 2.1990(8)-2.2114(5) A], small trans-bending [0 = 4.4-9.8°] and twisting [t = 16.7-19.3°] of the Si=Si
bond.?” 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
> SiX—SiX < with potassium graphite. Using this method, they recently prepared disilenes which silyl substituents were unexpect-
edly joined into the polycyclic scaffolds.”” 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 [6 = 133.4-146.7 ppm)], short
Si=S$i bonds [rgi—s; = 2.1665(14)-2.2020(6) A], and trans-bending of the Si=Si bonds [§ = 5.5-38.2°].

Silicon cluster containing two exocyclic Si=Si bonds at the edges of the tricyclo[2.2.0.0>°|hexasilane framework was unexpect-
edly isolated from the mixture of several products formed upon the thermolysis of Sig-siliconoid cluster.”* Both Si=Si bonds in this
compound are rather short: r = 2.1570(12) and 2.1641(12) A.

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.”” 1 was selectively
formed upon the thermolysis of tricyclo[2.1.0.0'*|pentasilane in the presence of excess DMAP (Scheme 1). Although the resonance
of the naked sp”-Si atom was not observed (signal of the DMAP-coordinated sp>-Si atom was found at +84.5 ppm), structure of 1
was unequivocally established by its X-ray diffraction. The central Sis-bicyclo[1.1.0]butane fragment is expectedly folded
(127.04(2)°), and the bridgehead Si—Si bond is very long (2.6215(6) A). The endocyclic Si=Si bond of 2.2906(6) A is quite
long for the standard double bond, and DMAP-coordinated sp>-Si atom is remarkably pyramidalized. Based on the crystallographic
data and computational studies, the real structure of 1 is best described as a zwitterion 1’ 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 BPhs, 1 underwent elimination of the DMAP-BPh; 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)
A) 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
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Cl SiCls

[R = SiPrMe,] R>Q<R

reported by Iwamoto and coworkers.’® This compound was prepared by the reductive dechlorination of the > Si(Cl)SiCls-precursor
with KCg (Scheme 2). The doubly bonded Si nuclei resonated at +217.0 ppm, which value is substantially low-field shifted
compared to other known acyclic and cyclic silyl-substituted disilenes. Such exceptional deshielding of the sp?-Si atoms suggests,
that in contrast to other disilenes, 4 contains a higher-lying s-orbital and lower-lying 7*-orbital between the bridgehead Si atoms.
The central Si=Si bond in 4 is exceptionally long, 2.4716(11) A, being much longer than the typical Si=Si bond and even longer
than the standard Si—Si 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 6-bond with an inverted tetrahedral geometry and a w-bond.

Scheschkewitz group reacted their disilenyllithium derivative Tip,Si=Si(Tip)Li (Tip = 2,4,6-"Pr3-CgH,) with aryl halides and
dihalides to prepare a range of novel (tetraaryl)disilenes Tip,Si=Si(Tip)Ar (Ar = 2,4,6-(MeQO)3-CsHy; 2,4,6-Mes-CgHy; 2,3,5,6-
Mey-CgH; naphthalen-2-yl; anthracen-9-yl) and conjugated bisdisilenes Tip,Si==Si(Tip)-[LU]-Si(Tip) = SiTip, [LU (linking
unit) = —C¢Hy—CgHy—; —CsHy—C=C—CgH4—; 2,6-naphthalene; 9, 10-21nthracene].27 As is characteristic for aryldisilenes, all these
compounds exhibited moderately deshielded silicon nuclei [6 =52.7-71.5 ppm|, short Si=Si bonds [rsi—si = 2.1424(7)-
2.1622(6) A), nearly planar geometry around the sp>-Si atoms [X = 357.4-360.0°], and unremarkable trans-bending [# = 0.0-
15.3°] and twisting [t = 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 Tip,Si=Si(Tip)-[LU]-
Si(Tip)==SiTip;, 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) = Si(Ar)Eind (Ar = 1-naphthyl, phenyl, 1-pyrenyl, thio-
phen-2-yl, 2,2’-bithiophene-5-yl) stabilized by the very bulky (Eind)-group (Eind = 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)SiBr, with lithium naphthalenide.”®
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 [3 = 51.5-63.4 ppm], short Si=Si
bonds [rsi—si = 2.1584(9)-2.1718(6) A], essentially planar geometry of the Si=Si bond with some trans-bending [# = 0.6-
19.1°] and quite negligible twisting [t = 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 Si=Si bonds
and aromatic Tt-electron systems.

An interesting tetraphospha-substituted disilene (Mes,P),Si=Si(PMes,), was recently synthesized by Izod and coworkers by the
reaction of SiBry with 4 eqv. of Mes,PLi.”” The 2°Si NMR (CP MAS) chemical shift was observed at +111.7 ppm, that is in the typical
range for disilenes. The Si=Si bond of 2.1901(12) A is also normal for disilenes, although trans-bending was unusually high for
disilenes (6 = 40.6°).

Other examples of the recently reported disilenes include those in which Si=Si bond is incorporated into the cyclic or polycyclic
framework.’® 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 sp>-Si atoms in 5 are strongly deshielded (6 = 187.3 ppm),
the length of the Si=Si bond is normal for the double bond (rs;—s; = 2.212(2) A). Because of its highly rigid fused cyclic skeleton, 5
exhibited strongly trans-bent and highly twisted Si=Si bond: § = 36.5/42.5° and t = 16.2°, respectively.’*
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In '4-1,2,3,4-trisilagermetene 6, prepared by the ring expansion reaction of 1-disilagermirene with Cl,Si—IPr complex
(IPr = 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, +168.0 and + 176.9 ppm (Scheme 4).>°® The GeSis-ring in 6 is folded (24.2°), and
the Si=Si bond of 2.199(9) A conforms to the standards for the double bonds.
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Scheme 4

The tetralalkyldisilene 7 with exceptionally bulky triptycenyl substituents was also recently reported (Scheme 5).>°° Reflecting
extraordinary high steric hindrances around the double bond, 7 exhibited a (Z)-configuration, elongated Si=Si bond [rsi—
si = 2.223(1) A], pyramidalization at sp>-Si atoms (3. = 351°), and rather important twisting about the Si=Si bond (z = 34°).
The doubly bonded Si atoms resonated in low-field at +115.6 ppm.

Some disilenes, although isolated and spectroscopically characterized, were lacking X-ray structural determination. They include
cyclopentasilene,”’ tetrasilyldisilene (Me3Si),Si=Si(SiMe3)Si'Bus existing in equilibrium with the isomeric bis(silyl)silylene

Scheme 5

(MesSi)3(*BusSi)Si**;, bis(boryl)disilene (boryl)PhSi=SiPh(boryl) (boryl = cyclo]—BN(Ar)CH=CHN(Ar)—]).”?

In recently reported diimino(disilyl)disilene [(MesSi)3Si](NHI)Si=Si(NHI)[Si(SiMe3)3;] (NHI = N-heterocyclic imine)** and
diamino(diaryl)disilene featuring intramolecular coordination of imino-groups on sp>-Si atoms,”” the silicon-silicon interatomic
distances are very long (2.3124(7) A)** or exceptionally long (2.623(1) A).>* 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.%° 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).>” The Ge=Ge bond in 8 of 2.2944(4) A is typical for such double bonds, and as is expected for the heavy Group
14 element derivatives, both Ge atoms are strongly pyramidalized (Y = 334.5°) and substituents are trans-bent (6§ = 37.7°). In
solution, Ge=Ge double bond retained its structural integrity.
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In 2018, the same group reported an interesting example of the first isolable digermenide Tip,Ge=Ge(Tip)Li prepared by the
simple reduction of Tip,GeCl, precursor with metallic lithium.’*® The Ge=Ge bond is typical for digermenes [rce—
Ce = 2.284(6) A], being also unremarkably trans-bent (§ = 7.1/12.8°) and twisted (t = 19.9°). This digermenide is synthetically
useful and can be functionalized at the anionic Ge center, thus giving access to novel digermenes Tip,Ge=Ge(Tip)R (R=SiMes,
SiPhMe,, SiPhs, SiMe,Cl, SiMePhCl, SiPh,Cl), and even the first persistent acyldigermenes Tip,Ge=Ge(Tip)[C(O)R] (R = ‘Bu,
2-methylbutan-2-yl, 1-adamantyl) are accessible via this synthetic route.*®

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 Eind,Ge: with GeX,-dioxane complex.> As is typical for digermenes featuring
electronegative substituents, dihalodigermenes exhibited strongly trans-bent (# = 43.3 and 44.3°) and pyramidal configuration
(X =337.1 and 335.9°) at the sp>-Ge atoms. The Ge=Ge bonds are rather long [rge—ge = 2.4145(3) and 2.4119(5) A] 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 = 2,6-[(Me3Si),CH],-4-[(Me3Si)3C]-CsHa) (see Section 1.03.3.1) with ethylene.” The corresponding
[2 + 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 (f = 39.5 and 39.7°), and notably
long Ge=Ge bond [rge—ce = 2.4132(5) A], 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.*' Thus,
reaction of 1,3-dipotassiotrisilane with GeBr,-dioxane and PEt; unexpectedly produced bicyclic digermene 9, whereas analogous
reaction of 1,4-dipotassiocyclohexasilane with GeBr,-dioxane and PEt; gave tetracyclic digermene 10 (Scheme 7). Both digermenes
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9 and 10 showed similar structural characteristics typical for the cyclic digermenes, namely, shortened Ge=Ge bonds (rge—
ce = 2.2663(9) and 2.2896(6) A), negligible trans-bending (¢ = 2.5 and 2.1/8.3°), and small twisting (z = 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 (‘BuyMeSi),Ge=Ge(SiMe'Bu,), were fully reversible in
o-dichlorobenzene with the potentials E;/5(0x) = 0.38 V and E;j»(red) = —1.5V, respectively.*” This digermene was prepared by
Lee, Sekiguchi and coworkers by the reduction of the (‘BuyMeSi),GeCl, precursor with potassium graphite.*” The length of the
Ge=Ge bond is normal for digermenes [rce—ge = 2.346(2) A] and both Ge centers are essentially planar (X = 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 [7 (HOMO)-rt*(LUMO) transition]. This fact, along with



130 Low-coordinate compounds of heavier group 14-16 elements

the exceptionally great twisting about the Ge=Ge double bond (r = 52.8°), provides experimental evidence for the remarkably
reduced 4p,(Ge)-4p,(Ge) orbital overlap resulting in the partial breaking of the Ge—Ge m-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),-CsH3]4} or Li{Al|OC(CFs)s3]s}, Aldridge and
coworkers prepared dicationic species 11, which can be viewed as a digermene featuring cationic imidazolium substituents (Scheme
8).% The length of the Ge=Ge bond in 11 is consistent with its formulation as a double bond [rge—ce = 2.300(2) A], and Ge atoms
are only insignificantly pyramidalized (£ = 353.1 and 353.6°). Replacing NHC-substituents on Ge atoms in 11 with Mes-NHC, and
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boryl substituents with [2,6-Mes,-CcHsz (Mes = 2,4,6-Me3-CgH,)|, the same authors synthesized another dicationic digermene
featuring slightly longer Ge=Ge distance of 2.380(1) A.**

The exciting possibility of the digermene metathesis, as the germanium version of alkene metathesis, was very recently demon-
strated by Scheschkewitz group.”® They heated unsymmetrically substituted digermene Tip,Ge=Ge(Tip)[SiR,Dma] (R=Me, Ph;
Dma = 2-N,N-dimethylanilino group) to afford a mixture of Tip,Ge=GeTip, and trans-[DmaR,Si|(Tip) Ge=Ge(Tip)[SiR,Dma]
(Ge=Ge for R = Me: rge—ge = 2.2576(5) A, § = 21.5°, 7 = 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, Tip,Ge=Ge(Tip)-SiMe,-1,4-[2,5-(Me,N),-CsH,|-SiMe; -
Ge(Tip)=GeTip, (Ge=Ge: rge—ce = 2.3038(4) A, 6 =24.9/31.9°, 1=18.0°), yielded the corresponding ADMET-polyene
Tip,Ge={=Ge(Tip)-SiMe;-1,4-[2,5-(Me,N),-CsH;]-SiMe, Ge(Tip)=},=GeTip, with the number-average degree of polymer-
ization = 23, mass-average degree of polymerization = 45, and dispersity index = 1.95.

1.03.3.2.1.1.3 Distannenes >Sn=S8n<

The first stable distannenes [tetra(alkyl)distannenes] were synthesized and structurally characterized by Lappert group in the same
year 1976, as isostructural digermenes.>>° 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.*® They were uniformly prepared by a straightforward procedure, namely, reaction of bulky aryl(chloro)stanny-
lenes Ar(Cl)Sn: (Ar = 2,6-Mes,-CgHj3) and Ar'(Cl)Sn: (Ar' = 2,6-Tip,-CgHs) with dilithium arene-diides (Scheme 9). Spectral and
structural features of distannenes 12 and 13/14 are distinctly different, Sn=Sn: 3(''°Sn) = 862 and 396/412 ppm, rs,—
sn = 3.0009(7) and 2.7299(3)/2.7688(2) A, 6 =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,
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the same authors prepared also distannene, in which the Sn==S8n bond is bridged by an acenaphthene unit and the substituents at
the Sn atoms are 2,6-Mes,-CgHjz groups."7 Similar to distannenes 13 and 14, the new compound featured the following character-
istics for its Sn=Sn double bond: 3(''°Sn) = 375 ppm, rg,—s, = 2.7838(2) A, = 43/65°, and 1 = 65°.

A very interesting example of the distannene-stannylene equilibrium was recently reported by Wesemann and coworkers.*® They
simply reacted 1,1’-dilithioferrocene with either Ar(CI)Sn: (Ar = 2,6-Mes,-CgH3) or Ar'(Cl)Sn: (Ar' = 2,6-Tip,-CgHjs) (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 Ar’ 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(*'°Sn) of 449 ppm did not
change significantly in the temperature range from —80 °C [3(''°Sn) = 437 ppm] to 100 °C [3("'°Sn) = 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. Ar') 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),”" was prepared by Marsch-
ner and coworkers by the reaction of 1,3-dipotassiotrisilane with SnCl, in the presence of appropriate Lewis base (PMes, PEt3, Mey-
NHC).*” This distannene revealed ''°Sn 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) A, being also trans-bent (6 = 36.0°) and twisted (z = 22.6°). Likewise, reacting
dipotassium salt of oligosilanylene-1,5-diide with SnCl,-dioxane Marschner group isolated another bicyclic distannene 17
featuring two seven-membered rings fused by the bridging Sn=Sn unit (Scheme 11).°° 17 showed typical for distannenes **°Sn
NMR chemical shift of 636.9 ppm, and rather long Sn=Sn double bond of 2.7409(9) A which has a trans-bent (§ = 31.1°) and
twisted (t = 17.0/81.6°, for two seven-membered rings which have very different conformations) geometry.
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Several stable distannenes were reported by Power and coworkers. Thus, reaction of the Sn(II) hydrides [Ar'"™"*Sn(m-H)], and
[ArT™Sn(m-H)], [Ar™° = 2,6-(2,4,6-Pr3-CgH,)-CsHs, Ar'™™ = 2,6-(2,6-"Pr,-C¢Hs)-CgHs| with ethylene and (tert-butyl)ethylene
afforded distannenes Ar'*"®(CH3CH,)Sn=Sn(CH,CHj3)Ar""® 18 and Ar'"**(‘BuCH,CH,)Sn=Sn(CH,CH,Bu)Ar’™ 19.>! In solu-
tion, distannene 18 dissociates into monomeric stannylenes as was evidenced by the low-field ''°Sn 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: ''°Sn NMR resonances observed at 320 and 1875 ppm. Both 18 and 19 displayed similar structural char-
acteristics: rsp—sn = 2.732(5) and 2.714(2) A, § =57.4 and 55.5°, and X =335.2 and 339.3°. Reaction of diarylstannylene
(Ar™™),8n: [Ar™™ = 2,6-(2,6-Pr)-CsH3)-CgHs| with toluene, m-xylene and mesitylene at 80 °C provided distannenes Ar"
Pr%(ArCH,)Sn=Sn(CH,Ar)Ar'"™ (Ar = C4Hs, 3-Me-CgHy, 3,5-Me,-CgH3) as C—H metathesis products.”* All of them dissociated
in solution into the monomeric aryl(alkyl)stannylenes Ar'"™(ArCH,)Sn:, which was evidenced by their low-field ''°Sn 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: rg,—s, = 2.782(3) and 2.787(1) A, § = 41.2 and 43.0°, and
¥ =330.7 and 338.3°.

1.03.3.2.1.1.4 Diplumbenes >Pb=Pb <

The first stable diplumbene Tip,Pb=PbTip,, that exists in an equilibrium with the corresponding plumbylene Tip,Pb:, was re-
ported much later than its lighter analogues (disilene, digermene, and distannene), in 1999, by Weidenbruch and coworkers.’?
Since 2013, little progress has been made into the field of stable diplumbenes with only one report from Power group.”® They
reacted diarylplumbylene (Ar*¢®),Pb: [Ar¢® = 2,6-(2,4,6-Me3-CgH,)-C¢Hs| with MesM (M=Al, Ga) to afford aryl(methyl)
diplumbene Ar™¢°(Me)Pb=Pb(Me)Ar™<® as the result of substituents scrambling reaction, and thus representing a new synthetic
route to diplumbenes. Given its remarkably low-field shifted *°’Pb NMR resonance of 8248 ppm, the solution structure of this
compound was attributed to that of the monomeric plumbylene Ar**®(Me)Pb:. The Pb=Pb double bond is rather long
[3.2866(5) A] and Pb centers are notably pyramidalized [Z = 325.3°].

1.03.3.2.1.2 Heteronuclear derivatives, E=E’ (E=Si, Ge, Sn, Pb)
1.03.3.2.1.2.1 >E=FE'-(E = Group 14 element, E' = Group 13 element)
The transient sila- and germaborenes [(‘BuyMeSi),E=B—Mes| (E=Si, Ge) were reported in 2005 by Sekiguchi and coworkers,’*
and the first stable silaborene [(‘BuyMeSi);E=B—R] (R = 2,2,6,6-tetramethylpiperidino) was prepared in 2006 by the same
group.””®

As the latest advances in the field, one can mention a new silaborene-chloride adduct 20 reported by Iwamoto and coworkers,’°
and the first germaborenes independently prepared and very recently reported by Kinjo (germaborene 21 with an exocyclic Ge=B
bond)°” and Wesemann (germaborene 22 with an endocyclic Ge=B bond) research groups® (Scheme 12). In all cases, formation
of the >E=B— (E=Si, Ge) bond was uniformly accomplished by the reduction of the corresponding dihalo-precursors > E(X)
—B(X)—(X==Cl, Br) with either potassium graphite or magnesium.
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The silaborene-chloride adduct 20 (Scheme 12) features the following spectral and structural parameters of the Si=B fragment:
r=1.859(2) A (short bond), £ =359.3(Si) and 360.0(B)° (planar geometry around these atoms), 3[*°Si(sp?)] = 56.8 and d
[*'B(sp?)] = 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 —B<].

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 ''B NMR chemical shift of the doubly bonded B atom at 94.5 ppm, rather short Ge=B bond
(r=1.911(7) A), pyramidal geometry at the Ge center (340°), and remarkably bent Ge—B—N fragment (bond angle = 158.6°)
(Scheme 12).°” The Ge=B double bond character in 21 was further supported by computations, WBIge—g = 1.67. Likewise, Wese-
mann germaborenes 22a (X=Cl) and 22b (X=Br) were characterized by even shorter Ge=B bonds [r = 1.886(2) A (for 22a) and
1.895(3) A (for 22b)], trigonal-planar geometry around the sp>-atoms [Z = 359.6/359.6° (Ge, for 22a/22b) and 359.8/360.0° (B,
for 22a/22b)], chemical shifts §(*'B) as a doublet at 17.3 ppm ("Jp.g = 132 Hz) (for 22a) and 10.3 ppm ('Jp.g = 134 Hz) (for 22b)
(Scheme 12).°%* The NBO calculations revealed 1.94e-occupancy for the Ge—B s-bond and 1.67e-occupancy for the Ge—B p-bond,
which leads to the WBIge—p of 1.51. According to the Natural Resonance Theory (NRT) calculations, the dominating Lewis structure
(NRT weights = 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 22¢ (X=Ph)
(Scheme 12).°%" The spectral and structural features of the novel germaborene 22c are similar to those of the previously reported
22a,b, namely: 6(*'B) = 16.2 ppm, rge—p = 1.899(3) A.
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As for the doubly bonded “group 13” = “group 14" combinations, including group 13 elements heavier than boron, we can
mention only 1,3-disila-2-gallata- and -indataallenic anionic derivatives [(‘BuyMeSi),Si—E—Si(SiMe'Bu,),] [Li(thf)4]* (E=Ga,
In), featuring the first structurally authenticated Si=Ga and Si=In double bonds, respectively, and reported by Sekiguchi and
coworkers in 2004.”°* This was then followed by the synthesis of the 1,3-digerma-2-gallata- and -indataallenic anionic derivatives
[(‘BuaMeSi),Ge—E—Ge(SiMe'Buy),] " [Li(thf)4]" (E=Ga, In) as the first compounds with Ge=Ga and Ge=In double bonds,
synthesized by the same authors.””> Since then, no progress has been made to this field.

1.03.3.2.1.2.2 >E=E'< (E, E' = 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 Brook® and coworkers and reported in the same year 1981 when West reported his disilene >Si=Si<.”
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 = 1.771(4) A],°° Brook-type four-membered ring cyclic silenes 24a-c
[rsiec = 1.761(3) A (for 24a) and rs;—c = 1.7638(16) A (for 24¢)],°° silaaziridines 25a-c with exocyclic Si=C double bonds [rs;—
c¢=1.735(2) A (for 25a)],°" and para-phenylene bridged bis(silaaziridine) 26 [rsi—c = 1.726(4)/1.743(4) A].°" 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 4 1.2 kcal/mol.®” Iwamoto and coworkers also synthe-
sized silaaziridine derivative 28 with an exocyclic Si=C double bond [rs;i—c = 1.730(5) A].%” 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.®* 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 = 1.725(2) A].°> Haas, Stueger and coworkers reported Brook-type silenes 31 and 32 featuring endocyclic
and exocyclic Si=C double bonds, respectively [rsi—c = 1.786(2) A (for 31) and rg;—c = 1.767(2) A (for 32)].°°
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The first stable germenes were independently reported in 1987 by the research groups of Berndt®” and Escudié.®® 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.®” 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 Ge—C 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) A that is typical for germenes. Nevertheless, the Ge=C double bond in 33 is notably
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distorted, as was evidenced by its twisting and pyramidalization at the Ge center (¥ = 351.7°).

As for the doubly bonded derivatives >E = E'< 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 Mes,Si=GeMes, 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’":. 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.”" 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=Ge—C=C diene fragment.””

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 KCg (Scheme
15).”% The resonance of the doubly bonded Si atom in 34 was found in the characteristic low-field at 142.9 ppm (in CsDg) and
138.5 ppm (in THF-dg). In 34, the Si=Ge double bond length of 2.2590(3) A well agrees with those eatlier reported for other sila-
germenes, and the GeSi,C-four-membered ring is nearly planar with a folding of 1.9°. Based on its X-ray and UV data, a significant
extent of 7t-conjugation between the Si=Ge and C=N double bonds in 34 was assumed, and accordingly the Ttg;—geT*c—y 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=SiPhs) and (phosphanyl)silagermene 35b [R=
P(N'Pr,),]| revealed low-field shifted 2°Si NMR resonances [singlet at 136.6 ppm and doublet at 104.5 ppm (*Jsi—p = 9.8 Hz),
respectively], and short Si=Ge double bonds [2.2020(2) and 2.2252(4) A, respectively]. In addition, in 35a, the GeSi,C-four-
membered ring is almost planar with a quite negligible folding of 0.2°, and the Ge atom is slightly pyramidalized (£ = 357.3°).

Among the hybrid >Sn=E < systems comprising sp>-Sn atom, the stanene >Sn=C < was prepared and structurally character-
ized for the first time by Berndt and coworkers in 1987.7* The first, and still the only known, silastannene, namely (‘Bu;MeSi),Si=
SnTip,, was synthesized in 2002 by Sekiguchi and coworkers.”” The first germastannenes Tip,Ge=SnTip, and (‘Bu,MeSi),Ge=
SnTip,/[(E)-(‘BuaMeSi)(Tip) Ge=Sn(Tip)(SiMe'Bu,)| were independently reported in 2003 by the research groups of Weiden-
bruch”® and Sekiguchi,”” 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.”® 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=C—Sn), still remain unknown.

1.03.3.2.1.2.3 >E=FE'— (E = group 14 element, E' = group 15 element)

The very first silaimines, that is compounds featuring Si=N double bond, were independently reported by Klingebiel (‘Pr,Si=
N—Mes*, Mes* = 2,4,6-'Buz-CgH,)”’ and Wiberg (‘Bu,Si=N—Si'Bus)*° groups in 1986. Since 2013, three stable silaimines 36—
38 were synthesized by the research groups of Lips,®' Jones,®” and Inoue® (Scheme 16). Lips silaimine 36 features rather peculiar
Siy-ring structure with an exocyclic Si=N double bond [5(*’Si) = —65.7 ppm, rsiy = 1.625(2) A], 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
[3(*°Si) = —48.0 ppm, r5iy = 1.502(2) A], and Inoue silaimine 38 features N-heterocyclic imino (NHI) and siloxy-substituents
at Si and silyl substituent at N [3(*°Si) = —50.1 ppm, rsiy = 1.573(2) A].

Phosphasilenes > Si=P— are known since 1987 when Bickelhaupt and coworkers reported synthesis of the first room temper-
ature stable phosphasilenes,®* followed by the first crystallographic authentication of the Si=P bond by Niecke in 1993.%” Since
2013, two stable phosphasilenes 39-40 were reported by Scheschkewitz and coworkers.®® Phosphasilene Tip,(Me,N)Si—(Tip)
Si=P—NMe, 39 was isolated as E/Z-isomeric mixture (E/Z = 95/5) upon the reaction of disilenide Tip,Si=Si(Tip)Li with
CIP(NMe,), followed by the isomerization of the initially formed Tip,Si=Si(Tip)[P(NMe,);] to 39.°°* Phosphasilene 39 revealed
characteristic low-field resonances for both P and Si atoms [for E-isomer: 3(*'P) = 344.8 ppm (‘Jp_s; = 186.5 Hz) and 5(*°Si) =
103.5 ppm ('Jsip = 186.5 Hz)| and typical for phosphasilenes short Si=P double bond [rs;p = 2.1187(7) A]. Calculation of the
Mulliken charges in the model 39 clearly shows “inverse” polarization of the Si®”=P°* bond: —0.095 (Si) and + 0.169 (P). React-
ing 39 with MesLi, Scheschkewitz and coworkers prepared P-mesityl-phosphasilene Tip,(Me,N)Si—(Tip)Si=P—Mes 40 isolated as
E/Z- mixture (E/Z = 84/16).°°" 40 exhibited the following spectral and structural features (for E-isomer): 3(*'P) = 234.4 ppm
(Mp—si = 193.9 Hz) and 3(*°Si) = 193.9 ppm, r5;p = 2.0923(6) A.

Arsasilenes > Si=As— were first synthesized®”*and subsequently structurally characterized®”" by Driess and coworkers in 1992
and 1995, respectively. Driess recently additionally contributed to the field by the synthesis of arsinidene-silylene complex 42 which
alternatively can be viewed as arsasilene (Scheme 17).%® 42 showed the following physico-chemical characteristics: 3(>°Si) =
65.9 ppm, 75i_as = 2.1661(6) A, and its Si—As 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=E— (E = heavy group 15 element)
derivatives, namely, by the reaction of their isolable 1,1-dilithiosilane derivative (‘BuyMeSi),SiLi, with the group 15 halides
Mes*EX, (E=P, As, Sb) (Scheme 18).%’ In such way, a series of isostructural phosphasilene (‘Bu;MeSi),;Si=P—Mes* 43, arsasi-
lene (‘BusMeSi),Si=As—Mes* 44, and stibasilene (‘BuyMeSi),Si=Sb—Mes* 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 Si’* = E*~ (E=
P—Sb) 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: 3(*°Si) = 201.2 ppm (for 43, doublet with 'Js;_p=171.3 Hz;
3(*'P) =389.3 ppm), 214.1 ppm (for 44), and 2152 ppm (for 45). In all 43-45, the Si=E (E=P—Sb) bond is:
(a) remarkably shortened [rsi_p = 2.1114(7) A (43), rsi—as = 2.2164(14) A (44), rsi_sp = 2.4146(7) A (45)]; (b) practically undis-
torted [43-45: Xg = 360.0° and 7 = 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 Is; — : 0.14 (s-bond) and 0.18
(m-bond) (for phosphasilene 43), 0.11 (o-bond) and 0.14 (m-bond) (for arsasilene 44), 0.07 (o-bond) and 0.06 (w-bond)
(for stibasilene 43). The frontier molecular orbitals of 43-45 are uniformly represented by the Si=E m-orbital (HOMO) and
m*-orbital (LUMO), respectively, whereas HOMO-1 is represented by the pnictogen lone pair n-orbital.

Among the germanium derivatives of the type >Ge=E— (E = group 15 element), the first reported were germaimines >Ge=
N—, synthesized and structurally characterized in 1991 by Meller and coworkers.’® Their heavier congeners, phosphagermenes
> Ge=P—, were prepared for the first time’'* and crystallographically identified’'® 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=As—. The first (and still the only) example of such compounds, arsagermene (‘Bu,MeSi),Ge=As—Mes* 46 was recently
synthesized by Lee, Sekiguchi and coworkers.’” 46 was readily available by the simple coupling of 1,1-dilithiogermane derivative
(‘BuyMeSi),GelLi, and Mes*AsF,. The Ge=As double bond in 46 is quite short [rge—as = 2.2727(8) A] and practically planar, like
the C=C bond in alkenes (¥, = 360.0° and tge—as = 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 (+0.08 and + 0.14, respectively), indicative of the very small polarization of the double bond in
accord with the relaxation of the natural polarity of the Ge? *=As’~ 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 (7v) and antibonding (7 *) 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=E— (E = group 15 element), only stannaimines >Sn=N-— and
phosphastannenes >Sn=P— are synthesized, with no examples of the isolable arsastannenes >Sn=As— and stibastannenes
>Sn=Sb— known to date. The first stannaimine [(Me3Si),N],Sn=N—Ar (Ar = 2,6-"Pr,-CsH3) was prepared by Meller group,’”
whereas the first phosphastannene [(Me3Si),CH],Sn=P—Mes* (Mes* = 2,4,6-Bu3-CgH,) was synthesized by Escudié and
coworkers.”* The latest report on the isolable phosphastannene 47, with rather unusual substituents at both Sn and P atoms,
came from Inoue group.”” 47 was prepared by the reaction of the precursor (stannylene-phosphinidene NHC complex) with
B(CgFs)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: 6(*'P) = —93.1 ppm [J(*'P-""7/"1"Sn) = 2919/3046 Hz] and 6(''’Sn) =
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152.2 ppm ['7(***Sn—>'P) = 3069 Hz]. The Sn=P double bond in 47 is planar (Zs, = 359.9°) and very short [2.3450(10) A],
being the shortest tin-phosphorus interatomic distance reported to date.

1.03.3.2.1.2.4 >E=E' (E = group 14 element, E' = 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=0, which are sometimes coined as “Kipping's dream”. Before 2013, there were several reports from Driess group on
the isolable organosilicon compounds featuring Si—O bond possessing some extent of the doubly bonded character, including sila-
noic ester’®® and NHC-supported silanone.”°”

Since 2013, several research groups closely approached the “silanone problem,” uniformly applying the reaction of the corre-
sponding stable silylenes with N,O as the synthetic method of choice. In 2015, Iwamoto group reported persistent cyclic dialkylsi-
lanone 48 [3(*’Sisi—o) = 128.7 ppm] that was stable in toluene solution below — 80 °C rapidly isomerizing at higher temperatures
(by the 1,3-migration of MesSi-group from C to O) to the corresponding siloxysilene (Scheme 20).””

In 2017, Kato and coworkers described several compounds which were classified as cyclic silanones, namely, (amino)(phospho-
nium bora-ylide)silanone 49°%* and its carbon analogue, (amino)(phosphonium-ylide)silanone 50°" (the latter is stable
below —50 °C) (Scheme 20). However, based on their peculiar spectral and structural features [3(*°Si) = 71.3/38.4 ppm and
rsico = 1.5432(12)/1.533(1) A, 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),’® 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-Rh'-metallic silanone 51, featuring their traditional tricyclic framework incorpo-
rating Rh atom [3(*°Si) = 81.5 ppm and 75;_o = 1.540(3) A] (Scheme 20).””

Filippou and coworkers also contributed to the stable silanone field by preparation of acyclic ionic metallasilanone 52 featuring
Cr(Cp*)(CO)3-fragment (Cp*=CsMes) as a rather unusual substituent at the sp>-Si atom [3(*Si) = 169.6 ppm, r5;—0 = 1.526(3)
A, Zg; = 359.9°] (Scheme 20).'°° According to DFT calculations, the Si—O bond in 52 is expectedly strongly polarized towards
oxygen [85% NBO density on O atom; NPA charges: +1.77 (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 Si*—0".

Inoue and his group made 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 sp?-Si atom [for R="Bu: §(*°Si) =
28.8 ppm, r5i0 = 1.537(3) A, Z5i=360.0°] (Scheme 20).'°" 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 o-donation from the
silyl substituent to the sp?-Si (Gsi—c — T*si—o, seen in LUMO +-4) for the overall stabilization of otherwise highly reactive Si=0
bond. On the other hand, such stabilization occurs at the expense of diminishing Si=0O 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=0O double bond (Scheme 20).'%*
54 does not feature coordination of any internal or external Lewis base or Lewis acid to its Si=0O double bond, thus lacking any
electronically perturbing - and w-conjugation stabilizing effects and therefore representing the first example of a genuine silanone.
For its Si=0 double bond, silanone 54 exhibited low-field °Si NMR chemical shift of 90.0 ppm, planar geometry around the sp>-Si
atom (Zs; = 360.0°), and exceptionally short Si=0 bond distance of 1.518(2) A, the shortest one among all >Si=0 derivatives
reported to date. DFT calculations of 54 revealed the HOMO-13, LUMO, and HOMO-8 as tsj—0, T *si=0, and the lone pair orbital
of the Osi—p atom. NPA analysis clearly disclosed the presence of a highly polar $i®*=0%" double bond in 54: +2.08 (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=0O 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.'®’ These achievements were followed by the report from Iwamoto,
Kira and coworkers on the synthesis of the stable dialkylsilane-thione, -selone, and -tellone.'®* No further progress has been made
to this field since 2013.

The first generation of the stabilized germanone > Ge=0 complexes, [NHC — germanone] and [DMAP — germanone]
(DMAP = 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),Ge=O0 (Eind = 1,1,3,3,5,5,7,7-octaethyl-s-hydrindacen-4-yl) 55 (Scheme 21).'°°

Germanone 55 is stabilized only kinetically by means 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=0 double bond features a trigonal-planar sp>-Ge atom (Z¢. = 359.8°) and a very short Ge=0 bond [rce—
0 = 1.6468(5) A]. As is typical for heavy ketones, the Ge=0 bond in 55 is highly polarized [NPA charges: +1.798 (Ge) and — 1.046
(O); WBI = 1.252], thus being better represented by a charge-separated, germylene oxide, resonance form (Eind),Ge"—O~ 55A,
rather than the charge-free, germanone, resonance extreme (Eind),Ge=0 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 = 2,4,6-[(MesSi),CH]3-CcH;),
Tbt(Tip) Ge=Se, and Tbt(Tip) Ge=Te/Tbt(Dis)Ge=Te [Dis=CH(SiMe3),]).'®” Since 2013, there is only one new report on the
stable germanethione, namely, (Eind),Ge=S 56, synthesized by Matsuo and coworkers by the reaction of stable germylene
(Eind),Ge: with elemental sulfur Sg, similar to the above case of germanone 55 (see Scheme 21).'%® Although germanethione
56 revealed structural features similar to those of the previously reported germanone 55'°° [trigonal-planar Ge (Z¢e = 360.0°)
and short Ge=S$ bond (rge—s = 2.0569(9) A)], its Ge? "=$°~ bond is remarkably less polarized compared to the Ge"™—0O~ bond
in germanone 55. This was evidenced by the accompanying computations on the Ge=S bond in 56, NPA charges: +1.336 (Ge)
and —0.613 (S) [vs. +1.821 (Ge) and —1.039 (O), in 55], WBI = 1.635 [vs. 1.263, in 55].

As for the tin containing derivatives of the type >Sn=E (E=0—Te), the lightest and most challenging stannanones >Sn=0 are
still unknown. The first stannanthione Tbt(Tip)Sn=S,'*** stannaneselone Tbt(Ar)Sn=Se [Ar = 2,6-(2-'Pr-C4H,),-C¢H3],'**"“ and
stannanetellone Bbt(Ar')Sn=Te [Bbt = 2,6-[(Me3Si),CH],-4-[(Me3Si)5C]-C¢Ha, Ar' = 2,6-(2,4-'Pr,-CH3),-CsHs),'%%¢ were all
prepared and characterized by Tokitoh and coworkers. No new compounds of the type >Sn=E (E=S—Te) 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=E—E=E < (E=Si, Ge)

The very first isolable tetrasilabuta-1,3-diene Tip,Si=(Tip)Si—Si(Tip)=SiTip,''** and tetragermabuta-1,3-diene Tip,Ge=(Tip)
Ge—Ge(Tip)=GeTip,' """ were reported by Weidenbruch in 1997 and 2000, respectively, uniformly prepared by the metalation
of the disilene Tip,Si=SiTip, or digermene Tip,Ge=GeTip, with metallic lithium followed by the reaction of intermediate vinyl-
lithium derivative [Tip,E=E(Tip)Li|] (E=Si, Ge) with MesBr.

Since 2013, a couple of other 1,3-diene derivatives were reported. The first one, tetragermacyclobutadiene Gey|EMind],
(EMind = 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."'" 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 (¢ = 15000), 510 (¢ = 7400), and 836 nm (& = 150). The Ge,4-ring has
a planar (sum of the internal bond angles = 360°) rhombic shape with Ge—Ge bonds = 2.430 A (av.). Two germanium atoms
exhibit sp”-like trigonal-planar geometry (X =360.0°), whereas the other two feature sp>-like pyramidal configuration
(¥ =334.0 and 327.7°, respectively) with the trans-bending of substituents at these germanium atoms (# = 37.9 and 40.6°, respec-
tively). Computational studies disclosed the Ge—Ge 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 Ge,-ring: two Ge atoms are only slightly positively charged
(+0.146 and +0.151), whereas the other two Ge atoms are strongly positively charged (+0.602 and +0.573). All these data suggest
the important contribution of the alternately charge-separated resonance form cyclo-[Ge"—Ge™ —Ge"—Ge ], 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 thombic-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 MesSi(Tip)Si=
Si(Tip)SiMes by its reduction with ‘BuOK generating potassium disilenide [MesSi(Tip)Si=Si(Tip)—K], which was subsequently
oxidized with 1,2-dibromoethane to form finally 58, MesSi(Tip)Si=Si(Tip)—Si(Tip)=Si(Tip)SiMe; ''* Both antiperiplanar (58,p)
and synclinal (58¢.) conformations of 58 were separately crystallized as the purple and red crystals, respectively. The Si=Si bonds
in 58,p (2.1599(12)-2.1755(12) A, for three independent molecules) are marginally longer than those of 584 (2.1592(7)/
2.1617(7) A), all being within the range of the typical Si=Si double bonds. The central Si—Si bond between the two Si=Si double
bonds is notably shorter in 58,, compared to that of 58 2.2801(12)-2.2862(11) A and 2.2902(2) A. These structural features
provide evidence for the better p-conjugation between the two Si=Si double bonds in 58,5. 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 MesSi(Tip)Si=Si(Tip)SiMe; (394 nm). Interestingly, 58 can be functionalized at its terminal Si atoms by the metal-
ation with ‘BuOK to generate intermediate tetrasilabutadienyl anion salt [Me3Si(Tip)Si=Si(Tip)—Si(Tip) = Si(Tip)—K] (stable
below —50 °C), which readily reacts with Et3SiCl at —50 °C forming novel unsymmetrically substituted tetrasiladiene Me3Si(-
Tip)Si=Si(Tip)—Si(Tip)=Si(Tip)—SiEts.

1.03.3.2.2.2 Heteronuclear derivatives >E=E'—E"=E""<(E, E’, E”, E”” = group 14 element)

The compounds of this type, featuring formally conjugated 1,3-diene moieties >E=EF'—C=C< (E, E'=Si, Ge), were first reported
by Lee and Sekiguchi in 2000,'"” followed by the report from Power group in 2004."'* In the first case,' '’ the >Si=Ge—C=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 one''* the >Ge=Ge—C=C < unit constituted a Ge,C,-cyclobutadiene scaffold.

The structural analogue of the above-described Power digermacyclobutadiene,''* namely, 1,2-Tbb-3,4-diphenyl-1,2-
digermacyclobutadiene (Tbb = 4-Bu-2,6-[(Me3Si),CH],-C¢H,) 59, was recently reported by Sasamori and coworkers, prepared
by the [2 4 2] cycloaddition of isolable digermyne ThbGe=GeTbb and diphenylacetylene.''> 59 featured nearly planar Ge,C,-
ring with the endocyclic Ge=Ge and C=C double bonds of 2.4160(5) and 1.362(5) A, respectively [Ge—C bond length:
2.022(2) A
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Two other recently reported examples of the title compounds were of the >C=Si—Si=C< types. The first one, cAAC=Si(Cl)
—Si(Cl)=CcAAC (cAAC: cydlic alkyl(amino) carbene, cyclo-[:C—CMe,—CH;—CMe,—N(2,6-"Pry-CgH3)]) 60, was synthesized by Roe-
sky and coworkers by the reduction of (cAAC: — SiCly) complex with KCg ''® The doubly bonded Si atoms in 60 resonated at
25.6 ppm, and both of them featured pyramidal configuration (£ = 325.3 and 328.0°). The Si=C and Si—Si bond lengths were
measured as 1.823(3)/1.826(3) A and 2.3058(13) A, the former being elongated compared with the standard Si=C double bonds
whereas the latter being shortened compared with the typical Si—Si single bonds. Although such structural peculiarities might be
explained by the partial conjugation within the C=S8i—Si=C diene system, the authors stated that the conjugation is not effective
because C—Si—Si—C 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(SiMe,'Bu)—Si(SiMe,'Bu)=Ad (Ad = 2-adamantylidene) 61, prepared by Iwamoto
and coworkers by the reaction of 1,2-dilithiodisilane (‘BuMe,Si),Si(Li)—Si(Li)(SiMe,Bu), with 2-adamantanone, exhibited signif-
icant interaction between the two Si=C units in solution."'” 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 296i and '3C 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=S8i—Si=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: £ = 359.8 and 360.0°, respectively. The Si=C bond of 1.748(2) A in 61 is notably
shorter than that in Roesky 1,3-diene 60, whereas the central Si—Si bond of 2.3149(13) A in 61 is marginally longer than that in 60.

The reaction of the above-described 1,2-digermacyclobutadiene 59''® with (Me;N)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)."'® Based on the structural data of its cyclic skeleton [rge—c = 1.921(3)/1.922(3) A,
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rc—c = 1.375(4) A, O, = 7.8°(trans), nonplanar SeGe,C, five-membered ring] and computational studies, the structure of 62 is
best described as a singlet (digerma)biradicaloid resonance form 62B whereas 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 “’Se 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=E'=E < (E, E’=C, Si, Ge, Sn)
The first compound of this type, namely, tristannaallene (‘BusSi),Sn=Sn==3Sn(Si'Bus),, was reported by Wiberg and coworkers in
1999.'"? Several years later (in 2003), a milestone trisilaallene R,Si=Si=SiR, was prepared by Kira’s group,'”°* followed by the
synthesis of its heavier homologues, trigermaallene R,Ge=Ge=GeR; and 1,3-digerma-2-silaallene R,Ge=Si=GeR;, and 2-
germa-1,3-disilaallene R,Si=Ge=SiR, (everywhere, R, = [cyclo-(—Si—C(SiMe3),—CH,;—CH,—C(SiMes)o—])).'*°

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.'”' 64 was
prepared by the exhaustive reductive dechlorination of tetrachloro-2,5-digerma-1-silacyclopentane with KCg (Scheme 24). The
SiGe,C,-ring in 64 is planar, and the Ge=Si bond lengths of 2.2681(18) and 2.2900(18) A are typical for the Ge=Si double bonds.
However, the 2°Si 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).12017 This points to a crucial contribution of
the [>Ge: — Si® « :Ge<] “silylone” resonance form of 64 featuring Si° character for its central silicon atom, caused by rather acute
Ge—Si—Ge bond angle (80.1°) as a result of Ge—Si—Ge unit incorporation into the rigid five-membered ring skeleton. This was
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further backed by computations which showed highly polarized Ge?*—Si?" bonds with clear charge separation (NPA
charges): —0.27 (for Si) and +0.90/+0.91 (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.'?” This was followed by the synthesis of the first stable 1-germaallene by the same
research group,'”?? and a new 1-silaallene by Pietschnig and coworkers.'**

As the recent development in the field, one can mention anionic lithium 1-silaallenolate [‘BuyMeSi(‘BuMe,Si)C=C=Si(Si-
Me'Bu,)OLi] 65 synthesized by Apeloig and coworkers by the reaction of ‘BuyMeSi(‘BuMe,Si)C=Si(SiMe'Bu,)Li with carbon
monoxide.'”” As is typical for allenes, the Si—C—C 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) A, 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 ‘BuyMeSi(‘BuMe,Si)C=C=Si(SiMe'Bu,)OSiMe3 [NMR chemical shifts (3): 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=E'=E"— (E, E’ = group 14 element, E’" = group 15 element)
Griitzmacher and coworkers were the first to report such derivative, stannaketenimine R,Sn=C=NMes [R = 2,4,6-(CF3)3-CcH;]|
which exists in equilibrium with the stannylene R,Sn: and isocyanide: C=NMes.'”® The first silaketenimines featuring true
> Si=C=N-— allenic character were synthesized by Kira and Iwamoto,'?” and this was followed by the report from Sekiguchi group
on the synthesis of bis(silaketenimine).'*®

Unusual silaketenimine anionic derivatives 66 were reported by Cui and coworkers.'”” Both 66a and 66b were uniformly
prepared from a masked lithiosilylene with isocyanides RNC: (R = 2,6-"Pr,-CsH3s, 1-adamantyl) (Scheme 25). The allenic atoms
resonated at very high-field for silicon nucleus reflecting its negatively-charged nature [5(?°Si) = —144.0/—162.4 ppm], and at
very low-field for carbon nucleus [3(**C) = +235.7/+227.0 ppm]|. The Si=C and C=N bonds in 66a,b were relatively short
and relatively long: 1.725(4)/1.730(2) A and 1.285(4)/1.279(3) A, respectively. The Si—C—N 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 B—Si=C=N-—R.

Allenic systems with phosphorus atoms of the type > E=C=P— (E=Si, Ge, As) were all prepared by Escudié and coworkers by
dehalogenation of the corresponding precursors: phosphasilaallene Tip(Ph)Si=C=PMes* (Mes* = 2,4,6-'Bu3-C¢H,) stable
below —30 °C,'*** phosphagermaallene Tip(‘Bu)Ge=C=PMes* stable at room temperature,'*°> and arsagermaallene Tip(‘Bu)
Ge=C=AsMes* also stable at room temperature.'*°“ 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=S8i=0,"’" 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 R,C=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 R,E=F': (E, E' = 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 Tip,Si=Ge:(«+ NHC) (NHC = 1,3-diisopropyl-4,5-dimethylimidazol-2-
ylidene) 67 prepared by the co-reduction of Tip,SiCl, and NHC — GeCl, complex with lithium naphthalenide.'*? The sp®-Si center
of 67 is expectedly deshielded [3(*°Si) = 158.9 ppm]|, the Si=Ge bond is short [rs;—ce = 2.2521(5) A] well-fitting within the range
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of the typical silagermenes, and the Si atom has planar configuration (X = 359.8°). The Si=Ge bond is nearly undistorted
(t = 3.1°) thus allowing for an effective p.—p orbital overlap, and the NHC-ligand coordinates to Ge center in nearly orthogonal
manner (Cypc—Ge—Si bond angle = 98.9°) to maximize their njone pair NHC—PGe OTbital interaction. Following their original report,
the same group subsequently synthesized another NHC-stabilized silagermenylidene Tip,CISi—(Tip)Si=Ge:( <« NHC)
(NHC = 1,3-diisopropyl-4,5-dimethylimidazol-2-ylidene) 68."*” Being structurally similar to 67, 68 manifested spectral and struc-
tural characteristics that were reminiscent to those of 67, namely: 8(*°Si) = 162.5 ppm, rsi—ge = 2.2757(10) A, Cnpc—Ge—Si bond
angle = 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 = 1,3-bis(2,6-diisopropylphenyl)imidazoline-2-ylidene) 69 was prepared by the reduction of NHC-
stabilized bromo(silyl)silylene Tbb(Br,)Si—(Br)Si:(«+ NHC) with KCg '** The sp*-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 Cypc—Si—Si bond
angle = 97.6°. The Si=Si bond in 69 of 2.167(2) A was very short corroborating the presence of the genuine double bond, which
was further supported by the NBO and NRT calculations (Si=Si: WBI = 1.79, NRT bond order = 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 Cl,Si:(«+ NHC) with
LiP(Mes*)SiMes (Mes* = 2,4,6-"Bus-CgH,)."*® 70 displayed structural features that are typical for vinylidene systems, namely: short
rsi—p bond of 2.1188(7) A that is typical for phosphasilenes, acute Cypc—Si—P 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 'J(?°Si—>'P) 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 Si—P
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 = 1,3-di-tert-butylimidazol-2-ylidene) with metallic sodium
(Scheme 26)."*° The doubly bonded Si atoms resonated at 160.8 and 65.0 ppm, for the tricoordinate silicon and NHC-
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coordinated terminal silicon nuclei, respectively. As is typical for disilavinylidenes, the Si=Si bond in 71 is short [rs—
si = 2.1787(8) A], tricoordinate silicon has a planar geometry (£ = 359.7°), and Si=Si bond is only slightly twisted (t = 7.2°).
Interestingly, when 71 was treated with N,O followed by B(CsFs)3, unique disilaacetolactone 72 was formed in which the Si=
O bond is push-pull coordinated to NHC (for Si) and B(CgFs)3 (for O) (Scheme 26)."°°

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).'>”

Digermavinylidene 73 was synthesized by the reaction of the NHC-stabilized boryl(chloro)germylene with K or KCg followed by
the oxidation of the intermediate dianionic species by [Ph3C][B(C¢Fs)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) A 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 -
systems of each of the boryl substituent and the vacant in-plane w-orbital at the one-coordinate Ge atom. The HOMO of 73 is rep-
resented by the Ge—Ge m-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 7-7t* electronic transition.

Another digermavinylidene 74 was very recently reported by Wesemann and coworkers. ® 74 was available by the reduction of
intramolecularly phosphine-stabilized chloro(germyl)germylene with [(**Nacnac)Mg], (M*Nacnac = {[(2,4,6—Me3;—CsH>)
N—(Me)C],CH} ) or metallic sodium (Scheme 28). The Ge=Ge bond of 2.3060(2) A 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 (£ = 358.8°). Formulation of the germanium-
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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 7t- and 7t *-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, Ge°. As such, digermavi-
nylidene 74 can serve as a source for a single Ge® 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 — 8i°=S8i® <« NHC] (NHC = 1,3-(2,6-"Pr,-CH3),-imidazol-2-ylidene)."** This breakthrough was quickly followed by
the synthesis of its heavier analogues, [NHC — Ge®=Ge® « NHC] (NHC = 1,3-(2,6-"Pr,-CgH3),-imidazol-2-ylidene or 1,3-
(2,4,6—Me3—CgH,),-imidazol-2-ylidene) and [NHC — Sn°=Sn° « NHC| (NHC = 1,3-(2,6—iPr2—CGH3)z—imidazol-2—ylidene),
by Jones and coworkers. *°

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 NHSi—GeCl, complex with KCg (Scheme 29).'*" NHSi-ligands
in 75 coordinate to the: Ge=Ge: moiety almost perpendicularly (Si—Ge—Ge bond angle 92.0°), and the Ge=Ge bond of
2.3518(16) A is still in the range of the typical Ge=Ge double bonds in digermenes. In contrast to the above-described
[NHC — Ge°=Ge® « NHC]|,'"°* 75 features p-back-bonding interaction of the Ge=Ge 7-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.
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1.03.3.3 Triply bonded derivatives

1.03.3.3.1 Homonuclear derivatives —E=E— (E=Si, Ge, Sn, Pb)

1.03.3.3.1.1 Disilynes —Si=Si—

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 R—Si=Si—R among the greatest challenges for silicon chemists in their seminal
review.'*> However, it took more than a decade when the first isolable disilynes R3Si—Si=Si—SiR3 were independently reported
by Wiberg (R3Si=SiMe(Si'Bus),)'*® and Sekiguchi (R3Si=Si'Pr[CH(SiMe3),],)"** groups in 2004. These historical achievements
were followed by the subsequent synthesis of a couple of other stable disilynes, unsymmetrically substituted bis(silyl)disilyne
R3Si—Si=Si—SiR’3 (R3Si=Si'Pr[CH(SiMes),],, R'38i=Si(CH,Bu)[CH(SiMes),])'** by Sekiguchi and coworkers and diaryldisi-
lyne Bbt—Si=Si—Bbt (Bbt = 2,6-[(Me3Si),CH],-4-[(Me3Si)3C]-CsH,)'*° 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 R—Si=Si—R [R=C(SiMe3),(CH,'Bu)] 76.'*" As is uniform for disilynes, 76 was
prepared by the exhaustive dehalogenation of the tetrabromodisilane precursor R—SiBr,—SiBr,—R with KCg. 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 ppm'** and 62.6/
106.3 ppm'*°) but at lower field than to that in diaryldisilyne (18.7 ppm).'*® The Si=Si triple bond in 75 of 2.0863(13) A is
in-between those of bis(silyl)disilynes (2.0622(9) A'®®> and 2.0569(12) A'*") and diaryldisilyne (2.108(5) A’°). The trans-bent
angle C—Si=Si in 76 of 132.1° is again intermediate between those of bis(silyl)disilynes (137.4°'** and 137.9/138.8°'**) and dia-
ryldisilyne (133.0°'%°).

The second diaryldisilyne Tbb—Si=Si—Tbb (Tbb = 2,6-[(Me3Si),CH],-4-Bu-CgH,) 77 was synthesized by Sasamori and
coworkers by the reduction of 1,2-dibromodisilene precursor (E)-Tbb(Br)Si=Si(Br)Tbb with KCg '*® 77 manifested spectral and
structural features that are typical for disilynes, namely: 2°Si NMR resonance at 16.2 ppm, short Si=Si bond of 2.1050(15) A,
and a notable trans-bending angle C,y1—Si=Si of 131.4°.

An interesting three-membered ring MgSi, 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.'*? 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
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bond of 2.223(17) A in 78 is also in line with its formulation as a double bond, and both Si atoms have nearly planar geometry
(£ =355.7 and 359.9°). The dianionic character of the Si,-core in 78 was further confirmed by the NPA charge calculations: —0.61
and —0.63 (for Si atoms) and +1.59 (for Mg atom).

1.03.3.3.1.2 Digermyne —Ge=Ge—

The first isolable digermyne Ar—Ge=Ge—Ar [Ar = 2,6-(2,6-"Pr,-CgH3),-CsH3] was reported by Power group in 2002,'*° and this
was followed by the synthesis of another stable diaryldigermyne Bbt—Ge=Ge—Bbt (Bbt = 2,6-[(Me3Si),CH],-4-[(Me3Si);C]-
CgH;) by Tokitoh and coworkers.'”!

A couple of other stable digermynes were reported since 2013. The first one, bis(amido)digermyne R—Ge=Ge—R {R = N(Si'Pr3)
[2,6-(CHPh,),-4-"Pr-CsH, |} 79, was synthesized by Jones and coworkers by the reduction of the monomeric germylene R(CI)Ge:
with [(M**Nacnac)Mg],.'>” However, given the Ge—Ge bond distance of 2.3568(3) A in 79 that is much longer than those of previ-
ously reported diaryldigermynes (2.2850(6) A'*° and 2.2060(7)/2.2260(7) A'*"), 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 = 1.75),'*” rather than a digermyne one.

By contrast, triply bonded constitution of another digermyne Tbb—Ge=Ge—Tbb (Tbb = 2,6-[(Me3Si),CH],-4-Bu-CsH,) 80
prepared by the reduction of 1,2-dibromodigermene (E)-Tbb(Br)Ge=Ge(Br)Tbb with KCg as reported by Sasamori, Tokitoh
and coworkers, was firmly established.'”® 80 has short Ge=Ge bond of 2.2410(9)/2.2221(9) A and trans-bent Caryl—Ge—Ge angle
of 130.5/130.7°.

1.03.3.3.1.3 Distannyne —Sn=Sn—
The first stable distannyne Ar—Sn=Sn—Ar [Ar = 2,6-(2,6-"Pr,-CH3)-CsH3]'>* was reported by Power group in the same year 2002,
when the first digermyne was reported by the same group.'” Since then, several bis(amido)-substituted ditin derivatives were
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claimed as distannynes.'”> However, again, based on their exceptionally long Sn—Sn separations of 3.1429(7) A'*°* and 3.0638(7)
AP (cf: 2.6675(4) A in Power distannyne'**), 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 Ar—Sn=Sn—Ar [Ar = 2,6-(2,4,6-Bu3-CsH,),-CsH3] 81
prepared by the standard procedure, namely, by the reduction of the corresponding chlorostannylene Ar(Cl)Sn: with KCg '*°
The Sn=5Sn bond in 81 is short (2.7621(6) A) although being the longest one observed in distannynes, and the Cary—Sn—Sn
trans-bending angle is narrow (119.1/119.8°) being comparable to that in the first Power distannyne (125.2°)."°* No solution
'198n 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 —Pb=Pb—

The first diplumbyne Ar—Pb=Pb—Ar [Ar = 2,6-(2,4,6-'Pr3-C¢H,)-CsH3|, which was actually the very first example of the formal
heavy group 14 element alkyne analogues, was reported by Power and coworkers in 2000."°” However, given its peculiar structural
features (very long Pb—Pb separation of 3.1881(1) A and nearly orthogonal arrangement of the aryl substituents in relation to the
Pb—Pb bond with the C,1—Pb—Pb bond angle of 94.3°), the compound was formulated as the trans-bent singly bonded diplum-
bylene Ar—Pb:—Pb:—Ar, rather than the triply bonded diplumbyne Ar—Pb=Pb—Ar.

Very recently, Power group reported a series of novel “diplumbynes” ArPbPbAr [Ar = 2,6-(2,6-Pr,-CgH3),-CgHs, 2,6-(2,4,6-Prs-
CsHa),-3,5-"Pry-CH, 2,6-(2,4,6-Bus-CsHa),-CsHs, 2,6-(2,6-Pry-CsH3),-4-SiMes-CgH,].'”® These compounds were prepared by
the reduction of aryl(bromo)plumbylene dimers {Ar(m-Br)Pb:}, with (‘Bu,AlH), forming intermediate hydrides [{Ar(H)Pb:}],
which subsequently eliminate H, thus forming ArPbPbAr, or alternatively by the reduction of [Ar(m-Br)Pb:], with [(***Nacnac)
Mg],. All diplumbynes (except for the one with the bulkiest Ar substituent, 2,6-(2,4,6-"Pr3-CsHj,),-3,5-Pry-CsH) are unstable,
surviving only at the temperatures as low as —20 °C/—30 °C. The Pb—Pb separation in these diplumbynes was in the range
3.0382(6)-3.2439(9) A, with the shorter bonds being still notably longer than the typical Pb—Pb single bonds in diplumbanes
but rather comparable to the Pb=Pb double bonds in diplumbenes. The trans-bending angles C,y1—Pb—Pb were in the range
95.2-116.0°.

1.03.3.3.2 Heteronuclear derivatives —E=C— and —E=P
Heteronuclear heavy alkyne analogues featuring different group 14 elements of the type —E=E'— (E, E'==C—Pb) 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 silyne —Si