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Preface

The chalcogen elements sulfur, selenium, and tellurium play a central role in both
inorganic and organic chemistry. Sulfur chemistry, in particular, is very extensive
and the element has a major impact on modern chemical industry. By contrast,
selenium and tellurium research has seen slower progress possibly due to lack of
suitable reagents. During recent decades, however, significant advances have been
made also in the chemistry of these elements.

One of the objectives in fundamental research in chemistry is to understand the
relationships between the molecular and electronic structures of the compounds and
to correlate them with the properties observed in the bulk materials. This is also
reflected in research on the preparation, structures, and chemical properties of
compounds of heavy chalcogen elements selenium and tellurium, many of which
currently find utility as versatile reagents both in inorganic and organic syntheses.
They are also useful as electric conductors, semiconductors, or insulators and find
applications, for instance, in photovoltaic cells and infrared sensors. Their use as
catalysts, polymers, and thin films all play a significant role in the currentmain group
chemistry research as well as in the modern technological society. The design of new
synthetic strategies is instrumental to this progress.

Although several selenium and tellurium species are similar to the analogous
sulfur compounds, there are often also very pronounced differences. The decreasing
propensity of the elements to engage inmultiple bonding and the increasing strength
of the hypervalent and secondary bonding interactions, when going down Group 16,
have a profound effect on the material properties. Understanding the trends in the
electronic structures and their relationship with both molecular structures and the
intermolecular interactions naturally has an impact in designing strategies for synth-
esis of new compounds and in the fabrication of novel materials. The current volume
emphasizes the development of synthetic methods in selenium and tellurium chem-
istry. Structural, spectroscopic, and bonding properties of chalcogens have recently
been reviewed several times and are treated elsewhere.

The field of synthetic chalcogen chemistry is vast and it is possible to cover only
the tip of the ice berg in one volume. While some basic features in the chemical
properties of the heavy chalcogen elements need to be described and reviewed, the
emphasis of this treatise is on recent developments. Elemental selenium and tell-
urium, the alkali metal and some organyl selenides, tellurides, diselenides, and
ditellurides, as well as selenium and tellurium dioxide, tetrachloride, -bromide,
and -iodide are commercially available. Ultimately, both selenium and tellurium
can be introduced into any reaction system starting from the elements. The main
routes for their reactivity are considered in Chapter 1. Selenium and tellurium
halogenides are also versatile reagents in various areas of both inorganic and organic
chemistry and are discussed in Chapter 2. Selenium- and tellurium-oxygen species
are considered in Chapter 3, chalcogen-nitrogen chemistry in Chapter 4, and
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chalcogen-phosphorus chemistry in Chapter 5. Chapter 6 summarizes the synthetic
methods in the preparation of cyclic heavy chalcogenoureas featuring heterocyclic
cores and explores their diverse coordination chemistry with p- and d-block metals.
The organic chemistry of chalcogen compounds with electrophiles is described in
Chapter 7, and the development of the chemistry of species containing the chalcogen-
hydrogen bonds in Chapter 8. The reduction of the Se-Se or Se-halogen bonds
mediated by elemental zinc is particularly attractive for the simplicity and the
efficiency of the protocols. This chemistry and its applications are discussed in
Chapter 9. The use of reagents containing bonds between Group 14 elements and
selenium or tellurium for the self-assembly of polynuclear metal-chalcogen com-
pounds is covered in Chapter 10. The materials aspects of selenium and tellurium
chemistry are discussed in Chapter 11, which comprises the synthesis of transition-,
main group and f-block metal chalcogenolate and/or chalcogenide clusters as pre-
cursors for the metal chalcogenide thin films and nanostructures.

We would like to thank all authors of this book for their contributions. We are
especially indebted to Prof. Tristram Chivers for helpful discussions. In addition to
contributing to this volume, he provided usmany insights for the form and content of
this book. Several people inWalther de Gruyter also gave us invaluable help. Dr. Oleg
Lebedev was the originator of the idea for this book. He, and Drs. Lena Stoll, Jana
Habermann, Holger Kleessen, Ria Fritz, and Frauke Schafft supported us by provid-
ing advice for many technical problems in different phases of this project and have
guided the book through the publication process.

October 2018, Oulu
Risto Laitinen and Raija Oilunkaniemi
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Risto S. Laitinen, Raija Oilunkaniemi and Tristram Chivers

1 Introduction of selenium and tellurium into
reaction systems

Abstract: The introduction of selenium and tellurium into both organic and inorganic
compounds frequently begins with the elements. This chapter provides an overview
of the main reactivity of the hexagonal allotropes of selenium and tellurium, which
are the most stable form of the elements under ambient conditions. While the two
elements have very similar chemical properties, there are also notable differences.
Upon reduction, both elements form mono- and poly-chalcogenides, which are
useful nucleophilic reagents in several reactions. The elements also react with
many main group compounds as well as with transition metal complexes. They
also form homopolyatomic cations upon oxidation. Both selenium and tellurium
react with Grignard reagents and organyllithium compounds affording organylchal-
cogenolates, which upon oxidation form dichalcogenides that are themselves useful
reagents in organic synthetic chemistry as well as in materials applications. This
chapter provides a short introduction to the various topics that will be developed
further in the subsequent chapters of this book.

Keywords: elemental selenium, elemental tellurium, selenides, tellurides, polysele-
nides, polytellurides, organyl selenolates, organyl tellurolates, homopolyselenium
cations, homopolytellurium cations

1.1 Introduction

The use of selenium and tellurium compounds in diverse applications has grown
significantly during the past decades. Consequently, chalcogen chemistry has been
reviewed several times during the last 20 years, as exemplified by a selection of
review articles [1–6] and books [3–12], which describe recent advances in synthetic
inorganic and organic chalcogen chemistry, as well as in more applied areas such as
medicinal chemistry andmaterials science. The current monograph is an overview of
this progress and discusses the use of different classes of selenium and tellurium
compounds as reagents.

The preparation of selenium and tellurium compounds generally involves simple
molecular species such as the elements, inorganic or organic chalcogenides and
polychalcogenides, selenium and tellurium halogenides, selenium and tellurium

This article has previously been published in the journal Physical Sciences Reviews. Please cite as:
Laitinen, R. S., Oilunkaniemi, R., Chivers, T. Introduction of selenium and tellurium into reaction
systems. Physical Sciences Reviews [Online] 2018 DOI: 10.1515/psr-2018-0059
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oxides, as well as organyl phosphine selenides and tellurides. These classes are
treated in detail in the subsequent chapters of this monograph. In this chapter, the
introduction of commercially available selenium and tellurium into the reaction
system is considered. The first step in many reactions of selenium and tellurium is
the reduction of the elements to form anionic selenides and tellurides, which are the
actual reagents.

Alkyl or aryl selenides, tellurides, diselenides, and ditellurides are also common
starting materials in many organic syntheses. While many of them are commercially
available, they can also be conveniently prepared from the elements. The dimer PhPSe
(μ-Se)2P(Ph)Se, which is known as Woollins’ reagent, is also commercially available.
This P-Se compound is proving to be an important source of selenium in a wide range
of synthetic applications. Its chemistry is discussed in detail in Chapter 5.

1.2 Elemental selenium

1.2.1 General

Some reactions of elemental selenium are summarized in Figure 1.1. Many of the
products are themselves useful reagents in further syntheses. Special examples have
been discussed in the appropriate chapters of this monograph.

Dip

Dip

Dip

Dip

N N

N N

Se-Se

Se-Se
B BSe

Dip = 2,6-diisopropylphenyl
Sex

2-

″LiAIHSeH″
tBu

tBu

Ph
N

N(SiMe3)2

SeN M2Sex
(M = alkali metal)

Se2Cl2

Se2Br2
SeBr2

SeX2
(X = Cl, Br)SenS8-n

Se4
2+,Se8

2+

SePR3

RSe-

(i) (ii)

(iii)

(iv)

(v)

(vi)
(vii)

(viii)

(ix)

(x)

(xi)

(xii)

Se
,

Si

Figure 1.1: Some reactions of elemental selenium. (i) M/NH3(l) (M = Li, Na, K), Na[BH4], or Li[AlEt3H],
(ii) Li[AlH4], (iii) M2Se (M = alkali metal), (iv) SeCl4, (v) Br2, (vi) SO2X2/THF (X = Cl, Br), (vii) S8, (viii)
AsF5/SO2(l) or SbCl5/SO2(l), (ix) PR3 (R = alkyl or aryl), (x) RMgBr/THF or RLi/THF (R = alkyl or aryl), (xi)
PhC(NtBu)2Si[N(SiMe3)2]/THF, (xii) {[N(Dip)2]2(CH)2CB}2/C6H6.
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1.2.2 Anionic selenides and their derivatives

Selenides and polyselenide anions are useful nucleophiles in synthetic applica-
tions. Alkali metal and alkaline earth metal chalcogenides are commonly prepared
bymixing the elements at high temperatures, by the reaction of chalcogen elements
and alkali-metal carbonates in solution, by solvothermal reactions, and by oxida-
tion–reduction reactions involving Lewis acids [13, 14]. The alkali metal or alkaline
earth metal selenides and tellurides thus formed can serve as reagents for the
preparation of transition-metal or main-group element chalcogenides. A large
organic cation or an encapsulating agent such as the crown-ether complex of an
alkali-metal cation may stabilize the otherwise unstable anions.

Lithium, sodium, and potassium selenides and diselenides have traditionally
been prepared by dissolving the chalcogen elements and the alkali metals in
appropriate molar ratios in liquid ammonia. The early work by Bergström [15] and
Klemm et al. [16], as well as that by Brandsma and Wijers [17], has been followed
and developed by numerous studies, as exemplified by Müller et al. [18],
Björgvinsson and Schrobilgen [19], and Colombara et al. [20]. Thiele et al. [21]
have recently reviewed the preparation, structures, and properties of different
classes of polyselenides, which have been stabilized by use of bulky cations.

In addition to alkali metals, polyselenides can be produced in liquid ammonia or
in methylamine by other less-noble metals such as Mn and Fe to afford [Mn(NH3)6]
Se3, [Mn(NH3)6]Se4, [M(NH3)6]Se6 (M = Mn, Fe) and disordered phases [Mn(NH2Me)6]
(S5)0.15(Se2.43S1.57)0.85 and [Mn(NH3)6](Se2.29S2.71) [22].

Sandman et al. [23] have shown that alkali-metal selenides can also be pro-
duced upon reduction of selenium by elemental alkali metals in high-boiling polar
aprotic solvents. This concept has been developed by Thompson and Boudjouk
[24], who have demonstrated that lithium, sodium, and potassium selenides and
diselenides can conveniently be also prepared in THF by use of ultrasound and in
the presence of small amounts of a charge-transfer agent such as naphthalene. The
electrochemical reduction of selenium powder in aprotic media such as acetoni-
trile or THF also provides an effective method to synthesize Se2- and Se2

2- selec-
tively [25, 26].

Elemental selenium can also conveniently be reduced by using lithium tetrahy-
dridoaluminate [27], sodium tetrahydridoborate [28], or lithium triethylhydridobo-
rate [29]. The reaction with lithium tetrahydridoaluminate (“lithium aluminium
hydride”) has been reported to afford an intermediate product “LiAlHSeH”, which
can be used in situ to produce a wide variety of organic selenoethers and selenones
[27]. This reagent is described in more detail in Chapter 8.

Since the distribution of the products in the reduction of elemental seleniumwith
sodium tetrahydridoborate seemed to be sensitive to experimental conditions, Cusic
and Dance [30] and Marques de Oliveira et al. [31] have studied the reaction in detail
using 77Se NMR (nuclear magentic resonance) spectroscopy. Since HSe- and Se2-

1.2 Elemental selenium 3



co-exist in fast equilibrium, there is no NMR evidence for the presence of Se2-.
Similarly, no resonance attributable to Se2

2- has been observed. By contrast, the
presence of polyselenide anions Sex

2- (x = 3–6) is clearly evident in solution, as
indicated in Figure 1.2 by the 77Se NMR spectrum of a reaction mixture recorded in
DMF (dimethylformamide) [30]. These observations are consistent with the detailed
77Se NMR study of Björgvinsson and Schrobligen in liquid ammonia and ethylene-
diamine [19] and with the ESI (electrospray ionization) mass spectrometric study of
the polyselenide speciation by Raymond et al. [32].

Klayman and Griffin [28] and Marques de Oliveira et al. [31] have shown that the
treatment of Sex

2- solutions with organyl halogenides with careful control of the
reaction stoichiometry produces organyl selenides and diselenides in high purity.
The solvothermal synthesis of CuInSe2 also involves Sex

2-, which has been produced
by the reduction of selenium with NaBH4 [33].

The reduction of selenium by lithium triethylhydridoborate (“superhydride”)
also results in the formation of a mixture of polyselenides Sex

2- [29]. The distribution
of polyselenide anions is dependent on the molar ratio of selenium and the reducing
agent. The treatment of the anions with [TiCp2Cl2] affords [TiCp2Se5] [34–36] or
dinuclear [TiCp2(μ-Se2)2TiCp2] [Cp = cyclopentadienyl ligand C5H5

- or its alkyl-sub-
stituted derivatives] [37].

Both [TiCp2Se5] and [TiCp2(μ-Se2)2TiCp2] are useful reagents for the prepara-
tion of homo- and heterocyclic chalcogen rings by the reaction with Se2Cl2 or
SeCl2 [38, 39] [see eqs. (1.1) and (1.2)]. These reactions are similar to those of

(a)

(b)

600 500 400 300
δ (ppm)

δ (ppm)

200 100

900 600 500 400 300 200 100

Figure 1.2: 77Se NMR resonances of (a) Se3
2- and Se4

2-

and (b) Se5
2- and Se6

2-. All spectra have been recorded
in DMF [30]. Adapted from Cusick J, Dance I. The
characterization of [HSe]- and [Sex]

2- ions by 77Se
NMR. Polyhedron 1991, 10, 2629–2640. Copyright
1991 Elsevier Ltd.
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[TiCp2S5] and SnCl2, which afford a large number of homocyclic sulfur ring
molecules Sn+5 (for reviews, see Refs. [40–42]). The hybrid reactions of [TiCp2S5]
or [TiCp2(μ-S2)nTiCp2] (n = 2, 3) with Se2Cl2 [37] and those of [TiCp2Se5] or [TiCp2
(μ-Se2)2TiCp2] with SnCl2 (n = 1, 2) [37, 43, 44] afford heterocyclic selenium sulfides,
as do the reactions of [TiCp2SenS5-n] mixtures with sulfur or selenium chlorides [44,
45].

TiCp2Se5½ � + SenCl2 ! Se5+ n + TiCp2Cl2½ � (1:1)

½TiCp2ððμ– Se2Þ2TiCp2�+ 2 SenCl2 ! Se4+ 2n + 2 TiCp2Cl2½ � n= 1, 2ð Þ (1:2)

An intriguing application of the reduction of elemental selenium by lithium
triethylhydridoborate involves the reaction of the reduction product with acyl
chlorides or carboxylic acids followed by treatment with sugar azides [46] (see
Figure 1.3). A new amide bond is formed, and elemental selenium is recovered for
further use.

Elemental selenium can also be reduced to Se2- in aqueous alkaline solution [47],
though it was reported that the yield of the Se2- ion is only moderate owing to
disproportionation [see eq. (1.3)]. When tin(II) chloride was added to the basic
media, the yield was significantly improved. It has been deduced that tin(II) oxide
was de facto the reducing agent. However, when selenium powder was irradiated in
the microwave oven in an NaOH solution and subsequently treated with CuSO4

.5H2O,
bulk Cu5Se4 could be precipitated from the solution [48].

_ +

= carbohydrate

O

O O
O

X

SeLi Se N N
NN_

= aryl, alkyl

H

new amide bond

Figure 1.3: The preparation of sugar-derived amides by reduction of elemental selenium with lithium
triethylhydridoaluminate followed by a reaction with an acyl chloride [46]. Reproduced with per-
mission from Silva L, Affeldt RF, Lüdtke DS. Synthesis of glycosyl amides using selenocarboxylates as
traceless reagents for amide bond formation.J Org Chem 2016, 81, 5464–5473. Copyright 2016
American Chemical Society.
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3 X + 6 MOH ! 2 M2X + M2XO3 + 3 H2O (1:3)

A direct in situ reduction of selenium using aqueous DMF or sodium formaldehyde-
sulfoxylate followed by the reaction with lead acetate afforded PbSe powder [49].
NiSe2 has been prepared by mixing metallic nickel and elemental selenium in
mercaptoethanol at room temperature for a prolonged period, resulting in a rust-
coloured solution, which upon annealing at 350 °C under a nitrogen atmosphere
produced the phase-pure product [50]. The material is an efficient hydrogen evolu-
tion reaction catalyst. The reaction of selenium or tellurium and iron(II) bromide in
octane-9-enylamine (“oleylamine”) at 170 °C resulted in the formation of FeE2 (E = Se,
Te) nanocrystals [51]. The amine acted as a solvent and as a reducing agent for the
chalcogen. The iron dichalcogenides have attractive electronic properties and can
have utility in different device applications.

Hydrazine can also be utilized in the reduction of selenium and tellurium [47,
52]. The concurrent treatment of the solution with silver nitrate yielded Ag2Se
nanowires [52].

1.2.3 Selenium halogenides

Elemental selenium can conveniently be converted into Se2Cl2 or Se2Br2 by
mixing the element with SeCl4 or Br2, respectively, in a suitable stoichiometric
ratio [53, 54]. The reaction with SO2X2 (X = Cl, Br) in THF affords SeX2 [55]. A
more detailed description of selenium halogenides in synthetic applications is
presented in Chapter 2.

1.2.4 Heterocyclic selenium sulfides

Crystalline solid solutions of selenium sulfides SenS8-n can be produced by melting
the elements in vacuo, quenching the molten mixtures, and extracting the quenched
melt with CS2 followed by crystallization [41]. The composition of the products has
been established by 77Se NMR spectroscopy [56] (see Figure 1.4).

It was deduced that the main components in the CS2 solutions of the crystalline
phases extracted from quenched molten mixtures of sulfur and selenium are
sulfur-rich SeS7 and 1,2-Se2S6 ring molecules even in mixtures of high initial
selenium content [56]. Other identified main species are 1,2,3-Se3S5, 1,2,3,4-Se4S4,
1,2,3,4,5-Se5S3, 1,2,3,4,5,6-Se6S2, and Se8, in which the number of homonuclear
bonds is maximized.
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726 680 670 662 654 642

620 600 592 580 560
ppm

Figure 1.4: 77Se NMR spectrum of the CS2 solution of quenched sulfur–selenium melt involving
77Se-enriched selenium (enrichment 92%) [56, 57]. The selenium content in the molten mixture of
sulfur and selenium is 30 mol% of selenium. The resonances from different individual SenS8-n

species have been shown in different colours. The closed circles indicate selenium atoms and the
empty corners sulfur atoms. Reproduced with permission from Laitinen RS, Oilunkaniemi R.
Catenated compounds group 16 (Se, Te). In Poeppelmeier, K, Reedijk J. Eds. Comprehensive Inorganic
Chemistry II, 2nd Ed., Elsevier, Amsterdam 2013, pp. 197–231. Copyright 2013 Elsevier SA.
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1.2.5 Homopolyatomic selenium cations

Elemental selenium can be oxidized to homopolyatomic cations in super acidic media,
in acidic melts, and in liquid SO2 [1, 58]. Suitable oxidizing agents are AlCl3, AsF5,
SbCl5, BiCl5, and transition metal halogenides OsF6, IrF6, PtF6, VCl6, ZrCl6, HfCl6,
NbCl6, TaCl6, and WX6, ReX6 (X = F, Cl). In addition, VOCl3, NbOCl3, and WOCl4 can
also be used as oxidizing agents. Recently, the selenium cations have also been
prepared using chemical vapour transport techniques [59] and ionic liquids [58]. The
known homopolyselenium cations include Se4

2+, Se8
2+, and Se10

2+, but no applications
of these species in synthesis have been reported.

1.2.6 Triorganylphospine selenides

Selenium and organic polyselenides react with phosphines yielding phosphine sele-
nides R3PSe. The reaction with phosphines is often used for abstracting selenium
atoms from a polyselenium chain, as exemplified by the formation of [TiCp2(μ-
Se2)2TiCp2] from [TiCp2Se5] [37] [eq. (1.4)].

2 TiCp2Se5½ �+6 Ph3P ! ½TiCp2ðμ– Se2Þ2TiCp2�+6 Ph3PSe (1:4)

The interaction of elemental selenium with phosphines [60] is exemplified by the
one-pot synthesis of diselenophosphinic selenoesters [61]. A more detailed discus-
sion of the preparation and application of phosphorus–selenium reagents is pre-
sented in Chapter 5.

1.2.7 Grignard and organyllithium reagents

Elemental selenium reacts with Grignard reagents [62] or with organyllithium
reagents [63] in dry THF to afford selenolates RSe- (R = organyl group) [eqs (1.5)
and (1.6)]. Upon oxidation, the selenolates can be converted into organyl dis-
elenides, which are themselves convenient reagents in synthetic chemistry (see
Chapters 5–11) [62–64]. There are several methods to carry out the oxidation. The
best yields have been observed by use of potassium hexacyanidoferrate(III) [63,
64] [eq. (1.7)].

2 Se + 2 RMgBr ! 2 RSe– + 2 Mg2+ + 2 Br– (1:5)

Se + RLi ! RSe– + Li+ (1:6)

2 RSe– + 2 Fe CNð Þ6
� �3– ! RSeSeR + 2 Fe CNð Þ6

� �4– (1:7)
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Organyl monoselenides can be prepared from lithium selenolate by treatment with
an organyl halogenide [eq. (1.8)]. By suitable selection of the organic substituent, a
number of different selenides can be produced, as exemplified in Refs. [65, 66].

RSe– Li+ + R′X ! RSeR′+Li+ Cl– (1:8)

The cyclopentadienyl rings in [V(C5H5)(C7H7] [67] or [Fe(C5H5)2] [68] can be lithiated
followed by the insertion of selenium or tellurium [67, 68]. The treatment of the
former complex affords dichalcogenides. In the case of the latter, a chain of three
chalcogen atoms links the two cyclopentadienyl rings in the same complex (see
Figure 1.5).

1.2.8 Selenium and heavy group 14 reagents

Stable silanechalcogenones containing a terminal Si=E (E = Se, Te) functionality can
be formed by the reaction of the amidinate-stabilized silicon(II)bis(trimethylsilyl)
amide and selenium or tellurium [69] (see Figure 1.6(a)) and germaneselones by the
abstraction of selenium from RR’GeSe4 with triphenylphosphine [70]. 1,2,3,4,5-
Tetraselenagermolane can be prepared by lithiation of RR’GeBr2 followed by the
treatment with elemental selenium (see Figure 1.6(b)). The formation of RR’GeSe in
reasonable yields requires very bulky organic substituents.

Another application of germylenes in the formation of a Ge=Se double bond
involves the oxidative addition of elemental selenium to a Ge(II) centre [71, 72] (see
Figure 1.7). The actual reactant, aminotroponiminato(trimethylsilathio)germylene
was obtained by the reaction of the germylene monochloride with Li+(SSiMe3

-) [71].
When treated with selenium, the oxidative addition was followed by a virtually
quantitative condensation step (see Figure 1.8). By contrast, when Li+(SSiMe3

-)
was substituted by Li+(OSiR3

-) (R = Me, Ph), only a clean single-stage oxidative
addition took place [72].

(a)

(b)

BuLi/THF

BuLi/THF

Li

Li

Li

ELi

ELi

ELi

E E

E

E

E

EE

E E

VVVV V

FeFeFeFe

Figure 1.5: Elemental chalcogens as soft oxidants (E = S, Se, Te). Preparation of (a) [{V(C7H7)(C5H4E)}2]
[67] and (b) [Fe(C5H4E)2E] [68].
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1.2.9 Selenium–boron chemistry

Organic diborylenes RB=BR can be stabilized by bulky substituents such as Tbt
{2,3,6-tris[bis(trimethylsilyl)methyl]phenyl} [73]. Selenium can be inserted into
the boron–boron double bond under the influence of uv-radiation. The formal
reactant is TbtB(SeMe)2, but it has been postulated that upon irradiation the

tBu

tBu

(a)

(b)

Tbt Tbt Tbt

Tip
THF

Tip Tip

Tbt

Tip

Br Li+(C10H8
-)

Ge Ge: Ge Ge

Se
Se

3 Ph3P 3 Ph3PSe

Se
Se

Tbt = 2,4,6-tris[bis(trimethylsilyl)methyl]phenyl
Tip = 2,4,6-triisopropylphenyl

Se
Br

N

N
Ph Si N(SiMe3)2

tBu

tBu

N

N
Ph Si

Se

N(SiMe3)2
Se (excess)

Se (excess)

Figure 1.6: Synthesis of (a) PhC(NtBu)2Si(Se)N(SiMe3)2 [68] and (b) (Tbt)(Tip)GeSe [69].

(ii)

(iv)

(i)

(iii)

Figure 1.7: Oxidative addition of selenium to the Ge(II) centre [71, 72]. (i) 2 Li+(SSiMe3
-).THF/hexane

0 oC, (ii) Se/THF r.t., (iii) Li+(OSiR3
-)/toluene r.t. (R = Me, Ph), (iv) Se/THF r.t.
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reactive component is the borylene Tbt-B:, which is formed upon elimination of
Me2Se2 from TbtB(SeMe)2. The monomer Tbt-B: dimerizes forming Tbt-B=B-Tbt,
which then reacts with elemental selenium [73]. It has very recently been shown
that that the diboryne RB≡BR (R = 1,2-bis(2,6-diisopropylphenyl)imidazol-2-ylene)
reacts with an excess of elemental selenium to form RB(μ-Se2)2(μ-Se)BR [74]. By
choice of suitable organic groups, it was shown that the diborylene RR’B=BRR’ (R =
1,3-dimethylimidazol-2-ylidene, R’ = 5-trimethylsilyl-thien-2-yl) reacts with ele-
mental selenium yielding diboraselenirane [75]. All three reactions are compared
in Figure 1.8.

1.2.10 Transition metal selenides

Transition metal and main group polyselenides can conveniently be prepared and
crystallized by utilizing the molten salt technique [76–78], in which alkali metal
polychalcogenides are used as molten fluxes. The reactions are conducted in the
temperature range 200–450 °C to ensure the stability of the produced materials.
Transition metal polyselenides generally have extended 1D or 2D structures. There
is a recent review on the synthesis of lanthanoid-containing heterometallic chalco-
genides, which have been prepared by utilizing alkali metal polychalcogenide flux
[79]. Polynuclear selenium- and tellurium-containing complexes are discussed in
more detail in Chapter 10.

Tbt

Tbt=2,4,6-tris[bis(trimethylsilyl)methyl]phenyl

Tbt

Tbt Tbt
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B - Me2Se2
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[Se] [Se] 

[Se] 
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B B
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Se Se
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Dip

Dip

Dip Dip

Dip

Dip

DipDip

N N N

N

N

NN N

B B Se

Se

SeSe
Se

SeSe

25 °C, benzene

25 °C, benzene

B B

N

N

N

N

N

N

N
N

R

R
R

R

B B

Se

BB R =
S

Figure 1.8: Reactions of boron–boron multiple bonds with elemental selenium. (a) Ref. [73]. (b) Ref.
[74]. (c) Ref. [75].
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1.3 Elemental tellurium

1.3.1 General

Though the chemistry of tellurium and its compounds is mainly similar to that of
selenium, there are also notable differences [2]. The general bonding features are
significantly different compared to those of the lighter chalcogen congeners. The
homonuclear Te–Te bond energies are lower (149 kJ mol−1) than those involving
selenium (192 kJ mol−1) or sulfur (266 kJ mol−1). The heteronuclear E-X bonds (E = Te,
Se, S) follow the same trend (see Ref. [80] for the compilation of bond energies).
Consequently, tellurium compounds are generally more labile and more air- and
moisture-sensitive. Tellurium also has a weaker tendency for multiple bonding than
selenium and sulfur.

By contrast, tellurium shows higher propensity to hypervalency [81] and second-
ary bonding interactions (SBI) [82]. This is due to the decreased energy difference
between σ(Te-X) and σ*(Te-X) orbitals and stronger n(X)→ σ*(Te-X) interactions. This
accounts for stronger intermolecular interactions in tellurium compounds compared
to those in related selenium and sulfur species. Electrostatic effects further enhance
the strength of the secondary bonding interactions due to the existence of σ-holes in
tellurium (see Ref. [2] and references cited therein).

An overview of the use of elemental tellurium as a reagent is presented in Figure 1.9
with some illustrative examples.

1.3.2 Anionic tellurides

As in the case of selenium, the reduction of tellurium to telluride anions is the most
convenient method for initial introduction of tellurium into reaction systems. The
reduction has been carried out in a similar fashion to selenium, i.e. with alkali metals
in liquid ammonia [20, 21, 23] or in dipolar aprotic solutions [23], sodium tetrahy-
dridoborate [83–87], and lithium triethylhydridoaluminate [88, 89]. As the effects due
to hypervalence and secondary bonding interactions are more significant in the case
of tellurium than with the lighter chalcogen congeners [81, 82], tellurium showsmore
diverse polyanion chemistry than sulfur and selenium. Polytellurides can therefore
exhibit charges that deviate from −2.

In addition to selenide and polyselenide anions, Björgvinsson and Schrobilgen [19]
have also explored the product distribution of tellurium-containing chalcogenide and
polychalcogenide anions in the liquid ammonia or in the ethylenediamine solution
using 125Te and 77Se NMR spectroscopy. 2,2,2-crypt was added into the solutions to
complex with the alkali metal cation and ensure narrow NMR resonances. As the
stoichiometry of the starting materials was varied [see eq. (1.9)], the presence of Ten

2-

(n = 1–4) and HTe- was inferred. The synthesis of stable salts of HE- (E = Se, Te) in ionic
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liquids using large counter-cations has also recently been reported [90]. Their use in
syntheses has been discussed in Chapter 8.

2 K + nTe ! K2Ten (1:9)

Polytelluride and polyselenide anions could also be prepared from the stoichiometric
amounts of K2E and E (E = Te, Se) [eq. (1.10)]. In the case of mixtures of selenium and
tellurium, the reaction affords also a series of tellurium selenide anions. The forma-
tion of open-chain potassium-cryptated salts of TeSe2

2- and TexSe4-x
2-, as well as

pyramidal TeSe3
2-, has been reported [91].

K2E + nE ! K2En+1 (1:10)

The mixing of Ten
2- and Sen

2-, which have been prepared upon reduction by metallic
lithium in liquid ammonia, yielded in addition to open-chain Te2Se2

2- and pyramidal
TeSe3

2- anions also the spirocyclic anion TeSe10
2- and extended anionic networks

(Te3Se6)n
2n- and (Te3Se7)

2n- [92].
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[{Ir(TeCI4)(TeCI3)}2(Te10)]

Figure 1.9: Illustrative examples on the reactivity of elemental tellurium. (i) M/NH3(l) (M = Li,
Na, K), NaBH4/THF or Li[AlEt3H], (ii)

iBu2AlH/toluene, (iii) [Ti(C5Me5)2H]/toluene, (iv) Te, Ir, and
TeCl4/250 °C, (v) molten mixtures of tellurium, selenium, and sulfur, (vi) SbF5/SO2(l), (vii) PR3 (R
= alkyl), (viii) RMgX/THF (X = Cl, Br) or RLi/THF, (ix) Ge(Tbt)RGe(Ph2C2)/benzene, (x) [MnCp(CO)2
{EB(tBu)(C[NMe]2C2H2)}].
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Basmadijan et al. [83] have shown that the distribution of the reduction products
HTe-, Te2-, and Te2

2- upon treating elemental tellurium with sodium tetrahydridobo-
rate NaBH4 in aqueous solution depends on the molar ratio of the reactants as well as
on the pH of the solution. The reduction by sodium tetrahydridoborate is generally
applied in the production of various binary tellurides [84][88-90] such as cadmium
telluride quantum dots [86] and lead telluride nanocrystals [84].

1.3.3 Derivatives of anionic tellurides

Lithium ethylhydridoaluminate is an equally useful reducing agent for elemental
tellurium as for elemental selenium and sulfur [88, 89]. The reaction of thus formed
Tex

2- with trialkylsilyl chloride affords bis(trialkylsilyl)tellurides (R3Si)2Te [88] [see
eq. (1.11)], which are convenient reagents in synthetic inorganic chemistry (for
examples, see Refs. [93, 94]), in organic chemistry, as exemplified in Refs. [88,
95], in coordination chemistry [96, 97], and as a precursor for producing thin films
by the ALD (atomic layer deposition) technique [98]. The reaction of tellurides with
Me3SiCl is slow and the yield is only moderate. However, a better result can be
obtained if tBuMe2SiCl is utilized instead of Me3SiCl [88].

1=xTex2– + 2 R3SiCl ! R3Sið Þ2Te + 2 Cl– (1:11)

The reduction of tellurium by lithium triethylhydridoaluminate in THF followed by
treatment with TeX4 (X = Cl, Br) [eq. (1.12)] affords Te2X2 [99]. Ditellurium dichloride is a
yellow liquid, which, though unstable, can be stored for hours in an inert atmosphere.
Ditellurium dibromide is orange-red liquid, which is more stable than the correspond-
ing chloride. These tellurium(I) reagents have been used to prepare the heteroatomic
rings 1,2-Te2S5 and 1,2-Te2Se5 by reactions with [Ti(C5H5)2E5] (E = S, Se) [eq. (1.13)].

Tex2– + xTeX4 ! xTe2X2 + 2xX– X = Cl, Brð Þ (1:12)

Ti C5H5ð Þ2E5
� �

+ Te2X2 ! 1, 2– Te2E5 + Ti C5H5ð Þ2X2
� �

(1:13)

Na2Te or NaTeH can also be utilized in the syntheses of tellurium macrocycles, as
reported by Panda [100].

1.3.4 Tellurium-containing chalcogen rings

Tellurium forms both binary and tertiary heterocyclic molecules with selenium and
sulfur, though the systems involving tellurium are much simpler than the binary
system of selenium and sulfur (see Section 1.2.4) [41, 57]. As in the case of the SenS8-n
molecules, the eight-membered rings TeS7 and 1,2-, 1,3-, and 1,4-Te2S6 are formed in
the binary melt [101], while the ternary species 1,2-, 1,3-, 1,4-, and 1,5-TeSeS6 are

14 1 Introduction of selenium and tellurium into reaction systems



observed in sulfur-rich, sulfur–selenium–tellurium melts, as indicated by the 125Te
NMR spectrum of a molten mixture of sulfur (97 mol%), selenium (1,5 mol%), and
tellurium (1.5 mol%) shown in Figure 1.10.

1.3.5 Homopolyatomic tellurium cations

Tellurium can be oxidized to several different homopolyatomic cations in the same
fashion as selenium [1][62,63], e.g. Te4

2+, Te6
2+, Te6

4+, Te8
2+, Te8

4+, etc. However,
applications of these cations for the synthesis of other tellurium compounds have not
been reported.

1.3.6 Triorganylphosphine tellurides

Triorganylphosphine tellurides can be prepared from the corresponding phosphine
and elemental tellurium [102, 103]. Trialkylphosphine tellurides are sufficiently
stable for subsequent synthetic work and have been widely used in the synthesis of

Polymeric material

1,4-TeSeS6 1,4-TeSeS6

or or
1,5-TeSeS6 1,5-TeSeS6

1,2-TeSeS6

1,3-TeSeS6

TeS7

1800 ppm120014001600

Figure 1.10: 125Te NMR spectrum of ternary sulfur–selenium–tellurium melt containing 77Se-enriched
selenium (1.5 mol%) and 125Te-enriched tellurium (1.5 mol%) (enrichment in both cases 92 %). The
spectrum has been recorded at 145 °C [101]. Adapted with permission from Chivers T, Laitinen RS,
Schmidt KJ, Taavitsainen, J. Inorg Chem 1993, 32, 337–340. Copyright 1993 American Chemical
Society.
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semi-conducting metal tellurides [104–109]. More detailed discussion on the phos-
phorus–tellurium chemistry is presented in Chapter 5.

1.3.7 Grignard and organyllithium reagents

As in the case of selenium, both Grignard reagents and organyllithium reagents are
efficient in producing organyltellurolates [110], which can easily be oxidized to the
corresponding ditellurides that are themselves useful reagents in synthetic inorganic
and organic chemistry (for some examples in different areas of chemistry, see Refs.
[111]-[118]). The reactions of ditellurides are discussed in Chapters 5–11 and the ligand
chemistry of tellurolates in Chapter 11.

1.3.8 Silane- and germanetellones

Recent years have seen progress in developing synthetic strategies to prepare sili-
con–tellurium and germanium-tellurium double bonds. A stable dialkylsilylene
reacts with elemental tellurium or selenium to form a silanetellone and silaneselone,
respectively [112], as shown in Figure 1.11.

Tokitoh et al. [113] carried out a direct telluration of germylene Tbt(R)Ge: containing
very bulky substituents on germanium (Tbt = 2,4,6-tri[tris(trimethylsilyl)methyl]phe-
nyl; R = 2,4,6-triisopropylphenyl or bis(trimethylsilyl)methyl) and obtained ther-
mally stable germanetellones (see Figure 1.12), which were moisture-sensitive. The
presence of a Ge=Te double bond was verified by the X-ray structure determination.
The treatment of the germanetellone with mesitonitrile oxide or 2,3-dimethyl-1,3-
butadiene resulted in [3 + 2] or [4 + 2] cycloaddition products, respectively.

1.3.9 Group 13 chemistry with tellurium

Tellurium is the heaviest element known to form a double bond with boron [114]. The
reaction involves the insertion of tellurium into the Mn=B bond in the base-stabilized

Me3Si

Me3Si Me3Si

Me3Si SiMe3

SiMe3SiMe3

SiMe3

Si:
E

hexane

E = Te or Se

Si E

Figure 1.11: Preparation of silanechalcogenones [112].
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complex [Mn{=B(tBu)C[(MeN)2(CH2)]2}(C5H5)(CO)2], as shown in Figure 1.13. Lighter
chalcogens react in a similar fashion.

An excess of elemental tellurium in refluxing toluene reacts with M(tBu)3 (M = Al,
Ga) to form the cubane [M(tBu)(μ3-Te)]4 and tBuTeTetBu [115, 116] (see Figure 1.14).
The structure of the tetrameric cage molecule was deduced by comparison of the
spectroscopic properties with those of [M(tBu)(μ3-Se)]4 and [M(tBu)(μ3-S)]4. The crys-
tal structure of [Ga(tBu)(μ3-S)]4 is known [117].

Elemental tellurium and selenium also react with diisobutylaluminium hydride
iBu2AlH in toluene at 120–130 °C [118]. Mass spectrometric and NMR spectroscopic
information indicated the formation a mixture of the dimer (iBu2AlE)2 and the
oligomer (iBu2AlE)n together with an unspecified product containing carbon, chalco-
gen, and aluminium. These in situ reagents react with amides to give chalcogen-
amides (see Figure 1.15). While selenoamides are relatively stable, telluroamides
easily decompose.
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Figure 1.12: Formation of germanetellone and its cycloaddition reactions [113].
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Figure 1.13: The formation of a B=Te double bond [114].
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1.3.10 Titanocene chemistry

Bis(pentamethylpentadienyl)hydridotitanium reacts with tellurium or selenium
powder to afford titanium complexes that contain monochalcogenido(2-) or dichal-
cogenido(2-) ligands (see Figure 1.16) [119, 120].

While both tellurium and selenium react with [Ti(C5Me5)2H], the reaction proceeds
more smoothly in the case of tellurium, if tributylphosphine telluride is used as a
tellurium source [119, 120]. Interestingly, [Ti(C5Me5)2Te2] is mononuclear, while the
related complex, which involves the methylcyclopentadienyl ligand coordinated to
titanium, is dinuclear [Ti(C5H4Me)2(μ-Te2)2Ti(C5H4Me)2] [92]. This appears to be due to
steric effects.
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Figure 1.14: The reaction of M(tBu)3 (M = Al, Ga) with an excess of tellurium [115].
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Figure 1.15: The reaction of tellurium and seleniumwith diisobutylaluminium hydride and amides (E =
Te, Se; R, R’, R” = organyl groups) [118].
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Figure 1.16: The reaction of [Ti(C5Me5)2H] with tellurium [119].
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1.3.11 Solid-state and hydrothermal reactions

Intriguingly, solid-state (hydrothermal) reactions of tellurium with transition
metals and tellurium(IV) tetrahalides can produce materials that incorporate
unusual homoatomic tellurium rings. For example, prolonged heating of a
mixture of elemental tellurium with a late transition metal and tellurium tetra-
chloride in an evacuated ampoule at 250–300 °C produces [{M(TeX4)(TeX3)}2
(Te10)] and [{M(TeI4)(TeI2)}2(TeI4)(Te2I2)(Te10)] (M = Rh, Ir; X = Cl, Br), as well
as [{Ru(TeI4)(TeI2)}2(Te10)], which all contain a neutral tellurium cage molecule
Te10 [121, 122]. The same methodology involving tellurium, suitable metals, and
tellurium tetrahalogenides yields [Ru(Te9)][InCl4]2 and [Ru(Te8)]Cl2 [123], [M(Te6)]
X3 (M = Rh, Ir; X = Cl, Br, I), and [Ru2(Te6)(TeBr3)4(TeBr2)2] [124], all of which are
one-dimensional coordination polymers containing an uncharged homonuclear
tellurium ring.

The hydrothermal reaction of tellurium or selenium with silver and hydrogen
iodide at 220 oC afforded [(AgI)2(Te6)] or the isomorphous selenium analogue [(AgI)2
(Se6)] [125].

1.4 Summary

Progress in the synthetic chemistry of selenium and tellurium is largely due to the
development of a variety of reagents that can be applied in both inorganic and
organic chemistry, as well as in materials science. Many of these useful reagents
are available commercially, for instance, elemental selenium and tellurium, sele-
nium and tellurium dioxide, selenium and tellurium tetrahalogenides, some inor-
ganic and organic selenides and tellurides, as well as diselenides and ditellurides.
They can be used to synthesize more complex species, which can themselves act as
precursors for further applications.

This chapter is an overview of the different reactions involving elemental sele-
nium and tellurium. The synthetic details and reactions of their derivatives will be
discussed in greater detail in chapters 2–11. The first step in synthetic strategies often
involves the reduction of the elements to chalcogenide or polychalcogenide ions,
since they are stronger nucleophiles than the elements themselves. The most con-
venient reducing agents are alkali metals in liquid ammonia, sodium tetrahydrido-
borate, and lithium triethylhydridoaluminate (“superhydride”). Alkali metal and
alkaline earth metal chalcogenides can also be prepared by direct mixing of the
elements at high temperatures, by the reaction of chalcogen elements and alkali
metal carbonates in solution, by solvothermal reactions, or by oxidation–reduction
reactions involving Lewis acids.

Unlike commercially available SeX4 and TeX4 (X = Cl, Br, I), the less-stable reagents,
such as SeCl2 or SeBr2, need to be prepared and used in situ. This can conveniently be
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accomplished by the treatment of elemental seleniumwith sulfuryl chloride or bromide
in THF. Both dihalides are stabilized in coordinating solvents. Tellurium dihalogenides
cannot be prepared by the same route. Elemental seleniumand telluriumalso react with
the Grignard reagents or organyllithium compounds affording organyl chalcogenolates
that can easily be oxidized into organyl dichalcogenides. The latter play a role among
the key reagents in organic and organometallic syntheses.

There are several methods to oxidize elemental selenium and tellurium to homo-
and heteropolychalcogen cations. Their most significant feature is that they have
been a source of new understanding of chemical bonding in main group compounds
and have provided information of the relationships between the electronic structures
and molecular structures.
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2 Selenium– and tellurium–halogen reagents

Abstract: Selenium and tellurium form binary halides in which the chalcogen can be
in formal oxidation states (IV), (II) or (I). They are versatile reagents for the prepara-
tion of a wide range of inorganic and organic selenium and tellurium compounds
taking advantage of the reactivity of the chalcogen–halogen bond. With the excep-
tion of the tetrafluorides, the tetrahalides are either commercially available or readily
prepared. On the other hand, the low-valent species, EX2 (E = Se, Te; X = Cl, Br) and
E2X2 (E = Se, Te; X = Cl, Br) are unstable with respect to disproportionation and must
be used as in situ reagents. Organoselenium and tellurium halides are well-known in
oxidation states (IV) and (II), as exemplified by REX3, R2EX2 and REX (R = alkyl, aryl;
E = Se, Te; X = F, Cl, Br, I); mixed-valent (IV/II) compounds of the type RTeX2TeR are
also known. This chapter surveys the availability and/or preparative methods for
these widely used reagents followed by examples of their applications in synthetic
inorganic and organic selenium and tellurium chemistry. For both the binary halides
and their organic derivatives, the discussion is subdivided according to the formal
oxidation state of the chalcogen.

Keywords: binary selenium halogenides, organyl selenium halogenides, binary tell-
urium halogenides, organyl tellurium halogenides, mixed-valent organic tellurium
halogenides

2.1 Scope and introduction

The diverse applications of halides of selenium and tellurium as reagents for the
synthesis of organic and inorganic compounds stem from a combination of the
reactivity of the E–X bond (E = Se, Te; X = halogen) and the availability of these
reagents in a variety of oxidation states, namely EX4, OEX2, EX2 and E2X2. This
chapter will begin with a survey of the reactions of tetrahalides E(IV)X4. The latter
are generally more easily handled than the halides in which the chalcogen is in a
lower oxidation state, E(II)X2 and E(I)2X2, which are discussed subsequently. In
keeping with this sequence, the reactions of organochalcogen halides will be treated
in the order, RE(IV)X3, R2E(IV)X2, mixed-valent RTe(IV)X2Te(II)R compounds and,
finally, RTe(II)X (R = alkyl, aryl) reagents. Triorganochalcogen monohalides, which
exist as chalcogenonium salts [R3E(IV)]X in the solid state and in solution, are not
discussed because they do not incorporate covalent E–X bonds [1]. In each section,
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the discussion will commence with a review of the available procedures for the
preparation of each of the chalcogen halides together with some comments on their
stability. Where appropriate, cross-references will be made to accompanying chap-
ters in this book in which selenium or tellurium halides are used to generate other
functional groups, e. g. E-O (Chapter 3) and E-N (Chapter 4). For information on the
structural chemistry and spectroscopic data of heavy chalcogen halides, the reader is
referred to a recent book chapter [2].

2.2 Binary chalcogen–halogen reagents

2.2.1 Selenium tetrahalides

Selenium tetrachloride and tetrabromide are commercially available white solids,
which have been used widely in the preparation of inorganic and organic selenium
compounds. Although mildly moisture sensitive, they are thermally stable and easily
manipulated under a dry atmosphere. By contrast, the use of teflon vessels is recom-
mended for the use of highly reactive SeF4, which is sometimes preferred over the
heavier tetrahalides SeX4 (X = Cl, Br), e. g. in the low-temperature (–50°C) synthesis of
the binary selenium azide Se(N3)4 in liquid SO2 [eq. (2.1)] [3]. The formation of the very
strong Si–F bond in volatile Me3SiF provides a powerful driving force in reactions of
binary and organochalcogen fluorides with trimethylsilyl reagents (vide infra).

SeF4 + 4Me3SiN3 ! Se N3ð Þ4 + 4Me3SiF (2:1)

The reactions of organolithium reagents with selenium tetrahalides are not a fruitful
source of selenenuranes R4Se. Consequently, recent investigations of the preparation
and stability of (C6H5)4Se have used (C6H5)2SeF2 as the starting material (Section
2.3.2) [4]. Selenium tetrachloride is, however, a convenient source of selenium(IV) for
the preparation of selenium(IV) diimides RN=Se=NR by reaction with the appropriate
primary amine RNH2 (R = tBu [5] Ad [6]a) or the monolithiated primary amine Mes*N
(H)Li [6]b]; the applications of RN=Se=NR reagents are discussed in Chapter 4,
Section 7.1. However, the analogous reaction of SeCl4 with MesNHLi does effect
reduction to afford the selenium(II) diamide Se[N(H)Mes]2 [6]b. A series of tetraalk-
oxyselenuranes Se(OR)4 (R = Me, Et, iPr, neo-pentyl, CF3CH2) has been prepared by
the reaction of the appropriate alcohol with SeCl4 in the presence of trimethylamine;
however, the R =Me or Et derivatives are thermally unstable [7]. By contrast, ethylene
glycol, pinacol and neopentyl glycol give selenuranes that can be isolated as white
crystalline solids [7]. Solutions of SeCl4 in liquid ammonia act as an in situ source of
binary selenium–nitrogen anions, e.g. [Se2N2]

2-, for the preparation of metal com-
plexes [8] (see Chapter 4, Section 4.2.3).

Selenium tetrahalides also exhibit a propensity for reduction in reactionswith Lewis
bases (two-electron ligands) as illustrated by the examples depicted in Figure 2.1 [9]. An
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early example of this behaviour is the formation of base-stabilized SeCl2•tmtu from
treatment of SeCl4 with tetramethylthiourea (tmtu) [10]. More, recently, it has been
shown that thioether ligands also engender the formation of adducts of Se(II)X2 either
as the monomer trans-[SeX2(tht)2] (X = Cl, Br; tht = tetrahydrothiophene) or as halo-
bridged polymers [SeX2(SMe2)] (X = Cl, Br), whereas bidentate sulfur-centred ligands
form cis-[SeBr2(MeS(CH2)2SMe)] [11]. A 1:1 adduct of SeCl2 is also produced from the
reaction of SeCl4 with the carbene 2,5-diisopropylimidazole-2-ylidene in tetrahydrofuran
(THF) [12]a. Treatment of SeX4 (X = Cl, Br) with the bidentate nitrogen-centred ligand 1,4-
di-tert-butyl-1,3-diazabutadiene also results in a two-electron-redox process accompa-
nied, in this case, by reductive elimination of X2 to give 1,2,5-selenadiazolium cations as
[SeX6]

2– salts [12]b. Triphenylphosphine reacts with SeX4 (X = Cl, Br) to form the [Ph3PX]
+

cation accompanied by the Se(II)-centred anion [SeX3]
– [12]a.

Although reactions of selenium tetrahalides with alkenes and alkynes have been
studied extensively in early work, recent attention has been focused on the applica-
tions of selenium dihalides for the synthesis of organoselenium compounds (see
Section 2.2.3) [13].

2.2.2 Selenium oxychloride

Selenium oxychloride SeOCl2 is an alternative to selenium tetrahalides for applica-
tions in both inorganic and organic chemistry. This selenium(IV) reagent is readily
obtained as a moisture-sensitive orange liquid in 84% yield from the reaction of
selenium dioxide and chlorotrimethylsilane [eq. (2.2)] [14].
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Figure 2.1: Reactions of SeX4 (X = Cl, Br) with Lewis bases: (i) tetrahydrothiophene; (ii) MeS
(CH2)2SMe; X = Br; (iii) 2,5-diisopropylimidazole-2-ylidene; X = Cl; (iv) 1,4-di-tert-butyl-1,3-diazabu-
tadiene; X = Cl, Br; (v) PPh3; X = Cl, Br.
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SeO2 + 2Me3SiCl ! SeOCl2 + Me3Sið Þ2O (2:2)

Reactions of SeOCl2 with secondary amines, e. g. iPr2NH, in a nonpolar solvent
(pentane) can be stopped at the monosubstituted stage to give iPr2NSe(O)Cl as a
white solid in 65% yield. The use of an excess of iPr2NH in diethyl ether results in
reduction of Se(IV) to Se(II) to give (iPr2N)2Se [14]. In order to avoid the difficult
separation of dialkylammonium salts from sensitive selenium-containing products,
trimethylsilyl derivatives are often preferable to the amines. Thus, reaction of
SeOCl2 with iPr2NSiMe3 in a 1:1 molar ratio is an alternative route to iPr2NSe(O)Cl
(68% yield) and the volatile by-product Me3SiCl is easily removed [eq. (2.3)] [14].
However, the reactions of SeOCl2 with Me3Si-N reagents may involve formation of
(Me3Si)2O rather than Me3SiCl, as shown by the synthesis of (Ph3P=N)2SeCl2
[eq. (2.4)], which is also obtained from treatment of SeCl4 with two equivalents of
Ph3P=NSiMe3 [15].

iPr2NSiMe3 + SeOCl2 ! iPr2NSe ðOÞCl + Me3SiCl (2:3)

2Ph3P; =NSiMe3 + SeOCl2 ! Ph3P=Nð Þ2SeCl2 + Me3Sið Þ2O (2:4)

The reaction of the primary amine tBuNH2 with SeOCl2 in a 3:1 molar ratio in
diethyl ether at –10 °C produced the first selenenylamine tBuNSeO as a brown-orange
oil (90% yield) [5], which can be recrystallized from THF at –20°C to reveal a dimeric
structure [6]. In the case of diamines, e. g. 4,5-dimethyl-1,2-phenyldiamine, the
reaction with SeOCl2 in boiling toluene results in cyclocondensation to give the
corresponding 2,1,3-benzoselenadiazole (61% yield) (Figure 2.2) [15]. Selenium oxy-
chloride has also been used as a “selenium transfer reagent” for the synthesis of
cyano-substituted selenophenes [16].

The potentially useful reagent Me3SiNSeNSiMe3 is generated by the reaction of SeOCl2
with LiN(SiMe3)2 in a 1:2 molar ratio in diethyl ether. However, this thermally
unstable selenium(IV) diimide must be used in situ, and applications have been
limited to the preparation of the six-membered P2N3Se heterocycle (Chapter 4,
Section 5) [17].

Me Me

Me N

Se

N

Me NH2

NH2

toluene
105 °C

SeOCl2 +

Figure 2.2: Synthesis of a selenophene using SeOCl2.
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2.2.3 Selenium dihalides

The strong tendency of selenium dihalides SeX2 (X = Cl, Br) to disproportionate in
solution according to eq. (2.5) and (2.6) necessitates the use of these important
selenium sources as in situ reagents [18].

3SeCl2 $ Se2Cl2 + SeCl4 (2:5)

2SeBr2 $ Se2Br2 + Br2 (2:6)

The reduction of SeCl4 with an equimolar amount SbPh3 has been employed success-
fully to generate SeCl2 in situ for the synthesis of Se–N heterocycles [19], but the
separation of Ph3SbCl2 from the desired product can be difficult. The use of PhSO2SeCl
as a synthetic equivalent of SeCl2 was demonstrated in reactions with arylaminines to
give ephemeral selenonitrosoarenes ArN=Se [20] (see Chapter 4, Section 6).
Subsequently, however, it was shown that pure SeCl2 is readily obtained by treatment
of elemental selenium with an equimolar amount of SO2Cl2 [eq. (2.7)] in THF; such
solutions are stable towards disproportionation for 1 day at 23°C as determined by
77Se NMR spectroscopy [21]. Similarly, the facile preparation of solutions of pure
selenium dibromide is achieved by treatment of grey seleniumwith bromine (Br2) in a
chlorocarbon solvent such as CHCl3 or CCl4 [eq. (2.8)] [22, 23]

Se + SO2Cl2 ! SeCl2 + SO2 (2:7)

Se + Br2 ! SeBr2 (2:8)

THF solutions of SeCl2 prepared according to eq. (2.7) have been widely used for the
preparation of inorganic selenium–nitrogen heterocycles. The reactions of SeCl2 with
primary amines in various molar ratios in THF have been investigated in particular
detail [24]. In the case of tert-butylamine, these studies have revealed the successive
formation of a series of acyclic imidoselenium dichlorides ClSe[N(tBu)Se]nCl (n = 1–3)
via the initial intermediate tBuN(H)SeCl, which serves as a source of tBuNSe units in
the build-up of longer chains (Figure 2.3) [25–27]. Cyclocondensation reactions or
reduction of the bifunctional dichlorides ClSe[N(tBu)Se]nCl with an excess of tBuNH2

account for the formation of the variety of cyclic selenium imides that are the ultimate
products of this reaction [24].

The cyclocondensation reaction with primary amines is a lot cleaner if a bis-
silylated derivative is employed. Thus, the treatment of SeCl2 with an equimolar
amount of (Me3Si)2NMe at –10°C affords the eight-membered ring 1,3,5,7-Se4(NMe)4
exclusively in 90% yield [eq. (2.9)] [28]. The reagent SeCl2 also plays a key role in the
stepwise generation of the cage molecule 1,5-Se2S2N4. In the first step, the reaction of
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SeCl2 with two molar equivalents of the sulfur(IV) diimide Me3SiNSNSiMe3 produces
yellow crystals of (Me3SiNSN)2Se (65% yield), which undergoes cyclocondensation
with SeCl2 to dark-red 1,5-Se2S2N4 (73%) [eq. (2.10)] [29].

Me3Sið Þ2NMe + SeCl2 ! 1=4 Se4 NMeð Þ4 + 2Me3SiCl (2:9)

Me3SiNSNð Þ2Se + SeCl2 ! 1,5-Se2S2N4 + 2Me3SiCl (2:10)

In the area of organometallic chemistry, the SeCl2 electrophile has been
employed to introduce a μ4-Se bridge in double butterfly cluster complexes
(Figure 2.4) [30].

In the past 15 years, solutions of SeCl2 or SeBr2 (eqs (2.7) and (2.8) respectively) have been
shown to have wide applications for the synthesis of organoselenium compounds,
especially selenium-containing heterocycles [31]. Some representative examples are

SeCl2

tBu

tBu tBu tBu tBu tBu

tButButBu

tBu

tBu

tBu

N
N

N

N

H
H

- Se
SeCl2 /

N

N

N

N

N

NN

N

HSe

Se

Se

Se

Se Se

Se

Se

Se

Se

Se

Se Se

Se
Cl

Cl

Cl Cl

Cl

Cl

Cl

Cl

Cl

2 tBuNH2 2 tBuNH2

2 tBuNH2

 tBuNH3Cl

- tBuNH3Cl- tBuNH3Cl

-tBuNH3Cl - tBuNH3Cl

- tBuNH3Cl

tBuNH2

SeCl2 /tBuNH2

SeCl2 /tBuNH2

Figure 2.3: Formation of imidoselenium(II) dichlorides tClSe[N(tBu)Se]nCl (n = 1–3) from reactions of
SeCl2 with

tBuNH2.

[MgBr]+ RTe C

O

Se

-

SeCl2

(OC)3Fe Fe(CO)3

RTe
TeR

(OC)3Fe

(OC)3Fe

Fe(CO)3

Fe(CO)3

Figure 2.4: Insertion of selenium into a metal cluster using SeCl2.

32 2 Selenium– and tellurium–halogen reagents



illustrated in Figure 2.5. An early report revealed the formation of selenasilafulvenes
from the reactions of SeX2 (X = Cl, Br) with diorganyl diethynylsilanes [32], and this
methodology has been extended to germanium-containing systems [22]. These reactions
proceed with chemo-, regio- and stereoselectivity in chloroform at room temperature
[22, 33]. The transannular addition of SeX2 to cis,cis-1,5-cyclooctadiene takes place
chemo- and regioselectively to give 2,6-dihalo-9-selenobicyclo[3.3.1]nonanes in high
yields [23]. The reactions of SeX2 with divinyl sulfide or selenide initially produces the
six-membered 2,6-dihalo-1,4-chalcogenaselenanes, which readily undergo isomeriza-
tion to the thermodynamically preferred five-membered rings, 1,3-chalcogenaseleno-
lanes [34, 35]. The involvement of a seleniranium cation in this ring-contraction process
is supported by quantum chemical calculations [34]. In the case of divinyl sulfone O2S
(CH=CH2)2, the presence of the strongly electron-withdrawing group results in the
predominant formation of a four-membered ring in 85% yield [36]. The use of SeCl2 to
generate selenophene monomers that undergo polymerization to give materials with
potentially useful electrochromic and photothermal properties is a promising develop-
ment [37–39]. For example, the reaction of SeCl2 with 2,3-dimethoxy-1,3-butadiene gives
3,4-dimethoxyselenophene in 41% yield [37].

Annulation reactions are observed in the reactions of SeX2 (X = Cl, Br) with
substrates that incorporate phenyl substituents. A simple example is the formation
of 3-bromo-2-phenylbenzo[b]selenophene in 92% yield from the reaction of SeBr2
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Figure 2.5: Preparation of selenium-containing heterocycles using SeX2 reagents (X = Cl, Br):
(i) (HC≡C)2SiMe2, (ii) cis,cis-1,5-cyclooctadiene, (iii) E(CH=CH2)2 (E = S, Se), (iv) O2S(CH=CH2)2 (X = Cl),
(v) PhC≡CPh (X = Br) and (vi) 2,3-dimethoxy-1,3-butadiene.
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with diphenylacetylene in diethyl ether at room temperature (Figure 2.5) [40].
Annulation is also observed in the reactions of SeX2 with thiophenenyl-substituted
alkynes [41] andwith unsaturated ethers [42, 43]. The electrophilic addition of SeX2 to
the triple bond of a large range of propargyl alcohols has also been investigated,
including the formation of selenium-containing spiroketals with potential biological
activity [44]a, [44]b. Selenium dihalides have also been shown to undergo a stereo-
selective (anti-addition) pathway with hex-2-yne [45]a and to exhibit high regioselec-
tivity in reactions with methyl vinyl ketone [45]b.

The in situ reagent SeCl2 is also a versatile source of diaryl selenides Ar2E via salt
elimination involving aryl-lithium or Grignard reagents [46–48]. Derivatives that
are available from this methodology include Ar = Ph, o-tolyl, 2-methylnaphthyl
[46], Ar = bromo- or dibromo-substituted pyridyl [47] and Ar = intramolecularly
coordinated azobenzene derivatives [48]. Diaryl selenides are also accessible via
electrophilic aromatic substitution. Thus, (4-MeOC6H4)2Se is obtained in 91% yield
from the reaction of SeCl2 with 4-methoxybenzene in chloroform [49]. Interestingly,
this route is tolerant to the presence of OH substituents on the aromatic ring [50].
For example, the reaction of SeCl2 in diethyl ether with 2-naphthol in a 1:2 molar
ratio, in the presence of a catalytic amount of AlCl3, yields the selenide
(2-HOC10H6)2Se in 56% yield [50]. A promising application of SeCl2 in electrophilic
aromatic substitution involves the formation of tetrameric macrocycles in good
yields from 3,5-dialkoxythiophenes in diethyl ether at room temperature as illu-
strated in Figure 2.6 [50].

2.2.4 Diselenium dihalides

Diselenium dihalides Se2X2 are yellow-brown (X = Cl) or blood-red (X = Br) moist-
ure-sensitive liquids. With careful control of the stoichiometry, these selenium(I)
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Figure 2.6: Synthesis of selenacalix[4]thiophenes from SeCl2 with 3,4-dialkoxythiophenes
(R = methyl, hexyl).

34 2 Selenium– and tellurium–halogen reagents



reagents can be prepared by the reactions shown in eqs (2.11) and (2.12), respec-
tively, carried below 0°C in the case of X = Br [51]. On the basis of Raman and 77Se
NMR spectra, diselenium dihalides Se2X2 exist in equilibrium with small amounts
selenium(II) dihalides SeX2 and SenX2 (n = 3, 4) [52]. This observation is significant
when considering the outcome of reactions of these selenium(I) halides. For exam-
ple, the reaction of C6F5Li with Se2Cl2 affords the monoselenide (C6F5)2Se in 60%
yield [53]. For comparison, SeCl4 is reduced by C6F5Li to give (C6F5)2Se in only 20%
yield [53].

3Se + SeCl4 ! 2Se2Cl2 (2:11)

2Se + Br2 ! Se2Br2 (2:12)

Diselenium dichloride also reacts effectively as SeCl2 for the synthesis of the mono-
selenides Se[N(SiMe3)R]2 (R = SiMe3 [54],

tBu [55]) in 75 and 65% yields, respectively,
in hexane with concomitant formation of red selenium [eq. (2.13)]. By contrast, the
reaction of the amine (Me3Si)2NH with Se2Cl2 in dichloromethane at 0°C produces a
mixture of polyselenides Sen[N(SiMe3)2]2 (n = 2,3,4) from which the predominant
triselenide (n = 3) cannot be separated in pure form [56].

2Li N SiMe3ð ÞR½ � + Se2Cl2 ! Se N SiMe3ð ÞR½ �2 + Se (2:13)

The outcome of the reaction with Me3SiNPPh3 is another example of Se2Cl2 behaving
as SeCl2. In acetonitrile solution, the ion-separated salt [SeCl(NPPh3)2]

+SeCl3
–, in

which selenium(II) is present in both the cation and anion, is formed together with
elemental selenium [eq. (2.14)] [57].

3Se2Cl2 + 2Me3SiNPPh3 ! SeCl NPPh3ð Þ2
� � + SeCl3

– + 4Se + 2ClSiMe3 (2:14)

The reaction of Se2Cl2 with trimethylsilyl azide in dichloromethane produces an
insoluble black powder with the composition Se3N2Cl2, which incorporates the five-
membered Se3N2Cl

+ cation with one Se(IV) and two Se(II) centres (a better synthesis
of Se3N2Cl2 is described in Section 2.2.5) [58, 59]. The dimeric selenium–nitrogen
chloride (Se3N2Cl)2 is isolated as an explosive dark brown powder in 75% yield from
the reaction of equimolar amounts Se2Cl2 with the cage molecule Se4N4 [59].

Diselenium dichloride has also been utilized to generate cyclic selenium allo-
tropes. Thus, the reaction of titanocene pentaselenide with Se2Cl2 in CS2 at 20 °C
produces dark-red cyclo-Se7 in 75% yield [eq. (2.15)] [60]. Unpredictably, heating
RhCl3•4H2O with an excess of Se2Cl2 yields the complex Rh2Se9Cl6 in which the nine-
membered cyclo-Se9 is sandwiched between two Rh(III) centres [61].

C5H5ð Þ2
� �

TiSe5 + Se2Cl2 ! Se7 + C5H5ð Þ2
� �

TiCl2 (2:15)
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The reactions of gallium metal with Se2X2 (X = Cl, Br) are the most convenient
preparation of ternary gallium(III) selenide halides GaSeX, which are soluble in
pyridine to give the six-membered rings [GaSeX•Py]3 [62].

Se2Cl2 has been utilized to generate compounds with discrete Se=N bonds by
reaction with dichloramines according to eq. (2.16) [63, 64].

XNCl2 + Se2Cl2 ! XN=SeCl2 + SeCl4
X = SF5, CF3, C2F5ð Þ (2:16)

The passage of acetylene gas through a solution of Se2Cl2 in CCl4 under pressure
(10–12 atm., 30–40 °C) produces E,E-bis(2-chlorovinyl)selenide in 98% yield
together with elemental selenium [eq.(17)] [65].

Se2Cl2   +    HC CH   eS+
Se

ClCl (2:17)

2.2.5 Mixtures of selenium halides

Amixture of selenium halides has been used effectively for the synthesis of selenium
compounds with (a) different functional groups on selenium, (b) selenium centres in
formal oxidation states II and IV or (c) selenium in formal oxidation state III as
illustrated by the examples in Figure 2.7. In reactions with tert-butylamine, a mixture
of SeOCl2 with SeCl4 produces the four-membered ring tBuN=Se(μ-NtBu)2Se=O with
terminal Se=NR and Se=O functionalities [26], whereas the use of SeCl2 in combina-
tion with SeOCl2 generates the acyclic compound ClSeN(tBu)Se(O)Cl with Se(II) and
Se(IV) centres [66]. The reaction of LiN(SiMe3)2 with a mixture of Se2Cl2 and SeCl4 in a
1:4 molar ratio (designed to mimic “SeCl3”) produces pure Se4N4 in 66% yield [67],
whereas the “SeCl3” reagent reacts with the monoselenide Se[N(SiMe3)2]2 to give the
five-membered ring [Se3N2Cl]Cl (95% yield) [58, 59].

2.2.6 Tellurium tetrahalides

Tetrahalides of tellurium TeX4 are white (X = Cl, Br) or yellow (X = I) solids that are
available from commercial sources and have been used for the preparation of a wide
range of inorganic and organic tellurium compounds. Tellurium tetrafluoride is a very
moisture-sensitive, colourless solid that can be obtained in 78% yield by heating a
mixture of TeO2 with sulfur tetrafluoride at 130 °C for 48 h in a stainless steel or Monel
(a nickel–copper alloy) autoclave [68, 69]. As in the case of selenium tetrahalides, TeF4
is preferred over TeCl4 for the preparation of the extremely explosive binary azide, Te
(N3)4, by reactionwith trimethylsilyl azide in CFCl3 at 0 °C [cf. eq. (2.1)]; the use of TeCl4
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results in only partial metathesis to give TeCl4–n(N3)n (n = 1,2) [70]a. The reaction of the
hexafluoride TeF6 with trimethylsilyl azide in MeCN also produces Te(N3)4 [70]b.
Tellurium tetrafluoride has also been used to prepare Te(CN)4 as solvates with THF
or MeCN by reactions with trimethylsilyl cyanide in those solvents [71].

Tetraaryl-tellurium(IV) compounds can be prepared from aryl-lithium or
Grignard reagents; however, yields may be low owing to concomitant reductive
elimination to give diaryl-tellurium(II) compounds and biphenyls. Tetraphenyl-tell-
urium(IV) and tetra(p-tolyl)-tellurium(IV) have been prepared fromArLi and TeCl4 by
salt metathesis in 70% and 52% yields, respectively, and it was shown that phenyl
radicals are not involved in the formation of biphenyls [72]. The perfluoro derivative
(C6F5)4Te is obtained in 75% yield from the reaction of the Grignard reagent C6F5MgBr
and TeCl4 at 30 °C in diethyl ether or in “good yields” from AgC6F5 and TeCl4 in EtCN
at –78 °C [73]. Tetraalkyl-tellurium(IV) derivatives R4Te (R = Me, nBu, Me3SiCH2,
CH2=CH) are available from the reactions of the appropriate lithium or Grignard
reagent in ether solvents at low temperature; however they exhibit a strong tendency
to decompose to the corresponding dialkyl-tellurium(II) species [74, 75].

The reactions of aryl-lithium reagents with TeCl4 have also been used to generate
hypervalent tellurium compounds. Thus, the one-pot reaction of TeCl4 with LiAr (Ar =
4-CF3C6H4) in a 1:4 molar ratio in diethyl ether at room temperature produces the
hexaaryl compound TeAr6 in 17% yield, accompanied by Te(IV) and Te(II) derivatives
[eq. (2.18)] [76, 77]. Changing the molar ratio to 1:6 did not improve the yield of TeAr6;

SeCl4 + SeOCl2

SeCl2 + SeOCl2

Se2Cl2 + 4 SeCl4

(i)

(i)

(ii)

(iii)

tBuN tBu

tBu

tBu

Se

Se Se
O

Cl

Se Se

N N N N

SeSe

Se 

N N
Se

Cl
Se 

Cl

Cl

Se

O
N
N

N

−
+

Figure 2.7: Preparation of selenium–nitrogen compounds from mixtures of selenium halides:
(i) tBuNH2, (ii) LiN(SiMe3)2 and (iii) Se[N(SiMe3)2]2.
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however, the reaction of five equivalents of PhLi with TeX4 (X = Cl, Br) generates
Ph5TeLi, which is converted to pentaphenyltellurium halides Ph5TeX (X = Cl, Br) by
treatment with SO2Cl2 or Br2 in a one-pot reaction [78].

TeCl4 + 4ArLi ! TeAr6 +Ar3TeCl + TeAr2 (2:18)

In an early report, several tetraalkoxytelluranes Te(OR)4 were prepared in unspeci-
fied yields by reactions of TeCl4 with the corresponding alcohol (R = Me, Et, iPr,
neopentyl) or sodium alkoxide (R = CF3CH2, (CF3)2CH) in a 1:4 molar ratio [7]. A
subsequent investigation of the sodium alkoxide–TeCl4 system achieved isolated
yields of 58% (R = Me) or 64% (R = CF3CH2) [79]. An unexpected transformation is
observed in the reaction of TeCl4 with ethane-1,2-diol in a 1:1 molar ratio in acetoni-
trile at reflux. The ammonium salt [NH4]

+[(OCH2CH2O)TeCl3]
–, which exhibits immu-

nomodulatory activity, is obtained in 79% yield; the solvent CH3CN is the apparent
source of nitrogen in the NH4

+ cation of this salt [80].
As depicted in Figure 2.8, the reactions of tellurium tetrahalides with nitrogen-

centred nucleophiles may result in reduction to tellurium(II), as exemplified by the
formation of the tellurides Te[N(SiMe3)R]2 (50%, R = SiMe3 [54]; 35%, tBu [55]) from
salt metathesis of TeCl4 with the corresponding lithium reagents. Similarly, the
polymeric tellurium(II) complex [Te(NMe2)2]∞ is isolated as a yellow, moisture-sen-
sitive solid (74% yield) from the reaction of LiNMe2 with TeCl4 in a 4:1 molar ratio in
THF–Et2O solutions [81]. This propensity for reduction has been used in the synthesis
of a wide range of dialkynyl tellurides in moderate-to-high yields from the reactions
of TeCl4 with lithium amides, e. g. LiNiPr2, followed by treatment with terminal
alkynes [82]. However, dialkynyl tellurides Te(C≡CR)2 (R = Me, Et, nPr, tBu, Me3Si,
Ph) can also be prepared in 42–69% yields by the reactions of TeCl4 with four
equivalents of the corresponding alkynyl-lithium reagent [83].

Cl3TeN

Cl

Cl
Te

Te
NTeCl3

⊕

⊕ (vi) (i) (ii)
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Figure 2.8: Reactions of TeCl4 with N-centred nucleophiles: (i) Li[N(SiMe3)R], (ii) LiNMe2,
(iii) Me3SiNPR3 (R = Me, Ph), (iv) Me3SiNEPh2 (E = C, S), (v) Li2[PhB(N

tBu)2] and (vi) (Me3Si)3N.
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The use of Me3Si-N derivatives and/or a chelating ligand reduces the tendency
towards reduction as exemplified by the syntheses of the tellurium(IV) derivatives
[TeCl2(NPR3)2]n (n = 1: R = Ph [84]; n = 2: R = Me [85]), [TeCl2(NEPh2)2] (E = C, S) [86],
PhC(NSiMe3)2TeCl3 [87] and PhB(μ-NtBu)2TeCl2 [88] (Figure 2.8). Moreover, the reac-
tion of TeCl4 with one equivalent of dilithiummeso-tetra-p-tolylporphyrin, Li2(ttp), in
hexane at reflux yields the dark green tellurium(IV) porphyrin complex [Te(ttp)Cl2] in
which only three nitrogen atoms of the porphyrin ligand are coordinated to tellurium
[89]. However, the reaction of TeCl4 with the multifunctional reagent N(SiMe3)3 in a
2:1 molar ratio produces a dimer of the hypothetical tellurium(IV) imide [Cl3Te-
N=TeCl]+ [90] (Figure 2.8). The tellurium(IV) imide tBuN=TeCl2 is obtained as a trimer
from the redistribution reaction of TeCl4 with the tellurium(IV) dimide dimer [tBuNTe
(μ-NtBu)2TeN

tBu]2 [91].
Tellurium tetrahalides are key reagents for the synthesis of 1,2,5-telluradiazoles and

benzo-2,1,3-telluradiazoles, which exhibit supramolecular chromotropism. The latter are
generally prepared by cyclocondensation of TeCl4 with the appropriate phenylenedia-
mine in pyridine followed by the addition of triethylamine. Yields of pure benzo-2,1,3-
telluradiazoles, after removal [Et3NH]Cl, range from 43% for the 3,6-dibromo derivative
[92] to 84% for the 4,5,6,7-tetrafluoro derivative [93]. The reaction of 2,3-diaminomaleo-
nitrile with TeX4 (X = Cl, Br) in the presence of pyridine and triethylamine gives a
product that is contaminated with [Et3NH]Cl and pyridine. Pure dicyano-1,2,5-telluradia-
zole is obtained in 57% yield after treatment of this product with iced water [94].

The reactions of tellurium tetrahalides with a wide range of N, P, O, S and Se-
centred Lewis bases have been investigated and reduction is sometimes observed,
especially for the heavier halogens (Figure 2.9) [9]. For example, tellurium(II) diodide
is trapped by the chelating nitrogen ligand in the reaction of TeI4 with a 1,2-bis
(arylimino)acenaphthene [95]a; however, similar reactions with TeX4 (X = Cl, Br)
result in C-H activation of an isopropyl group in the ligand to give aN,N,C-bound TeX3

complex [95]a,b. The reaction of TeI4 with a carbene ligand, 2,3-dihydro-1,3-diiso-
propyl-4,5-dimethylimidazol-2-ylidene, in THF at reflux also produces a 1:1 adduct
with TeI2 (66% yield) via reductive elimination of I2 from the initially formed TeI4
adduct [96]. The 1:1 adduct of TeI2 with the Se,Se’-chelating ligand SePPh2CH2Ph2PSe
has been prepared in 85% yield from a combination of elemental tellurium and I2
with an equimolar amount of the ligand in CH2Cl2 for 4 days at room temperature [97].

In contrast to the behaviour of SeX4 (Figure 2.1), the tellurium tetrahalides TeX4

(X = Cl, Br) form 1:1 adducts with 1,4-di-tert-butyl-1,3-diazabutadiene (Figure 2.9) and
TeI4 does not react at room temperature with this N,N’-chelating ligand [11]. The
reactions of TeX4 (X = Cl, Br) with 2,2-bipyridine (bipy) also produce 1:1 adducts in the
ionic form [Te(bipy)X3]X, which for X = Cl can be reduced by SbPh3 in dichloro-
methane to give the tellurium(II) complex [Te(bipy)Cl2] (Section 2.2.7) [98].

In an early work, a 2:1 trans-octahedral complex was isolated in 34% yield from
the reaction of tetramethylthiourea (tmtu) with TeCl4 [99]. Recently, the reactions of
TeX4 (X = F, Cl, Br, I) with chalcogen-centered ligands, including phosphine
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chalcogenides and thio- or seleno-ethers, have been investigated extensively [100,
101]. In the case of phosphine oxides OPR3 (R = Me, Ph), the adduct obtained is
dependent upon the nature of the halogen. Thus, TeF4 forms the square-pyramidal 1:1
complexes [TeF4(OPR3)] [100], whereas the heavier tetrahalides give distorted cis-
octahedral 1:2 complexes [TeX4(OPR3)2] (X = Cl, Br; R = Me, Ph) (Figure 2.9) [101]a.
Chelating thioether ligands also give cis-octahedral 1:2 complexes [TeX4(RS(CH2)2SR]
(X = Cl, Br; R = Me, iPr), whereas the monodentate thioether dimethyl sulfide
generates 1:1 complexes, which exist as halo-bridged dimers [{X3(Me2S)Te}2(μ-X)2]
[101]b. Soft selenoether ligands form 2:1 trans-octahedral complexes of the type [TeX4

(SeMe2)] (X = F, Cl. Br) and chelating selenium ligands, e. g. o-C6H4(SeMe)2, produce
cis-octahedral 1:1 complexes [101]a. However, reduction of the tellurium centre does
occur in the reaction of TeBr4 with a chelating phosphine selenide to give [TeBr2(Ph2P
(Se)CH2P(Se)Ph2] (Figure 2.9) [100].

In contrast to the reactions of selenium tetrahalides with triphenylphosphine
Ph3P, which involve oxidative addition to the phosphorus(III) centre (Figure 2.1), the
corresponding reactionwith TeCl4 results in the reduction of one-half of the tellurium
to tellurium metal [eq. (2.19)] [12].

2Ph3P + 2TeCl4 ! Ph3PCl½ �2 TeCl6½ � + Te (2:19)
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Figure 2.9: Reactions of TeX4 (X = F, Cl, Br, I) with Lewis bases: (i) bis(arylimino)acenaphthene;
R = 2,6-diisopropylphenyl, mesityl; (ii) 1,4-di-tert-butyl-1,3-diazabutadiene, X = Cl, Br; (iii) OPR3
(R = Me, Ph), X = F; (iv) L = OPR3 (R = Me, Ph), X = Cl, Br; (v) Ph2P(Se)CH2P(Se)PPh2 and
(vi) RSCH2CH2SR (R = Me, iPr), X = Cl, Br.
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Surprisingly, tellurium tetrachloride also acts as a Lewis acid upon treatment
with the nucleophile [Mn(CO)5]

– in THF at –15 °C to give the six-coordinate adduct
[Mn(CO)5(TeCl4)]

- as a PPN+ salt [102]. Alternatively, tellurium tetrahalides may act as
sources of the TeX3 ligand in oxidative–addition reactions with Rh(I), Ru(I) or Ir(I)
complexes as exemplified by the formation of the ion-separated rhodium(III) com-
plex [RhCl(TeF3)(CO)(PEt3)2][TeF5] [103] and the octahedral iridium(III) complex [IrCl2
(CO)(PPh3)2(TeCl3)] [104]. However, TeCl4 may also behave as a mild chlorinating
agent rather than an electrophile with other metal carbonyl complexes, e. g. the
formation of [FeCl2(CO)3L2] from reactions with [Fe(CO)3L2] (L = CO, PPh3) [104].

There have been extensive investigations of the addition of TeCl4 to unsaturated
organic compounds, which are covered in the earlier review literature. A recent
example involves reactions of TeX4 (X = Cl, Br) with 3-hexyne and 4-octyne which
give either monoaddition products with E-stereochemistry or bis-addition products
(Figure 2.10) [105]. These addition products can be considered as examples of RTeCl3
(Section 2.3.1) and R2TeCl2 derivatives, respectively, and they are readily reduced to
either ditellurides or monotellurides (Figure 2.10) in high yields using either aqueous
sodium metabisulfite in CCl4 or aqueous NaBH4 sodium borohydride in THF [105].

2.2.7 Tellurium dihalides and ditellurium dihalides

In an early work, telluriumdihalides TeX2 (X = Cl, Br) were prepared by the reaction of
molten tellurium with CF2Cl2 or CF3Br, respectively [106]a, [106]b. These dihalides
disproportionate readily in ether solvents to give TeX4 and elemental tellurium.
However, the reaction of TeCl2 with liquid bromine was reported to give TeCl2Br2 as
a yellow solid [106]a. The isolation of TeCl2 in 60% yield from the reaction of TeCl4
with an equimolar quantity of hexamethyldisilane at reflux has been claimed and
Me3SiCl was identified as a by-product [107]. This source of in situ TeCl2 has been used
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Figure 2.10: Addition of TeCl4 to alkynes RC≡CR (R = Et, Pr).
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to prepare the silane or germane tellones [(Tbt)(Dip)M=Te] (M = Si, Ge) by reaction
with [(Tbt)(Dip)MLi2] (Tbt = 2,4,6-tris[bis(trimethylsilyl)methyl]phenyl, Dip = 2,6-
diisopropylphenyl) [108]. The same reagent has also been used in a ring-closure
reaction with 2,3-dimethoxy-1,3-butadiene for the efficient synthesis of 3,4-dimethox-
ytellurophene [Figure 2.11(a)] [109]. Alternatively, a Lewis base adduct of TeCl2 (vide
infra) may be used to generate a tellurophene ring via Zr/Te transmetallation
[Figure 2.11(b)] [110].

In fact, Lewis base adducts of TeX2 (X = Cl, Br, I) are used more frequently than the
in situ reagent for the synthesis of inorganic or organic tellurium compounds [9].
Examples of these sources of TeX2 include the 1:1 adduct with tmtu, which has
been known for many years [111] and the more recent discoveries of [Te(bipy)Cl2]
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Figure 2.11: Synthesis of tellurophenes using (a) in situ TeCl2 and (b) the Lewis base adduct (bipy)
TeCl2.
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(Section 2.2.6) [97] and [Te(PEt3)X2] (X = Cl, Br, I) [112]. In addition to the example
shown in Figure 2.11(b), some other illustrations of the applications of these adducts
in the synthesis of tellurium compounds are depicted in Figure 2.12. The Te(bipy)Cl2
complex provides a source of diaryl tellurides via reactions with Grignard reagents
[9]. The bidentate bipy ligand in this complex can be replaced by two N-heterocylic
carbenes to give the 2:1 adduct Te(iPr2IM)2Cl2 [9]. Treatment of [(Dipp2BIAN)TeI2] with
2.5 equivalents of silver triflate in CH2Cl2 rapidly generates the corresponding bis-
triflate, which acts as a source of a tellurium-centred dication upon reaction with two
equivalents of iPr2IM [113]. The metathetical reaction of (tmtu)TeCl2 with 2.5 equiva-
lents of Li[HC(PPh2Se)2] results in disproportionation to give elemental tellurium and
an unusual tellurium(IV) complex (Figure 2.12) [114].

Ditellurium dihalides Te2X2 (X = Cl, Br) are prepared by reducing elemental tellurium
with the superhydride Li[BHEt3] and treating the resulting telluride with the appro-
priate tellurium tetrahalide TeX4 [115]. These tellurium(I) halide reagents are
obtained as yellow and orange liquids, respectively, but they have limited stability.
However, they have been used to generate the seven-membered, heteroatomic
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Figure 2.12: Synthesis of tellurium compounds from Lewis base adducts of TeX2: (a) RMgCl (R = Ph,
CH2Ph), L = bipy, X = Cl, (ii) iPr2IM, L = bipy, X = Cl, (iii) Li[HC(PPh2Se)2], L = tmtu, X = Cl and (iv)
2.5AgOTf, L = Dipp2BIAN, X = I.
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chalcogen rings 1,2-Te2E5 (E = S, Se) via metathesis with titanocene pentachalcogen-
ides [eq. (2.20)] [115].

Cp2TiE5 + Te2Cl2 ! 1,2-Te2E5 + Cp2TiCl2 (2:20)

2.3 Organochalcogen–halogen reagents

A wide variety of organochalcogen(IV)–halogen reagents of the type REX3 and R2EX2

(E = Se, Te; X = F, Cl, Br, I) are known and their applications in organic chemistry have
been surveyed [116]. Organochalcogen(II) compounds, especially PhSe(II) halides and
their derivatives, are widely used as electrophilic reagents in the functionalization of
carbon–carbon multiple bonds [117]. In addition, understanding the structural features
of organochalcogen halides, especially the tellurium derivatives, has been a major goal
of recent investigations and this aspect is addressed in several surveys [118]. After a
brief introduction to the most common representatives of each compound class, the
following sections will focus on the synthesis and reactions of derivatives that incor-
porate bulky R groups on the chalcogen or intramolecular heteroatom–chalcogen
interactions, since these strategies enable access to derivatives with functionalities
that are not stable with simple alkyl or aryl groups attached to the chalcogen.

2.3.1 Organoselenium and tellurium trihalides

Arylselenium trihalides have been known since the 1930s. They are usually prepared
by halogenation of the corresponding arylselenocyanate or diaryldiselenide [119]. For
example, the series 4-XC6H4SeBr3 (X = H, Br, Cl, CH3) was obtained by treating the
appropriate diaryldiselenide with three equivalents of a solution of bromine in chloro-
form [119]. These solid tribromides are moisture-sensitive and decompose upon pro-
longed storage or when exposed to a laser beam or heat with loss of Br2. Aryl or alkyl-
selenium trichlorides are prepared similarly, e. g. by chlorination of PhSeSePh or
MeSeSeMe with Cl2 gas in methylene dichloride [120]a,b; PhSeCl3 is isolated as hygro-
scopic, pale yellow crystals [120]a. These organoselenium(IV) trichlorides form 1:1
adducts with SbCl5, which are formulated as ionic salts [RSeCl2

+][SbCl6
–] [120]a.

In an early work, a series of arylselenium trifluorides ArSeF3 (Ar = C6H5, 4-
CH3C6H4, 4-FC6H4, 2-C2H5C6H4, 2-NO2C6H4) were prepared by oxidative fluorination
of the corresponding diaryl diselenide with silver difluoride; yields were in the range
24–77% [121]a. As a representative example, PhSeF3 was obtained from the reaction
of PhSeSePh with an excess of AgF2 in boiling CF2ClCCl2F (bp. is 47 °C) in a poly-
propylene vessel (to avoid etching of glass). The very moisture-sensitive arylselenium
trifluorides are readily hydrolysed to seleninic acids ArSeO2H upon exposure to
moisture [121]a. More recently, the use of XeF2 in CH2Cl2 at 0 °C as fluorinating
agent in perfluoroalkoxy-copolymer vessels has extended the range of known
RSeF3 derivatives to alkyl (R = Me, iPr) or bulky aryl derivatives [R = 2,4,6-R’3C6H2
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(R’ = Me, iPr, tBu)], as well as the R = 2-Me2NCH2C6H4 compound [eq. (2.21)] [121]b.
Because of the limited thermal stability above 0 °C, reactions of these selenium
trifluorides with trimethylsilyl azide occur rapidly in CH2Cl2 at –50 °C to give the
corresponding triazides, which have even lower thermal stability [121]b.

RSeSeR + 3XeF2 ! 2ArSeF3 + 3Xe (2:21)

In contrast to the formation of TeCl2 from the reaction of TeCl4 with hot Me3SiSiMe3
(Section 2.2.7), when combined in CS2 these reagents generate a polymeric methyl-
tellurium trichloride (MeTeCl3)∞ as very moisture-sensitive, brownish crystals in 43%
yield [122]. The ethyl derivative EtTeCl3 is obtained in 75% yield by chlorination of
EtTeTeEt with Cl2 gas in cold (–20 °C) methylene dichloride [120]. The bis-substituted
derivative, CH2(TeCl3)2, is a an interesting example of an organotellurium trichloride,
which is obtained as a white crystalline solid from the reaction of acetic anhydride
with TeCl4 in a 1:3 molar ratio at reflux for ca. 1 day [123]. Reduction of CH2(TeCl3)2
with aqueous sodiummetabisulfite (Na2S2O5) produces an almost quantitative yield of
the grey polymer (CH2TeTe)n [123].

Halogenation of ditellurides with an excess of Cl2 (or SO2Cl2), Br2 or I2 is a
common route to aryl derivatives ArTeX3, which are also accessible from reactions
of TeX4 with arylmercury halides or via Friedel–Crafts reactions of TeCl4 with arenes
[124]. Supermesityltellurium trichloride Mes*TeCl3 (Mes* = 2,4,6-tBu3C6H2) is
obtained as bright yellow crystals in 96% yield by chlorination of Mes*TeTeMes*
with SO2Cl2 in amolar ratio of ca. 1:2.8 in diethyl ether [125]. However, the installation
of the very bulky aryl group on tellurium engenders some unusual reactivity. As
depicted in Figure 2.13, intramolecular HCl elimination involving an ortho tert-butyl
groupwith the formation of a Te-C bond occurs in the solid state at room temperature.
On the other hand, an equilibrium exists between Mes*TeCl3 and the tellurium (II)
species Mes*TeCl and chlorine gas in solution (Section 2.3.4) [125]. On exposure to
moist air, partial hydrolysis occurs to give Mes*Te(OH)Cl2 [125].

The stabilizing influence of intramolecular heteroatom interactions on organo-
tellurium(IV) trihalides is exemplified by 2-dimethylaminomethylphenyl derivatives
ArTeX3 (Ar = 2-Me2NCH2C6H4), which are prepared by halogenation of the corre-
sponding ditelluride ArTeTeAr with SO2Cl2 (X = Cl) or Br2 (X = Br) [118]a, [126]. More
recently, fluorination of this ditelluride with XeF2 in dichloromethane at room tem-
perature was shown to produce almost quantitative yields of the colourless trifluoride
(2-Me2NCH2C6H4)TeF3, which reacts with trimethylsilyl azide to give the thermally
unstable triazide (2-Me2NCH2C6H4)Te(N3)3 [127].

Similar to the behaviour of TeCl4 (Section 2.2.6), reactions of aryltellurium
trichlorides with Me3Si-N derivatives take place without reduction of the tellurium
centre. Examples of aryltellurium(IV) compounds prepared in this manner include
Ph3P=NTe(Ar)Cl2, Me2S(O)NTe(Ar)Cl2, Me3SiN=S=NTe(Ar)Cl2 (Ar=4-MeOC6H4) [84],
and Ar(R’2N)TeCl2 (Ar = C6H5, 4-MeOC6H4, 4-C6H5OC6H4; R’2 = Et2, C4H8) [128].
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The base hydrolysis of aryltellurium trichlorides provides a general route to aryltel-
lurinic acids [ArTe(O)OH]n, which are usually polymeric, high-melting solids with
low solubility in organic solvents [129]. However, the installation of a highly bulky
group on tellurium enables the isolation of a partial hydrolysis product, e. g. Mes*Te
(OH)Cl2 Figure 2.13) [125]. In the case of ArTeCl3 (Ar = 2,6-Mes2C6H3), the controlled
base hydrolysis proceeds in two steps to give the aryltellurinic chloride [ArTe(O)Cl]2
and, subsequently, the aryltellurinic acid [ArTe(O)OH]2, both of which are
dimeric (Figure 2.14) [130]. The hydrolysis of the intramolecularly coordinated
ArTeCl3 (Ar = 8-Me2NC10H6) with an excess of aqueous NaOH generates a series of
polynuclear telluroxanes as crystalline materials [131].

2.3.2 Diorgano-selenium and -tellurium dihalides

Simple dialkyl and diaryl-selenium dihalides R2SeX2 (R = Me, Ph; X = Cl, Br) are
obtained as monomeric solids from halogenation of the corresponding selenide R2Se
with an equivalent amount of Cl2 or Br2 [132]. By contrast, the difluorides are liquids
(R = Me, Et, nPr, iPr) or low-melting solids (R = (CH2)4, Ph) that are generated by
treatment of R2Se with AgF2 [133]. Alternatively, XeF2 in CH2Cl2 can be used as the
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Figure 2.13: Decomposition pathways of ArTeCl3 (Ar = 2,4,6-tBu3C6H2).
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fluorinating agent to prepare R2SeF2 (R = Me, Et, iPr, Ph, Mes, Mes*, 2,4,6-iPr3C6H2, 2-
Me2NCH2C6H4) [127]. Ph2SeF2 is obtained as a dark purple crystalline solid, which
reacts with two equivalents of PhLi in diethyl ether to produce the explosive tetra-
phenylselenurane Ph4Se (Section 2.2.1) [4].

Diorganotellurium dihalides are accessible in a number of ways: (a) condensation
reactions with aromatic compounds such as ROC6H5 or R2NC6H5, (b) arylation of TeCl4
with ArHgCl, (c) halogenation of tellurides R2Te with Cl2 (or SO2Cl2), Br2, I2 and (d)
reactions of elemental telluriumwith alkyl halides [124]. As a recent example ofmethod
(c), the diorganotellurium diiodides TeI2(CH2SiMe3)2, TeI2Th(CH2SiMe3), TeI2Ph
(CH2SiMe3) and TeI2Th2 (Th = 2-thienyl) are obtained as air-stable orange or red crystals
in >90% yields by treatment of the appropriate telluride with I2 in THF [134]. The
oxidative-addition of alkyl bromides or iodides to elemental tellurium [method (d)] is a
well-established procedure that has been applied to the preparation of (PhCOCH2)2TeX2

as colourless (X = Br) or red (X = I) crystals, in 50% or 65% yields, respectively [135].
In the case of 1,5-ditelluracyclooctane, reaction with Cl2 or I2 [method (c)] generates

dihalogenoditelluranes with a transannular Te–Te bond in almost quantitative yields
(Figure 2.15) [136]a. The thermolysis of the dichloroditellurane in boiling dimethylforma-
mide (DMF) (160 °C) for 5 min engenders the ring-expansion product Cl6[12]aneTe3,
which exhibits redox behaviour upon treatmentwith six equivalents of PhSH in dimethyl
sulfoxide (DMSO) at 50 °C to give a cyclic tritelluride in 90% yield (Figure 2.15) [136]b.

Diaryltellurium difluorides (4-ROC6H4)2TeF2 (R = Me, Et) are obtained as colourless
crystals in low yields by fluorination of the corresponding dichlorides with AgF2 in
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boiling toluene [124]b. Similar to the preparation of aryltellurium trifluorides (vide
supra), the reaction of XeF2 in dichloromethane at room temperature with the mono-
telluride (2-Me2NCH2C6H4)2Te produces the colourless difluoride (2-Me2NCH2C6H4)2TeF2,
which reacts with trimethylsilyl azide to give the thermally unstable diazide
(2-Me2NCH2C6H4)2Te(N3)2 [127].

The hydrolysis of diaryltellurium dihalides with an excess of base in aqueous
ethanol is an important route for the preparation of the ditellurium oxides (tell-
uroxanes), (R2TeO)n, as crystalline solids [129]. Incomplete hydrolysis using water
gives rise to either diaryltellurium hydroxyhalides R2Te(OH)X or their condensation
products XR2TeOTeR2X. A better route to the latter class of ditelluroxane is the
redistribution reaction between R2TeO and R2TeX2, e.g. R = 4-MeOC6H4, X = I [137].

The bifunctionality of diaryltellurium dihalides provides an opportunity to generate
tellurium-containing macrocycles through cyclocondensation reactions with carboxylic
or phosphinic acids. Thus, the reactions of Ar2TeCl2 (Ar = 4-MeOC6H4) with 1,1ˊ-ferroce-
nedicarboxylic acid in the presence of NEt3 in benzene generates an almost quantitative
yield of a 16-membered macrocycle [138], while a similar reaction with 1,1,2,3,3-penta-
methyltrimethylenephosphinic acid produces a 12-membered Te4P2O6 ring [139].

2.3.3 Mixed-valent state compounds RTeX2TeR

Tellurium can form an unusual class of mixed-valent [Te(IV)/Te(II)] compounds if a
deficiency of the halogen reagent is used in the halogenation of ditellurides. Thus,
the reaction of PhTeTePh with only one molar equivalent of Br2 produces red-brown
PhTeBr2TePh in almost quantitative yield [140]. Derivatives with a bulky aryl group
ArTeX2TeAr (Ar = 2,6-Mes2C6H3; X = Cl, Br) are obtained in a similar manner from
ArTeTeAr and SO2Cl2 or Br2 [140] and a mixed-valent difluoride BbtTeF2TeBbt is
prepared as air-stable, red-brown crystals in 64% yield by treatment of the ditelluride
with XeF2 in dichloromethane at –78 °C (Figure 2.16) [141].

The applications of ditelluride dihalides RTeX2TeR for the generation of aryltel-
lurenyl cations are discussed at the end of the next section.

2.3.4 Organo-selenium and -tellurium monohalides

In marked contrast to the thermal instability of selenium(II) dihalides (Section 2.2.3),
phenyl selenium(II) halides PhSeX (X = Cl, Br) are commercially available solids that
can be readily prepared by treatment of PhSeSePhwith one equivalent of SO2Cl2 or Cl2
in hexane or Br2 in THF. By contrast, the treatment of PhSeSePh with I2 produces the
1:1 complex Ph2Se•I2 [142]. However, the presence of a bulky aryl group causes Se–Se
bond cleavage to give the black selenenyl iodide ArSeI (Ar = Mes*) in almost
quantitative yield [143]. A bulky alkyl group also stabilizes the Se-I functionality in
(Me3Si)3CSeI [144]. The complex Ph2Se•I2 is commercially available and behaves as
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the reagent “PhSeI” in the iodoselenation of 2-hexyne [142]. Arylselenenyl fluorides
ArSeF in which a substituent in the ortho position provides steric or electronic
protection are obtained by treatment of diselenides ArSeSeAr or aryl selenotrimethyl-
silanes ArSeSiMe3 with XeF2 in dichloromethane at low temperatures in perfluor-
oethylene-perfluorovinyl ether copolymer (PFA) vessels [145]. They were identified by
low-temperature 19F and 77Se NMR spectroscopy but, at ambient temperature, they
readily undergo disproportionation.

The applications of phenylselenenyl reagents in organic chemistry, primarily for
the functionalization of carbon–carbon multiple bonds, are discussed in Chapter 7.
The halide ion in PhSeX is often replaced in situ in order to avoid the incorporation of
halide nucleophiles during selenenylation reactions [117]. For example, the following
PhSe+X– equivalents have been used for addition to alkynes: Ph2Se2/XeF2/2SbF5,
Ph2Se2/Br2/AgSbF6, Ph2Se2/2NOSbF6 and PhSeCl/SbCl5 [146]. The latter reagent
reacts with alkynes RC≡ CR in dichloromethane at –40 °C to give selenirenium
cations as SbCl6

– salts which, in the case of R = tBu, Ad, can be isolated as stable
crystalline solids (Figure 2.17) [146].

The reactions of arylselenium chlorides ArSeCl with trimethylsilyl azide produce
the corresponding azides ArSeN3, which decompose with loss of N2 to give
diselenides ArSeSeAr even for very bulky aryl derivatives. However, the strategy

ArTeTeAr

ArTeF2TeAr

SOCl2

ArTeX2TeAr

or Br2
XeF2

Ar = Bbt=
Me si

Me si
Me si

SiMe SiMe

SiMe

SiMe

Ar = Ph, X = Br
Ar = 2,6-Mes2C6H3, X = Cl, Br

Figure 2.16: Synthesis of a mixed-valent aryltellurenyl halides ArX2TeTeAr.
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Figure 2.17: Preparation of selenirenium ions from PhSeCl/SbCl5 and alkynes.
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of intramolecular heteroatom stabilization produces 2-Me2NCH2C6H4SeN3 as pale
yellow crystals in 88% yields from the reaction of 2-Me2NCH2C6H4SeCl with
sodium azide in acetone; for prolonged safekeeping, this azide must be stored
at 0 °C [147].

Similar to binary tellurium(II) halides, TeX2 (X = Cl, Br) (Section 2.2.7), simple
organic derivatives RTeX (R = Me, Ph; X = Cl, Br) are unstable with respect to
disproportionation. However, the bulky alkyl derivatives (Me3Si)3CTeX (X = Cl, Br, I)
are obtained quantitatively as blue-black crystals by halogenation of the ditelluride
(Me3Si)3CTeTeC(SiMe3)3 with one molar equivalent of SO2Cl2, Br2 or I2 in THF at room
temperature [148]a. Reactions of the iodide with organolithium reagents give the
corresponding methyl and phenyl derivatives (Me3Si)3CTeR as yellow needles in 85%
(R =Me) and 80% (R = Ph) yields [148]b. The iodide has also been used inmetathetical
reactions with silver or potassium salts of pseudo-halides or pseudo-chalcogenides
to generate (Me3Si)3CTeX (X = CN, SCN, SeCN, NCO, N3) and (Me3Si)3CTeYTeC(SiMe3)3
(Y = NCN, NSN), respectively, in yields ranging from 72 to 92% [148]b.

Bulky substituents or intramolecular heteroatom–tellurium coordination can
also serve to stabilize aryltellurenyl halides, as illustrated by the monomeric species
2,4,6-R3C6H2TeX (R = iPr, tBu; X = Br, I), which are prepared by reactions of the
corresponding ditellurides with equimolar amounts of Br2 or I2; the iodides are
thermally more stable than the bromides [149]. Stabilization can also be achieved
by intramolecular heteroatom–tellurium interaction as in 2-Me2NCH2C6H4TeI [150].
The kinetic or donor stabilization afforded by bulky aryl groups or the presence of
coordinating heteroatoms extends to the corresponding azides, e.g. 2,4,6-R3C6H2TeN3

(R = iPr, tBu) and 2-Me2NCH2C6H4TeN3, which are prepared by reactions of the iodides
with silver azide in acetonitrile [150].

Aryltellurenyl iodides behave as iodine-like acceptors in reactions with iodide
ion, phosphine selenides or TeMes2 (Figure 2.18). For example, the green iodide
2,4,6-iPr3C6H2TeI forms the stable, red adduct [Et4N][2,4,6-

iPr3C6H2TeI2] upon treat-
ment with [Et4N]I [149]. The bifunctional phosphine selenides SePPh2(CH2)nPh2PSe
(n = 1,2) react with MesTeI in dichloromethane to give 1:2 complexes in ca. 75% yields
[97]. In related behaviour, attempts to recrystallize MesTeI always produced the 1:1
adduct Mes(I)Te(TeMes2) [151]
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Halogenation reactions of a ditelluride with bulky aryl substituents RTeTeR (R =
Bbt = 2,4,6-[(Me3Si)2CH]3C6H2) have also been investigated using different molar
ratios of the reagents [152]. With one molar equivalent of SO2Cl2, Br2 or I2 in CH2Cl2,
the thermally stable monohalides BbtTeX were isolated in 82–95% yields as red-
purple, blue and green crystals, respectively. Changing the molar ratio to 3:1 pro-
duced the trihalides BbtTeX3 (X = Cl, yellow crystals, 93%; X = Br, red crystals, 99%),
but only the monoiodide BbtTeI when three equivalents of I2 were used [152].

The heteroatom (ortho-methoxy) substituents in the ditelluride RTeTeR (R = 2,6-
dimethoxyphenyl) have a notable influence on the outcome of the reaction with
I2 [153]. When this reaction is carried out in a 1:1 molar ratio in dichloromethane
at –10 °C the mixed-valent compound RTeTeI2R is isolated in very high yields. At
room temperature the tellurenyl iodide is formed, but it reacts further with an
additional molar equivalent of I2 to give the adduct RTe(I)I2 [153].

The reaction of PhTeTePh with one equivalent of I2 in diethyl ether produces
black crystals of stoichiometry “PhTeI” which, in contrast to the other monohalides
PhTeX (X = Cl, Br) (vide supra), is stable in the solid state. In the absence of bulky
substituents on the aryl group, this species exists as the tetramer Ph4Te4I4 with a
four-membered Te4 ring [154]. However, the tetrameric structure is easily disrupted
upon addition of PPh3 to give the 1:1 adduct Ph3PTe(Ph)I [154]. Although this mono-
meric complex does not act as a source of PhTe+, aryltellurenyl cations stabilized by
two-electron donors, e. g. PPh3 or NHC, can be generated from mixed-valent ditellur-
ium dihalides ArX2TeAr (Section 2.3.3) as illustrated in Figure 2.19 [155, 156].

2.4 Conclusions

The reactivity, variety and, in some cases, ready access to Se/Te halides facilitates the
wide use of these reagents in the preparation of both inorganic and organic com-
pounds. In particular, the commercial availability of the easily manipulated tetra-
halides E(IV)X4 (E = Se, Te; X = Cl, Br) enables their applications in inorganic and
organic synthesis. Although lower-valent dihalides E(IV)X2 (E = Se, Te; X = Cl, Br)
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2.4 Conclusions 51



have a propensity for disproportionation, methods have been developed to allow
their use as in situ reagents. Specifically, an extensive chemistry of selenium diha-
lides especially in organic synthesis, but also for the preparation of inorganic com-
pounds, has emerged. To a lesser extent, tellurium dihalides are also effective
reagents in the form of adducts with Lewis bases, provided that the electron donors
released in these reactions do not interfere with the desired transformation. In the
case of selenium, the existence of halides in a variety of formal oxidation states, e.g.
SeCl4, SeOCl2, SeCl2 and Se2Cl2, has permitted the creative use of mixtures of these
reagents for the synthesis of unusual selenium compounds.

In contrast to the binary systems, organoselenium(II) halides PhSe(II)X (X = Cl, Br)
are commercially available, thermally and reasonably air-stable reagents that have
wide applications in organic synthesis, notably for additions to carbon–carbon multi-
ple bonds. On the other hand, the tellurium analogues PhTe(II)X, like their inorganic
counterparts, are unstable towards disproportionation. However, this tendency can be
suppressed by invoking the strategies of kinetic stabilization using either very bulky
substituents on the tellurium atom or groups that provide intramolecular heteroatom–
tellurium coordination. These approaches have also been applied to the preparation of
reasonably stable organotellurium(IV) fluorides. The heavier organotellurium(IV)
halides, as exemplified by REX3 and R2TeX2 (R = alkyl, aryl; X = Cl, Br), are readily
prepared and easily handled in the case of aryl derivatives. The multifunctionality of
these reagents presages wide applications in synthesis, which have only been partially
realized. A unique feature of organotellurium halides is the existence of mixed-valent
species of the type RTe(IV)X2Te(II)R. The synthetic potential of these reagents has only
recently been exploited, e.g. in the generation of RTe+ cations.
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3 Organoselenium and organotellurium compounds
containing chalcogen-oxygen bonds in organic
synthesis or related processes

Abstract: This chapter emphasizes aspects related to the role of organochalcogen
(Se, Te) compounds with single E‒O and/or double E=O (E=Se, Te) bonds in organic
synthesis, as reagents, intermediates, or catalysts, and it gives a larger extent mainly
to data reported in the field during the last ten years. For each of these two heavier
chalcogens the material is structured according to the oxidation state of the chalco-
gen and, for the same oxidation state, in sections dedicated to a particular type of
compounds. Functionalization or cyclization reactions in which the organochalco-
gen compounds take part as nucleophiles, electrophiles or radicals, employed in
various synthetic transformations, are discussed and, where available, the mechan-
istic aspects are outlined. New chiral species and new strategies were developed
during last years in order to increase the yield, the reaction rate and the stereose-
lectivity in specific organic transformations, i.e. addition, oxidation, elimination,
cyclization or rearrangement reactions. A notably attention was devoted to easily
accessible and environmental friendly catalysts, re-usable and “green” solvents, as
well as waste-free procedures.

Keywords: organoselenium, organotellurium, oxidation, organic synthesis, catalysis

3.1 Introduction

Organochalcogen compounds attracted a considerable increased attention during
last decades due to their importance in different fields, including organic synthesis,
materials science, medicine and biology or coordination chemistry. Organoselenium
species proved to be valuable reagents in chemo-, regio- stereoselective or stereo-
specific reactions in various synthetic transformations such as selenenylation, sele-
nocyclization, selenoxide elimination and 2,3-sigmatropic rearrangement processes,
as well as in asymmetric catalysis. At a lower extent, organotellurium analogues were
employed in organic synthesis as well. Plenty of books or book chapters [1] as well as
review articles [2] were dedicated along the last decades to the organoselenium
chemistry, in general, and to the role of organoselenium species in organic synthesis,
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in particular, while less contributions were summarizing aspects regarding a similar
role of organotellurium compounds [1]a–d, [1]g, [1]h, [2]e, [3]. This chapter is dedi-
cated to the use of organoselenium and -tellurium compounds with chalcogen-
oxygen bonds in organic synthesis and related processes and is based on a full search
of the original literature performed using the SciFinder database. However, since
various reviews and book chapters were dedicated over years to topics related to the
subject of this survey, the literature older than 2008 was cited only when required to
emphasize some important aspects.

Already at the beginning of the twentieth-century elemental selenium was used
to obtain aromatic compounds by dehydrogenation of saturated cyclic and polycyclic
hydrocarbons [4], while selenium dioxide was firstly mentioned in 1929 in a patent
from I.G. Farbenindustrie AG as oxidant in synthetic organic chemistry [5].
Furthermore, SeO2 was mentioned as reagent in allylic hydroxylations and in oxida-
tion of ketones to α-diketones [6]a–g, and more recently the I2/SeO2 system was
reported as an efficient catalyst for the selective synthesis of mono- and bis-sulfeny-
lindoles, the selectivity being controlled by the SeO2 amount [6]h. The role of tell-
urium and TeO2 in reactions with various organic substrates is mentioned only later,
about 1980th, by Bergman and Engman [7]. The chemistry of organoselenium com-
pounds goes back to 1847 when the first derivative, ethylselenol, was synthesized [8],
but the use of organoselenium species in organic synthesis was marked only in 1970
by the formation of alkenes by decomposition of organoselenoxides under mild
conditions [9]. From structural point of view the organoselenium compounds are
closely related to their sulfur and tellurium analogues, but the chemical behavior of
organoselenium reagents is quite different in comparison with those of the lighter
sulfur or the heavier tellurium. In several cases, organoselenium compounds give
reactions which are not possible with sulfur or tellurium in similar conditions. In
comparison with sulfur, much milder conditions are required for the reactions
employing organoselenium reagents, i. e. syn-elimination of selenoxides is about
three orders of magnitude faster than the elimination of the corresponding less
polar and less basic sulfoxides, sigmatropic rearrangement reactions proceed at
markedly lower temperatures, selenuranes are more easily obtained than the sulfur
analogues, selenides and selenolate anions are less basic andmore nucleophilic than
the corresponding sulfur derivatives, etc [1].

Different functional groups can be introduced into organic substrates by pro-
cesses based on organoselenium and -tellurium compounds, when the chalcogen
behaves as an electrophile, as a nucleophile or as a radical towards the organic
substrate. The higher polarity of the Te=O or the Te‒O bonds results in a considerably
different reactivity of the tellurium containing species, compared with that one of the
lighter group 16 congeners.

Among the large diversity of heavy organochalcogen derivatives, we highlight in
this chapter the role of organoselenium and -tellurium compounds with chalcogen-
oxygen bonds, giving a special attention to the achievements in this area during the
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last ten years. Besides the types of organic transformations to which such species
take part, several criteria might be used for their classification: the oxidation state of
the chalcogen (+ 2, + 4 or + 6), the number of E‒O or/and E=O bonds, the presence of
O→E secondary interactions, their role as starting material, intermediate or catalyst
in the described process. The types of organochalcogen compounds with chalcogen–
oxygen bonds which were already employed in organic synthesis are summarized in
Figure 3.1.

The presence of a heteroatom capable to establish an intramolecular interaction
with the chalcogen usually results in heterocyclic rigid conformations which are
responsible for an increased stereoselectivity of these species in catalytic processes
[10]. Chiral organoselenium species with O→E intramolecular interactions (Figure
3.2) were employed in functionalization (i.e. methoxyselenylation) reactions [11].

In such species the strength of the intramolecular interaction increases with
decreasing the size of the R group, better selectivities being obtained for R=H. It
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was observed that such interactions are responsible both for the molecular structure
of the active reagent and for the asymmetric induction to the stereocenter. Ionic
compounds of type IV were successfully used in the stereoselective synthesis of
isoquinoline-based alkaloids [12].

We have to mention that the glutathione peroxidase (GPx)-like antioxidant
processes based on diorganodichalcogenides which undergo oxidation to intermedi-
ary organochalcogen oxides during the specific catalytic cycle are not detailed in this
chapter. Where necessary, such processes are only briefly mentioned.

3.2 Organoselenium compounds

3.2.1 Organoselenium(II) compounds

Most of the organoselenium(II) species involved in organic transformations are
organoselenenic acids, ArSeOH (1), which are eliminated during functionalization
of organic substrates by using organoselenium(IV) compounds and such processes
are discussed in subchapter 3.2.2. We discuss here only the catalytic role of PhSeOH
(2) in the synthesis of nitriles, as well as organoselenium(II) triflates and benzoylox-
yselenides involved in selenenylation reactions, thus resulting in Se-functionalized
organic products. Such products are versatile reagents for other organic transforma-
tions in which the advantage of the selenium heteroatom is exploited.

3.2.1.1 Organoselenenic acids
Arylselenenic acids, ArSeOH (1), generated in situ from either diaryl diselenides,
Ar2Se2, or diorganoselenides of type Ph(R)Se (R=iPr, Et, c-C6H11) and H2O2, proved
to be effective and reusable catalysts for the synthesis of organonitriles by dehydra-
tion of aldoximes under mild conditions (Figure 3.3) [13]. The best results were
obtained by using (3-FC6H4)2Se2 or Ph2Se2 as pre-catalysts and it was observed that
the yields in nitriles are influenced by the Ar2Se2/H2O2 molar ratio and the organic
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Figure 3.2: Organoselenium species with O→Se intramolecular coordination.
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group in the starting aldoxime. The proposed reactionmechanism in the dehydration
process involves the self-condensation of the in situ generated unstable arenesele-
nenic acids 1 and the reaction of the intermediary formed arylselenenic anhydrides,
(ArSe)2O (3), with the corresponding aldoxime.

3.2.1.2 Organoselenium(II) triflates and sulfates
Organoselenium(II) triflates, ArSeOTf (4), were used in organic synthesis as strong
electrophilic reagents. The phenylselenenyl triflate, PhSeOTf (5), was employed in
various reactions which occur with high regio- and stereoselectivity and processes as
those mentioned below were previously reviewed [14]:
– addition to alkenes bearing terminal hydroxy or carboxy groups results in cyclic

compounds, e.g., γ-lactones are obtained by addition of PhSeOTf (5) to γ,δ-
unsaturated carboxylic acids, while hydroxyalkenes can be easily transformed
into tetrahydrofuran or -pyran derivatives;

– lactamization of olefinic amides;
– intramolecular oxyselenenylation resulted in fused bicyclic systems, e.g., diox-

anes and oxazines;
– β-phenylselenoazide was prepared by the stereospecific trans addition of NaN3 to

phenyl- or PhSe-substituted alkenes;
– addition to alkynes results initially in alkenyl selenirenium ions, which can be

easily converted to either trans-substituted alkenes or a mixture of regioisomers
in the presence of an external nucleophile (e.g., Et3N·3HF), depending on the
type of the initial alkyne. Further hydrolysis of the PhSe-substituted alkenes led
easily to ketones;

NOH or
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Figure 3.3: ArSeOH as catalyst in aldoxime dehydration reaction.
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– secondary and tertiary amines can be prepared by selenium Polonovski reac-
tions, starting from amine N-oxides which are initially transformed into selenox-
yammonium triflates and then rearrange to α-selenoxyamines;

– 5,6-dihydro-1,3-oxazines were obtained by cyclization of allylic O-methyl
isoureas;

– intramolecular nucleophilic deselenenylation results in various substituted
heterocycles;

– α-cyclodextrine derivatives, cyclic oligozacharides and glycans were prepared
by O-glycosylation of alcohols using a selenium-based thioglycoside activating
agent;

– carbohydrate addition to polyhydroxylated alkenes followed by ring-closing
proceeds with glycoside formation.

The influence of the reaction conditions, including nucleophiles, solvents, addi-
tives, and counterions on the phenylselenofunctionalization reactions were system-
atically investigated [15] and the regio- and stereoselectivity of such processes were
documented at theoretical level as well [16].

Recently the electrophilic, chiral arylselenium triflate [2-{(S)-Me(MeS)CH}C6H4]
SeOTf (6) was employed as promoting reagent in the highly stereoselective seleno-
cyclization of several 2-methoxycarbonylalk-3-enols by using dynamic kinetic reso-
lution [17]. It was observed previously that aromatic groups with pendant arms
bearing sulfur atoms capable for intramolecular interactions with the electrophilic
seleniumhave higher selectivity than the similar reagents bearing oxygen or nitrogen
donor atoms. By reacting the selenenylating agent with the racemic starting alkenol
in a 1:2 molar ratio, a mixture of stereoselectively enriched tetrahydrofuran and the
corresponding enantiomerically enriched alkenol was obtained with a moderate to
good enantioresolution (40–80% ee) (Figure 3.4).

The organoselenium(II) triflates 7–9, with aromatic substituents bearing one or two
pendant arms with oxygen donor atoms, were used for the asymmetric selenenylation
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of (E)-ethoxystyrene, whichwas transformed in the corresponding chiral acetalwith an
enantiomeric excess ranging from 46% to 86% (Figure 3.5) [18].

Several terpenyl-based organoselenium(II) triflates were used for the methoxy-
selenenylation of styrene and it was observed that the species containing phenyl- or
naphtyl-substituted terpenyl groups showed a lower selectivity compared with the
unsubstituted species [19].

An efficient glycosylation method was developed by Kim and co-workers based
on glycosyl pentenoates as donors and PhSeOTf (5) as promoter [20]. The triflate 5
proved to be more efficient than iodonium dicollidine perchlorate, N-iodosuccini-
mide-trifluoromethanesulfonic acid mixture or 1,3-dithian-2-yl tetrafluoroborate for
such processes.

The one-pot conversion of 1,4-disubstituted cyclohexene into the corresponding
1,2-diols can be promoted by the electrophile PhSeOSO3H (10), generated in situ by
oxidation of a catalytic amount of Ph2Se2 with an excess of ammonium persulfate in
MeCN/H2Omixture, following themechanism proposed in Figure 3.6, path a [21]. The
use of the chiral diselenide [2-{(S)-Me(MeS)CH}C6H4]2Se2 in a similar reaction gener-
ated in situ the intermediate [2-{(S)-Me(MeS)CH}C6H4]SeOSO3H (11) and stereospeci-
fically converted 1-phenylcyclohexene into a cis-1,2-diol with excellent facial
selectivity [21]. The oxidation of alkynes to 1,2-unprotected dicarbonyl derivatives
was also achieved by using as catalyst the electrophile 10, produced in situ from a
mixture of (NH4)2S2O8 and Ph2Se2 (Figure 3.6, path b) [22].

3.2.1.3 Organoselenium(II) carboxylates
The mixed anhydrides between an organoselenenic acid and a carboxylic acid, i. e.
ArSeOC(O)R (12), are key intermediates in selenation of both internal, R–C≡C–R1, and
terminal, R–C≡C–H, alkynes. While the reaction between internal alkynes and a
binary system of benzoyl peroxide and Ph2Se2, which generates in situ the efficient
PhSeOC(O)Ph (13) reagent, proceeds via addition to the triple bond and the formation
of β-(benzoyloxy)alkenyl selenides, the same binary system and a terminal alkyne
affords a C(sp)‒H substitution reaction with formation of the corresponding alkynyl
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Figure 3.5: Hypercoordinated ArSeOTf in the asymmetric selenenylation of (E)-ethoxystyrene.
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selenide, as depicted in Figure 3.7 [23]. Similar benzoyloxyselenation reactions based
on mixtures of benzoyl peroxide and other aromatic or aliphatic diorgano disele-
nides, R2Se2 (R=4-MeOC6H4, 4-ClC6H4, 4-CF3C6H4,

nBu) also produced acceptable
yields of the expected addition product [23].
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3.2.2 Organoselenium(IV) compounds

3.2.2.1 Organoseleninic acids and their derivatives
Alkylseleninic acids were successfully employed in the synthesis of various aryl-
selenylated products and alkyl selenosulfides with relevant therapeutically phospha-
tase inhibitory activity [24].

PhSe(O)OH (14) and, at lower extent, other arylseleninic acids containing aromatic
rings with electron-withdrawing substituents were used as pre-catalysts in various
oxidation reactions of different organic substrates with H2O2 as oxidizing agent (e.g.,
alcohols to aldehydes or ketones, phenols to ortho- or para-quinones, aldehydes to
carboxylic acids, alkenes to epoxides, sulfides to sulfones, amines to ketones, etc.).
PhSe(O)OH (14) was employed in Baeyer–Villiger oxidation reactions, dehydrogena-
tion of steroidal derivatives and to regenerate ketones from their hydrazones, oximes,
or semicarbazones, as well [25]. Actually, in most processes the corresponding anhy-
dride ArSe(O)OSe(O)Ar (15) or the perseleninic acid, ArSe(O)OOH (16), are generated in
situ by self-condensation or oxidation with hydrogen peroxide, respectively, and these
latter species act as effective catalysts in the mentioned processes.

Several recent contributions during last years revealed new perspectives and
applications of the seleninic acids as pre-catalysts in organic transformations, as
followings:

Dehydration of oximes
PhSe(O)OH (14) proved to be a suitable pre-catalyst for the dehydration of aldoximes
to nitriles in open atmosphere and MeCN solution [26, 27], as the selenium(IV)
compound is more stable andmilder than the Ar2Se2/H2O2 systems andmore tolerant
to different functional organic groups than the active species discussed in subchapter
2.1.1. Such a catalytic process was applied to aldoximes RCH=NOH bearing different
organic groups, e.g., Ph, mono- and trisubstituted phenyl, naphtyl, tBu, thiophene or
pyridyl groups. Almost quantitative yields were obtained for the dehydration of
aldoximes bearing 4-MeOC6H4 (98%) and 1-C10H7 (99%) groups. The process can
be described by a mechanism similar to that one based on the Ar2Se2/H2O2 system
(Figure 3.3). In the initial stage of such a process the pre-catalyst PhSe(O)OH (14) is
reduced, in two steps, to diphenyl diselenide by the aldoxime used as an organic
substrate and the Ph2Se2 is then continuously re-oxidized by air to the catalyst
PhSeOH (2). Stronger oxidants, as pure oxygen, were used to re-generate the orga-
noselenium(IV) pre-catalyst 14 (Figure 3.8).

A complex study of the dehydration of anisaldoxime revealed that the yield in
anisonitrile is influenced by the solvent, the organic group in the selenium catalyst
and the catalyst loading. PhSe(O)OH (14) and electron-deficient species, e.g., 4-
FC6H4Se(O)OH (17), showed good catalytic activity and a low content of the aldehyde
by-product, while electron-enriched catalysts, e.g., 4-MeC6H4Se(O)OH (18), showed a
poor catalytic activity. Based on the cheaper PhSe(O)OH pre-catalyst, a solvent free
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and waste-free dehydration method was developed to produce anisonitrile in almost
quantitative yield, at large scale, with total recovery of the fully active catalyst [27].

By using appropriate conditions, mainly in the presence of H2O2 (5% mol) as an
oxidizing agent, the formation of the carbonylic product (aldehyde or ketone,
depending on the type of oxime) can be favored in the deoximation process [28].

Oxidation reactions
A green procedure was developed for the regio- and diastereo-selective continuous
synthesis of hydroxy lactones by using a selenium-mediated catalytic process in flow
conditions [29]. By such a procedure several alkanoic acids were transformed into the
corresponding hydroxy lactones, via the intermediary oxidation to epoxides, simi-
larly with the classic protocol reported previously (Figure 3.9) [30]. In both pocedures
PhSe(O)OH (14) was used as pre-catalyst for the active PhSe(O)OOH (19) species. The
advantages of the flow protocol reside in the use of green solvents (H2O/acetone and
EtOAc), the lack of wastes and the possibilities to recover and reuse startingmaterials
and solvents, as well as the short time (about 1 h) for a similar or even a higher
conversion compared to the classic procedure.

R H

NOH PhSe(O)OH C
R

N
- H2O

air
Ph2Se2

R H

N
OH

R O

HN
OH

Se

Ph

O PhSe(O)OH - RCHO Se
Ph N

H

O

OH

- HNO

PhSeOH
R H

N
OH

+   RCHO

O2

14

2
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2-Trifluoromethansulfonylbenzeneseleninic acid, [2-(TfO)C6H4]Se(O)OH (20),
was employed as catalyst in Baeyer-Villiger oxidation of various organic substrates
[31]. The oxidation of 4-formylpyrazole (Figure 3.10) was used as an intermediary step
in the synthesis of various 4-allyloxy-1-substituted pyrazoles, further employed in the
divergent synthesis of withasomnine alkaloids [31]c.

Dehydrogenation reactions
PhSe(O)Cl (21) was used as electrophilic reagent for the dehydrogenation of the
nitroalkenes (Figure 3.11) employed in the asymmetric synthesis of the alkaloid
daphnilactone B [32].

3.2.2.2 Heterocyclic seleninate esters and related compounds
The heterocyclic seleninate esters 22–24 (Figure 3.12) exhibited an efficient cataly-
tic activity in various oxidation processes with H2O2, including GPx mimetics based
on thiols oxidation to disulfides on the valuable expend of hydroperoxide reduction
[33, 34], oxidation of sulfides to sulfoxides, alkenes to epoxides, enamines to α-
hydroxyketones [35], disulfides to thiosulfinates [36] and secondary alcohols to
ketones [35].

The catalyst 23f displayed the best performance, as the undesirable further
oxidation of sulfoxides to sulfones, as well as the hydrolysis of epoxides to diols or
of the formed enamines to their parent ketones were strongly reduced (Figure 3.13).
Compared with the benzeneseleninic acid previously used in such transformations,
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Figure 3.10: Oxidation of 4-formylpyrazole with [2-(TfO)C6H4]Se(O)OH (20).
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23f has the advantages of higher rates and enhanced selectivity in the desired
sulfoxide and epoxide products [35, 37].

Back and co-workers noticed that the alkylic seleninate esters (e.g., 22 in
Figure 3.12), as well as the spirodioxyselenurane derivatives (e.g., 26 in Figure 3.12)
exhibit better catalytic activity compared to the aromatic related species (e.g., 27 in
Figure 3.12) [38] as GPx mimetics in the reduction of tert-butyl hydroperoxide or
hydrogen peroxide, but the catalytic cycle is different from that one of GPx. Compared
with the well-known catalytic cycle of GPx, the advantage of the mechanisms
described in Figure 3.14 is the absence of any selenol or selenolate intermediate
capable to further generate oxygen active species.
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It was noticed that 4-MeO-substituted phenyl groups enhanced the catalytic
activity, while MeO substituents in positions 3 or 2 of the aromatic ring decreased or
totally suppressed it, respectively.Moreover, di- or three substituted species showed no
increased catalytic activity in comparison with the active 4-MeO derivative, despite the
expected increase through mesomeric electron donation in 2- and 3-substituted esters,
the steric effects by O→Se intramolecular coordination of substituents in ortho position
or a reduced electron-withdrawing inductive effect of 2- and 3-MeO groups determined
by the additional 3-substituent [34].

For certain seleninate esters overoxidation of disulfides to thiolsulfinates was
observed during GPx mimetic experiments. This observation was used to develop a
synthetic procedure for thiolsulfinates by oxidation of disulfides with hydrogen
peroxide in the presence of benzo-1,2-oxaselenolane Se-oxide in mild conditions.
Overoxidation to thiolsulfonates could be suppressed by using a strict stoichiometric
amount of H2O2. The oxidation of unsymmetrical substituted disulfides afforded a
mixture of regioisomers and in aryl alkyl derivatives the alkyl-substituted sulfur was
preferentially oxidized [34].

On another hand, it was observed that such heterocyclic species can catalyze
undesired oxidation of disulfides, either formed in GPx-like processes or existing in
spectator disulfide-containing peptides [34].

3.2.2.3 Diorganoselenium(IV) oxides
3.2.2.3.1 Intermediates in organic synthesis
Organoselenium derivatives containing selenium-oxygen bonds are valuable inter-
mediates in different organic transformations and a rich chemistry was developed
based both on aliphatic and aromatic organoselenium oxides. Such species were
employed in various organic transformations, including β-selenoxide elimination or
2,3-sigmatropic rearrangement reactions [1], [15]c, [39].
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Several synthetic procedures based on the high adaptability of organoselenium
derivatives to redox processes were developed during last years with a constant
interest for milder conditions and higher selectivity.

Vilarrasa and co-workers developed an efficient strategy for the dehydration of
primary alcohols based on the oxidation of 2-pyridylseleno derivatives of type RR′
CHCH2SePywith Dess–Martin periodinane (i.e. intermediates 28 and 29), followed by
PySeOH (30) elimination (Figure 3.15) [40].

Franck and Outurquin investigated the oxidation of several selenenylated dihydro-
pyrans with H2O2 in a two-steps process, in mild conditions (H2O2 35% in water and
CH2Cl2 as solvent) [41]. The selenoxides 31 and 32 formed in the first step were
observed to undergo subsequently either (i) a ring contraction, thus resulting in
tetrahydrofuran-2-ones or other furan-based derivatives (Figure 3.16), or (ii) an
oxidative cleavage of the C=C double bond, thus leading to a dicarboxylic acid
(Figure 3.17).
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Different reaction mechanisms, depending on the nature of the ring substitu-
ents, were proposed for these oxidative processes, all of them based on the inter-
mediary epoxidation of the enolic double bond. For alkoxy-substituted derivatives
(see Figure 3.16), the R2 substituent makes the difference between mechanisms A
and B (Figure 3.18). For R2=H (31a) (mechanism A), PhSeOH (2) formed by hydro-
lysis is subsequently oxidized to phenylperseleninic acid, PhSe(O)OOH (19), cap-
able to oxidize the keto-semiacetal to the corresponding lactone-semiacetal in a
Baeyer–Villiger oxidation reaction. Further rearrangement, elimination of formic
acid and ring closure reactions resulted in 5-alkoxy-tetrahydrofuran-2-one. The
diastereoselectivity of the rearrangement process was observed to depend on the
substituents as well.

For R2=Me, R=Et (31b), mechanism B was proposed. Due to the steric effect of the
methyl group, the attack of water is much slower in the first stage and a different
rearrangement process followed by further β-elimination of PhSeOH (2) took place.
Finally, EtOH elimination generated the corresponding furan.

When the alkoxy group was replaced by a phenyl group (see 32 in Figure 3.17),
the low electron donating ability of the latter did not allow the ring opening
accompanied by the formation of an oxonium cation (as described in mechanism A,
Figure 3.18) but only the cleavage of the double bond, thus resulting in the correspond-
ing dicarboxylic acid (Figure 3.19).

Arylseleno derivatives of condensed polycyclic systems (Figure 3.20) are valu-
able intermediates in the synthesis of several analogues of natural products, e.g., the
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flavonoid deguelin [42], the diterpene glycoside eleutherobin [43] or steroidal choles-
tenone-based therapeutic agents [42], as they are easily oxidized to arylselenoxides
which undergo further elimination of the arylselenenic acid.

The mechanism of such an oxidative elimination process involves a cyclisation
transition step [44], as appears in the model depicted in Figure 3.21.

Experimental and theoretical investigations regarding the influence of the aryl group
attached to selenium upon the oxidation and the elimination reactions showed that
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electron-withdrawing substituents (4-CF3C6H4) stabilize aryl selenides towards oxi-
dation and electron-donating groups (4-MeOC6H4) accelerate the oxidation process.
Moreover, the elimination step is not influenced by the nature of the aryl substituents
on selenium and oxidation is the rate-determining step in this type of oxidative
elimination processes [44].

Slow oxidation of [pyrenyl(CH2)n](2-NO2C6H4)Se with H2O2 led to fluorescent
formyl- (n = 1) and vinyl- (n = 2) pyrene, respectively, by successive formation of
[pyrenyl(CH2)n](C6H4NO2-2)Se=O (35) and (2-O2NC6H4)SeOH (36) elimination [45].

Electrophilic selenium compounds are easily added to alkenes in the presence of
different external nucleophiles (Figure 3.22) [19, 46]. Further oxidation and syn-
elimination of the selenium moiety from the intermediary formed diorganoselenox-
ide resulted in new optically active species with carbon–carbon, carbon–nitrogen or
carbon–oxygen bonds, depending on the organic substrate [9, 47].

Hard nucleophiles such as piperidine and phenol were added to the electron-poor
double bond in α-(phenylseleninyl)sulfinyl and -sulfonyl alkenes [48]. The nucleo-
phile addition of piperidine to a racemic mixture of α-(phenylseleninyl)sulfinyl
alkenes resulted in diastereomeric mixture of unstable α-(phenylseleninyl)sulfinyl
alkanes which spontaneously underwent a stereospecific syn-elimination of PhSeOH
(2), thus resulting in a single stereoisomer, namely (E)-2-butyl-1-(2-(phenylsulfinyl)
vinylpiperidine. It seems that the stereogenic selenoxide group is remarkably effec-
tive in inducing asymmetry and outweighing the influence of the sulfinyl group.

In contrast with the large number of synthetic methods based on syn-elimination
reactions, only few examples are known in which anti-elimination occurs after
oxidation [49, 50]. Recently, Nishide and co-workers evidenced, both at experimental
and theoretical level, such an anti-elimination process in the synthesis of alkynyl
selenoxides, favored by an intramolecular O→Se interaction (Figure 3.23) [50]. (Z)-1,2-
bis[4-(trimethylsilyl)phenylseleno]-1-alkenes were oxidized with mCPBA to the cor-
responding 1,2-bis(selenoxides), which undergo anti-elimination by heating. A simi-
lar protocol applied to the sulfur analog showed no elimination and this behavior
was attributed to the absence of any intramolecular O→S non-bonding interaction.
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3.2.2.3.2 Catalysts in organic synthesis

Hydroxylation reactions
Organoselenium compounds were largely used as Lewis base catalysts in various
transformations [51]. Most of the reported studies are devoted to the functionalization
of alkenes, either by halogenation or sulfenylation, when the organoselenium cata-
lysts activate the electrophilic reagent in a selenium-captured ionic complex, the
latter being further involved in the substrate functionalization.

Recently Zhao and co-workers [52] developed a very efficient method for the
synthesis of trifluoromethylthiolated organic compounds by difunctionalization of
multisubstituted alkenes in mild conditions. Various trifluoromethylthiolated ter-
tiary alcohols were obtained by a vicinal CF3S hydroxylation of 1,1-multisubstitued
alkenes (Figure 3.24).
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These types of transformations were performedwith moderate to very high yields
in catalytic conditions based on a diaryl selenide/O2/MeNO2 systemwhich is involved
in a reversible redox cycle between Ar2Se and Ar2Se=O (41). The role of the inter-
mediary formed diarylselenoxide is to enable the formation of triflic acid (TfOH), the
properly active species in further functionalization of the organic substrate in a Lewis
base selenium catalysis (Figure 3.25) [52].

Intramolecular cyclization reactions
Following a similar procedure, alkenes tethered by nucleophile carboxylic, ester,
hydroxy or sulfamide groups underwent intramolecular cyclization reactions
(Figure 3.26) [52].
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Hydroformylation reactions
Recently diarylselenoxides were used by Börner and co-workers as additives in the
homogeneous rhodium-catalyzed hydroformylation of olefins (Figure 3.27) in order
to improve the catalytic properties of the commonly used [Rh(COD)Cl]2 complex
[53]. It was observed that Ph2Se=O (43) behaves as an oxo ligand towards the metal
centre (see complex 44 in Figure 3.27) and the yield in the transformation of
n-octene to the n-nonanal increased, independently from the concentration of the
co-catalyst. The yield was higher compared with the catalytic process without
selenium additives.

A similar behavior in the catalytic process was observed for additives with bulky
substituted aryl groups, while the selectivities were almost the same (approx. 28%).
A slight increase of selectivity was observed when diphenylselenodioxide, Ph2SeO2

(45), was used as additive, but in this case a dramatic decrease of the yield was
observed with the increased content of the additive.

Noteworthy, under a syngas atmosphere, the diorganoselenium monoxide was
reduced to the corresponding diorganoselenide which determined an increased yield
of hydroformilation as well, but at higher concentrations it was observed to inhibit
the catalytic process.

Bromination reactions
Detty and co-workers have shown that dendrimeric diorganoselenoxides are very
efficient to activate H2O2 for oxidation of bromide to HOBr and Br2 [54]. They
reported the homogeneous bromination of various organic substrates in a two
phase system (CH2Cl2/ phosphate buffer pH 6) with NaBr and H2O2, i.e. 4-pente-
noic acid and 2,2-diphenyl-4-pentenoic acid to the corresponding 4-bromomethyl
γ-lactones, 1,3,5-trimethoxybenzene to 2-bromo-1,3,5-trimethoxybenzene, N,
N-dimethylaniline to a 2:1 mixture of 4-bromo-N,N-dimethylaniline and 2-bromo-N,
N-dimethylaniline, N-phenylmorpholine to N-(4-bromophenyl)morpholine [55]. The
activation mechanism involves the formation of a (hydroxy)(perhydroxy)selenane of
type RR′Se(OH)(OOH) (47) which further acts as a powerful oxidizing agent towards
Br− anions (Figure 3.28).
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Figure 3.27: Ph2SeO as ligand in a rhodium catalyst for hydroformylation of olefins.
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Various selenoxides of type RR′Se=O (46), having no β-hydrogen in their structure
and thus showing no tendency to undergo selenoxide elimination, were employed as
catalysts. It was observed that the catalytic activity increased by increasing the Lewis
basicity of the selenoxide oxygen and the stability of the intermediary formed [RR′
SeOH]+ species, so that the species with aromatic groups functionalized with electron-
donating substituents have shown increased reaction rates. The most active species
was [2-(Me2NCH2)C6H4](PhCH2)Se=O (46a) with an enhanced donating ability due to
the intramolecular N→Se interaction [55].

Recently, Detty and co-workers reported the bromination of the same substrates
in “green” conditions, avoiding the use of organic solvents and using a heterogenised
catalyst [56]. [4-(Hydroxymethyl)phenyl](benzyl)selenoxide (46b) was sequestered
within an APTES/TEOS (10/90 [mol/mol] xerogel. This procedure had several advan-
tages: an enhanced reactivity and a much faster reaction on the large porous surface
offered by the xerogel support (23-fold faster than the solution process), a “green”
approach for oxidation and bromination, as well as a valuable possibility to separate,
recover and recycle the catalyst. The mechanism of bromination is similar to that one
observed in solution, and involves the addition of H2O2 to the diorganoselenium
oxide with formation of the corresponding (hydroxy)(perhydroxy)selenane (47),
capable to oxidize Br− to HOBr, which finally brominates the organic substrate
(Figure 3.28).

3.2.2.4 Heterocyclic selenoxides
Condensation reactions
The current interest in nucleic acids-based therapies, as well as the applications
of modified oligonucleotides in antisense and RNA interference, prompted the

+ Br

Br
OOH R = R' = Ph, CH2Ph

R = CH2Ph; R' = Ph,
3,5-(CF3)2C6H3, 4-MeOC6H4,
4-Me2NC6H4, 2-(Me2NCH2)C6H4

O

Se

46

HO
H2O2

buffer pH 6

Br

Organic
substrate

Organic
substrate

Br

Br

Se
RR R' R'

HO OBr
Se +

+

47

R
48

R'- Br2
- OH

/ buffer pH 6 OH

⊕

+

Figure 3.28: Diorganoselenoxides in oxidative bromination of organic substrates.

3.2 Organoselenium compounds 81



interest to find appropriate procedures for new modified synthetic nucleosides,
despite the elaborate methods used for synthesis. Selenonucleosides, considered
third-generation nucleosides, after the oxo- and thio derivatives [57], are pre-
pared by several steps, including oxidation of a 4-selenosugar and further use
of the 4-selenosugar oxide 49 (Figure 3.29) in Pummerer-type condensation
reactions [58].

It was noted that the selenoxide resulted either as a mixture of two inseparable
diastereomers or only one of them, depending on the sugar type and the protecting
group. Pinto and co-workers reported that the oxidation of 1,4-anhydro-5-tert-
butyldimethylsilyl-2,3-O-isopropylidene-4-seleno-D-ribitol with mCPBA resulted in
a single selenoxide diastereomer with an excellent yield. Further Pummerer-like
condensation reactions with the appropriate nucleobase and deprotection with
aqueous acetic acid lead to 4′-selenonucleosides (seleno-thymidine, -cytidine,
-adenosine and –uridine, respectively) with high β-stereoselectivity [58]a.

The selenosugar 50 led to a mixture of R and S diastereomers of the selenoxide
51 in a 3:2 molar ratio, regardless which oxidizing reagent was used (mCPBA, ozone
or NaIO4) and the two diastereomers could not be separated. Further treatment
of this mixture with trimethylsilyl trifluoromethanesulfonate and Et3N in the
presence of silylated uracil led to the desired 4′-selenouridine 52 in low yield (36%).
This behavior was explained by the instability of the selenoxides which under-
went a partial deoxygenation process before the Pummerer-like reaction, thus
resulting in a mixture of 4′-selenouridine, diselenide and the starting selenosugar
(Figure 3.30) [58]b.

The same group reported a deoxygenation process of selenoxides 51 and 53, which
occurs much slower for 51 than for the latter (i. e. about one week vs one day) in CDCl3
solution [58]c. The different behavior was explained in terms of different conformations
of the two selenosugars, with the silyloxymethyl substituent at 4-position located
pseudoequatorial in 51, at a larger distance from hydrogens, and pseudoaxial in 53,
in closer proximity to the hydrogen atoms located at 5-position, thus favouring syn-
elimination of oxygen from the latter compound (Figure 3.31) [58]c.
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Figure 3.29: Heterocyclic selenoxides in the synthesis of selenonucleosides.
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Oxidative S‒S bond formation
The water soluble trans-3,4-dihydroxyselenolane oxide 54 was employed as an
oxidative folding reagent in studies regarding the disulfide bond formation and the
redox behavior of biological systems [59]. It was demonstrated that the S‒S bond is
formed during a two-steps process (Figure 3.32), involving a thioselenurane inter-
mediate 55 formation in a rate determining bimolecular reaction, followed by a fast
intramolecular rearrangement which results in disulfide formation concomitant with
elimination of the reduced species 56 and water.
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Figure 3.31: Heterocyclic selenoxides in the synthesis of the corresponding heterocyclic aldehydes.
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The selenolane oxide 54 proved several advantages: (i) it behaves as a strong and
selective oxidant for various S‒S bond-containing proteins under wide pH condi-
tions, not depending on the number of the S‒S bonds or the amino acid sequence,
(ii) the S‒S bond formation proceeds in a stochastic manner, with second-order rate
constants proportional to the number of free thiol groups along the reactant poly-
peptide, if there are no steric congestions or other electronic factors affecting the SH
groups, and (iii) such a behavior offers valuable information about the reactivity and
the structure of the folding intermediates.

Both reduced species 56 and the amino functionalized derivatives depicted in
Figure 3.33 were successfully employed as GPx mimics in catalytic reduction of
hydroperoxides [59]b, [60], as well as efficient peroxynitrite degrading agents by
isomerization of peroxynitrite to NO3

− [61] via formation of a stable selenoxide.

3.2.3 Organoselenium(VI) compounds

By far the organoselenium(VI) compounds most used in organic synthesis are the
readily available (aryl)(vinyl)selenones, which were employed in Michael addition
reactions of various organic substrates. The selenone group activates the carbon-
carbon double bond towards the addition and, at the same time, it acts as a good
leaving group in subsequent functionalization or cyclization processes.

Several strategies based on catalytic Michael addition reactions were developed
during last years for the synthesis of valuable organic species, most of them analo-
gues of natural products or compounds with relevant biological activity. In some
procedures organic catalysts based on ureido or thioureido skeletons, capable for a
high stereoselectivity, high yields and environmental friendly conditions of synthesis
were employed, as alternatives for the previously used inorganic metal-based
catalysts.

Michael addition and functionalization
The excellent leaving properties of the phenylselenonyl group were extensively
exploited in functionalization reactions under mild conditions with preservation of
the enantiomeric purity (Figure 3.34) [62].

Se Se Se

OH NH3 NH2CnH2n+1Cl ClHO 56
⊕ ⊕

Figure 3.33: Heterocyclic functionalized selenides evaluated as GPx mimics.
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Michael adducts between methyl α-aryl-α-isocyanoacetates and (vinyl)(aryl)sele-
nones were employed in the synthesis of the enantio-enriched α-aryl-α-(2′-phenylsele-
nonylethyl)-α-isocyanoacetates (60) (Figure 3.35), which were subsequently converted
into various functionalized α-aryl-α-(2′-FG-alkyl)-α-amino acids (FG = functional
group) or heterocyclic oxindoles and pyrrolidinones [63, 64].

Michael adducts based on (aryl)(vinyl)selenone and α-alkyl-α-nitroacetates were used
for the synthesis of α,α-disubstituted α-nitroacetates and quaternary α-amino acids
[65], while those based on methyl 2-isocyano-2-(4-methoxy-2-nitrophenyl)acetate were
employed in the synthesis of (±)-Trigonoliimine A and (±)-Trigonoliimine B [63, 64].
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For the Michael addition reactions a large diversity of cinchona-alkaloid-based
catalysts were developed in order to improve the yield and the stereocontrol. A
transition state model (59) consistent with the observed stereoselectivity was pro-
posed (Figure 3.35) based on the key role played by the OH group at C6′ in the
catalyst, prone to establish hydrogen bonding with both the organic substrate and
the selenone molecule, thus defining the positioning of the two reactants [63].

Pyrroloindoline derivatives were prepared by the addition of 2-oxindoles to (phe-
nyl)(vinyl)selenone 57 in ionic liquids by using a cinchona alkaloid-based thiourea as
catalyst (Figure 3.36). It was observed a direct influence of the RTIL upon the yields
and enantioselectivities. Imidazole-based ionic liquids, [bmim][BF4] or [bdmim]
[BF4], offered good enantioselectivities, but only low yields, while in [bpy][NO3] the
addition proceeded with a 87% yield, but only 9% ee. Best results, i.e. high to
excellent yields (80–91%) and enantioselectivities (91–95%), were obtained in
[bpy][BF4]. The enantioselectivity was enhanced also by the bifunctional chiral
organocatalyst which is capable to stereocontrol the final product in the reaction
with the activated α,β-unsaturated selenone [66].

γ-Allylation of deconjugated butenolides was reported based on a two-steps
sequence consisting of a diastereo- and enantioselective vinylogous nucleophilic
addition to (phenyl)(vinyl)selenone 57 catalyzed by a tertiary amino (thio)urea
bifunctional catalyst, followed by a Julia-Kocienski olefination (Figure 3.37) [67].

(Vinyl)selenone-modified furanosides combining the (vinyl)selenone moiety with
the furanose and pyranose skeletons of d-fructose act as densely functionalized
Michael acceptors comprising a masked aldehyde, an electron-deficient double bond
and an excellent leaving selenone group. These properties were successfully exploited
in diversity oriented synthesis of a large variety of organic compounds, in reactions
with various nucleophiles, thus resulting in enantiopure species: trisubstituted densely
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Figure 3.36: Michael addition to (phenyl)(vinyl)selenone in the synthesis of 61.
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functionalized triazoles [68], bicyclic azasugars, cyclopropanated carbohydrates,
dihydrofuran- and dihydroisoxazole-substituted furanosides or isonucleosides
[69], aziridines, thiiranes, cyclopropanes, dibenzyloxymethylfuran etc [70].

Michael addition, functionalization and ring closure reactions
During last years MIRC reactions were employed in one-pot synthesis of various
cyclic compounds, among which several types are described below.

Three membered rings
Catalytic methods were developed for the stereoselective synthesis of substituted
cyclopropanes [62, 71, 72], which are key synthons in the architecture of various
natural or synthetic biologically active complex molecules, e.g., amino acids, pep-
tides, enzyme inhibitors, therapeutic agents with antifungal, antibacterial, antiviral,
antitumor or antipsychotic activities.

Nitrile-substituted cyclopropanes were prepared as single Z-isomers starting from
α-substituted cyanoacetates in an one-pot procedure. The Michael addition was effi-
ciently catalyzed by bifunctional ureidic catalysts and resulted in enantioenriched
selenones containing an all-carbon quaternary stereocenter (64). The subsequent
cyclization proceeds by an intramolecular alkylation induced by de-ethoxycarbonyla-
tion in KCN/DMF (Figure 3.38) [62], LiCl/HMPA or EtONa/EtOH solution [71].

It was observed that aryl substituents on the starting cyanoacetates favor the de-
ethoxycarbonylation, while α-allylcyanoacetates gave no cyclopropane. Both aryl-
and alkyl-substituted (vinyl)selenones were used as Michael acceptors. Even if the
alkyl-substituted (vinyl)selenones showed a higher rate of addition, the selectivity in
the cyclization step was only moderate in a LiCl/HMPA solution and it did not
proceed in the environmentally benign EtONa/EtOH mixture [71].

In another experiment, the Michael addition of chiral non-racemic di-(‒)-bornyl
and di-(‒)-menthyl malonate to (aryl)(vinyl)selenones resulted in an approx. 1:1
mixture of diastereoisomers. Further cyclization afforded a diastereomeric mixture
of cyclopropanes in similar yields. From such mixtures highly enantiomerically
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Figure 3.37: Michael addition to (phenyl)(vinyl)selenone in the synthesis of 62.
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enriched cyclopropanes could be obtained after medium pressure column chromato-
graphy and removal of the bornyl and menthyl groups [72].

(Phenyl)(2-substituted-vinyl)selenones (63) were successfully employed in the
preparation of various aziridines via a tandem Michael addition - intramolecular
nucleophilic substitution process, starting from primary amines, aminoalcohols or
diamines. High yields were obtained both in toluene and water, but a significant
increased rate of the process was observed in aqueous conditions, thus suggesting
that water participates to the process as well (Figure 3.39) [73].

Six- and seven-heterocyclic rings
MIRC processes applied to enantiopure 1,2-diols, N-protected-1,2-aminoalcohols,
thiols and diamines resulted in substituted enantiopure 1,4-dioxanes, morpholines,
and piperazines [74]. The addition of the organic substrate to the selenone 63
proceeds in the presence of NaH, through the intermediary formation of a carbanion
(65) which subsequently undergoes a proton transfer and cyclization by PhSe(O)OH
(14) elimination, as exemplified in Figure 3.40 for the addition of 1,2-diols.

An integrated one-pot procedure based on a Brønsted base-catalyzed Michael
addition ofα-substituted α-isocyanoacetates to (phenyl)(vinyl)selenone and subsequent
Brønsted acid-catalyzed domino oxidative cyclization afforded 1,3-oxazinan-2-ones in a
procedure in which the (phenyl)(vinyl)selenone (57) had a triple role, behaving succes-
sively as an activator, a leaving group and a latent oxidant (Figure 3.41) [75, 76]
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Spirolactones and polycyclic pyrrolidines
The reaction between tert-butyl ketoester and (phenyl)(vinyl)selenone (57) pro-
ceeded with higher efficiency and stereoselectivity (ee values in the range 90–98%,
yield 80–99%) when cinchona-based catalysts were used compared with the similar
reactions catalyzed by Na2CO3 (yield 71%) (Figure 3.42) [77].

Indanone-based tert-butyl β-ketoesters with various substituents afforded the
desired products in shorter reaction times, with high yields and enantioselectivities,
while β-ketoesters with a cyclohexanone core could not be successfully used in such
transformations. The tBu group seems to be essential for the process as it is easily
cleaved by silica during the cyclization / elimination step and the attempts to use
ethyl substituted β-ketoesters afforded the spirolactone in a very poor yield.

A similar procedure was employed as a key step in the cascade synthesis of highly
enantioenriched (up to 98% ee) polycyclic pyrrolidines bearing an α,β-aminoester
motif, with adjacent tertiary and quaternary stereocenters (Figure 3.43) [78, 79].
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Other heterocyclic species
Other valuable applications of vinyl selenones refer to domino Michael addition /
nucleophilic substitution / cyclization processes employed for the synthesis of other
heterocyclic derivatives, as followings:
– α,α-disubstituted γ-lactams and spirolactams, starting from β-ketoamides, mal-

onylamides, or β-cyanoamides [80];
– bicyclic benzo fused 1,4-heterocycles (2,3-dihydro-1,4-benzodioxines, benzo-

dithiines and 3,4-dihydro-2H-1,4-benzoxazines), starting from benzo 1,2-diols,
1,2-thiols and 2-(benzylamino)phenols [81];

– spirocyclopropyl oxindoles, starting from variously substituted vinyl selenones
and enolizable oxindoles, in aqueous NaOH medium. Due to the intermediary
oxindole enolate formed by proton transfer, which enable the free rotation
around the single C‒C bond, a stereocontrol of the product based on the
configuration of the starting substrate is not possible, but the two isomers can
be easily separated by chromatography [82]. The method offers the advantage
of diverse substitution, e.g., at the cyclopropane ring, the aromatic ring and at
the nitrogen atom;

– cis-fused perhydrofuro[2,3-b]furans were obtained from 3,4,6-tri-O-acetyl-d-glucal
and 2-(phenylselenyl)ethanol in a stereoselective procedure based on the PhSe(O)
OH (14) elimination from the intermediary formed selenone glycoside [83];

– recently, Temperini and co-workers reported a mild, stereoselective and general
approach to the preparation of substituted tetrahydropyrans and isochromans,
from phenylseleno alcohols via oxidation to diorganoselenodioxide (70) and an
efficient 6-exo-tet ring-closure (Figure 3.44) [84].
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Based on the excellent departing- and electron-withdrawing abilities of the sele-
nonyl group, Beng and co-workers implemented a successful strategy for the synthesis
of α,β-carbo-difunctionalized piperidine and azepane derivatives by a regioselective
functionalization of α-selenonyl enecarbamates and eneformamides [85].

3.3 Organotellurium compounds

The use of tellurium compounds in organic synthesis was collected over years in
books or books chapters as well as review articles by Petragnani and co-workers [3]
a–c. Some important, mainly recent, achievements in this field are highlighted in
the following sections.

3.3.1 Organotellurium(II) compounds

There are quite few studies related to the direct use of organotellurium(II) com-
pounds containing a Te−O bond in organic synthesis and related processes [3]a,
e.g., PhTeOAc (71) is an intermediate in the diacetoxylation of olefins by the anhy-
dride [PhTe(O)]2O (72) in boiling acetic acid [86], while PhTeOSO2C6H4NO2-4 (73),
obtained in situ from Ph2Te2 and 4-nitrobenzenesulfonyl peroxide, was reported to be
an efficient electrophilic reagent for the tellurolactonization of unsaturated car-
boxylic acids or tellurocyclization of unsaturated alcohols (Figure 3.45) [87].

The phenyltellurium(II) triflate, PhTeOTf (74), was reported as an efficient telluro-
philic activator for various organotellurium derivatives which, in the presence of
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tetrahydropyrans.
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aromatic compounds, afford the corresponding Friedel–Crafts reaction products [88].
Compound 74 was generated in situ from PhTeTe(Ph)Br2 and AgOTf (1:2 molar ratio)
and, although it was not isolated, spectroscopic evidences supported that 74 is the
activating species. This compound was proved to convert a mixture of 1,3,5-
trimethoxybenzene and acyl telluride MeTeC(O)Ph into the corresponding Friedel–
Crafts product (91% yield at r.t.) (Figure 3.46), the effect being considerably higher
than those obtained with PhSeOTf (5), PhSOTf or other conventional activators,
under similar reaction conditions.

The same effect was exhibited by compound 74 when used with other alkyltellur-
ium(II) substrates (e.g., MeTeCHMePh, tBuTePh) and nucleophiles (e.g., MeOC6H5,
1,3-Me2C6H4 or thiophene) and the observed regioselectivities in the Friedel–Crafts
reaction are consistent with the formation of carbocationic species from organo-
tellurium compounds. The polymer-end organotellurium compound, obtained by
living radical polymerization of styrene with the polymer-end mimetic initiator
MeTeCHMePh [89], was also activated by 74 to provide the corresponding
end-functionalized polymer when treated with 1,3,5-trimethoxybenzene as
nucleophile [88].

3.3.2 Organotellurium(IV) compounds

Several aspects related to the synthesis and structure of telluroxanes as well as their
applications in organic synthesis were recently reviewed by Panda, Singh and co-
workers [3]d].

3.3.2.1 Organotellurinic acids and their anhydrides
Aryltellurinic acids, ArTe(O)OH (75), and especially their anhydrides, [ArTe(O)]2O
(76), or mixed anhydrides, ArTe(O)X [77, e.g., X=OAc, O(O)CCF3, OTf], were described
to exhibit oxidizing properties, in many aspects similar to those of the selenium
analogous (vide supra) or diaryltelluroxides (vide infra). The studies were extended to
potential applications in other organic transformations, the results being periodically
summarized in detail by several review articles and books very useful to a reader
interested in this topic [3]c, [3]d, [90–92].
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Figure 3.46: Conversion of 1,3,5-trimethoxybenzene / MeTeC(O)Ph mixture into the corresponding
Friedel–Crafts product using PhTeOTf (74) as tellurophilic activator.
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3.3.2.1.1 Reagents in organic synthesis

Oxidation reactions
Aryltellurinic anhydrides, [ArTe(O)]2O (76), and mixed anhydrides, ArTe(O)X (77),
are mild and selective oxidizing agents [3]a, [3]d, [90]. Thus, in an earlier work,
Barton and co-workers [93] reported on the oxidizing properties of several aryltelluri-
nic anhydrides of the type [(4-ROC6H4)Te(O)]2O [R=Me (78),nBu (79), Ph (80)] and [(2-
naphthyl)Te(O)]2O (81). It was shown that, while the phenols as 2,5-tBu2C6H3OH
and 3,5-tBu2C6H3OH were not oxidized in refluxing acetic acid, hydroquinones and
thiophenols were readily oxidized to the corresponding quinones (e.g., 2,5-tBu2-1,4-
benzoquinone or 1,4-naphthoquinone) and disulfides [e.g., Ph2S2 or (4-tBu-2-
MeC6H3)2S2]. Pyrrolidine, indoline, phthaloylhydrazide and 4-phenylurazole were
not sensitive to these aryltellurinic anhydrides [93]. In an independent work, Ogura
and co-workers [94] described the [(4-MeOC6H4)Te(O)]2O (78) as a mild oxidizing
agent towards thiol, phosphine, thioamide, thiourea, thionoester, benzylic alcohol,
etc. (products in 60−95% yields) (Figure 3.47). More recently, a comparative study on
oxidizing properties of two other tellurinic acid anhydrides, i. e. [(4-HOC6H4)Te(O)]2O
(82) and [(3-Me-4-HOC6H4)Te(O)]2O (83), was reported. The research was focused
on the conversion of benzoin to benzil, PhC(O)C(O)Ph, 4-substituted benzyl alcohols
to corresponding benzaldehydes, PhSH to Ph2S2, triphenylphosphine to Ph3P=O and
hydroquinone to p-benzoquinone, and the obtained results indicated 83 as a better
oxidizing agent (products in 85−95% yields) than 82 (products in 72−85% yields) [95].

Although [(4-MeOC6H4)Te(O)]2O (78) does not generally react with the internal
alkynes, RC≡CR′, the 1,2-diphenylethyne, PhC≡CPh, was oxidized to benzil, PhC(O)
C(O)Ph, by equimolar amount of 78 and catalytic amount of H2SO4 [94].
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Figure 3.47: Oxidation reactions using the aryltellurinic anhydride [(4-MeOC6H4)Te(O)]2O (78) as
stoichiometric oxidizing agent.
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Olefins were reported to be oxidized by [PhTe(O)]2O (72) in AcOH, under the
catalysis of H2SO4, to give vicinal syn-diacetates and the benzenetellurenic acid
derivatives formed in situ were suggested as the active species in the process [86].

As reported for aryltellurinic anhydrides, [ArTe(O)]2O (76) (vide supra), the
related mixed anhydrides PhTe(O)X [X=OAc (84), O(O)CCF3 (85), OTf (86)] were
reported to act as mild oxidizing agents towards similar substrates, e.g., PhSH,
Ph3P, PhCH(OH)C(O)Ph, PhCH(OH)CO2Me, catechol, hydrochinone [96]. The oxida-
tion of thiourea and thioamide was found to be highly chemoselective, depending on
both the used mixed anhydride and the substrate [96].

Electrophiles in organic transformations
In addition to the use as oxidation reagents in organic synthesis, both the aryltel-
lurinic anhydrides, [ArTe(O)]2O (76), and the mixed anhydrides, ArTe(O)X (77), were
also reported as versatile electrophiles useful in various organic transformations [3]c,
[3]d, [90–92], as followings:
– acetoxytellurinylation of alkenes and cyclofunctionalization of hydroxyalkenes [97,

98]. [4-MeOC6H4Te(O)]2O (78) reacted with allylbenzene, PhCH2CH=CH2, in boil-
ing acetic acid, to produce PhCH2CH(OAc)CH2Te(OAc)2(C6H4OMe-4) (87) rather
than vic-diacetate, the mixed anhydride 4-MeOC6H4Te(O)OAc (88) being formed
as an intermediate. When organic substrates with an appropriate nucleophilic
group in a suitable position of the olefinic molecule as in hydroxyalkenes were
used, [ArTe(O)]2O [Ar=4-MeOC6H4 (78), 2-naphthyl (81), Ph (89)] induced cyclo-
functionalization to 5-, 6-, and 7-membered cyclic ethers (Figure 3.48) [97]. The
cyclofunctionalization of hydroxyalkenes by treatment with the mixed anhy-
dride PhTe(O)OAc (84) was achieved faster, in CHCl3, at room temperature,
using BF3·OEt2 as Lewis acid catalyst. The addition reactions were highly regio-
and trans-stereoselective and the formation of 5-membered ring was favored over
the 3- or 4-membered ones [98].

– aminotellurinylation of alkenes, cyclofunctionalization of alkenic carbamates, and
one-pot synthesis of 2-oxazolidinones from alkenes [99, 100]. A variety of olefins
underwent regio- and stereoselective aminotellurinylation when treated with
mixed anhydrides PhTe(O)X [X=OAc (84), O(O)CCF3 (85), OTf (86)], in CH2Cl2
or CHCl3, in presence of excess of ethyl carbamate, H2NCO2Et, as a nucleophile.
The use of 84 or 85 required additional BF3·OEt2, while the reaction with 86
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Figure 3.48: Acetoxytellurinylation of alkenes and cyclofunctionalization of hydroxyalkenes using
aryltellurinic anhydrides, [ArTe(O)]2O (76).
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worked in the absence of the Lewis acid. The tellurinylated reaction products
were isolated as the corresponding phenyltellurenylated derivatives after reduc-
tion with hydrazine hydrate (Figure 3.49, a). The aminotellurinylation reaction
was extended to intramolecular cyclofunctionalization of olefinic carbamates
into nitrogen heterocycles (products in 73−96% yields) (e.g., in Figure 3.49, b)
[100]. Moreover, when the aminotellurinylation process of olefines was carried
out at higher temperature, e.g., in refluxing 1,2-dichloroethane, 2-oxazolidinone
derivatives were obtained directly in a high yield, this reaction thus providing a
simple one-pot preparation method for compounds of this class directly from
alkenes or cycloalkenes (e.g., in Figure 3.49, c) [99, 100].

– amidotellurinylation of alkenes and alkynes, and one-pot synthesis of 2-oxazolines
from alkenes and oxazoles from alkynes [101–104]. The mixed anhydride PhTe(O)
O(O)CCF3 (85), in the presence of BF3·OEt2, afforded at room temperature the
amidotellurinylation of alkenes in MeCN, acting both as solvent and as nucleo-
phile (Figure 3.50, a). The propionitrile and benzonitrile worked also as nucleo-
philes in such reactions. The resulting amidotellurinylation products could be
converted at higher temperatures, following an in situ intramolecular substitu-
tion, into 2-oxazolines in high yields. These reactions are highly regio- and
stereo-selective [101, 102]. Similarly, PhTe(O)OTf (86) undergoes (E)-stereoselec-
tive amidotellurinylation of alkynes in MeCN in the presence of a Brønsted acid,
i. e. H2SO4. When terminal alkynes were used, the resulting addition products (E-
91 isomers) were found to isomerize thermally to the corresponding [(Z)-β-
acetamidovinyl] phenyltellurium(IV) oxides (Z-91 isomers), isolated as the cor-
responding tellurides. By contrast, the products obtained from internal alkynes
were partially transformed into oxazoles via a spontaneous intramolecular cycli-
zation at higher temperature (Figure 3.50, b) [103, 104].
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HPhTe(O)O(O)CCF3 (85) / H2NCO2Et /
BF3  OEt2 / ClCH2CH2Cl, at reflux, 20 h
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90

Figure 3.49: Aminotellurinylation of alkenes (a), cyclofunctionalization of alkenic carbamates
(b) and conversion of alkenes to 2-oxazolidinones (c) using aryltellurinic mixed anhydrides 84–86.
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– one-pot conversion of allylsilanes to allylamines [105]. Different allylsilanes were
treated with PhTe(O)O(O)CCF3 (85) in presence of BF3·OEt2, in 1,2-dichloroethane
at room or lower temperature, to give (allyl)(phenyl)telluroxides (92). Further in
situ treatment with primary or secondary amines at higher temperature (65 °C)
afforded the isolation of the corresponding allylamines. This transformation
showed a high regioselectivity. Thus, γ-substituted allylsilanes gave γ-substi-
tuted allylamines with an arylamine, but generally α-substituted allylamines
with an alkylamine (Figure 3.51).

3.3.2.1.2 Catalysts in organic synthesis
In an earlier work it was reported the catalytic activity of a divinylbenzene-styrene
copolymer-supported tellurinic acid (93) on the selective epoxidation of olefins with
hydrogen peroxide (Figure 3.52) [106]. The activity of the Te-containing catalyst
strongly depends on the degree of cross-linking in the divinylbenzene-styrene copo-
lymer used for its preparation, the higher cross-linked polystyrene leading to higher
conversions. The oxidation rate is olefin structure-dependent (e.g., increased alkyl
substitution accelerates the rate) and the oxidation process is stereospecific, with
retention of the cis-trans geometry in the epoxide product. It should be noted here
that the polymeric structure of the Te-containing catalyst 93 is mandatory, with free
tellurinic acids, i. e. C6H5CH2CH2Te(O)OH (94) and 4-MeOC6H4Te(O)OH (95), no
epoxidation being observed [106].
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Figure 3.50: Conversion of alkenes to 2-oxazolines (a) and of alkynes to oxazole (b), respectively, via
amidotellurinylation with aryltellurinic mixed anhydrides 85 and 86.
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Figure 3.51: Conversion of allylsilanes to allylamines via phenyltellurinylation.
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Recently, several diaryl ditellurides (Figure 3.53), in catalytic amounts, were
reported to accelerate the oxidation of NaBr with H2O2 to electrophilic bromine species
(HOBr/Br2), in buffered aqueous solution. The resulting “Br+” species prepared in situ
were trapped by a series of alkenoic acids and activated aryl compounds [107].

The active catalysts were proved to be in fact the corresponding aryltellurinic acids,
ArTe(O)OH (75), generated in situ by the reaction of Ar2Te2 with H2O2 (Figure 3.54)
[107]. The unsubstituted phenyltellurinic acid, PhTe(O)OH (96), was found to be the
best catalyst (e.g., addition of Ph2Te2 in 0.20 mol % relative to substrate promoted a
240-fold increase in the rate of oxidation of NaBr with H2O2, as measured by the
bromination of 4-pentenoic acid) and its use afforded bromolactonization of a series
of alkenoic acids (products in 78−84% isolated yields) and monobromination of
various activated aromatic substrates (products in 92−95% isolated yields). Both
electron-donating and electron-withdrawing substituents on the phenyl ring of the
catalyst diminished the rate of reactions. The stereoelectronic effects can affect the
rate of bromination by influencing (i) the rate of oxidation of Ar2Te2 to the tellurinic
acid, ArTe(O)OH (75), (ii) the rate of reaction of H2O2 and NaBrwith the tellurinic acid,
and (iii) the rate of oxidation of the tellurinic acid 75 to the telluronic acid, ArTe(O)2
(OH) (97), the latter acting as a catalytic termination step since they were shown to be
not capable to activate the peroxide. The balancing act also includes relative rates for
conversion of the pertellurinic acid, ArTe(O)OOH (98) to the telluronic acid 97 or for
reaction of the pertellurinic acid 98 with bromide (Figure 3.54) [107].

H2O2, cat. /
dioxane or tBuOH
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O

Te(O)OH
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Figure 3.52: Copolymer-supported tellurinic acid (93) as catalyst for selective epoxidation of olefins
with H2O2.
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Figure 3.53: Diaryl ditellurides used as additives in catalytic amounts for activation of H2O2.
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The tellurinic anhydride [(4-MeOC6H4)Te(O)]2O (78) served as a selective catalyst
for the hydration of terminal alkynes, RC≡CH, in refluxing acetic acid, to form the
corresponding ketones, RC(O)Me. The intermediate seems to be the in situ generated
mixed anhydride (4-MeOC6H4)Te(O)OAc (88) [94].

3.3.2.2 Heterocyclic tellurinate esters
The heterocyclic tellurinate ester 99 (Figure 3.55) was evaluated as mimetic of the
selenoenzyme glutathione peroxidase. Its superior catalytic properties compared to
the selenium(IV) analog was proved in a model system based on the reduction of tert-
butyl hydroperoxide or hydrogen peroxide with benzyl thiol, the rate of the reaction
being measured by monitoring the formation of dibenzyl disulfide [37]d.

3.3.2.3 Diorganotelluroxides
The reactivity of diorganotelluroxides, R2TeO, differs considerably from that of the
lighter congeners R2SeO due to a higher polarity of the Te=O double bond compared
to the corresponding Se=O double bond.
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Figure 3.55: Heterocyclic organotellurium(IV) compounds evaluated as GPx mimetics.

98 3 Chalcogen-oxygen bonds in organic synthesis



3.3.2.3.1 Reagents in organic synthesis
Diaryltelluroxides, Ar2TeO (102) (e.g., Ar=Ph, 4-MeOC6H4, 4-Me2NC6H4, Mes, Tip,
etc.), were reported as mild and selective oxidants for various compounds, including
organic substrates [3]c, [108, 109]. Thus, early works of Barton and co-workers
described the oxidative properties of (4-MeOC6H4)2TeO (103) [93, 109, 110], a com-
pound which is easily regenerated from the parent telluride produced during the
oxidation reactions. It was reported that the telluroxide 103 can oxidize thio- and
selenocarbonyl compounds into their oxo analogues. Thus, 103 reacted with deriva-
tives like thioketones, thio- or selenoesters, dithioesters, xanthates, thiocarbonates,
thioamides, thioureas, catechol, arylhydrazines, phosphines, thiols, etc. to give their
corresponding oxo derivatives or disulfides, respectively (Figure 3.56) (for a review of
these reactions, see Ref. [3]c). However, 103 was inert to a wide range of functional
groups including ketones, phenols, amines, oximes, isonitriles etc. suggesting its
potential use for selective oxidation of compounds. Exceptions are also reported, e.g.,
telluroxide 103 react with the bulky 2,6-di-tert-butylphenol to afford, following a
carbon-carbon coupling reaction, the unexpected 3,3′,5,5′-tetra-tert-butyl-[1,1′-bi
(cyclohexylidene)]-2,2′,5,5′-tetraene-4,4′-dione in 93% yield, the same quinone
being obtained by oxidation of the corresponding diphenohydroquinone (94%
yield) [111]. On the other hand, the telluroxide 103 was also able to produce the
cleavage of the C‒C bond in PhCH(OH)‒CH(OH)Ph which afforded benzaldehyde in
75% yield [112].
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Figure 3.56: Oxidation reactions using the telluroxide (4-MeOC6H4)2TeO (103) as stoichiometric
oxidizing agent.
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The telluroxide 103 was reported either to give no reaction with simple alcohols
[110] or to oxidize 4-bromobenzyl alcohol to 4-bromobenzaldehyde in a very low yield
(12%) after 3 h in refluxing xylene [113]. In similar reaction conditions the same
alcohol was oxidized to the corresponding aldehyde in only 16% yield by Ph2TeO
(104) but in 94 and 96% yields by Mes2TeO (105) and Tip2TeO (106), respectively. It
should be mentioned that benzylic alcohol, several of its 4-substituted derivatives
with electron-donating and -withdrawing groups, as well as allylic alcohols were also
efficiently oxidized to the corresponding aldehydes in good to excellent yields (70–
100%) by 104 and 106 in refluxing xylene. However, non-activated alcohols could
not be oxidized, even at a higher temperature. It was suggested that the enhanced
oxidizing ability of these two bulkier telluroxides might be corelated to the fact that
they can exist in a monomeric form [113]. The mechanism proposed for the oxidation
of alcohols by diaryltelluroxides 102 involved the formation of an adduct 107 which
undergoes intramolecular dehydration (experimentally, the azeotropic removal of
water was essential for an increased yield of conversion) to give the corresponding
carbonyl compound (Figure 3.57).

The bulky telluroxide Mes2TeO (105) converted 77% of triphenylphosphine into
triphenylphosphine oxide after 2 h, in CHCl3 at room temperature, while for
(4-MeOC6H4)2TeO (103) only 13% yield of triphenylphosphine oxide was detected
in the reaction mixture after 2 h (80% conversion required about 48 h [109]). This is
indicative of the better oxidant properties of 105 vs. 103 [113].

The telluroxide reagent (4-MeOC6H4)2TeO (103) was anchored on a polymeric resin
substrate to give polystyrene-bound diaryl telluroxide (108). This polymeric product
was inocent towards simple amines, amides, alcohols or phenols, but behave as a mild
oxidizing reagent towards other substrates. Similarly to the free 103; it converted at
room temperature, with high yields, thiols to disulfides, phosphine to phosphine
oxides, hydroquinone and catechol to the corresponding quinones, as well as thioke-
tones, thioesters and trithiocarbonates to the corresponding oxo derivatives, using
CH2Cl2, CHCl3 or acetic acid as reaction solvent. In addition, solvent-dependent reac-
tions were reported to occur when thioamides, 1,3-diphenylthiourea or 1-phe-
nylthiourea were used as oxidation substrates. Thus, in non-acidic solvents (CH2Cl2,
CHCl3) thioamides and 1,3-diphenylthiourea were desulfurated to give nitriles or the

Ar2Te=O Ar2Te Ar2Te
RR'CHOH

RR'C=O

R'102
107

H

HO

O R -H2O + 

Figure 3.57: Proposed mechanism for oxidation of alcohols to carbonyl compounds using diaryltel-
luroxides 102.
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corresponding urea. When acetic acid was used as acidic solvent, thioamides were
converted into 3,5-diorgano-1,2,4-thiadiazoles, and 1-phenylthiourea into 5-imino-N,4-
diphenyl-4,5-dihydro-1,2,4-thiadiazol-3-amine (Figure 3.58) [114].

The polymeric product 108 show important advantages over the isolated 103 species,
e.g., easier product work-up, the reduced functionalized polymer being recovered
just by filtration, and multiple recyclic use without decrease in activity. In addition,
108 requires shorter reaction times and milder experimental conditions compared to
the related polymer-supported selenoxide [114].

A recent report described the unusual reaction of the intramolecularly coordi-
nated [1-(8-Me2NC10H6)]2TeO (109) species with acetonitrile in which the oxygen
atom of the telluroxide molecule was transfered to a carbon atom to afford the
novel zwitterionic diaryltelluronium(IV) acetimidate [1-(8-Me2NC10H6)]2TeNC(O)Me
(110) in moderate (57%) yield. Hydrolysis of this acetimidate derivative with a HCl
solution gave acetamide and the diarylhydroxytelluronium(IV) chloride [{1-(8-
Me2NC10H6)}2Te(OH)]Cl (111) (Figure 3.59) [115]. Preliminary results revealed that
the reactions of hypercoordinated 109 with propionitrile and benzonitrile followed
the same pathway to afford analogous acetamide products, the hydrolysis of which
gave the corresponding propioamide and benzamide. The lack of intramolecular
N→Te interactions in other Ar2TeO (102) (Ar=Ph, 4-MeOC6H4, 4-Me2NC6H4, Mes)
seems to prevent similar reactions of these diaryltelluroxides with nitriles [115].

The telluride/telluroxide pairs based on the Te-rhodamine core are mild oxidizing
agents for the conversion of thiols to disulfides [116–118]. Such compounds were

ArC N

Ar

Ar
Ar

N
N

S

S
non-acidic

solvent
non-acidic

solvent

acidic
solvent

acidic
solvent

NH2 P Te
O

OMe

S

S

S

PhHN

PhHN

PhHN

PhHN

NHPhNHPh,

NH2,

NHN
N

Ph

O

108

Figure 3.58: Solvent-dependent transformations of thioamides, 1,3-diphenylthiourea or 1-phe-
nylthiourea using polystyrene-bound (4-MeOC6H4)2TeO (108).
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investigated as fluorescent redox probes for redox cycles in living cells [116, 117].
Detty and co-workers reported that the fluorescent tellurorosamine telluroxides 112
and 113 (Figure 3.60) are much more stable at physiological pH than the related
species with phenyl or 2-methylphenyl substituents on the position 9 of the
Te-rhodamine core. The bulky mesityl group in 112 and 113 provide steric protection,
these compounds being relatively stable in protic solvents and thus being good
potential candidates for fluorescent redox probes [117].

When treated with acetylenic dienophiles the isotellurazole Te-oxides (114) can
be easily converted, under mild reaction conditions, in low to moderate yields
(22–77%), into polysubstituted pyridines in a high regioselective manner via
hetero-Diels–Alder reactions and the subsequent tellurium extrusion from the
intermediary cycloadducts (115) (Figure 3.61) [119]. The reactions with dimethyl
acetylenedicarboxylate occurred in CH2Cl2 solution even at room temperature.
When unsymmetrical acetylenic dienophiles bearing an electron-withdrawing
group (EWG) (R3=EWG in Figure 3.61) were used the [4 + 2] reactions afforded,
in a highly regioselective manner, polysubstituted pyridines bearing the EWG at
the C-3 position.
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Figure 3.60: Examples of fluorescent tellurorosamine telluroxides.
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3.3.2.3.2 Catalysts in organic synthesis
Diaryltelluroxides were reported as efficient catalytic species for various reactions.
Earlier studies reported the oxidation of thiocarbonyl compounds to their oxo ana-
logs using (4-MeOC6H4)2TeO (103) in a catalytic system with 1,2-dibromotetrachlor-
oethane, in a two-phase system, at room temperature [109, 120]. The organic halide
acted as a brominating agent for diaryltellurium(II) species, the resulting Ar2TeBr2
being then hydrolyzed to the telluroxide in the presence of aqueous base, thus
closing the catalytic cycle. The telluroxide 103, generated electrochemically from
(4-MeOC6H4)2Te in the presence of water, reacts with thiobenzamide to afford the
corresponding nitrile, PhCN [121]. It should be mentioned that when the electrolysis
was performed in anhydrous conditions, (4-MeOC6H4)2Te reacted with the support-
ing electrolytes, i. e. [Bu4N]OAc or [Et4N]OTs, to give (4-MeOC6H4)2Te(OAc)2 (116) and
(4-MeOC6H4)2Te(OTs)2 (117) which behave different towards the same organic sub-
strate, i. e. affording benzonitrile or 1,2,4-thiadiazole, respectively [121].

Diaryltelluroxides with bulky aromatic substituents, Ar2TeO (102) (Ar=Ph, 4-
MeOC6H4,Mes, Tip), are efficient oxygen carrier in aerobic photooxidation of phosphite
esters to phosphates [122] and of triorganosilanes to triorganosilanols [123]. In these
cases diaryltellurides were used as pre-catalysts being oxidized in photosensitized
conditions by molecular oxygen which played the role of terminal oxidant (Figure
3.62). The reactivity of the phosphite esters was dependent on the phosphorus sub-
stituents. It was established that the efficiency of the catalyst was increased and
completion was reached when the oxidation reaction of phosphite esters was carrying
out at 40–45 °C in acetonitrile [122]. Best results for the oxidation of silanes to silanols
were achieved using the system Mes2Te / hematoporphyrin (as photosensitizer) in
pyridine as solvent, at 50–70 °C. An optically active silane was stereoselectively
oxidized to the corresponding silanol with retention of the configuration. It should
be noted the excellent selectivity in favor of silanols (90% to quantitative yields) and
the absence of the corresponding disiloxanes (less than 1%). The use of (4-
MeOC6H4)2Te and Ph2Te as a catalyst failed to afford acceptable yields of silanols [123].

The activation of H2O2 in various oxidation processes of organic substrates, including
the oxidation of X− (X = halogen) to X2 or HOX [124], and thiols to disulfides [38]d,
[118, 125], was performed with diorganotellurides as pre-catalysts. The oxidation
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Figure 3.62: Proposed catalytic cycle for aerobic Ar2Te-catalyzed oxidation of phosphite esters
to phosphates and of triorganosilanes to triorganosilanols, respectively.
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reactions with hydrogen peroxide typically proceed with the intermediary formation
of the corresponding diorganotelluroxide or -dihydroxytellurane, followed by reduc-
tive elimination.

Recently,Mugesh and co-workers reported the synthesis of stable spirodiazatellur-
ane by the oxidation of 2,2′-tellurobis(benzanilide) with H2O2/

tBuOOH, via the inter-
mediary formation of diorganotelluroxide [125]d. The antioxidant activity of the new
spirodiazatellurane (118) was evaluated in the transformation of PhCH2SH to
(PhCH2)2S2 and it was observed a higher catalytic activity as GPx mimic in comparison
with the spirodiazaselenurane analogue, the latter exhibiting a similar activity as
ebselen. The increased efficiency of the spirodiazatellurane as GPx mimic was attrib-
uted to an efficient redox cycle which involved the telluride 119 and the telluroxide 120
intermediary formed in the catalytic process (Figure 3.63).Moreover, it was noticed that
at lower thiol concentrations the telluroxide 120 undergoes a reversible spirocycliza-
tion, which may protect the tellurium moiety from over oxidation to tellurium(VI),
while at a large excess of thiol (> 10 equiv.) this reversible process is suppressed.
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Figure 3.63: Proposed catalytic mechanism for the reduction of H2O2 by benzyl thiol using the
spirodiazatellurane 118 as catalyst.
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Thiols were efficiently oxidized to disulfides also by singlet oxygen photocatalyti-
cally produced under visible-light irradiation, in an aerobic process using as pre-catalyst
either (4-MeOC6H4)2Te [126] or the 9-mesityl-3,6-bis(dimethylamino)telluroxanthylium
hexafluorophosphate, a Te-rhodamine-based chromophore [118]. In the first case the
active species was the telluroxide (4-MeOC6H4)2TeO (103) in aprotic solvents, while in
organic solvents the oxidation occurred both through Ar2TeO and Ar2TeO2 species (vide
infra subchapter 3.3) [126]. The bulky tellurorhodamine oxide 113 was the effective
species in the latter process [118].

The telluroxide (4-MeOC6H4)2TeO (103) was reported to act as a catalyst for aldol
condensation [108]. In an earlier work Engman and Cava reported the condensation
of aromatic aldehydes with active methylene compounds under mild aprotic condi-
tions using 103 as a selective base catalyst. However, aldol condensations with very
acidic methylene compounds gave only moderate yields [127]. The telluroxide 103
was also reported as catalyst for the preparation in moderate to excellent yields of (i)
α,β-unsaturated ketones and 2,4-alkadienones through Claisen-Schmidt condensa-
tion [128]a, (ii) α,β-unsaturated nitriles through condensation of benzaldehydes and
activated nitriles [128]b, and (iii) α-cyano-α,β-unsaturated sulfones by condensation
of phenylsulfonylacetonitrile with aromatic aldehydes [128]c. In addition to 103,
several other diorganotelluroxides, i. e. Ar2TeO (Ar=Ph, Mes, 3-MeOC6H4,
4-Me2NC6H4) as well as the mixed-substituent species (4-MeOC6H4)(4-Me2NC6H4)
TeO and MePhTeO, were also investigated as catalysts for aldol condensation [129].
Based on the condensation results obtained using the benzaldehyde-tetralone sys-
tem, it was suggested that the catalytic efficiency of diorganotelluroxides is depen-
dent on the substituent grafted on the aryl groups attached to tellurium. Best results
were obtained with electron donating substituents, like methoxy or dimethylamino
groups, which enhanced the basicity of the telluroxide oxygen via a resonance effect
through the tellurium atom [129].

In recent studies the telluroxides (4-HOC6H4)2TeO (121) and (3-Me-4-HOC6H4)2TeO
(122) were also investigated as catalysts in the synthesis of chalcones by aldol con-
densation of (i) benzaldehyde with acetophenone and 4-bromoacetophenone, and (ii)
4-anisaldehyde with acetophenone, 4-methylacetophenone, 4-chloroacetophenone
and 4-bromoacetophenone, respectively. The higher catalytic activity of 122 compared
to 121 was explained by the higher basicity of the former [130]. Similarly, 1-(4-bromo-
phenyl)-3-(3,4-dimethoxyphenyl)-2-propene-1-one was obtained by the catalytic aldol
condensation between 3,4-dimethoxybenzaldehyde and 4-bromo-acetophenone in the
presence of (4-MeOC6H4)2TeO (103) as catalyst [131].

3.3.2.4 Diorganotellurium dihydroxides
Diorganotellurium(IV) dihydroxides oxidize in mild conditions thiols to disulfides
[125]a, [132, 133] as well as halides to halogens and hydrohalous acids [124]c which are
able to further oxidize various organic substrates. Generally, active RR′Te(OH)2
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species are generated in situ from diorganotellurides and hydrogen peroxide, in a two
steps process involving the formation of the telluroxide which is subsequently
hydrolyzed to the corresponding diorganotellurium(IV) dihydroxides.

In earlier works Detty and co-workers showed that tellurapyrylium dyes act as
catalysts for the oxidation with hydrogen peroxide of thiophenol and leucodyes
(Figure 3.64) [134, 135]. Similarly with the diaryltellurides, the tellurapyrylium dyes
are easily oxidized by H2O2 to the corresponding telluroxides, the latter forming by
hydrolysis heterocyclic dihydroxytelluranes (123), which are the active species as
long as the unstable diorganotellurium(IV) dihydroxides undergo a thermal reduc-
tive elimination of hydrogen peroxide, thus sustaining the continuous oxidation of
the organic substrate.

Recently, the same group employed a protocol for the oxidation of inorganic halides to
oxidizing hypohalous acids and halogens, based on a dialkyltellurium(II) pro-catalyst,
namely 3-(n-hexyltelluro)-1-propanol, sequestered on an APTES/TEOS xerogel [136].
The procedure was developed with the aim to prepare an active antifouling protective
film containing the RR′Te pro-catalyst. The reportedmechanism (Figure 3.65) might be
exploited for various oxidation processes in organic synthesis also, as the tellurium-
sequestered reagents were observed to display a similar reactivity as that one mani-
fested by other previously reported diorganotellurides in solution.
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Figure 3.64: Oxidation of leucodyes with H2O2 using a dihydroxytellurane derivative as catalyst.
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3.3.3 Organotellurium(VI) compounds

Bis(4-methoxyphenyl)tellurone, (4-MeOC6H4)2TeO2 (124), was firstly used as a
mild oxidizing reagent by Cava and Engman to convert benzenethiol to diphenyl
disulfide (97% yield), hydroquinone to p-benzoquinone (39% yield) and ben-
zoin to benzil (89% yield) [112]. In contrast to the related telluroxide
(4-MeOC6H4)2TeO (103), which was reported to be inert towards alcohols [110],
several benzylic alcohols were oxidized by tellurone 124 to the corresponding
aldehydes (70–80% yield) [112]. Surprisingly, oxidation of hydrobenzoin with
tellurone 124 resulted in cleavage of a C‒C bond to produce benzaldehyde (79%
yield) [112]. Recently, Ando and co-workers obtained a more effective mild tell-
urone oxidant, namely the monomeric bis(2,4,6-triisopropylphenyl)tellurone,
(2,4,6-iPr3C6H2)2TeO2 (125) [137]. This species was successfully employed in the
oxidation of various primary alcohols, including benzyl- and benzyl-substituted
alcohols, trans-PhCH=CHCH2OH, trans-2-dodecenol, PhCH2CH2CH2OH and 1-
dodecanol, when the corresponding aldehydes were obtained with excellent to
quantitative yields. While non-activated secondary alcohols, like 2-dodecanol,
were resistant to oxidation, other secondary alcohols, e.g., PhCH(OH)Me and
PhCH(OH)CO2Me, were converted with good yields (87 and 77%, respectively) in
the corresponding ketones by using the same tellurone oxidant. An enhanced
reactivity of the diorganotellurones in comparison with the diorganotelluroxides
was generally observed. Thus, it should be noted that the telluroxides
(2,4,6-iPr3OC6H4)2TeO (126) could not oxidize non-activated alcohols, even at
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Figure 3.65: Proposed catalytic cycle for diorganotelluride-catalyzed oxidation of halide salts with H2O2.
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high temperature [137]. Under similar conditions, the intramolecularly coordi-
nated tellurone [1-(8-Me2NC10H6)]2TeO2 (127) has shown oxidation properties
towards alcohols [138], this difference in reactivity being tentatively attributed
to the intramolecular N→Te interactions in the latter.

The tellurone 124 oxidized quantitatively Ph3P to Ph3PO in refluxing CDCl3,
with recovery of the corresponding telluride [137]. The oxidant behavior of the
1:1 adduct formed in the reaction of the aryltellurinic anhydride [(ArTeO)2O]n
and the diaryltellurone Ar2TeO2, i. e. [{(ArTeO)2O}2(Ar2TeO2)2] (128, Ar=2,6-
diethylphenyl), was also evidenced by converting Ph3P to Ph3PO, in CDCl3 at
room temperature, along with quantitative formation of Ar2Te2 and Ar2Te,
respectively [139]. It should be noted that due to the bulkiness and high stability
of the adduct 128 the completeness of this oxidation reaction was achieved only
after 6 days.

The oxidation of diaryltellurides to either Ar2TeO (100% product for Ar=Ph,
4-MeOC6H4, Mes) or Ar2TeO / Ar2TeO2 mixtures (Ar=2,4,6-iPr3C6H2, 2,6-Et2C6H3,
2,6-iPr2C6H3, 2,6-Ph2C6H3) can be achieved with singlet oxygen, formed under photo-
sensitized conditions, by using tetraphenylporphyrin, rose bengal or hematopor-
phyrin as photosensitizer [113, 122, 123, 126, 140]. It was observed that bulky aryl
groups favour the formation of diaryltellurones via a nucleophilic pertelluroxide
intermediate, [Ar2Te

+OO−] [140]. The aerobic oxidation of thiols to disulfides was
successfully realized by using various diaryltellurides, Ar2Te (Ar=Ph, 4-MeOC6H4,
Mes, 2,4,6-iPr3C6H2) as catalysts, under photosensitized conditions (77–100% yields)
[126]. The tellurides with bulkier aryl groups retarded the oxidation reaction rate and,
in addition, induced the formation of some unidentified by-product. Under similar
conditions, oxidation of aliphatic dithiols to cyclic disulfides was achieved in mod-
erate yields (45–75%) using (4-MeOC6H4)2Te and TPP or rose Bengal as sensitizers
(Figure 3.66).

Detailed experimental studies based on (4-MeOC6H4)2Te suggested that in aprotic
solvents the telluride is oxidized under photosensitized conditions to tellurone
(4-MeOC6H4)2TeO2 (124), which is the effective oxidant in a two steps process (the
corresponding diaryltelluroxide species acting as intermediates). By contrast, in
protic medium the oxidation was realized only by the telluroxide (4-MeOC6H4)2TeO
(103) (Figure 3.67).

HS (CH2)n

n = 2, 3
SH
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Figure 3.66: Aerobic oxidation of aliphatic dithiols to cyclic disulfides.
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3.4 Conclusion and outlook

The last decades showed a tremendous interest in using organochalcogen (Se, Te)
derivatives in organic synthesis, as starting materials, intermediates or catalysts. A
pletora of organic transformations based on heavy organochalcogen compounds,
mainly organoselenium derivatives, was developed, based on their flexible behavior
in connection with a suitable organic substrate, as they can act as electrophilic,
nucleophilic or radical reagents, generally in mild conditions, with easily tunable
chemo-, regio- and stereoselectivity. The derivatives with E‒O, E=O (E=Se, Te) or both
types of bonds have a special place in organic synthesis as various processes occur
via oxidation and ArEOH, RR′EO or ArE(O)OH elimination, even if compounds with-
out oxygen in their structure are used as starting reagents, e.g., diorganochalcogen-
ides or -dichalcogenides. Moreover, organochalcogen(IV) and -chalcogen(VI)
derivatives are successfully employed in oxidation reactions of organic substrates.
A continuous search for best synthesis conditions applied in order to obtain higher
yields and a better control on the stereoselectivity in organic transformations led not
only to new chiral organochalcogen species, but to new combinations of solvents,
catalysts and oxidizing reagents. mCPBA, benzoyl peroxide, ammonium persulfate,
tBuOOH, H2O2 or the O2/MeNO2 system were successfully used as in situ oxidizing
agents for diorganodiselenides or diorganoselenides, the choice being correlated
with their oxidizing strength, the additional reaction conditions and the target
compounds. An increased tendency to use milder and green conditions led to
improved methods based on hydrogen peroxide as oxidizing agent and moreover,
to replace toxic organic solvents (toluene, methanol) with water or ionic liquids,
where possible.

Taking into account the last achievements in the field, it clearly appears that
the future concern in organic synthesis based on organoselenium and -tellurium
derivatives is focused not only on developing new reagents, catalysts and stra-
tegies for higher yields and better stereoselectivities, but also on the tendency

R2S2 + H2O

Ar2Te
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Ar2TeO2

Ar2TeO

2 RSH

2 RSH

R2S2 + H2O 
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Ar = 4-MeOC6H4, Mes, Tip 
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Figure 3.67: Proposed catalytic cycle for aerobic Ar2Te-catalyzed oxidation of thiols to disulfides.

3.4 Conclusion and outlook 109



towards a green and sustainable chemistry, by using non-toxic solvents (water,
ionic liquids) and oxidizing agents (H2O2, O2), as well as simple new procedures
based on recoverable starting materials, catalysts and solvents, with possibilities
to recirculate them, and to significantly reduce the wastes. The regio- and
diastereoselective continuous synthesis of hydroxy lactones by a selenium-
mediated catalytic process in flow conditions [29], the addition of 2-oxindoles
to vinyl selenone in ionic liquids [66], the use of various cinchona-alkaloid-based
catalysts in Michael addition reactions to (aryl)(vinyl)selenones [63] or of hetero-
genised catalysts in halogenation reactions [56, 136] are several examples of the
recent achievements in organic synthesis with organochalcogens. The use of
organochalcogen species in organic synthesis responds also to the increased
interest to replace the expensive transition metal catalysts in certain processes
[141], e.g., the recently reported activation of the carbon–nitrogen triple bond in
nitriles by the telluroxide (8-Me2NC10H6)2TeO [115] resembles the catalytic activity
of the rhodium and platinum complexes in the hydrolysis of acetonitrile to
acetamide [142].

Anyway, besides the organoselenium chemistry, which continues the increasing
developing trend from the previous decades, the applications of organotellurium
compounds in organic synthesis, despite several notable differences in their reactiv-
ity and the persistent characteristic smell, are expected to reach a more accelerated
development in the future.

Abbreviations

Ac acetyl
AcO acetate
Alk alkyl
Ar aryl
AcOH acetic acid
APTES/TEOS 3-aminopropyltriethoxysilane/tetraethoxysilane
bdmim 1-butyl-2,3-dimethylimidazolium
bmim 1-butyl-3-methylimidazolium
Bn benzyl
Boc tert-butyloxycarbonyl
bpy 4-methyl-N-butylpyridinium
nBu normal-butyl
tBu tert-butyl
cat. catalyst
mCPBA meta-chloroperoxybenzoic acid
DHSox dihydroxyselenolane oxide
DHSred reduced dihydroxyselenolane
DMBz - dimethoxybenzoyl
DMF dimethylformamide
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DMP Dess–Martin periodinane
DOS diversity oriented synthesis
FG functional group
HMPA hexamethylphosphoramide
Me methyl
Mes mesityl
MIRC Michael initiated ring closure
MOM methoxymethyl
Nu nucleophile
TfO triflate (trifluoromethanesulfonate)
TfOH triflic acid
Ph phenyl
iPr iso-propyl
Py pyridyl
RTILs Room Temperature Ionic Liquids
TBDPS tert-butyldiphenylsilyl
TIP 2,4,6-triisopropylphenyl
TIPDS 1,1,3,3-tetraisopropyldisiloxane
TMS trimethylsilyl
OTs tosylat
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4 Selenium– and tellurium–nitrogen reagents

Abstract: The reactivity of the chalcogen–nitrogen bond toward main-group element
or transition-metal halides, as well as electrophilic and nucleophilic reagents, is the
source of a variety of applications of Se–N and Te–N compounds in both inorganic or
organic chemistry. The thermal lability of Se–N compounds also engenders useful
transformations including the formation of radicals via homolytic Se–Nbond cleavage.
These aspects of Se–N and Te–N chemistry will be illustrated with examples from the
reactions of the binary selenium nitride Se4N4, selenium–nitrogen halides [N(SeCln)2]

+

(n = 1, 2), the synthons E(NSO)2 (E = Se, Te), chalcogen–nitrogen–silicon reagents,
chalcogen(IV) diimides RN=E=NR, the triimidotellurite dianion [Te(NtBu)3]

2−, chalco-
gen(II) amides and diamides E(NR2)2 (E = Se, Te; R = alkyl, SiMe3), and heterocyclic
systems.

Keywords: selenium nitride, selenium–nitrogen halogenides, bis(sulfinylamino)
chalcogenanes, chalcogen diimides, triimidotellurite dianion, chalcogen amides,
chalcogen diamides

4.1 Scope and introduction

The development of the chemistry of selenium–nitrogen (Se–N) and tellurium–
nitrogen (Te–N) chemistry has lagged behind the remarkable advances in sulfur–
nitrogen (S–N) chemistry that have occurred in the past 40 years [1]. In part, this
slow progress can be attributed to the lack of simple, easily handled Se–N and Te–N
reagents. Nevertheless, a number of such reagents are now available and the goal of
this chapter is to provide an overview of their applications in inorganic and organic
chemistry.

The chemistry of Se–N and Te–N compounds has been discussed in various
reviews and book chapters over the past 30 years [2–11]. While several of these
expositions cover the topic in general [2, 3, 6a, 7, 8, 10], other contributions address
specific aspects, e.g. metal–Se–N compounds [4], binary Se–N species [5], heterocyclic
Se–N and Te–N compounds [6b, 11] and imido-selenium- and –tellurium compounds
[9]. A book [1] and three recent book chapters include a discussion of S–N as well as
Se–N and Te–N chemistry [8a, 8b, 11].

In keeping with the focus of this treatise on synthetic chemistry, the emphasis of
this chapter will be on the preparative methods for the most important reagents

This article has previously been published in the journal Physical Sciences Reviews. Please cite as:
Chivers, T., Laitinen, R. S. Selenium- and Tellurium-Nitrogen Reagents. Physical Sciences Reviews
[Online] 2018 DOI: 10.1515/psr-2017-0125

https://doi.org/10.1515/9783110529340-004



containing Se–N and Te–N bonds, as well as their reactions. Comparison will be
made with related S–N reagents wherever appropriate. The structural chemistry of
Se–N and Te–N compounds will not be discussed, since this aspect is covered well in
many of the aforementioned book chapters and reviews.

This overviewwill start with a discussion of the applications of inorganic selenium–
nitrogen reagents commencing with binary selenium nitrides, notably Se4N4, followed
by sections on selenium– and tellurium–nitrogen halides, E(NSO)2 synthons (E = Se, Te)
and chalcogen–nitrogen–silicon (Se–N–Si and Te–N–Si) reagents. The second half of
the chapter will deal with organic Se–N and Te–N reagents, including the ephemeral
selenonitrosyls ArN=Se (Ar = aryl), chalcogen diimides RN=E=NR (E = Se, Te: R = alkyl,
aryl), triimidochalcogenite dianions [E(NR)3]

2− (E = Se, Te) and chalcogen diamides
E(NR2)2 (E = Se, Te; R = alkyl, SiMe3).

4.2 Binary selenium–nitrogen and tellurium–nitrogen reagents

4.2.1 Neutral species

The quintessential sulfur–nitrogen cage molecule S4N4 is a rich source of novel
sulfur–nitrogen chemistry [1, 8]. The selenium analogue Se4N4 may be prepared in
several ways. One of these involves the reaction of (CH3CH2O)2SeO with gaseous
ammonia in benzene; this procedure has been adapted for the preparation of
15N-enriched Se4

15N4 by using stoichiometric amounts of 15NH3 [12]. A second method
employs the treatment of selenium tetrahalides SeX4 (X = Cl or Br) with ammonia at
elevated temperatures [13, 14]. A more convenient procedure involves the reaction of
(Me3Si)2NLi with a mixture of selenium chlorides [eq. (4.1)]. Pure Se4N4 is isolated in
66% yield after washing with 10% aqueous KCN solution to remove red selenium,
selenium halides and selenium oxides and with water to remove LiCl [15].

12 Me3Sið Þ2NLi + 2Se2Cl2 + 8SeCl4 ! 2Se4N4 + 24Me3SiCl + 12LiCl (4:1)

Caution: Dry Se4N4 is an extremely dangerous material, which can explode at the
slightest provocation, e.g. when touchedwith ametal spatula. It is essential, therefore,
to store and handle this reagent under an inert solvent, e.g. a hydrocarbon, to limit
reactions to small amounts (<500mg) of Se4N4, and to wear appropriate protective
clothing [14, 15].

Despite its hazardous nature Se4N4 has been used as the source of a number of
important selenium–nitrogen compounds either via oxidation or adduct formation
(Figure 4.1). The first example involved reaction of Se4N4 with WCl6 in boiling
dichloromethane, which generates a complex of the monomeric chloroselenonitrene
(NSeCl) ligand, viz. dimeric [Cl4W(NSeCl)]2 [16]; the analogous molybdenum complex
is obtained from treatment of Se4N4 with MoCl5 [17]. The oxidation of Se4N4 with [Se4]
[AsF6]2 produces [Se3N2]2[AsF6]2 in high yield as an orange solid that can be
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manipulated with a metal spatula and is stable to heat [18]; the binary Se–N cation in
this salt is a dimer of the radical cation [Se3N2]

+•. The corresponding dication [Se3N2]
2+

is produced upon treatment of Se4N4 with AsF5. The chlorinated dimer [Se3N2Cl]2 is
formed as an explosive, insoluble dark brown powder from the reaction of Se2Cl2 with
Se4N4 in dichloromethane [19].

A major goal in investigations of selenium–nitrogen compounds has been the
generation of polymeric (SeN)x [20], the selenium analogue of the well-known
polysulfur nitride (SN)x. The latter is a conducting polymer with metallic proper-
ties, which is generated by the polymerization of S2N2 formed by heating S4N4 [1].
By contrast, the pyrolysis of Se4N4 under vacuum at temperatures up to 220 °C
results in decomposition to elemental selenium and N2 gas [20]. Although the
binary selenium nitride Se2N2 has not been isolated, the reaction of Se4N4 with
AlBr3 in dibromomethane at room temperature generates the adduct [(AlBr3)2(µ-
Se2N2)], incorporating a bridging Se2N2 ligand, as an air-sensitive yellow solid [21]
(Figure 4.1). Transition-metal complexes of Se2N2 are found in the dianion [Pd2Cl6
(µ-Se2N2)]

2− formed in the high-temperature reaction of Se4N4 with [Pd2Cl6]
2− salts

in dichloromethane [22].
The reactions of Se4N4 with transition-metal reagents have also been employed

to generate complexes of the chelating binary selenium–nitrogen anions, e.g. Se3N
−,

Se2N2
2− and its protonated derivative Se2N2H

−, via oxidative-addition reactions (Figure
4.2) [4]. For example, the combination of Se4N4 with [PtCl2(PMe2Ph)]2 in boiling chloro-
form produces a mixture of [PtCl(Se3N)(PMe2Ph)] and [PtCl(Se2N2H)(PMe2Ph)]Cl, which

Se4N4

[Pd2Cl6(µ-N2Se2)]

[WCl4(NSeCl)]2

(Se3N2)[AsF6]2

(Se3N2)[AsF6]2

(Se3N2Cl2)2

(AlBr3)2(µ-N2Se2)

(vi)

(v) (iv) (i)

(iii)
(ii)

Figure 4.1: Preparation of Se–N compounds fromSe4N4: (i) [Se4][AsF6]2, (ii) AsF5, (iii) Se2Cl2, (iv) AlBr3,
(v) [PPh4]2[Pd2Cl6] and (vi) WCl6.
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were separated (in low yields) by chromatography [23, 24] (Figure 4.2). Complexes of the
N,Se chelating Se2N2

2− dianion are also formed via the oxidative-addition of Se4N4 to the
zerovalent platinum complex Pt(PPh3)3 in dichloromethane. The monomeric com-
plex [Pt(Se2N2)(PPh3)2] was characterized in solution by 31P NMR spectroscopy
while the solid-state structure of the dimer [Pt(Se2N2)(PPh3)]2.CH2Cl2, which was
isolated in 30% yield, was determined by X-ray crystallography [25].

The binary sulfur nitride S4N2 is a six-membered ringwith a sulfur diimide–N=S=N–
functionality. It is a lowmelting red solid (Mp 23 °C), whichmust be stored below −20 °C
to avoid decomposition [26]. The preparation of the selenium analogue Se4N2 as a black
powder stable at room temperature “in almost quantitative yield” from the reaction of
Se2Cl2 and trimethylsilyl azide has been claimed [27]. However, a reinvestigation of this
reaction showed that the black powder is the selenium–nitrogen chloride Se3N2Cl2 [28].
The facile thermal decomposition of acyclic selenium(IV) diimides RN=Se=NR (R = alkyl,
SiMe3) (Section 4.7) above 0 °C implies that cyclic Se4N2 is likely to have low thermal
stability due to the presence of the –N=Se=N– functionality in the ring.

Unlike Se4N4 (and S4N4) the only known tellurium nitride has the composition
Te3N4, as expected for a tellurium(IV) nitride. A highly explosive yellow powder
identified as “Te3N4” is obtained from the treatment of potassium triimidotellurite
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Se Se

Se
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SeSe
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N
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Figure 4.2: Oxidative-addition reactions of Se4N4 with (i) [PtCl2(PMe2Ph)]2 in boiling CH2Cl2 and
(ii) Pt(PPh3)3 in CH2Cl2 at 23 °C.
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K2[Te(NH)3] with an excess of ammonium nitrate in liquid ammonia [29]. The structure
of “Te3N4”may involve a µ3-nitrido bridging three tellurium(IV) centers of a Te3N3 ring
[30]. Support for this suggestion comes from the identification of this structural motif
in the tetra-adduct Te6N8(TeCl4)4 in which the central feature is a dimer of Te3N4 [31].
The highly explosive nature of “Te3N4” precludes synthetic applications.

4.2.2 Cations

The simple binary cations NS+ and NS2
+ are important reagents in sulfur–nitrogen

chemistry [1]. The seleniumanaloguesNSe+ andNSe2
+ are unknown as isolated species.

However, the latter may be generated in situ from the acyclic cation N(SeCl)2
+ upon

reduction with SnCl2 (see Section 4.3).

4.2.3 Anions

The acyclic sulfur–nitrogen anions SSNS− and SNSNH– may be used as isolated or in
situ reagents, respectively, for the generation of metal complexes [32]. Although the
selenium analogues have not been characterized in solution or in the solid state,
solutions of Se4N4 in liquid ammonia behave as an in situ source of such anions.
Thus, Se4N4 dissolves in liquid ammonia at high pressure (ca. 50 atm.) and reacts
with PtCl2(PMe2Ph)2 to give Pt(Se2N2)(PMe2Ph)2 [33]. It was observed, however, that
the 15N-labeled material Se4

15N4 can be recovered unchanged from such solutions
implying that Se4N4 does not react with liquid ammonia. By contrast, liquid ammonia
solutions of S4N4 have been shown to contain binary S–N anions such as cyclic S3N3

−

and S4N5
− by 14N NMR spectroscopy [34].

Solutions of SeCl4 in liquid ammonia provide a safer route to metal complexes of
the Se2N2

2− dianion than the reactions of Se4N4 described in Section 4.1, as illustrated
by the example shown in eq. (4.2); the orange platinum complex [Pt(Se2N2)(DPPE)]
(DPPE = Ph2PCH2CH2PPh2) is isolated in 74% yield [35]. Presumably the Cl2 by-product
formed in this reaction is purged under the stream of nitrogen that is used to remove
the excess of ammonia, since it is known that complexes of the type [Pt(Se2N2)(PR3)2]
react with halogens to regenerate Se4N4 [36].

PtCl2 DPPEð Þ½ �+ 2SeCl4 + 8NH3 ! Pt Se2N2ð Þ DPPEð Þ½ �+ 2Cl2 + 6NH4Cl (4:2)

4.3 Chalcogen–nitrogen halides

4.3.1 Ternary selenium–nitrogen halides

As a source of the –SeNSe– unit the cationic selenium–nitrogen halides [Cl2SeNSeCl2]
+

and [ClSeNSeCl]+ are potential building blocks in Se–N chemistry; they can be
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prepared in gram-scale quantities from readily available reagents. The former species
was obtained in an attempt to generate the binary cation NSe+ from the reaction of
[SeCl3][AsF6] with N(SiMe3)3. When this reaction is carried out in CFCl3 solution at 0 oC
the orange solid [(SeCl2)2N][AsF6] is produced in 83%yield [eq. (4.3)] [37]. The use of the
hexachloroantimonate [SeCl3][SbCl6] rather than the hexafluoroarsenate salt results in
loss of Cl2 from the initial product to generate the [ClSeNSeCl]+ cation as the orange
SbCl6

− salt in 89% yield [38] [eq. (4.4)].

6 SeCl3½ � AsF6½ �+ 5N SiMe3ð Þ3 ! 3 SeCl2ð Þ2N
� �

AsF6½ �+ 9Me3SiF + 6Me3SiCl + 3AsF3 +N2

(4:3)

2 SeCl3½ � SbCl6½ �+N SiMe3ð Þ3 ! SeClð Þ2N
� �

SbCl6½ �+ SbCl5 + Cl2 + 3Me3SiCl (4:4)

The reaction of [(SeCl)2N][SbCl6] with CF3C≡CCF3 and SnCl2 in liquid SO2 produces the
five-membered cationic ring CF3CSeNSeCCF3

+ as the colorless SbCl6
− salt [39, 40]

(Figure 4.3) This transformation probably occurs via the intermediate formation of
NSe2

+ (Section 4.2.2), which undergoes cycloadditionwith the alkyne. The reduction of
the cyclic CF3CSeNSeCCF3

+ cation with sodium dithionite in liquid SO2 occurs with the
loss of nitrogen to produce the cyclic diselenide CF3CSeSeCCF3 as a red liquid in 40%
yield, which slowly dimerizes to an eight-membered ring (Figure 4.3). For comparison,
the corresponding reaction with the sulfur analogue generates the neutral 7π-electron
radical CF3CSNSCCF3 as a black-green liquid via a one-electron reduction [41].

[N(SeCl)2]2[SbCl6]
(i)

(ii)

(iii)

Se

Se Se

Se Se

C

CC

C C

C

N

C C

CF3F3C

CF3

CF3
CF3F3C

F3C

F3C

Se

Se Se

Figure 4.3: Oxidative-addition of in situ-generated “NSe2
+” to an alkyne: (i) excess SnCl2, CF3C≡CCF3,

(ii) Na2S2O4 and (iii) 0 °C, 7 d.
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Red crystals of the selenium–nitrogen chloride Se2NCl3 are isolated in 57% yield
from the reaction of tris(trimethylsilyl)amine with selenium tetrachloride in a 1:2 molar
ratio in boiling dichloromethane [42]. If the same reaction is carried out at 0–20 °C in
CH2Cl2 the chlorine-rich product Se2NCl5 is obtained as a pale pink powder in 94% yield
[43]. Under similar conditions the reaction of SeBr4 with N(SiMe3)3 generates the explo-
sive bromo derivative Se2NBr3 [43].

Reaction of Se2NCl3 with the chloride-ion acceptor GaCl3 produces the acyclic
[ClSeNSeCl]+ cation (Figure 4.4(a)). The cyclic cation [Se3N2Cl]

+ is formed as the SbCl6
−

salt upon treatment of Se2NCl5 with antimony(III) chloride in CH2Cl2 (Figure 4.4(b)); this
cation is also obtained, as the GaCl4

− salt in 50% yield, upon reduction of [ClSeNSeCl]+

with triphenylantimony in dichloromethane [44, 45].

There are no tellurium analogues of the selenium–nitrogen halides Se2NClx (x = 3, 5).
Instead the reaction of N(SiMe3)3 with tellurium tetrachloride in a 1:2 molar ratio in
CH2Cl2 followed by treatment of the white precipitatewith AsF5 produces the Te4N2Cl8

2+

dication as the AsF6
− salt [45]. This dication is formally a dimer of the hypothetical

tellurium(IV) imide [Cl3Te–N = TeCl]+, however no reactions of this species have been
reported.

4.3.2 Imido chalcogen halides

A homologous series of moisture-sensitive, acyclic tert-butylimido selenium(II) chlor-
ides ClSe[N(tBu)Se]nCl (n = 1–3) have been isolated from the cyclocondensation reac-
tions of tert-butylamine with SeCl2 in various stoichiometries [46]. These intermediates
react with tert-butylamine to form cyclic selenium imides via either nucleophilic
substitution or reduction; the latter process produces rings with an Se–Se linkage

(a)

(b)

Se
Cl

Cl

Cl
2

Cl

Cl

Cl

+ 2 SbCl5
Se Se

N N
Se

CH2Cl2

Cl
SeSe

N

Cl Cl

Cl

[SbCl6-]   + (SeCl3
+) [SbCl6-]

N
Se Se

[GaCl4
-]

Cl

+ GaCl3N
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Figure 4.4: Formation of (a) acyclic [ClSeNSeCl]+ and (b) cyclic [Se3N2Cl]
+ cations from selenium–

nitrogen chlorides and Lewis acids.
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(Figure 4.5). The bifunctional reagents ClSe[N(tBu)Se]nCl (n = 1–3) are potential syn-
thons for the incorporation of other main-group elements into Se–N rings.

Imidoselenium(IV) dihalides of the type RNSeCl2 are either unknown (R = alkyl, aryl)
or thermally unstable yellow liquids RFNSeCl2 (RF = CF3 or C2F5); the latter decompose
at ambient temperature with the formation of the diazene RFN = NRF and amixture of
selenium chlorides [47]. By contrast, the tellurium analogues tBuNTeX2 (X = Cl, Br)
can be isolated as thermally stable yellow-gold (X = Cl) or red (X = Br) solids from the
redistribution reactions between tellurium tetrahalides and tBuNTe(µ-NtBu)2TeN

tBu
in THF at 23 °C [eq. (4.5)] [48]. The halide exchange between [Cl2Te(µ-N

tBu)2TeCl2]2
and trimethylsilyl bromide provides a cleaner route to the corresponding bromide.

tBuNTe μ–NtBu
� �

2TeN
tBu+ 2TeX4 ! 4=n X2Te μ–NtBu

� �
2TeX2

� �
2
X = Cl, Brð Þ

(4:5)

The potential of the imidotellurium(IV) dichloride as a reagent in Te–N chemistry is
indicated by the reaction with potassium tert-butoxide in THF, which proceeds at 23 °C
to give the metathetical product in 71% yield [eq. (4.6)] [49].

1=2 Cl2Te μ–NtBu
� �

2TeCl2
� �

2
+ 4KOtBu ! tBuO

� �
2Te μ–NtBu

� �
2Te OtBu

� �
2 + 4KCl

(4:6)

4.4 E(NSO)2 reagents (E = Se, Te)

Bis(sulfinylamino)chalcogenanes E(NSO)2 (E = Se Te) reagents are readily prepared
by the methods shown in eqs (4.7) and (4.8). The yield of yellow crystals of Se(NSO)2
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Figure 4.5: Formation of cyclic selenium imides from reactions of ClSe[N(tBu)Se]2Cl with
tBuNH2via

(i) nucleophilic substitution or (ii) reduction.
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is 69%when the reaction is conducted in CH2Cl2 [49, 50]. Although SeCl2. is thermally
unstable, it is possible that this reagent could be used (to avoid loss of selenium) if
the reaction is carried out in THF at 0 °C [51].

2Me3SiNSO+ Se2Cl2 ! Se NSOð Þ2 + 1=8Se8 + 2Me3SiCl (4:7)

There are a number of synthetic routes to the tellurium analogue Te(NSO)2. The
recommended procedure involves the reaction of Te(SCF3)2 with Hg(NSO)2 in CS2 at
50 °C for 5 days in the absence of light [eq. (4.8)] [52]. The sparingly soluble solid is
isolated in 60% yield after sublimation. The unusual use of photolytically sensitive
Te(SCF3)2 as a source of tellurium(II) in this synthesis probably reflects the instability
of tellurium(II) dihalides TeX2 (X = Cl, Br).

Te SCF3ð Þ2 + Hg NSOð Þ2 ! Te NSOð Þ2 + Hg SCF3ð Þ2 (4:8)

Bis(sulfinylamino)chalcogenanes E(NSO)2 (E = Se, Te) are versatile reagents in
chalcogen–nitrogen chemistry [53, 54]. A common reaction of thionylimines
RNSO is the thermal or base-promoted elimination of SO2 to give the corresponding
acyclic sulfur(IV) diimide RN = S = NR [1]. In the case of Se(NSO)2, this process gives
rise to heterocyclic compounds containing different chalcogens. For example, the
reaction of Se(NSO)2 with TiCl4 produces the highly insoluble yellow adduct
SeSN2•TiCl4 (Figure 4.6), which is assumed to have a polymeric structure with
bridging four-membered SeSN2 rings [50]. By contrast, reactions with the oxidizing
Lewis acids MF5 (M = As, Sb) produce the dimeric cation [Se2SN2]2

2+ as [MF6]
− salts

[50]. A different type of behavior is observed with SeCl4, which yields the cations
[ClSe2SN2]

+ as the chloride salt [50]. The corresponding reactions with tellurium
tetrahalides TeX4 (X = Cl, Br) generate X2TeSeSN2, a five-membered ring that
contains all three heavy chalcogens (Figure 4.6) [55].

In contrast to the behavior of Se(NSO)2, the oxidation of the tellurium analogue
Te(NSO)2 with Cl2 in CS2 produces high yields of the tellurium(IV) derivative Cl2Te
(NSO)2, which can also be obtained quantitatively by treatment of elemental tell-
urium with ClNSO in CS2 at 0 °C for 48 h [52]. Cl2Te(NSO)2 undergoes SO2 elimination
upon reaction with Cl2 to form the dinuclear complex Cl2Te(µ-Cl)(µ-Cl)(µ-NSN)TeCl2
or when heated at 95 °C (Figure 4.7) [52]

4.5 Selenium/tellurium–nitrogen–silicon reagents

The susceptibility of Si–N bonds to cleavage by main-group element halides accompa-
nied by facile elimination of volatile trimethylsilyl halides render selenium–nitrogen–
silicon reagents versatile sources of other selenium–nitrogen compounds. However, the
thermal instability of the selenium(IV) diimide Me3SiNSeNSiMe3 (Section 4.7) has lim-
ited the application of this reagent. It can be prepared by the reaction of (Me3Si)2NLi with
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SeOCl2 in pentane [56] or diethyl ether [57]. Reaction of in situ-generated
Me3SiNSeNSiMe3 with acyclic [(NPPh2Cl)2]Cl produces the six-membered ring (Ph2PN)2
(NSeCl), which can be isolated as pale yellow crystals in 40% yield, suggesting that
wider use of this reagent should be possible (Figure 4.8) [57].

By contrast to the selenium(IV) analogue (vide supra), the selenium(II) derivative
(Me3Si)2NSeN(SiMe3)2 is thermally more stable and, hence, represents a more useful
reagent in Se–N chemistry. The reaction of LiN(SiMe3)2 with Se2Cl2 in a 2:1 molar ratio in
n-hexane at−78 °C produces thismonoselenide as yellow crystals in 75%yield [eq. (4.9)]
[58]. In a subsequent investigation of the same reaction, the diselenide (Me3Si)2NSeSeN
(SiMe3)2 was isolated as a yellow oil in 19% yield, in addition to the monoselenide
(Me3Si)2NSeN(SiMe3)2 (64%) [59]. The triselenide (Me3Si)2NSeSeSeN(SiMe3)2 is themajor
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Figure 4.6: Formation of mixed-chalcogen heterocycles from Se(NSO)2 and Lewis acids: (i) TiCl4,
(ii) MF5 (M = As, Sb), (iii) SeCl4 and (iv) TeX4 (X = Cl, Br).
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product of the reaction of (Me3Si)2NH with Se2Cl2 in a 2:1 molar ratio in CH2Cl2 at 0 °C;
however, the triselenide could not be separated in pure form from the co-formed di- and
tetra-selenides [59]

2LiN SiMe3ð Þ2 + Se2Cl2 ! Se N SiMe3ð Þ2
� �

2 + 1=8Se8 + 2LiCl (4:9)

The easily handled reagent (Me3Si)2NSeN(SiMe3)2 reacts with SeCl4 to produce pure
Se4N4 in 71% yield [15], but themethod depicted in eq. (4.1) is the preferred route to this
explosive material. An extension of this methodology to the reaction of (Me3Si)2NSeN
(SiMe3)2 with amixture of SCl2 and SO2Cl2 in a 1:1:1 molar ratio produced good yields of
the mixed-chalcogen cage 1,5-Se2S2N4 as an insoluble red-brown powder accompanied
by small amounts of red selenium [60]. By contrast, a mixture of six-membered rings,
predominantly SeS3N2, is produced in the reaction of (Me3Si)2NSN(SiMe3)2 with a 3:1:1
mixture of S2Cl2, Se2Cl2 and SeCl4 [61].

The explosive black selenium–nitrogen chloride Se3N2Cl2 is obtained in 95% or
89% yields, respectively, by reaction of (Me3Si)2NSeN(SiMe3)2 with (a) a mixture of
SeCl4 and Se2Cl2 in a 4:1 molar ratio [eq. (4.10)] or (b) SeOCl2 [19]; these reactions are
carried out in CH2Cl2 at –78 °C. The related dimeric selenium–nitrogen chloride
(Se3N2Cl)2 is isolated as an insoluble dark brown powder in essentially quantitative
yield by adjusting the stoichiometry of the reactants [eq. (4.11)] [19].

Se N SiMe3ð Þ2
� �

2 + 4SeCl4 + Se2Cl2 ! Se3N2Cl2 + 12Me3SiCl (4:10)

2Se N SiMe3ð Þ2
� �

2 + 2SeCl4 + Se2Cl2 ! Se3N2Clð Þ2 + 8Me3SiCl (4:11)

The unsymmetrically substitutedmonoselenide (Me3Si)
tBuNSeNtBu(SiMe3) with only

one Si–N bond per amido group is obtained in 75% yield as a yellow solid from the
reaction of the corresponding lithium amide with Se2Cl2 in n-hexane [62]. Treatment
of this monoselenide with SnCl4 in a 1:2 molar ratio in dichloromethane produces the
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Figure 4.8: Generation of a P2N3Se heterocycle from Me3SiNSeNSiMe3.
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N,N′-chelated SnCl4 complex of the selenium(IV) diimide tBuN=Se=NtBu in a redox
process that involves elimination of Me3SiCl (Figure 4.9) [63].

The formation of long chains typified by the polymer (SN)x is a prominent feature of
sulfur–nitrogen chemistry [1]. In that context the preparation of the yellow monosele-
nide (Me3SiNSN)2Se in 65% yield by the route shown in eq. (4.12) is significant [64]. The
treatment of this monoselenide with SeCl2 in CH2Cl2/THF at −78 °C, however, results in
cyclization to give the cage molecule 1,5-Se2S2N4 as a dark red precipitate in 73% yield
[eq. (4.13)] [64].

2 Me3SiNð Þ2S + SeCl2 ! Me3SiNSNð Þ2Se + 2Me3SiCl (4:12)

Me3SiNSNð Þ2Se + SeCl2 ! 1, 5– Se2S2N4 + 2Me3SiCl (4:13)

4.6 Chalcogenylnitrosyls ArN=Se

Chalcogenylnitrosyls RN=Se are formed as transient species when R = aryl. The
selenium(II) synthon PhSO2SeCl has been used as a source of selenium in reactions
with arylamines ArNH2 in the presence of trimethylamine. The selenonitrosoarene
ArN=Se can be trapped as a Diels–Alder adduct with dimethylbutadiene (Figure 4.10)
[65]. The 1,2-selenazines formed in this way have limited stability (2–3 h) at room
temperature when Ar = 4-XC6H4 (X = Br, Me), but this is improved to 3 days when Ar =
2-MeSC6H4. Dimers of RNSe have not been observed, however larger cyclic oligomers
(RNSe)n (R = alkyl, n = 3, 4) have been isolated as stable crystalline solids from
cyclocondensation reactions of SeCl2 with primary amines [46] or the thermal decom-
position of selenium(IV) diimides (Section 4.7).
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Figure 4.9: Formation of a selenium(IV) diimide complex from a bis(amido)selenium(II) reagent.
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Figure 4.10: Generation and trapping of ArN=Se with dimethylbutadiene.
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4.7 Chalcogen(IV) diimides

4.7.1 Synthesis, structures and applications in organic synthesis

The selenium(IV) diimides RN=Se=NR (R = tBu, Ts) (Ts = p-toluenesulfonyl) were first
reported and used as in situ reagents for the allylic amination of olefins or 1,3-dienes
more than 40 years ago [66, 67]. In early experiments, these imidoselenium reagents
were prepared by the reaction of SeCl4 with two equivalents of the corresponding
amine (tert-butylamine or p-toluenesulfonamide) in CH2Cl2 in the presence of four
equivalents of an amine base. A more reactive aminating reagent is formed when
anhydrous chloramine-T (TsNClNa) is stirred with elemental selenium in CH2Cl2
[66, 67]. Owing to the insolubility of the reactants in this synthesis, a subsequent
modification involved the use of the more soluble 2-nitrobenzenesulfonamide
(NsNClNa) for the generation of NsN=Se=NNs [68]. This in situ reagent reacts in a
manner similar to selenium dioxide in the allylic amination of olefins and 1,2-
diamination of 1,3-dienes (Figure 4.11) [68].

The thermally unstable dialkyl selenium(IV) diimides RN=Se=NR (R = tBu, Ad) (Ad =
adamantyl) have been isolated as an oil or yellow crystals, respectively, from the
reaction of the appropriate primary alkylamine with SeCl4 [69, 70]; the introduction
of supermesityl substituents (R =Mes* = 2,4,6-tBu3C6H2) enhances the thermal stability
of the selenium(IV) diimide [71]. The X-ray analyses of RN=Se=NR (R = Ad,Mes*) reveal
monomeric structures in the solid state [70, 71]. By contrast, the tellurium(IV) diimide
tBuNTe(µ-NtBu)2TeN

tBu, which is obtained in good yields as a thermally stable orange
solid from the reaction of LiNHtBu with TeCl4 in THF, is dimeric [72]. The formation of

R
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(b)

R

R

(rac)

(rac)

NHNs

NHNs

R

NsN=Se=NNs

NHNs

NsN=Se=NNs

Figure 4.11: (a) Allylic amination and (b) 1,2-diamination with a diimidoselenium(IV) reagent (Ns = 2-
nitrobenzenesulfonyl).
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the tellurium(IV) diimide is accompanied by smaller amounts of the cyclic tellurium(II)
imide (TeNtBu)3 when this reaction is conducted in toluene [73]. The calculated
dimerization energy for the [2 + 2] cycloaddition of two E(NR)2 (E = Se, Te; R = tBu,
SiMe3) molecules is strongly exothermic for tellurium(IV) diimides, but approximately
thermoneutral for selenium(IV) diimides, consistent with the experimental observa-
tions [74, 75]. However, the dimerization of selenium(IV) diimides is promoted by
group 12 metal dihalides MCl2 (M = Cd, Hg) to give N,N′-chelated complexes of
tBuNSe(µ-NtBu)2SeN

tBu [76], which are structurally analogous to the HgCl2 complex
of the tellurium(IV) diimide dimer tBuNTe(µ-NtBu)2TeN

tBu [77].

4.7.2 Thermal decomposition

The thermal decomposition of RN=Se=NR (R = tBu, Ad) provides a source of several
cyclic selenium imides (Figure 4.12) [75, 78]. Thus, a solution of tBuN=Se=NtBu in
toluene at 20 °C produces the 6-membered ring Se3(N

tBu)3, the 5-membered ring Se3
(NtBu)2 and its higher homologue the 15-membered ring Se9(N

tBu)6 [78]. Similarly,
the thermal decomposition of AdN=Se=NAd in THF gives rise to Se3(NAd)3 and Se3
(NAd)2; the five-membered ring structure of the latter was confirmed by X-ray analy-
sis [75]. Cyclodimerization of acyclic RN=Se=NR to give a four-membered ring
(Section 4.7.1) may be the first step in the formation of these cyclic selenium imides.
However, the generation of selenium-rich systems must involve elemental selenium,
which is formed during the thermal decomposition as evinced by the detection of
tBuN=NtBu as a by-product [78]. A more versatile route to the generation of cyclic
selenium imides is provided by cyclocondensation reactions of SeCl2 with

tBuNH2,
since the stoichiometry can be controlled (Section 4.3) [46].
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Figure 4.12: Formation of cyclic selenium imides from thermal decomposition of RN=Se=NR
(R = tBu, Ad).
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4.7.3 Insertion and cycloaddition reactions

Selenium(IV) diimides readily undergo insertion reactions into the Si–Si bond of
hexachlorodisilane [eq. (4.14)] [79]. Insertion into the C–B bond of triethylborane
occurs at low temperatures, but the initially formed cyclic product tBuN(µ-SeEt)
(µ-BEt2)N

tBu decomposes at −50 °C [80].

RN=Se =NR+ Cl3Si– SiCl3 ! R Cl3Sið ÞN– Se–N SiCl3ð ÞR (4:14)

A different type of behavior is observed between selenium diimides and bis(amino)
stannylenes [81]. In a 1:1 molar ratio these reactants produce a red spirocylic
compound, which formally results from the oxidative-addition of the selenium
diimide to the Sn(II) center. However, the use of an excess of the stannylene results
in the insertion of a Sn(II) center into an Sn–N bond of the initially formed
spirocyclic compound to give a yellow tricyclic compound with a Sn–Sn bond
(Figure 4.13) [81].

A double cycloaddition occurs in the reaction of the tellurium(IV) diimide dimer
tBuNTe(µ-NtBu)2TeN

tBu with an excess of tert-butyl isocyanate (Figure 4.14) [82]. The
initial step generates an N,N′-ureato tellurium imide, which can be viewed as the
cycloaddition product of tBuNCO and monomeric tellurium(IV) imide. With additional
tBuNCO, this intermediate is converted to the corresponding telluroxide, which is
isolated as a dimer.
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Figure 4.13: Reactions of selenium diimides with a bis(amino)stannylene.
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4.7.4 Reactions with nucleophiles and electrophiles

The sensitivity of the polar chalcogen–nitrogen bonds in chalcogen(IV) diimides to
nucleophilic attack at the chalcogen center is signified by the ready conversion of
the >E=NR (E = Se, Te) functionality to the corresponding >E=O group upon expo-
sure to moisture. The formation of the partial hydrolysis products AdNSe
(µ-NAd)2SeO and OSe(µ-NAd)2SeO during the decomposition of AdN=Se=NAd in
THF is a cogent example of this tendency [75]. In the case the tellurium(IV) diimide
tBuNTe(µ-NtBu)2TeN

tBu deliberate hydrolysis using stoichiometric amounts of
(C6F5)3B•H2O results in the successive replacement of the terminal imido groups
by oxido ligands [83].

Both monomeric selenium(IV) diimides and dimeric tellurium(IV) diimides are
susceptible to nucleophilic attack at the chalcogen center by reagents such as
LiNHtBu or KOtBu to give the tripodal dianions [E(NtBu)3]

2- [84, 85] and [Te(OtBu)
(NtBu)2]

- [86], respectively. Reactions of the tris(tert-butylimido)tellurite dianion
Te(NtBu)3]

2- are discussed in Section 4.8 [87].
The terminal NtBu groups in the dimer tBuNTe(µ-NtBu)2TeN

tBu are readily pro-
tonated by Brønsted acids. For example, reaction with HCF3SO3 produces the mono-
protonated derivative [(tBuNH)Te(µ-NtBu)2TeN

tBu][CF3SO3] in quantitative yields
[88]. Similarly, tBuNTe(µ-NtBu)2TeN

tBu forms a 1:1 adduct with the strong Lewis
acid B(C6F5)3 [89]. By using the appropriate amount of the electrophile CF3SO3Me
either mono- or di-methylation of the exocyclic NtBu groups in the dimer can be
achieved [90].

4.8 Tris(tert-butylimido)tellurite dianion

Tris(tert-butylimido)chalcogenite dianions [E(NtBu)3]
2- (E = Se, Te) are potentially

versatile reagents in chalcogen–nitrogen chemistry. In the case of the selenium
derivative (E = Se) applications are limited due to facile air oxidation to give radical
species [91]. However, detailed investigations of the reaction chemistry of the tell-
urium derivative have revealed a rich coordination chemistry that, in some cases, is
accompanied by redox behavior (Figure 4.15) [87]. For example, in group 13 chemistry
the reaction with PhBCl2 produces an N,N′-chelated complex with a terminal NtBu
group, which is an unique representative of amonomeric tellurium(IV) imide [84]. By
contrast, the reaction with InCl3 involves a second chelation of the [Te(NtBu)3]

2−

dianion to give a dimer with two five-coordinate indium centers (Figure 4.15] [92].
In group 14, chemistry, the reaction with tin(II) chloride provides an intriguing

case of redox behavior [93]. The product incorporates the pyramidal [Te(NtBu)3]
2−

ligand bridging two tin atoms in different oxidation states, one of which is attached to
a terminal telluride. The structure is completed by an NtBu bridge between the two tin
centers resulting from Te–NtBu bond cleavage in the redox process. Redox behavior
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is also observed in the reaction of [Te(NtBu)3]
2- with PhPCl2 [87]. In this transforma-

tion, half of the tellurium in the dianion is reduced to tellurium metal while the two
phosphorus centers are oxidized from the +3 to +5 oxidation states to give a spir-
ocyclic complex of tellurium(IV) (Figure 4.15). By contrast, the reaction of Li2[Te
(NtBu)3] with the heavier group 15 trihalides ECl3 (E = Sb, Bi) generates the homo-
leptic monoanionic complexes E[Te(NtBu)3]2

- as their monolithium derivatives [94].

4.9 Chalcogen(II) amides and diamides

The selenium(II) derivative (iPr2N)2Se has been isolated as a white solid in 61% yield
from the reaction of diisopropylamine with SeOCl2 in diethyl ether at 0 °C; (Me2N)2Se
was obtained as an oil in 30% yield from the decomposition of (Me2N)2SeO, which
was prepared by reaction an excess of dimethylamine with SeOCl2 in hexane [95]. In
contrast to the poorly characterized Se(NR2)2 (R =Me, Et) derivatives [95], polyselanes
with terminal piperidino or morpholino groups can be prepared by heating black
selenium powder with morpholine or piperidine in the presence of red lead. In the
case of piperidine, this procedure provides the tetraselane as red crystals in an
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optimum yield of 26% based on selenium [eq. (4.15)], whereas morpholine gives a
mixture of di-, tri- and tetra-selanes [96]. An intriguing property of piperidinotetra-
selane is its decomposition in CS2 at room temperature to produce a new monoclinic
form of red cyclo-Se8 [eq. (4.16)] [97].

19Se + 8C5H10NH+ Pb3O4 ! 4Se4 NC5H10ð Þ2 + 3PbSe + 4H2O (4:15)

Se4 NC5H10ð Þ2 + 2CS2 ! 3=8Se8 + Se S2CNC5H10ð Þ2 (4:16)

The applications of the silylated chalcogen(II) diamides E[N(SiMe3)2]2 resulting
from the facile cleavage of the Si–N bond by main-group element halides are
discussed in Section 4.5. A fascinating feature of the tellurium derivative is the
formation of the monomeric radical cation [Te[N(SiMe3)2]2]

+• upon one-electron
oxidation with AsF5 [98]. Tellurium(II) diamides are useful reagents in organo-
tellurium chemistry owing to the susceptibility of the Te–N bonds to protolysis
by weakly acidic substrates. For example, the reaction of Te[N(SiMe3)2]2 with
phenylacetylene in boiling THF produces a mixture of bis(phenylethynyl)tell-
uride and 1,4-diphenylbutadiene in 38 and 12% yields, respectively [eq. (4.17)]
[99, 100].

Me3Sið Þ2NTeN SiMe3ð Þ2 + 4PhC≡CH ! PhC≡CTeC≡CPh + PhC≡C–C≡CPh

+ 4 Me3Sið Þ2NH (4.17)

In a similarmanner, alkynyl tellurides RC≡CPhmay be obtained in good yields (R = Ph,
72%; R = nBu, 85%) by treatment of arenetellurenamides with terminal acetylenes in
THF at 20 °C eq. (4.18); the reagent PhTeNiPr2 is generated in situ by treatment of
benzenetellurenyl iodide with LiNiPr2 in THF [101]. The transformation shown in eq.
(4.18) is specific for tellurium, since it does not occurwhenpure PhSeNiPr2 is used [101].

PhTeNiPr2 + RC≡CH ! RC≡CTePh+ HNiPr2 (4:18)

Although the dimethylamido derivative Te(NMe2)2 reacts readily with a range of amines,
phosphines and thiols, the only stable products that have been isolated from such
reactions are those containing bulky thiolate ligands, e. g. Te(SCPh3)2, which is obtained
as air- and moisture-stable orange crystals from the reaction in toluene at −78 °C
[eq. (4.19)] [102]. Polymeric [Te(NMe2)2]∞ is isolated in 74% yield as yellow needles
from the reduction of TeCl4 with an excess of LiNMe2 in THF-diethyl ether; this moist-
ure-sensitive reagent deposits black metallic tellurium on exposure to air [102].

1=∞ Te NMe2ð Þ2
� �

∞

� �
+ 2Ph3CSH ! Te SCPh3ð Þ2 + 2NHMe2 (4:19)
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The susceptibility of the selenium–nitrogen bond to protonolysis is the key to the
function of the cyclic selenenamide Ebselen, an anti-inflammatory drug that acts as a
glutathione peroxidase mimic. Mechanistic studies show that the Se–N bond in
Ebselen reacts readily with PhSH to form a selenenyl sulfide, which is subsequently
converted to the corresponding selenol and selenenic acid [103, 104] (Figure 4.16).
The potentially broad range of pharmacological applications of Ebselen are under
active investigation [105].

4.10 Radical chemistry

The thermal lability of the Se–N linkage may engender unusual transformations
resulting from homolytic cleavage and the concomitant formation of radicals. As a
cogent example, the metathesis of PhC(NSiMe3)[N(SiMe3)2)] with three molar
equivalents of PhSeCl gives rise to the resonance-stabilized radical [PhC
(NSePh)2]

• (detected by in situ EPR spectroscopy) via Se–N bond scission. This
radical undergoes a rapid transformation to an intramolecularly Se–N stabilized
diazene [106] (Figure 4.17).

Radical formation is also observed for P,N,Se heterocyles. A pertinent example is
the dissociation of the eight-membered ring 1,5-Ph4P2N4Se2 into the four-membered
cyclic radical [Ph2PNSe]

• in CH2Cl2 solution at 25 °C [107] (Figure 4.18). In marked
contrast, the sulfur analogue 1,5-Ph4P2N4S2 is thermally stable up to 150 °C [108].
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Figure 4.16: Catalytic mechanism of action of Ebselen.
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Ring contraction (dissociation) or ring expansion is a common feature of inorganic
heterocycles, but isomerization is rare. In this context, the slow solid-state isomeriza-
tion of 1,5-Ph4P2N4Se2R2 (R = alkyl) into the 1,3-isomer in essentially quantitative
yields at room temperature is remarkable [109] [Figure 4.19]. The mechanism of this
transformation is not known, but it represents another manifestation of novel chem-
istry generated by the lability of Se–N linkages.
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Figure 4.17: Formation of a diazene via the selenium–nitrogen radical [PhC(NSePh)2]
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4.11 Conclusions

Synthetic applications of selenium–nitrogen or tellurium–nitrogen reagents in inorganic
or organic chemistry are less widespread than those of their sulfur–nitrogen analogues,
in part, owing to the difficulty in handling highly reactive, unstable compounds. For
example, although reactions of Se4N4 may generate cyclic Se–N cations or metal com-
plexes of Se–N anions, via oxidation or reduction, respectively, the explosive nature of
this binary seleniumnitride has limited its applications (Section 4.2.1). Thus, all attempts
to generate the selenium analogue of the conducting polymer (SN)x, which is produced
via S2N2 generated by the thermolysis of S4N4, have failed. Similarly, although the binary
sulfur–nitrogen cations NSx

+ (x = 1, 2) are readily prepared and exhibit a variety of
insertion or cycloaddition reactions [1], the application of the seleniumanalogueNSe2

+ is
limited to a single example of its use as situ reagent (Section 4.3.1).

The use of selenium diimides RN=Se=NR in organic synthesis is well-established
and aminations of unsaturated substrates by these reagents follow a similar pathway to
reactions of the isoelectronic reagent selenium dioxide SeO2 (Section 4.7.1). Selenium
(IV) diimides are, however, thermally unstable and this lability has limited the applica-
tions of the silicon–nitrogen–selenium reagent Me3SiN=Se=NSiMe3 in reactions with
non-metal or metal halides to a single example (Section 4.5); nonetheless, further
examples of the use of this in situ reagent can be readily envisaged. On the other
hand, the thermal decomposition of selenium(IV) diimides results in chemistry that is
not observed for the sulfur analogues, notably the formation of a wide variety of
thermally stable, cyclic selenium imides (Section 4.7.2). Tellurium(IV) diimides exhibit
much higher thermal stability than their selenium analogues as a consequence of
dimerization without further ring transformations. Consequently, the reactions of
these tellurium–nitrogen compounds with electrophiles and nucleophiles have been
studied in some detail (Sections 4.7.3 and 4.7.4). For example, the dianion [Te(NtBu)3]

2-,
isolectronic with tellurite [TeO3]

2-, is readily obtained and has been shown to have an
extensive coordination chemistry with p-block elements (Section 4.8).

The susceptibility of the tellurium–nitrogen bond in tellurium(II) amides to pro-
tonolysis has been exploited in the preparation tellurium acetylides. However, the
expansion of this application of tellurium diamides to the formation of other Te bonds
(e. g., E = P, S) is so far limited to a single example (Section 4.9). This approach to the
synthesis of tellurium compounds, as well as further applications of in situ reagents
such as NSe2

+ and Me3SiN=Se=NSiMe3, certainly merit further investigations.
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5 Organophosphorus-selenium/tellurium
reagents: from synthesis to applications

Abstract: Organic selenium- and tellurium-phosphorus compounds have found
wide application as reagents in synthetic inorganic and organic chemistry, such
as oxygen/chalcogen exchange, oxidation/reduction, nucleophilic/electrophilic
substitution, nucleophilic addition, free radical addition, Diels–Alder reaction,
cycloadditions, coordination, and so on. This chapter covers the main classes of
phosphorus-selenium/tellurium reagents, including binary phosphorus-selenium/
tellurium species, organophosphorus(III)-selenium/tellurium compounds, phos-
phorus(V)-selenides/tellurides, diselenophosphinates/ditellurophopshinates, dis-
elenaphosphetane diselenides, Woollins’ reagent, phosphorus-selenium/tellurium
amides, and imides. Given the huge amount of literature up to mid-2017, this
overview is inevitably selective and will focus particularly on their synthesis,
reactivity, and applications in synthetic and coordination chemistry.

Keywords: organophosphorus compounds, phosphorus-selenium reagents, phos-
phorus-tellurium reagents, Woollins reagent, phosphorus-chalcogen heterocycles

5.1 Introduction

The chemistry of compounds incorporating selenium or tellurium has been rapidly
expanding in both inorganic and organic chemistry for three decades as a variety
of selenium- and tellurium-based reagents have enabled chemists to explore
new synthetic transformations [1–4]. Research attention for organophosphorus-
selenium/tellurium chemistry dates back over two centuries and covers a wide
range of compounds from simple phosphorus selenides or tellurides due to the
wide variety of the compounds and rich bioactivities, the potential applications in
pharmaceutical industry, agrochemical industry, material science areas, and their
usefulness as versatile reagents in both organic and inorganic synthesis [2]. There
are currently over 7500 compounds containing phosphorus-selenium bonds and
just less than 1500 compounds containing phosphorus-tellurium bonds so far. The
high reactivity of phosphorus-selenium/tellurium-containing compounds make
them interesting reagents/building precursors giving rise to complicated and
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diverse chalcogen- or non-chalcogen-containing molecules, expanding the hori-
zon of organic phosphorus-selenium/tellurium chemistry ever further.

The aim of this chapter seeks to provide an overview of the main classes of
phosphorus-selenium/tellurium-containing reagents, namely, binary phosphorus-
selenium/tellurium species, organophosphorus(III)-selenium/tellurium compounds,
phosphorus(V)-selenides/tellurides, diselenophosphinates/ditellurophosphinates,
diselenaphosphetane diselenides and Woollins’ reagent, and phosphorus-sele-
nium/tellurium amides and imides. Given the huge amount of published materials,
this chapter is inevitably selective and will focus particularly on their synthesis,
reactivity, and applications in synthetic chemistry, coordination chemistry, and so
on. More comprehensive reviews focusing solely or predominately on phosphorus-
selenium and phosphorus-tellurium chemistry are available elsewhere [3–9]. The
literature is covered up to mid-2017.

5.2 Binary phosphorus-selenium/tellurium species

5.2.1 Binary phosphorus-selenium species

A structural feature of binary phosphorus-chalcogen species is the existence of an
extensive series of cage molecules of P4En (E = S, Se), in which a P4 tetrahedron is
incorporated with various numbers of bridging and /or terminal chalcogen atoms [10].
The P4Sn series (n = 3–10) is known and the first binary phosphorus-sulfur species P4S3
was applied in the heads of “strike-anywhere” matches [11]. In the case of selenium,
there are some new forms such as P2Se5, P2Se, P14Se, P4Se, P4Se2, P2Se10, P4Se4, and the
polymeric catena-[P4Se4]x present apart from the binary species P4Sen (n = 3–7 and 10)
which are similar with their sulfur analogues. P4Se3, derived from heating white
phosphorus and selenium in tetralin [12], has the same structural features as the low
temperature form of P4S3. P4Se5, prepared by reacting P4Se3 with bromine in CS2, has
the same structure as P4S5 [13]. The P2Se5 molecule adopts a norbornane-like structure
with two phosphorus atoms with oxidation state +3 bridged by two diselenide units
(–Se–Se–) and one selenide unit (–Se–) [14].

The potassium salts of diselenophosphates (RO)2P(Se)SeK 2 can be prepared
from the reaction of phosphorus pentaselenide (P2Se5) with alcohols, followed by
immediate addition of an ethanolic KOH solution (Figure 5.1) [15]. The formation of
(RO)2P(Se)SeH 1 must be the primary reaction because it was found necessary to
add an ethanolic KOH solution to give the salts. The potassium salts of diselenopho-
sphates 2 are rather unstable and turn red upon short storage. The pure and color-
less powders of [NH4][Se2P(OR)2] 3 can be readily obtained by bubbling anhydrous
NH3(g) into the solution of (RO)2P(Se)SeH 1 at 0 °C [16]. It has been observed that the
ammonium salts of phosphorodiselenoic acid are much easier to handle than the
potassium salts.
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5.2.2 Binary phosphorus-tellurium species

Binary phosphorus-tellurium species have not reported yet, presumably because of the
weakness of P-Te bonds. However, the reaction of the elemental sulfur, tellurium, and
phosphorus at 700K, followed by extraction with CS2 led to a mixture of P4S3, P4S2Te,
and P4STe in the approximate ratio of 160:4:1 [17]. Binary P-Te anions can however be
stabilized in solid-state materials, such as the ternary telluride BaP4Te2 and Na2P4Te2.
BaP4Te2 can be prepared by heating a stoichiometric mixture of Ba, Te, and P at 475 ºC
[18]. The crystal structure of BaP4Te2 reveals a chain of [P4Te2]

2– dianions comprising of
condensed rings in the chair form, with tellurium atoms in the 1,4-positions and two
covalent P-Te bonds. Na2P4Te2 (4) can be generated in solution in 98% yield by the
reaction of white phosphorus with Na2Te2 in N-methylimidazole at ambient tempera-
ture (Figure 5.2) [19]. The 31P and 125Te NMR spectra of 4 reveal a bicyclo[1.1.0]tetrapho-
sphane (butterfly) conformation with exo tellurium atoms, deriving from cleavage of
one P-P bond of the P4 tetrahedron via an oxidative addition of [Te-Te]2–.

5.3 Organophosphorus(III)-selenium/tellurium compounds

5.3.1 Organophosphorus(III)-selenium compounds

P(III)/chalcogen heterocycles have received attention as ligands for the coordina-
tion of transition metals [20]. The simplest phosphorus-chalcogen heterocycles are

ROH +  P2Se5 (RO)2P(Se)SeH
n-C7H16, reflux KOH/alcohol (RO)2P(Se)SeK

2
R = alkyl, aryl

1
R = alkyl, aryl

NH3 (g)

(RO)2P(Se)SeNH4
3

R = alkyl, aryl

Figure 5.1: Reactivity of P2Se5 toward alcohols.

+ Na2Te2
P

P
P

P TeTe

2

2Na

4

PP
P P

Figure 5.2: Synthesis of Na2P4Te24 from P4 and Na2Te2.
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three-membered P2E rings (E=S, Se Te). Sulfur and selenium-containing P2E rings 5
(E=S, Se) were first prepared from the reaction of 1,2-dichlorodiphosphane with bis
(trimethylstannyl)chalcogenide (Figure 5.3) [21]. The three-membered rings 5 are
also obtained from the reaction of diphosphene RP=PR (R=bulky aryl, alkyl) with
elemental sulfur or selenium although the by-product di(seleno)metaphosphonate
RP(=Se)2 is problematic in the case of E=Se (Figure 5.3) [22–24].

The reaction of (Me3Si)2NMe with PhPCl2 under solvent-free conditions gave an
intermediate 6, which undergoes cyclo-condensation with Na2Se resulting in the
formation of eight-membered macrocycles 7 in good yield (74%) (Figure 5.4) [25].
The 31P{1H} NMR spectrum of 7 shows a singlet at δ = 115.2 ppmwith an indefinable set
of satellites that can be attributed to the isotopologues containing 77Se isotope (spin
½, natural isotopic abundance 7.6%) [26]. The 77Se NMR spectrum of 7 has a pseudo-
quintet at δ = 199.8 ppm, caused by virtual coupling [27], along with a 1J(Se,P)
coupling constant of 125Hz of typical endocyclic P-Se-P fragments [28].

Reaction of macrocycle 7 in toluene solution with elemental selenium at 111 ºC for 12
h via an oxidative ring contraction yielded a four-membered ring 8 in 82% yield
(Figure 5.5) [25]. The 31P NMR spectrum of 8 has a singlet at δP = 43.3 ppm.
Meanwhile, compared to compound 7, the 77Se NMR spectrum of 8 shows a down-
field shifted triplet at δSe = 715.9 ppm for the endocyclic selenium atom due to the
coupling to the two adjacent phosphorus atoms [1J(Se,P) = 255 Hz] and a double
doublets resonance at δP = -16.1 ppm [1J(Se,P) = 850 Hz, 3J(Se,P) = 7 Hz] for the

P P
R

Cl

Cl

R

(Me3Sn)2E
RP PR

EP P
R

E

R

5
(E = S, Se)

Figure 5.3: Synthesis of sulfur- and selenium-containing P2E rings 5.

P
R Cl

Cl
+ P P

Cl

PhPh

Cl

N

6

(Me3Si)2NMe
Se

MeCN

7

P
Se

P
N P

Se
P

N Ph

PhPh

Ph

Figure 5.4: Formation of eight-membered macrocycle 7.
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exocyclic selenium atoms [29]. Polynuclear Ag(I) complexes can be used as versatile
precursors for the synthesis of a variety of metal complexes via trans-metalation
reactions [30, 31]. Macrocycle 7 can also be used as a small bite chelate for the
synthesis of multinuclear metal complexes. Reacting macrocycle 7 with AgOTf in
different ratios in CH2Cl2 led to the s mononuclear or dinuclear or trinuclear
sandwich complexes 9 (Figure 5.5) [25].

5.3.2 Organophosphorus(III)-tellurium compounds

Acyclic organophosphorus(III)-tellurium compounds with either PIII-Te-C or PIII-Te-
PIII linkage are potential reagents for synthetic chemistry. The organophosphorus
(III)-tellurium compounds R2PTeR´ (tellurophosphinites) 10–12 were prepared by
the slow redistribution of R2P-PR2 and R´TeTeR´ (Figure 5.6) [32–34]. The photolysis
of compound 10 in a THF solution of Cr(CO)6 led to the formation of the chromium
complexes Cr(CO)5(CF3)2PTeMe (13).

The analogous telluradiphosphirane 14 can be synthesized from substitution and
redox reaction of sodium telluride and tert-butyldichlorophosphine in pentane [35],
or from the reaction of Te(SiMe3)2 with (R2N)PCl2 (Figure 5.7) [36]. Three-membered
chalcogenadiphosphiranes (RP)2Te tend to dimerize and subsequently eliminate to
give phosphorus-tellurium heterocycles of varying ring size products (RP)nTem (n = 2,
3, 4; m = 0, 1, 2, 3).

Se

7

P
Se

P
N P

Se
P

N Ph

PhPh

Ph

Toluene, 12 h
82%

N
P

Se
P

Se

Ph

Ph

Se

8

AgOTf [Agn (7)2][OTf]n

9
n = 1, 71%; n = 2, 77%; n = 3, 51%

Figure 5.5: Synthesis and reactivity of macrocycle 7.

R2P-PR2  +  R'Te-TeR' 2 R2TeR'

10, R = CF3, R' = Me
11, R = iPr, R' = p-toly  
12, R =  tBu, R' = p-toly 

Cr(CO)5(CF3)2PTeMe

13

Cr(CO)6

10-12
(R = CF 3, R' = Me)

Figure 5.6: Synthesis of R2PTeR´10–12.
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The 1,2,4-tellurophosphole 15 incorporating a C-P-Te functionality was obtained as
a yellow oil by the reaction of [Li(TMEDA)2][SbP2C2

tBu] with Te(S2CNEt2)2 in DME [37].
The heterocycle 15 further reacting with [W(CO)5(THF)] gave the P-bonded η1-W(CO)5
complex 16 (Figure 5.8) [38]. The complex 16 reveals planar and a rather short
phosphorus-tellurium bond [d(P-Te) = 2.378(2) Å] contributing from higher s-character
in the P-Te hybrid orbital.

5.4 Phosphorus (V)-selenides/tellurides

5.4.1 Triorganylphosphine selenides

Preparation of a solid phosphine selenide from direct treatment of the appropriate
tertiary phosphine with elemental selenium often requires numerous and time-consum-
ing extractions to obtain the pure phosphine selenides. For example, tertiary phosphine
selenides can be prepared by direct treatment of the appropriate tertiary phosphine
either with elemental selenium or with KSeCN or with organic diselenides [39–42]. The
reaction of triarylphosphine with potassium selenocyanate rapidly produced quite pure
triarylphosphine selenides 17 in almost quantitative yields (Figure 5.9). Compared with
the usual preparative routes for tertiary phosphine selenides, the reaction of a tertiary
phosphine with potassium selenocyanate in acetonitrile is quite simple.

Ar3P KSeCN Ar3P(Se)    +
CH3CN

17

Ar3 = Ph3, 96%;  (4-CH3C6H4)3, 95%; (3-CH3C6H4)3, 94%;
          (Me2NCH2CH2CH2)Ph2, 87%; Ph2(CH2CH=CH2), 89%

Figure 5.9: Synthesis of triarylphosphine selenides 17.

R
P

Cl

Cl
P P

R'N/R

Te

R/NR'

14

Na2Te

R'2N
P

Cl

Cl
Te(SiMe3)2

Figure 5.7: Synthesis of three-membered telluradiphosphiranes (RP)2Te 14.

P

P Te

tBu tBu tBu

tBu
P

P
Te

W(CO)5(THF)

THF

W(CO)5

15 16

[Li(TMEDA)2][SbP2C2tBu]
Te(S2CNEt2)2

DME

Figure 5.8: Synthesis of 1,2,4-tellurophosphole 15 and its tungsten complex 16.
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Triphenylphosphine selenide and its polymer-supported counterpart have beenwell
known as an efficient selenium transfer reagent for the conversion of H-phosphonate
diesters into the corresponding phosphoroselenoate [43]. Dinucleoside H-phosphonate
18 reacting with TPPSe (1.1 equiv.) in pyridine in the presence of trimethylsilyl chloride
(TMS-Cl, 6 equiv.) led to the silylation agent. The reaction is very straightforward and
completes within 15 min giving the silylated phosphoroselenoate (δP = 56.9 and 56.6
ppm) as the sole nucleotidic product. Similarly, selenation of diethyl H-phosphonate
with 1.1 equiv. of TPPSE takes 5min in pyridine in the presence of DBU (5 equiv.) to
produce dinucleoside phosphoroselenoate 19 in ca. 90% yield (Figure 5.10), which was
identical to that prepared in another method [44]. Polymer-supported phosphine sele-
nide TPPSe-2 was obtained by shaking in THF polystyryl diphenylphosphine resin with
KSeCN (3 equiv.) for 4h. The 31P NMR spectrum of the suspended polymer beads showed
a complete disappearance of the broad signal at –5.4ppmof phosphine and a newbroad
signal at 35.5ppm of phosphine selenide.

5.4.2 Phosphinoselenoic chlorides and derivatives

In contrast to phosphine selenides RP(=Se)(R1)(R2), much less attention has been
paid to the selenium analogues of phosphinic acids and their derivatives 20–24
(Figure 5.11), wherein two alkyl or aryl groups and chlorine or chalcogen atom are
attached to the phosphorus atom of the P=Se group.

Diethylphosphinoselenoic chloride 25 was the first reported example of phos-
phinoselenoic chlorides by the reaction of chlorophosphine with elemental selenium
without any solvents and the purification by decantation and distillation [44, 45]. The
synthesis of alkylphosphinoselenoic chlorides 26–29, diphenyl phosphinoselenoic
chloride 30, cyclic phosphinoselenoic chlorides 31 and 32, and two P-chiral chlorides

O

OR

T

O

H

P

O

H

O

O

T

RO

O

OR

T

T

O

H

P

O

Se

O

O
RO

TPPSe-1 or TPPSe-2

     R = 4,4'-dimethoxytrityl 
     T = thymin-1-ylP

Se P
Se

TPPSe-1 TPPSe-2

C
H

CH2 n

1918

Figure 5.10: Synthesis of phosphoroselenoate 19.
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33 and 34 were achieved via the selenation of the corresponding chlorophosphines
by a similar method (Figure 5.12) [46–49].

Another efficient method for the synthesis of P-chiral phosphinoselenoic chlorides
without isolating intermediate trivalent chlorophenylphosphine has been developed
[50, 51]. Elemental selenium and carbon nucleophiles were added to dichlorophenyl-
phosphine in one operation, then a THF solution of Grignard reagent was added to
the above suspension to give P-chiral phosphinoselenoic chlorides 35–41 in good to
excellent yields after work-up (Figure 5.13). The sequential addition of two different
Grignard reagents to a mixture of phosphorus trichloride and elemental selenium
also led to dialkyl chlorides 42 and 43 in moderate yields (Figure 5.14) [52].

The phosphinoselenoic chlorides are air- and moisture-stable and can easily be
handled under air, even some chlorides can be purified by column chromatography
on silica gel without any decomposition. Thus, phosphinoselenoic chlorides can be
used as selenation reagents or synthetic precursors. The reactions of P-chiral chlor-
ides with nitrogen nucleophiles such as metal azide [53], phosphinothioic and
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TeM

Se
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Figure 5.11: Selenium isologs of phosphinic acids and their derivatives 20–24.
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Figure 5.12: Synthesis of phosphinoselenoic chlorides 25–34.
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phosphorothioic amide sodium salts [54] delivered mixed-donor unsymmetrical P-N-P
ligands 44 and 45, which are further coordinated to Co or Sn to give the corresponding
metal complexes (Figure 5.15) [55].

Treating diphenylphosphinoselenoic chloride 30 with optically active primary and
secondary amines led to the corresponding optically active ligands 46–50 in high
yields [56–58]. The ligands 46, 49, and 50 have been used in Ti-catalyzed ethylation
of aldehydes with Et2Zn [56]. Diphenylphosphinoselenoic chloride 30 reacting with
amines in the presence of KOH and 18-crown-6 under carbon dioxide atmosphere
gave the products 51 and 52with the carbon dioxide being incorporated into the bond
between the phosphorus and nitrogen atoms (Figure 5.16) [59].
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OMe Me

Cl

Figure 5.13: Synthesis of phosphinoselenoic chlorides 35–41.

PtBu

R

Cl

Se

PCl3 Se+
ii, Toluene, reflex, 1 h

i, tBuMgCl/RMgCl, THF, 0°C

42, R = iPr, 46% 
43, R = c-Hex, 61% 

Figure 5.14: Synthesis of phosphinoselenoic chlorides 42 and 43.
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Figure 5.15: Synthesis of unsymmetrical P-N-P ligands 44 and 45.
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Phosphinoselenoic chlorides react with oxygen and chalcogen nucleophiles to
give rise to a series of the corresponding phosphinoselenoic and phosphinosele-
nothioic acids E-esters (E=O, S, Se) 53–64; alternatively, reacting with alcohols,
thiols metal alkoxides and chalcogenolates led also to the above phosphinoselenoic
and phosphinoselenothioic acids chalcogen-esters (Figure 5.17) [51, 60].

Reaction of trichlorophosphine with 1,1’-binaphthyl-2,2’-diols and elemental sele-
nium in the presence of Et3N gave phosphoroselenoyl chlorides 65–67 in good to high
yields (Figure 5.18) [61]. All chlorides obtained are air-stable and can be purified by
column chromatography on silica gel. The conversion of the chlorides into esters and
amides is readily achieved by reaction with the corresponding alcohols and amines
as electrophiles.

Treatment of 65with primary and cyclic secondary amines led to the correspond-
ing phosphoroselenoic amides 69a,b–72a,b within 3 h. However, reaction with
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Figure 5.16: Synthesis of ligands 46–52.
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Figure 5.17: Synthesis of phosphinochalcogenoselenoic E-esters 53–64.
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acyclic secondary amines needed more than 12 h to give the phosphoroselenoic
amides 73a,b due to the steric congestion around the nucleophilic nitrogen atom
(Figure 5.19). In all cases the phosphoroselenoic amides were obtained as two
diastereomers in different ratios and most of them can be separated by simple
recrystallization, or by column chromatography on silica gel or by HPLC [62].
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Figure 5.19: Synthesis of phosphoroselenoic amides 69a,b–73a,b.
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Figure 5.18: Synthesis of phosphoroselenoyl chlorides 65–68.
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5.4.3 Phosphinoselenoic acids and derivatives

There are four classic methods to prepare the phosphinoselenoic acids. Treating
phosphine oxides with elemental selenium in the presence of a base leads to the
corresponding phosphinselenoic acids 74 and 75 [63, 64]. The acid 75 can also be
obtained by the direct oxidation of phosphine selenide [63]. The reaction of diethyl
phosphite with three equivalents of Grignard reagents, followed by the addition of
elemental selenium gave the same acid 74. Finally, alkaline hydrolysis of phosphi-
noselenoic chlorides afforded the acids 74 and 75 (Figure 5.20) [45].

Chloride 25 reacted with sodium hydrogen selenide leading to the phosphinodisele-
noic acid sodium salt 76 as dihydrates, which with further acid hydrolysis resulted in
the acid 77 in an aqueous solution (Figure 5.21) [65–67].

Reaction of chloride 65with Et3N (3 equiv.) and H2O (2 equiv.) was refluxed in THF for
2 h leading to tertiary salt 78 in 98% yield as a white solid (Figure 5.22). The salt 78 is
highly soluble in CH2Cl2, but less soluble in THF and toluene. Alkylation of the salt 78
with alkyl halides resulted in the formation of Se-esters 79–84 in good to excellent
yields. Two diastereomers were found with almost equal ratios except in the case of
Se-ester 79 [62].
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5.4.4 O,O,O-Triorganorylphosphoroselenoates (RO)3P=Se

In comparison with its sulfur analogues, O,O,O-triorganorylphosphoroselenoates
(RO)3P=Se are much more difficult to obtain from the reaction of trialkyl phosphite
(RO)3P with selenium. The strained phosphoroselenoates (RO)3P=Se 85–89 were
prepared by direct treatment of the appropriate tertiary phosphine either with ele-
mental selenium or with KSeCN (Figure 5.23) [67–70].

A series of Se-glycosylphosphoroselenothioates 90a-93a and S-glycosylphosphor-
oselenothioates 90b-93b were prepared by direct glycosidation from O,O-dialkyl-
phosphoroselenothioate anion and β-D-hexopyranoses (Figure 5.24) [71]. β-D-
hexopyranoses: peracetylated gluco-, galacto-, 2-deoxy-arabina- and per-O-benzy-
lated unprotected 1-OH-gluco- as glycosyl donors have different modes of activa-
tion of the anomeric position and protection of the sugar moiety for the
glycosidation of the O,O-dialkylphosphoroselenothioate anion, promoted by
BF3·Et2O in 1,2-dichloroethane at room temperature to give a mixture of two Se-

DCM or toluene
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and S-isomers. The reactants used were in equimolar amounts and the BF3·Et2O
was three molar equivalents. Two isomers were obtained, but the Se-isomer
prevailed in all the cases based on the spectral data.

5.4.5 Tertiary phosphine tellurides R3P=Te

Triorganophosphine tellurides (tellurophosphoranes) R3PTe are widely used as tell-
urium transfer reagents in a variety of applications. The first organophosphorus(V)-
tellurium is nBu3PTe which was synthesized more than 50 years ago by oxidation of
nBu3P with elemental tellurium in boiling toluene [72]. Since then, a wide variety of
derivatives RR1

2PTe (R=R
1=Me, Et, nPr, Cy, tBu; R=Ph, R1=nPr, nBu) were prepared by a

similar method [73, 74]. The oxidation is more difficult with the introduction of Ph
substituents on the P(III) center and the yields are normally low for PhR1

2PTe (R
1=nPr,

nBu). For example, the bis(phosphine tellurides) Ph2P(Te)(CH2)nP(Te)Ph2 (n = 2, 6),
and the monotellurides Ph2P(Te)(CH2)4Ph2 and Ph2MeP(Te) were prepared in only 6%
yield [75]. Elemental tellurium does not oxidize Ph3P; however, to use more reactive
source of Te, such as, the tellurocyanate [Ph4As][TeCN] led to a 1:1 adduct of Ph3PTe
with Ph3P [76]. The derivatives R3PTe (R=Cy,

tBu) are thermally stable both in the solid
and in solution; the other phosphine tellurides are isolated as air-/light-sensitive pale-
yellow solids, which readily decomposed to gray tellurium in solution.
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The introduction of imino substituents improve the nucleophilicity of the phos-
phorus(III) center. Ph3P=NP(Te)Ph2 [77], (R2N)3PTe (R=Me, Et, R2N=morpholino,
piperidino, pyrrolidino [78–80], Me(Et2N)PTe and (Et2N)P(Te)(CH2)4P(Te)(NEt2)2
[81] were prepared in high yields. The introduction of a saturated four-membered
P2N2 ring changes the nucleophilicity of the phosphorus(III) center dramatically.
The oxidation of [MePIII(μ-NtBu)]2 with elemental tellurium at room temperature
for 48 h led to the ditelluride cis-[MePV(=Te)(μ-NtBu)]2 in only 8% yield; the
monotelluride MePV(Te)(μ-NtBu)]2P

IIICl was obtained in 17% yield from the
unsymmetrical PIII/PIII derivative [MePIII(μ-NtBu)]2P

IIICl) and elemental tellurium
under similar conditions [82]. The tellurides incorporating a cyclo-P2N2 framework
are stable both in the solid state and in solution. Methylation of triorganopho-
sphine tellurides R3PTe (R=Me, iPr, nBu, tBu, NMe2) with methyl iodide in benzene
led to the tellurophosphonium cations [R3P-TeMe]+ in high yields [83]. The oxida-
tion of tBu3PTe with a ferrocenium salt Cp2FeX (X=BF4, PF6, SbF6) gives a tritelluro
dication [tBu3P-Te-Te-Te-P

tBu3]
2+ [84] The dihalides Et3PTeX2 (X=Cl, I) were

obtained from the oxidation of Et3PTe with SO2Cl2 or I2, and the corresponding
dibromide (X=Br) was prepared via a halogen exchange reaction of Et3PTeCl2 with
Me3SiBr [85].

The coordination chemistry of the triorganophosphine tellurides has been
poorly developed due to the lability of the phosphorus-tellurium bond leading to
either a terminal or a bridging role in metal complexes. The first examples of
R3PTe metal complexes with terminal mode bonding were reported in 1985. The
photolysis of M(CO)6 in the presence of tBu3PTe in THF generated M(CO)5
(TePtBu3) (M=Cr, Mo, W) [86]. The dimeric cation [{Hg(TePnBu3)}3Br5]2

2+ was
prepared in good yield by reaction of elemental tellurium with nBu3PTe and
HgBr2 in boiling acetone [87].

Triorganophosphine tellurides are efficient tellurium-transfer reagents that are
soluble and more reactive than elemental tellurium [88, 89]. The use of nBu3PTe
for insertion of Te into the P-E (E=Si, Ge, Sn) bond of nBu2P-EMe3 led to the
formation of the acyclic PIII-Te-PIII compound nBu2P-Te-EMe3 [90]. Other examples
for the phosphine tellurides as Te-transfer reagents include the synthesis of a
bridging uranium telluride [(MeC5H4)3U]2(μ-Te) from (MeC5H4)3U·THF and nBu3PTe
[91], the preparation of R2Ga-Te-GaR2 (R=CH(SiMe3)2) via insertion into metal-
metal bonds from R2Ga-GaR2 and Et3PTe [92], the formation of an η2-Te22– complex
[Cp*2Ti]2(μ-TeTe) from Cp*2Ti-Te-TiCp*2 and nBu3PTe [93], and the chalcogen-
exchange reactions to yield the tellurometallates from selenometallates [94].
Triorganophosphine tellurides are also used as tellurium-transfer reagents for
tellurium insertion into metal-carbon bonds. Elemental tellurium does not insert
directly into the Mn–C bond in RMn(CO)5 (R=alkyl, aryl) complexes; however,
when R1

3PTe (R1=Me, Et) was used, it gave the tellurolates RTeMn(CO)3(PR
1
3)2 via

initial substitution of two CO ligands by PR1
3, followed by Te insertion [95].
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5.5 Diselenophosphinates/ditellurophosphinates

5.5.1 Diselenophosphinates

The chemistry of diselenophosphinates has been paid huge attention due to their use
as efficient single-source precursors of remarkable nanomaterials, as chain transfer
agents for reversible addition-fragmentation transfer polymerization, as bidentate
ligands formetal complexes, as promising extractants of heavy, rare and transuranium
elements, as potential drug candidates, and as building block for organic synthesis
[96–104]. However, there are limited examples of well-characterized diselenophosphi-
nates despite the regularly reported applications as single-source precursors [98, 100],
synthetic building blocks [105, 106], and ligands for metal separation [107]. The
diselenophosphinate complexes can be conveniently prepared from the metathesis
reaction of simple metal salts with source of the free [R2PSe2] anions, such as alkali
metal or ammonium diselenophosphinates [108].

The synthesis of the heavy metal diselenophosphinates are based on the reaction
of alkylammonium diselenophosphinates with heavy metal halides. The alkylammo-
nium diselenophosphinates are key intermediates in the synthesis of Se-esters of
diselenophosphinoic acids [51]. The conventional synthesis of alkylammonium disele-
nosphinates has multiple steps, is laborious and requires aggressive and poisonous
phosphorus halides and flammable unstable organometallic reactants. For example,
triethylammonium diselenophosphinates 94 were prepared by the reaction of toxic
monochlorophosphines R2PCl with triethylsilane, triethylamine, and selenium in
refluxing toluene solution for ca. 20h (Figure 5.25) [108, 109].

A facile synthesis of alkylammonium diselenophosphinates from various secondary
phosphines, R2PH, elemental selenium and primary, secondary, or tertiary amine
was reported [110, 111]. The three-component reaction of secondary phosphines,
elemental selenium, and amines proceeds under mild conditions in ethanol leading
to diselenophosphinates 95 in 85–97% yields (Figure 5.26). The reaction was found
to be of general character. For example, the reaction of secondary phosphine pro-
ceeds readily with elemental selenium and optically active (R)-1-aminobutan-2-ol
under the similar conditions to give diselenophosphinate 96 in 86% (Figure 5.27).
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R =  iPr, tBu, Ph

Figure 5.25: Formation of triethylammonium diselenophosphinates 94.
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Using secondary phosphine selenides as starting materials is another efficient
method to synthesize diselenophosphinates. The reaction of the secondary phos-
phine selenides with the system Se/MOH (M=Li, Na, K, Rb, Cs) in the THF/EtOH
media at room temperature led to almost quantitative yields (96–100%) of alkali
metal diselenophosphinates 97 (Figure 5.28) [112]. The ammonium diselenopho-
sphinates were synthesized via the three-component reaction between secondary
phosphines, elemental selenium and ammonia [112, 113]. Hydrazine can replace
ammonia in the three-component reactions for the synthesis of diselenophosphi-
nates [113, 114].
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Figure 5.26: Formation of diselenophosphinates 95.
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Figure 5.27: Formation of diselenophosphinates 96.
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Figure 5.28: Synthesis of alkali metal diselenophosphinates 97.
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The conventional syntheses of diselenophosphinates are based on the reactions of
selenophosphinic chlorides R2P(Se)Cl or monochlorophosphines R2PCl with sodium
selenide Na2Se, sodium hydroselenide NaHSe, or polyselenides NaxSey. The first exam-
ple was the synthesis of sodium diethyldiselenophosphinate 98, which was formed as
the dihydrate Et2PSe2Na·2H2O in 34% yield by a multi-step route (Figure 5.29) [115].
Sodium diphenylselenophosphinate (Ph2PSe2Na) can be obtained via a similar
approach in 65% yield [116].

The salt NH4[Se2PPh2] reacts with the corresponding metal (II) oxides in a 2:1 molar
ratio to give metal diselenophosphinates 99 in 64–85% yields (Figure 5.30) [117]. All
reactions proceed chemoselectively leading to the formation of only metal complexes.

The reaction ofN,N-diethylammoniumdiselenophosphinate [Et2NH2][(CH2CH2Ph)2PSe2]
with ZnCl2 or ZnBr2 in a 2:1 molar ration under 25 °C in DCM for 4h delivered a discrete
Se-centered tetranuclear cluster 100 in 63% isolated yield (Figure 5.31) [118]. It is
apparent that the self-assembly of cluster 100 proceeds via initial formation of mono-
meric [Zn(Se2PR2)2] and then dimeric [Zn2(Se2PR2)4] intermediates, followed attack by
the free [(CH2CH2Ph)2PSe2]

– resulting in cleavage of the one P-Se bond and giving a
Zn4(Se) cage 100. The reaction of diselenophosphinate [Et3NH2][(CH2CH2Ph)2PSe2]
and ZnBr2 with pyridine N-oxide (PyNO) at 25 °C in acetone for 4 h resulted in the
assembly of a helical polymer {ZnBr(Se2PR2)[PyNO]n (101) as white powder in 84%
yield (Figure 5.32) [118].

A series of 4f and 5f metal complexes with the bidentate diselenophopshinate
anion [Se2PPh2]

– were prepared [107]. Heating the diselenophosphinate dimer
[K(Se2PPh2)]2 with 0.66 equivalents of LnX3 (LnX3=La(OTf)3, CeBr3 NdCl3) in
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Figure 5.29: Synthesis of sodium diethyldiselenophosphinate 98.
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Figure 5.30: Synthesis of metal diselenophosphinates 99.
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THF led to the formation of neutral complexes [Ln(Se2PPh2)3(THF)2] 102–104
(Ln=La, Ce, Nd). The molecular structures of 102–104 adopt eight-coordinate
metal centers with three [Se2PPh2]

– anions bonding through both Se atoms and
two coordinated THF solvent molecules. However, reacting an acetonitrile
solution of either CeBr3 or [PuI3(Py)4] with two equivalents of [K(Se2PPh2)]2 in
the presence of Et4NBr gave the homoleptic trivalent 1:4 anionic complexes
[Et4N][Ce(Se2PPh2)4] (105) and [Et4N][Pu(Se2PPh2)4] (106) (Figure 5.33).
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Figure 5.31: Synthesis of Se-centered tetranuclear cluster 100.
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Redox reaction of alkali metal diselenophosphinates R2P(Se)SeM (R=Alk, Ar;
M=Na, K) and elemental iodine in a 2:1 molar ratio in 1,4-dioxane at room tempera-
ture for 2min generated bis(diorganylselenophosphoryl)selenides [R2P(Se)]2Se
107 and bis(diorganylselenophosphoryl)triselenides [R2P(Se)]2Se3 108 in 87–90%
yields rather than the diselenides [R2P(Se)]2Se2 (Figure 5.34) [119].

O,O’-Dialkyl diselenophosphates (RO)2PSe2M can be used as the nucleophile to
attack alkyl halides for the synthesis of Se-esters of phosphorodiselenoic acids
[120, 121]. The syntheses of Se-esters of O,O’-dialkylphosphorodiselenoic acid
109–116 were achieved by the reaction of the ammonium salts. The reactions
based on one of the Se atoms of the [RO)2PSe2]

– units acting as the nucleophilic
center includes Michael addition, epoxide ring opening addition, acylation, and
α-alkynation (Figure 5.35) [120].

A modified method was developed by applying Na2Se in place of sodium hydro-
selenide to react with (tert-butyl)phenylselenophosphinic chloride at 0 °C for 4 h

M(Se2PR2)
0.5 equiv. I2

Dioxane, 23-25°C, 2 min
P

Se

Se PR

R

Se

R

R

P

Se

Se PR

R

Se

R

R
Se Se

107 108
R = Ph(CH2CH2), 2-Fur(CH2)2; M = Na, K

Figure 5.34: Synthesis of selenides 107 and triselenides 108.
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leading to sodium diselenophosphinate 117, which reacted further in situ with
methyl iodide to give Se-methyl ester 118 in 94% yield (Figure 5.36) [51]. The
method of using monochlorophosphines R2PCl instead of selenophosphinic chlor-
ides R2P(Se)Cl for synthesis of diselenophsophinates is preferable and has also been
explored [122–124].

The reaction of alkali metals or alkylammonium diselenophosphinates with
inorganic heavy metal salts led to the formation of a variety of heavy metal
diselenophosphinates with some limitations. For example, the reaction of seleno-
phosphinate anions with metal salts possessing strong oxidative properties did
not or only with difficulty afforded the corresponding metal diselenophosphi-
nates. In most cases, the major product is an oxidative dimer (R2PSe)2Se2 of
diselenophosphinate anions [R2PSe2]

–. However, the diselenide (R2PSe)2Se2
together with the target diselenophosphinates were obtained with decreasing
yield when the metal cations Mn+ show weak oxidative properties. Thus, all
synthesis of heavy metal diselenophosphinates are based on the reactions of
diselenophosphinate anions [R2PSe2]

– with metal cations Mn+ with soft (Ag+, Tl+,
Cd2+, Hg2+) or intermediate (Ni2+, Co2+, Zn2+, Cu2+, Sn2+, Bi3+, In3+, Ga3+) Lewis
acids [40, 109, 125]. The cadmium salt Cd(Se2P

iPr2)2 was applied as a single-source
precursor to deposit CdSe nanoparticles, which were produced by introduction of
a solution of cadmium diselenophosphinate in trioctylphosphine into a reactor
composed of fused silica microcapillary at 200 °C. The resulting CdSe nanoparti-
cles were then mixed with Cd(S2CNMenHex)2 and re-injected into the capillary
layer to afford highly luminescent CdSe/CdS core-shell nanoparticles. The techni-
que has opened an easy and convenient approach to high-quality semiconductor
nanoparticles [98].

The preparation of nickel phosphide (NiP and Ni12P5) and nickel selenide
(NiSe) nanoparticles by thermal decomposition of single source molecular pre-
cursor Ni(Se2PR2)2 (R=iPr, tBu, Ph) in solvents such as trioctylphosphine oxide
(TOPO) and HAD at different temperature has been reported [125, 126]. Cobalt(II)
diselenophosphinates, Co(Se2PR2)2 (R=iPr, tBu, Ph), can be used to grow cobalt
selenide and cobalt phosphide nanoparticles by decomposition in trioctylpho-
sphine oxide or HAD at 300 °C [96, 97]. The Eu1-xSe and EuSe nanoparticles were
prepared by the thermal decomposition of Eu(III) diphenyldiselenophosphinate
Eu(Se2PPh2)2 in HAD at 300 °C [126, 127].
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Figure 5.36: Synthesis of sodium diselenophosphinate 117 and Se-methyl ester 118.
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The reaction of salts of diselenophosphinic acids with organohalides provided
an efficient method for synthesis of esters of diselenophosphinic acids R2P(Se)SeR.
The first representatives of esters of diselenophosphinic acids 119 were obtained by
the reaction of sodium diethyldiselenophosphinate with ethyl or n-propyl bromides
(Figure 5.37) [115]. Alkylation of sodium (tert-butyl)phenyldiselenophosphinate
tBuPhSe2Na with MeI in acetonitrile at 0 °C for 1 h gave the corresponding Se-methyl
ester [51].

5.5.2 Tellurophosphinites and ditellurophosphinates

The chemistry of tellurophosphinites and ditellurophosphinates is less well docu-
mented despite the growing interest in using tellurolates as precursors to semicon-
ducting metal tellurides [102, 103], and also as reagents for the synthesis of
tellurium-containing organics [128]. The anionic species R2PTe

– and R2PTe2
– are

potentially interesting ligands, which have displayed a range of coordination pat-
terns. The anions R2PTe

– (R=Cy, Ph) were prepared as lithium derivatives from the
reaction of Li[R2P] with elemental tellurium in THF [129]. The chalcogenotelluropho-
sphinates R2P(Ch)Te

– (Ch=O, S, Se) can be delivered by treatment of Li[R2P(Ch)] with
elemental tellurium.

A tellurophosphinite [Ph2PTe][Li(TMEDA)1.33(THF)1.33] (121) was prepared by
the reaction of one equivalent of elemental tellurium with lithium diphenylpho-
sphide in THF via insertion of the tellurium into the phosphorus-lithium bond. The
reaction of LiPPh2 with two equivalents of elemental tellurium led to ditelluropho-
sphinate [Ph2PTe2][Li(TMEDA)3.5(THF)0.25] (122). A mixed chalcogen selenotelluro-
phosphinate [Ph2P(Se)Te][Li(THF)2(TMEDA)] (120) were prepared from the reaction
of lithium diphentlphopshide with elemental tellurium in a one-pot reaction; the
same product 121 was able to be obtained from the reaction of 122 with one
equivalent of selenium (Figure 5.38) [130]. Both compounds 121 and 122 incorporate
an R2PTe

– anion. Three tellurium containing compounds 120–122 are much more
reactive than their sulfur or selenium analogues and are highly air and mositure
and light sensitive, and readily decompose to deposit amorphous tellurium.

The bis(ditellurophosphinate) complex 124 was prepared in near quantitative
yield by treatment of 1,2-bis(diphenylphosphanyl)ethane with elemental lithium
via an intermediate 1,2-dilithio-1,2-di(phenylphosphine)ethylene (123), followed by
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119, R = Et, nPr

Figure 5.37: Synthesis of esters of diselenophosphinic acids 119.
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subsequent reaction with powdered elemental tellurium (Figure 5.39) [131]. 31P NMR
studies of the reaction mixture revealed a nearly quantitative conversion of the
dilithiated bisphosphine 123 into the bis(ditellurophosphinate) 124.

5.6 Diselenaphosphetane diselenides and Woollins’ reagent

Diselenaphosphetane diselenides (RPSe2)2 have received very little attention, com-
pared to their sulfur analogues, dithiadiphosphetane disulfides (RPS2)2. The first report
was the synthesis of (tBuPSe2)2 from the reaction of dichloro-tert-butylphosphine and
Li2Se2 [132]. Since then, the same compound and itsmethyl and phenyl analogues have
been obtained from the reaction of the silyl esters of the triselenophosphonic acids and
DMSO though no detailed experimental procedure or spectroscopic data were reported
[133]. A wide range of diselenaphosphetane diselenides (RPSe2)2 have been obtained
from the oxidation of the corresponding homocyclic pentamers [(RP)5, R=Me, Et, 4-
Me2NC6H4, An and Ph] by ten equivalents of elemental selenium [134–137]. Among
them, the chemistry of 2,4-bis(phenyl)-1,3-diselena-2,4-diphosphetane-2,4-diselenide
(PhPSe2)2 has received special attention since it was suggested to be named as
Woollins’ reagent (WR) [138]. It is known that Woollins’ reagent is in equilibrium
with a diselenaphosphorane PhPSe2, which is a true reactive species in reaction [139].
However, a major obstacle to developing the chemistry of Woollins’ reagent was its
unwieldy synthesis from the cyclophosphine (PhP)5, which could not be readily scaled
up. It was not until 2005, a large-scale method for the preparation of Woollins’ reagent
was successfully developed, which gave a product of excellent purity and high yield

Li Te

2 LiPh2P PPh2
P P
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123

P P
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Te

Te
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PhPh
Ph
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Figure 5.39: Synthesis of bis(ditellurophosphinate) 124.
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Figure 5.38: Synthesis of three tellurium containing compounds 120–122.
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and can be applied to synthesize up to 150g in normal laboratory glassware [140]. So
far, Woollins’ reagent (available from Sigma-Aldrich) has become a very useful sele-
nium source or selenation reagent in synthetic chemistry [141–149].

As mentioned above, small-scale method for preparation of Woollins’ reagent
was from the oxidation of homocyclic pentamer (PhP)5 with elemental selenium
(Figure 5.40) [135]. Although the desired product was obtained, the method has
limitations for large-scale synthesis since the pentamer (PhP)5 is highly unpleasant,
air-sensitive precursor, and limited availability.

A large-scale procedure with high purity and high yield has been developed [140].
Sodium selenide Na2Se, which was prepared from elemental selenium and sodium
metal in liquid ammonia at –78 °C, reacts with PhPCl2 in refluxing toluene for 24 h.
After filtering to remove NaCl, a second portion of selenium is added into the reaction
mixture and the mixture is refluxed for another 24 h leading to Woollins’ reagent as
red crystals in ~86% yield after cooling to room temperature (Figure 5.41). The
method involves the use of the unpleasant dichlorophenylphosphine and the poten-
tially hazardous liquid ammonia; however, it avoids the handling of the pentamer
(PhP)5. In addition, themethod produces a product of high purity in higher yield, and
the major advantage of this method is that a much larger scale up to 150 grams can be
achieved by using lab glassware. Woollins’ reagent is soluble in hot toluene and can
be stored at room temperature for several months without apparent decomposition.
Reaction of Woollins’ reagent with organic substrates delivers a wide range of
systems ranging from simple oxygen-selenium exchange to the formation of complex
phosphorus-selenium heterocycles as well as the surprising phosphorus-selenium-
free products. Nucleophilic addition of the phosphorus atom of the double P=Se
bond of diselenophosphorane can readily be achieved for the synthesis of disele-
nophosphinates. Diselenophosphinate 125was obtained in 27% yield by reaction of
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Figure 5.40: Synthesis of a small scale of Woollins’ reagent.

PP
Se

Se
Se

Se
Ph

Ph

WR

P

Se P

P
Se Ph

Ph

Ph Se
Toluene

P

Se P

P
Se Ph

Ph

Ph Se

+PhPCl2
Na2Se

Na  +  Se
Liq NH3

Figure 5.41: Synthesis of a large scale of Woollins’ reagent.
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2-phosphaindolizine with an equivalent of Woollins’ reagent in benzene at ambient
temperature for 2 h [150]. The reaction of 2-phosphaindolizine with Woollins’
reagent in the presence of NEt3 (in a molar ration 2:1:2) in benzene at 20 °C for 2 h
gave triethylammonium diselenophosphinates 126 in 87% yield [150]. Similarly,
treating 1-aza-2-phosphaindolizine with Woollins’ reagent in the presence of NEt3
resulted in the corresponding diselenophosphinate 127 in 42% yield (Figure 5.42).

Refluxing a mixture of equimolar amount of Woollins’ reagent and cyanamides in
toluene for 10 h followed treatment by water for 1 h resulted in the formation of a
series of zwitterionic diselenophosphinates 128 in 29–70% yields and cyclic selena-
zadiphosphoaminediselenides 129 in 11–41% yields (Figure 5.43) [145].

Non-symmetric phenyldiselenophosphonates [Ph(RO)PSe2]
- 130 were synthesized via

the cleavage of the four-membered P2Se2 ring in Woollins’ reagent with two equivalents
of sodiumalkoxide [NaOR (R=Me, Et, iPr and nPr)] at room temperature as eitherwhite or
pale-yellow solids in high yields [141, 151]. Then, sodium phenyldiselenophosphonates

Figure 5.42: Synthesis of diselenophosphinates 125–127.
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Figure 5.43: Synthesis of diselenophosphinates 128 and diselenides 129.
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130 was further treated with one equivalent of haloalkane in tetrahydrofuran at room
temperature to yield the corresponding Se-alkyl-O-alkylphenylphosphonodiselenoate
esters 131 in 83–99% yields (Figure 5.44) [152]. These compounds were isolated in high
yields as sticky oils or pastes soluble in both chlorinated solvents and tetrahydrofuran,
and stable to air and moisture for months without obvious signals of degradation. The
esters bearing bulky R1 groups (R1=iPr) were obtained in rather low yields, compared to
the esters bearing small or medium R1 groups (R1=Me or Et), suggesting that steric
hindrance of R1 groups is important during the formation of the products.

A series of alkylammonium phenylphosphonamidodiselenoates 132 were obtained in
good to excellent yields by reacting two equivalents of primary or secondary amines
with Woollins’ reagent at room temperature (Figure 5.45) [153]. The products are
soluble in polar and chlorinated solvents such as alcohols, dichloromethane, and
chloroform but are insoluble in less polar solvents such as ethers and hexane, and
are air stable for several weeks, after that obvious signs of degradation occur including
reddening of the powders due to the expulsion of elemental selenium.

The most attractive feature of Woollins’ reagent lies in its capacity to form diverse
patterns of phosphorus-selenium heterocycles. The earliest example is the reaction of
Woollins’ reagent with small, unsaturated molecules such as acetone or CS2 [134, 154].
Treatment of Woollins’ reagent with acetone led to colorless crystals of 4,4-
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Figure 5.44: Synthesis of diselenophosphonates 130 and Se-esters 131.
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dimethyl-5-oxa-1,3-diphenyl-1,3-diseleno-2-selena-1,3-diphospholane 134, arising
from insertion of acetone in a P2Se2 ring. Meanwhile, Woollins’ reagent reacted
with CS2 slowly resulting in the formation of a dimeric motif consisting of two five-
membered CP3Se rings being bridged via their trigonal carbon atoms bonding to the
phosphorus atoms of a P2Se2 ring 133 (Figure 5.46).

The synthesis of a far more extensive series of P-Se heterocycles were performed
based on the reaction of Woollins’ reagent with a wide range of organic substrates
containing reactive unsaturated C=O, C=C double and C≡C triple bonds. An unusual
phosphorus-selenium spirocyclic heterocycle with a four-membered P2SeC ring 135
(5% yield) was achieved together with an expected selenocarbonyl compound 136
(27% yield) from Woollins’ reagent and diphenylcyclopropenone. Reaction of
Woollins’ reagent with methyl phenylpropiolate in refluxing toluene solution pro-
vided three five-membered phosphorus-selenium containing or selenium containing
heterocyclic products 137–139, which were found to be moderately stable in air,
degrading over a period of several weeks with the obvious expulsion of red selenium
(Figure 5.47) [140].
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Figure 5.46: Synthesis of phosphorus-selenium heterocycles 133 and 134.
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A series of similarly unexpected phosphorus-selenium-containing heterocycles
were also obtained from the reaction of Woollins’ reagent with dimethyl but-2-
ynedioate, alkynes and dialkyl cyanamides. Woollins’ reagent was heated with
dimethyl but-2-ynedioate in toluene leading to two five-membered P-Se heterocycles
140 and 141 and one six-membered P-Se ring 142 in 5–19% yields [155]; however,
only straightforward products 143 and 144 were harvested when Woollins’ reagent
reacted with ethynylbenzene or dialkyl cyanamides in the identical conditions
(Figure 5.48) [155, 156].

Five-membered PSe2C2 heterocycles 145 and 146 were synthesized from the reaction
of Woollins’ reagent and dialkynes by formal addition of a Ph(Se)PSe2 fragment to
the alkyne triple bond. An unusual diselenide 147 was generated by an intramole-
cular cycloaddition/rearrangement along with a double five-membered PSe2C2 het-
erocycle 148 formed when a sterically constrained naphthalene dialkyne was used
(Figure 5.49) [156, 157].

Refluxing Woollins’ reagent with symmetrically disubstituted diynes (RC≡C–
C≡CR, R=Ph, Si(CH3)3) in 2 : 1 molar ratio in toluene led to two types of phosphorus-
selenium compounds, five-membered P(Se)Se2C2 heterocycles 149 with one
untouched triple bond “dangling” and bis-heterocycles 150 with two five-mem-
bered P(Se)Se2C2 rings connecting through a C–C single bond; in contrast,
Woollins’ reagent reacted with tBu–C≡C–C≡C–tBu differently to afford the four-
membered P(Se)SeC2 heterocycle 151 with one untouched triple bond and the
heteropentalene with two P(Se)SeC3 rings fused at the central two carbons of the
diyne to give a heteropentalene analogue of pentalene, [3.3.0]octa-1-6-diene 152
(Figure 5.50) [157].
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Figure 5.48: Synthesis of phosphorus-selenium heterocycles 140-144.

178 5 Organophosphorus-selenium/tellurium reagents: from synthesis to applications



Treatment of Woollins’ reagent with norbornene proceeded with cleavage of
the P2(µ-Se)2 ring resulting in the formation of a 1,2-diselena-3-phospholane 153
with a five-membered C2PSe2 ring via a [2 + 3] cycloaddition between the alkene and
a Se–P=Se unit [157, 158], being different from the product 1,2-thiaphosphetane
(C2PS ring) of the reaction between norbornene and [RP(S)(µ-S)]2 (R=ferrocenyl)]
[158, 159]. Furthermore, reacting Woollins’ reagent with norbornadiene did give a
four-membered C2PSe heterocycle 155 as a counterpart of 1,2-thiaphosphetane
(C2PS) together with the five-membered (C2PSe2) ring product 154 [158], although
the reaction was carried out relatively slower than with norbornene (Figure 5.51)
[160, 161].

Large ring heterocycles bearing PhP(Se)SeSeP(Se)Ph moiety could also be
achieved through iodine oxidation of the ammonium salts of bisdiselenophosphonic
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Figure 5.50: Synthesis of phosphorus-selenium heterocycles 149–152.
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acids at room temperature, which derived from diols [HO(CH2)nOH, n = 2–6, 8 and 10]
and Woollins’ reagent in dry toluene followed by treatment with butylamine
in tetrahydrofuran [162]. Compound 158 is soluble in common polar organic
solvents and stable to air and moisture for several months. One interesting example
that should be mentioned is the remarkable reaction of Woollins’ reagent with
secondary amines. This reaction proceeded in the presence of dichloromethane or
dibromomethane to give, predictably, bis(N,N-dialkyl-P-phenylphosphonamidodise-
lenoates) 156. More interestingly, a twelve-membered heterocycle 1,2,4,5,7,8,10,11-
octaselenacyclododecane 157 was also obtained along with compounds
156 (Figure 5.52) [163]. This new twelve-membered C4Se8 ring is remarkably
stable and does not eliminate selenium even when refluxed in toluene for more
than 24 h.

Woollins’ reagent plays also an essential role for the selenation of organic com-
pounds. For example, it reacts with secondary and tertiary amides to give selenoa-
mides 161 by simple oxygen-selenium exchange [164]; with aryl-nitriles followed by
hydrolysis with water to lead to arylselenoamides 162 [139]. It has also been used for
the synthesis of selenadiazoles 163 [144, 165] and the synthesis of symmetrical and
unsymmetrical (E)-olefins 159 and 160 via the reductive coupling reaction of alde-
hydes and ketones (Figure 5.53) [166].

Figure 5.52: Synthesis of compounds 156–158.
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Figure 5.51: Synthesis of phosphorus-selenium heterocycles 153–155.
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Furan-derived donor-acceptor-substituted cyclopropanes reacted with 0.5 equivalent
of Woollins’ reagent in chloromethane at room temperature to give the unprece-
dented selenium-containing cage-like compounds 164–167 in medium to excellent
yields (Figure 5.54) [167].

A selenium-assisted reduction system based on Woollins’ reagent has been devel-
oped recently. Woollins’ reagent was found to act as a highly chemoselective reduct-
ing reagent for the synthesis of a wide range of saturated 1,4-diketones 168a–174a in
good yields along with the corresponding cyclized products 2,5-disubstitued furans
168b–174b in minor quantities from the corresponding 1,4-enediones and 1,4-yne-
diones under mild reaction conditions (Figure 5.55–Figure 5.57) [168]. The results
show that the reduction of the triple bond is faster than that of the double bond to a
single bond in such systems, and the reduction of arylalkyl and dialkyl enediones by
Woollins’ reagent is weaker than that of diaryl enediones.

The reaction of Woollins’ reagent with one equivalent of porpholactone and four
equivalents of PhMe2SiH in refluxing toluene afforded dihydroporpholactone 175 in
40% isolated yield; with one equivalent of porpholactone and 100 equivalents of
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PhMe2SiH in refluxed toluene led to adjacent-tetrahydroporpholactone 176 in 75%
isolated yield. Similarly, tetrahydroporphyrin 177 was obtained by the reaction of
Woollins’ reagent with one equivalent of porphyrin and 100 equivalents of PhMe2SiH
in 70% isolated yield (Figure 5.58) [169].

Figure 5.56: Reduction of 1,4-ynediones.

Figure 5.55: Reduction of 1,4-enediones.
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Woollins’ reagent can act as a useful selective reducing reagent for the
reduction of the double bond of 2-α,β-unsaturated thiazo and selenazolidi-
nones. The reaction was carried out in toluene at room temperature to give
the corresponding saturated heterocycles 178–188 in good yields (Figure 5.59)
[170]. The results showed that the reaction is not sensitive to the electronic
effects in the aromatic ring of the thiazolidinones. Therefore, the desired
reduction products were prepared in good yields when either electron-donating
(–OMe, –Me) or electron-withdrawing groups (–Br, –Cl), and the position of the
substituent groups did not affect the reactivity of α,β-unsaturated thiazo and
selenazolidinones considerably.

Woollins’ reagent can also act as both a selective reducing reagent and oxygen to
selenium exchange reagent simultaneously. Treating four-component condensation
adducts with two equivalents of Woollins’ reagent in refluxing toluene delivered,
upon workup in air, the corresponding selenoamides 189–191, which contain two
C=Se double bond groups in 68%, 64%, and 60% isolated yields, respectively,
rather than three C=Se double bond groups (Figure 5.60) [171]. The one C=O group
conjoined phenyl ring from starting materials was reduced by Woollins’ reagent into
a CH2 group, at the same time as the other two amide C=O groups were converted
successfully by Woollins’ reagent into the corresponding C=Se groups leading to
selenoamides 189–191.
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180, R1 = 3-BrC6H4, R2 = Me, R3 = H, X = S, 77%

181, R1 = 4-ClC6H4, R2 = H, R3 = Me, X = S, 68%

182, R1 = 4-CF3C6H4, R2 = H, R3 = Me, X = S, 79%

183, R1 = 4-OMeC6H4, R2 = H, R3 = Me, X = S, 74%

184, R1 = 4-OMeC6H4, R2 = R3 = H, X = S, 58%

185, R1 = 4-MeC6H4, R2 = R3 = H, X = S, 25%

186, R1 = 2,3-di-OMeC6H3, R2 = R3 = H, X = S, 89%

187, R1 = Thiophene, R2 = R3 = H, X = S, 50%

188, R1 = 3,4-di-ClC6H3, R2 = Me, R3 = H, X = Se, 67%

Figure 5.59: Selective olefin reduction of α,β-unsaturated thiazo and selenazolidinones.
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5.7 Phosphorus-selenium/tellurium amides and imides

Replacement of one or more of the chalcogen atoms with an isoelectronic imido (NR)
group in PE2(EH), PE(EH)3, R2PE(EH), RPE(EH)2 or in their anionic conjugate bases
PE3

–, PE4
3–, R2PE

2–, RPE3
2–, (E=Se, Te) led to a new range of phosphorus-chalcogen

amides and imides [172]. The chalcoamidophosphinic acids R2PENHR´192 (E=Se, Te),
which are considered as dichalcogenophosphinic acids with one of the chalcogen
atoms replaced by an NR´ group, can be prepared from the reaction of aminopho-
sphines with chalcogen, the latter were further deprotonated with organometallic
bases such as nBuLi to give the imido compounds 193 (Figure 5.61) [173].

Selenobisamidophosphonic acids 194 were prepared from the oxidation of the
parent bisaminophosphines RP(NHR’)2 (which can be prepared from the aminoly-
sis of an organodichlorophosphine) with elemental selenium [174]. Two amide
protons are acidic in 194 and deprotonation by nBuLi gives the complex 195
(Figure 5.62). However, tellurobisamidophosphonic acids are not accessible from
this route due to RP(NHR´)2 failing to react with elemental tellurium even in
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Figure 5.60: Selective olefin reduction of three-component condensation adducts.
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Figure 5.61: Synthesis of imido compounds 192 and 193.
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refluxing toluene. Nevertheless, metallation of the bisaminophosphine leading to
Li2[PhP(N

tBu´)2], followed by treatment with elemental tellurium forms the
dilithium salt 196 (Figure 5.63) [175].

Metal complexes of the chalcogenoimidophosphinate [R2P(E)(NR)]
– are prepared from

metathesis reaction of the lithium chalocogenoimidophosphinate withmetal chlorides
or from protolysis of a bis(trimethylsilyl)amide metal salt M[N(SiMe3)]2 (M=Cr, Mn, Co,
Zn, Cd; E=Se, Te) with chalcogenoimidophosphinic acids [172]. The chalcogenoimido-
phosphinate ligands act as N, E chelating ligands inmetal complexes, such as M[tBu2P
(Te)NR]2 197, which were used as potential source of the binary metal chalcogenides.
The thermolysis of transition-metal complexes produced thin films of metal ditellur-
ides MTe2 (M=Fe, Mn, Co) [176], and the thermally stable, sublimable group 12 com-
plexes were discovered to produce thin films of MTe (M=Zn, Cd) free from phosphorus
contamination [177, 178]. Similar example of N, E chelate formation was found in the
potassium complex of the selenium derivative [(Ph2P(Se)NSiMe3)·K(THF)]2 198, where
there are additional chalcogen–metal interactions leading to dimerization of a central
K2Se2 ring (Figure 5.64) [179]. The larger R groups on the phosphorus atom are
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Figure 5.62: Synthesis of imido compounds 194 and 195.
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beneficial to the formation of monomeric complexes, whereas the smaller R groups
prefer to the formation of dimeric complexes or larger aggregates.

Dichalcogenoimidodiphosphinates [R2P(E)NHP(E)R2] (R=alkyl, aryl, alkoxy, ary-
loxy; E=Se, Te) and their deprotonated anionic compounds, dichalcogenoimindodi-
phosph(in)ates [R2P(E)NHP(E)R2]

–, have been widely studied due to their wide-ranging
coordination chemistry which have covered almost all the metallic and semi-metallic
members of the periodic table [159, 180–182]. One of themost convenient and high yield
routes for the preparation of symmetric R2P(Se)NHP(Se)R2 is from the reaction of
diorganochlorophosphine with hexamethyldisilazane, followed by oxidative addition
of two equivalents of elemental selenium to give the diselenides 199 (Figure 5.65).
Iminobisphosphine selenides 199 can theoretically exist in two different tautomeric
states of 199a and 199b, and extensive studies have shown that in both solution and
solid state theN–H tautomerpredominates. Structural analysis reveals theN(PSe)2 group
in 199a is planar or close toplanarwithP–N–Pbondangles in the range of 122–133° [159].

Treating Na[N(PNR2)2] with tellurium powder in hot toluene in the presence of
TMEDA gave sodium salts 200 incorporating anion [N(PR2Te)2]

– (R=Ph, iPr, tBu)
and solvated TMEDA (Figure 5.66) [183–185]. Structural analysis shows the phenyl
derivative exists as a centrosymmetric dimer {[Na(TMEDA)][N(PPh2Te)2]}2 in the solid
state, in which the ligand is Te,Te’-chelated to TMEDA-solvated Na+ ions and the
monomer units are linked by strong Na–Te interactions leading to an approximately
square Na2Te2 ring [183].

The coordination chemistry of dichalcogenoimidodiphosphinates [R2P(E)NHP(E)R2]
with almost all the metallic and semi-metallic elements has been intensively investi-
gated [159, 180]. Fivemajor coordinationmodes have been observed: the neutral ligands
as the bidentate E, E’ chelation (mode A) can be reacted directly with a reactive
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Figure 5.65: Synthesis of diselenides 199.
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Figure 5.66: Synthesis of sodium salts 200.
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organometallic reagent; for example, the reaction of U[N(SiMe3)2]3 with [Ph2P(Se)NHP
(Se)Ph2] gives the dichalcogenoimidodiphosph(in)ate complex U[Ph2P(Se)NP(Se)Ph2]3
[186]; the dichalcogenoimidodiphosphinates acting as monodentate coordination pat-
terns from one chalcogen (Mode B) are regularly observed only with the mixed chalco-
gen systems [R2P(Se)NHP(O)R2]; themost common coordinationmode is C, in which the
E, E’ chelation is able to give a flexible six-membered chelate ring, which can adopt
various configuration including planar, boat, and chair information; the anisobidentate
chelatingmode D is also known inwhich the negative charge is predominately localized
on one of the chalcogen atoms to result in unequal pairs of P–N, P–E, and P–M bond
distances in the complex; and the lanthanides and actinides have been reported to adopt
tridentate coordination mode E with dichalcogenimidodiphosphinates (Figure 5.67).

Although these five coordination modes are the most frequently observed coordination
patterns for the dichalcogenimidodiphosphinates, other coordination patterns such as
multi-ligand and multi-metallic complex modes have also been reported. The metathe-
tical reactions of alkali-metal derivatives of the ditelluroimidodiphosphinates [R2P(Te)
NHP(Te)R2] (R=

iPr) with main group, transition-metal, lanthanide, and actinide halides
have generated homoleptic complexes M[N(PiPr2Te)2]n [187, 188] with square-planar
(201, n = 2, M=Ni, Pd, Pt]) [189, 190], distorted tetrahedral (202, n = 2, M=Zn, Cd, Hg)
[184], distorted octahedral (203, n = 3, M=Sb, Bi, La, U, Pu, Ce) [184, 191, 192], or
pseudotrigonal bipyramidal (204, n = 2, M=Sn, Pb) geometries (Figure 5.68) [193].

One electron-oxidation of the anions [N(PR2E)2]
– (R=alkyl; E=Se, Te) by iodine led to

the formation of the dimeric products, which are strongly influenced by the nature of
the R group and chalcogen. When R=iPr, the dichalcogenides 205 are formed [194].
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Figure 5.67: Five major coordination modes A–E.
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However, oxidation of the tert-butyl derivative [N(PtBu2E)2]
– (E=Se, Te) by iodine

afforded the diselenide 206 and the unique spirocyclic compound 207, the latter
may be viewed as a contact ion pair in which the [N(PtBu2Te)2]

– anion is Te, Te’-
chelated to one tellurium atom of the cyclic [N(PtBu2Te)2]

+ cation as a result of an
internal redox process (Figure 5.69) [185].

Two electron-oxidation of the anions [N(PR2E)2]
– (R=alkyl; E=Se, Te) by iodine generated

the corresponding salts: the cyclic cations [N(PR2E)2]
+ with iodide counterions [195, 196].

The solid-state structure of these salts depends generally on the nature of the substituent
on the phosphorus atoms. For instance, the isopropyl derivatives 208 are an infinite
chain of nonplanar cations linked by E…I interactions [195]. Whereas, the phenyl
derivative 209 forms a dimeric salt with two tellurium-containing cations [196]; by
contrast, the attempted synthesis of the selenium analogue [N(PPh2)Se]2]

+ led to a 1:1
mixture of six-membered ring [N(PPh2Se)2(μ-Se)][I] 211 and an acyclic species [SeP(Ph2)N
(Ph2)PI] (Figure 5.70) [196].
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The bisamidocyclodiphosphazane diselenides 212 are accessible from the bisa-
midocyclophosphazanes via the oxidative addition reaction with elemental selenium
or alternatively from the thermolysis of triamidoselenophosphate (Figure 5.71) [197].
The tellurium analogues cannot be obtained via the same approach; however, their
dianionic lithium complexes 213 can be prepared from reaction of the dilithio bis
(imido)cyclodiphosphazane with elemental tellurium (Figure 5.72) [183].

The anions of bis(amido)cyclodiphosphazane dichalcogenides [RN(E)P(μ-NR)2P(E)
NR]2– (E=Se, Te) are versatile ligands capable of a wide range of coordinationmodes
involving two chalcogen atoms and two exocyclic and two endocyclic nitrogen
atoms, which adopt a variety of bonding modes, that is N, E; N, N’ or E, E’ with
metal centers [172, 197]. The reaction of [tBuHN(Se)P(μ-NtBu)2P(Se)NH

tBu] with
LinBu at 23 °C gave rise to the monolithiated complex 214 as white solid (90%
yield). The 31P NMR spectrum of 214 shows twomutually coupled doublets centered
at δ = 23.6 and –4.0 ppm, flanked by 77Se satellites [1J(P,Se) = 860 and 695Hz].
Interestingly, treatment of [tBuHN(Se)P(μ-NtBu)2P(Se)NH

tBu] with three equiva-
lents of LinBu at 65 °C generated partial deselenation complex 215 in 78% yield.
The 31P NMR spectrum of 215 displays two mutually coupled doublets centered at δ
= 76.0 and 4.7 ppm, the latter resonance is flanked by 77Se satellites [1J(P,Se) = 622
Hz]. Treating [tBuHN(Se)P(μ-NtBu)2P(Se)NH

tBu] with two equivalents of MN
(SiMe3)2 (M=Na, K) at 23 °C for 2 h produced a dimetalated derivative (THF)2Na
[(tBuN)(Se)P(μ-NtBu)2P(Se)(N

tBu)]Na(THF)2 216 and an infinite network {(THF)K
[(tBuN)(Se)P(μ-NtBu)2P(Se)(N

tBu)]K(THF)2}2 217 incorporating of sixteen-mem-
bered K4Se4P4N4 ring involving two types of K… Se interactions (Figure 5.73) [198,
199]. The reaction of RHN(Se)P(μ-NtBu)2P(Se)NHR (R=Ph, tBu) with two equivalents
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of AlMe3 at -21 °C for 24 h afforded the bis(dimethylaluminum) complexes 218
(R=tBu) and 219 (R=Ph) (Figure 5.74) [200].

Deprotonation of [S=(H)P(μ-NtBu)]2 with benzylsodium in THF at room tempera-
ture, followed by in situ oxidation with elemental selenium led to the dianion [S=
(Se)P(μ-NtBu)]2

2– 220, the latter was reacted with the dichloro-precursor [ClP(μ-
NtBu)]2 to give the mixed chalcogen macrocycle 221. The in situ produced dianion
220 was reacted with one equivalent of iodine to give the trimeric macrocycle [{(S=
(H))P(μ-NtBu)}2(μ-Se-Se)]3 222 with a P–Se–Se–P linkage between P2N2 units
(Figure 5.75) [201].

The tellurium-centered dianionic ligands [tBuN(Te)P(μ-NtBu)2P(Te)N
tBu]2– may

adopt a variety of bonding modes with metal centers as illustrated by the solid-
state structure of the alkali-metal derivatives. The dilithium compound [Li
(TMEDA)]2[

tBuN(Te)P(μ-NtBu)2P(Te)N
tBu] 223 reveals asymmetric Te,Te’ and N,Te

bonding to the Li+ ions [183]; however, the disodium analogue [Na(TMEDA)]2[
tBuN

(Te)P(μ-NtBu)2P(Te)N
tBu] 224 exhibits a symmetric N,N’ and Te,Te’ coordination

arrangement [202], similar to the structures of the sulfur and selenium analogues
(Figure 5.76) [198, 199].
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The two-electron oxidation of 216 with I2 gave the macrocycle 225 in which a
planar P6Se2 framework is anchored by perpendicular PV

2N2 ring (Figure 5.77) [203].
By contrast, the oxidation of 224 by I2 first led to two intermediates, the planar
dianionic ditelluride 226 and the spirocyclic dianion 227 with a central Te5 motif
[204], and final product is the cyclic tritelluride 228 (Figure 5.78) [202, 205]. The
preparation of the cyclic tritelluride 228 can also be obtained by the reaction of 223
with TeCl2·TMTU [202].

The metathetical reaction of [Li(TMEDA)]2[
tBuN(Te)P(μ-NtBu)2P(Te)N

tBu] 223 with
p-block element halides provided a broader patterns of p-block element–phos-
phorus–tellurium heterocycles. In short, the reaction of 223 with Ph2GeCl2, RPCl2
(R=Ad, tBu, NiPr2), EtAsI2, PhSbCl2, or R2SnCl2 (R=

nBu, Ph) leads to Te,Te’-chelating
to the metal complexes 229–233; with Se2Cl2 resulted in the products 234 and 235,
in which either one or two selenium atoms occupy the bridging position. Finally,
coordinating 223 with group 13 trihalides MCl3 (M=Ga, In) afforded the neutral
spirocyclic complexes 236 in which the loss of a Te from one P atom leaves a
terminal PIII center in one of the ligands (Figure 5.79) [205].
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5.8 Outlook

A variety of organic selenium- and tellurium-phosphorus compounds have found
utility as reagents in synthetic inorganic and organic chemistry involving oxygen/
chalcogen exchange reaction, oxidation/reduction, nucleophilic/electrophilic substi-
tution, nucleophilic addition, free radical addition, Diel-Alder reaction, various
cycloadditions, metal coordination, and so on. The products have or potentially have
applications onmanyfields such as synthetic chemistry, biochemistry, pharmaceutical
industry, agrochemical industry, andmaterials science. Undoubtedly,many admirable
developments have been achieved through selenium- and tellurium-phosphorus
reagents, such as the construction of chiral organics, the formation of hydrophobic
and hydrophilic dendrimers, the synthesis of macrocycles incorporating single or
multiple P–Se and P–Te scaffolds, reduction of unsaturated C≡C, C=C, and C=O
bonds, the modification of nucleosides, nucleotides, DNA and RNA, application in
fluorescence chemistry, etc. Therefore, we believe that the diversity of new selenium-
and tellurium-phosphorus reagents will continue to expand in the future, and the new
horizon of their applications will be more exciting, challenging, and fruitful.
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Jamie S. Ritch

6 Synthesis and coordination chemistry of cyclic
seleno- and telluroureas

Abstract: Chalcogenated derivatives of N-heterocyclic carbene ligands have received
increasing attention due to their diverse chemical reactivity and potential applica-
tions in fields such as medicine and materials chemistry. This chapter summarizes
the synthetic methods for the preparation of cyclic heavy chalcogenoureas featuring
heterocyclic cores and explores their diverse coordination chemistry with p- and
d-block metals.

Keywords: chalcogenoureas, nitrogen heterocycles, coordination chemistry

6.1 Introduction

Selenium- and tellurium-containing analogues of urea and its N-substituted deriva-
tives have received increasing attention in the last few decades. These heavy chalco-
genoureas (HCUs) have been investigated inmany areas from fundamental structural
and coordination chemistry to applications in material science [1, 2], medicine [3],
and biochemistry [4–6]. A large number of compounds fall into this distinction, and
this chapter will focus in particular on cyclic seleno- and telluroureas, which are
formally chalcogen derivatives of the popular N-heterocyclic carbene (NHC) ligands
and which feature flanking tertiary nitrogen centres. In the following sections, the
preparation and physical properties of cyclic HCUs will be described, followed by a
review of their coordination chemistry. Literature up to late 2017 is covered.

The chemistry of ureas and thioureas is of course very well developed in its own
right, as are HCUs featuring less organo-substitution. There are many studies featur-
ing acyclic HCUs such as N,N-dimethylselenourea, or those which are cyclic but
featuring NH substituents (i. e. imidazolidine-2-selone). To provide a focused review,
this contribution will only feature selenium and tellurium analogues featuring rings,
and with full substitution at nitrogen. Many comprehensive reviews on related areas
of chemistry are available, including main group carbene complexes (including non-
chalcogens) [7, 8] and the redox chemistry of HCUs [3].

It should be noted that there are several names for this class of compound to be
found in the literature, with no particular term being universally adopted. Popular
examples include chalcone (selone or selenone, tellone or tellurone) and chalcogen-
ourea (selenourea, tellurourea).

This article has previously been published in the journal Physical Sciences Reviews. Please cite as:
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6.2 Structural variety of cyclic HCUs

Within this class of compounds, wherein the C = E (E = Se, Te) carbon atom is within a
ring, and each nitrogen atom contains one other organic substituent, there is con-
siderable structural variation possible. Figure 6.1 illustrates the most common mole-
cular architectures featuring the HCU functional group. The ring is usually five
membered, though six- and seven-membered rings have been achieved as well.
Flanking this ring are the two N-substituents which are usually the same group,
though asymmetric variants are known. In particular, HCUs with more than one
chalcogenourea group (Figure 6.2) often feature an alkyl or aryl spacer. The most
commonly encountered HCU is 1,3-dimethylimidazole-2-selone (dmise), perhaps due
to the ease of its preparation (see Section 6.3.3).
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Figure 6.1: Common HCU compounds with one C = E functional group.
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Figure 6.2: HCU compounds with multiple C = E functional groups.
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6.3 Synthesis of heavy chalcogenoureas

Cyclic HCUs can be considered derivatives of NHC ligands, and most reported
synthetic routes to these compounds begin by assembling the N-heterocyclic ring,
i. e. an imidazolium or imidazolinium salt, prior to introduction of the chalcogen
centre. The numerous routes to prepare carbene precursors have been reviewed
thoroughly [9], and this section will focus on several synthetic routes to cyclic
HCUs not including these prior steps.

6.3.1 Direct chalcogenation

If one has already prepared or purchased an NHC, then a direct reaction of the
carbene with elemental chalcogen is quite facile, generally proceeding cleanly
in any solvent compatible with the NHC, and without the need to elevate
temperature (eq. (6.1)). Soon after reports of stable NHC ligands in the early
1990s [10, 11], telluroureas [12, 13] and then subsequently selenoureas [14] were
prepared in this manner.

NN

E

R RNNR R E

(6:1)

Biimidazolidines (carbene dimers) have been shown to react with elemental chalco-
gen (eq. (6.2)) to form a selenourea (E = Se, R = Ph) [15], and the first well-character-
ized example of a tellurourea (E = Te, R = Et) [16]. The selenium derivative formed in
high yield in tetrahydrofuran (THF) solution at 0 °C, while tellurourea formation
required refluxing toluene. Interestingly, the latter method predates the advent of
stable, “bottleable” carbenes [10] by nearly a decade. The tellurium derivative was
reported to extrude tellurium and revert back to the biimidazolidine upon photolysis
or thermolysis [16].

(6:2)N

N
R

R

N

N
R

R

NN

E

R R2 E 2

6.3.2 Deprotonation-chalcogenation

Most preparations of cyclic HCUs feature deprotonation of the imidazolium or
imidazolinium salt with a base, and concomitant reaction with a chalcogen source
(eq. (6.3). and Table 6.1). The base deprotonates the carbene precursor to yield an
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Table 6.1: Selected deprotonation–chalcogenation protocols for cyclic seleno- and telluroureas.

Entry Heterocycle Chalcogen source Base Solvent Temperature, time Product (% yield) Reference

1
NNMes Mes

X

E = Se: X = Cl
E = Te, X = PF6

Se or Te K2CO3 MeOH 24 h (Se), 96 h (Te)

NN

E

Mes Mes

(68–70%)

[42]

2

R R
NNDipp Dipp

X

R = CH, X = Cl
R = CH2, X = BF4

Se KOtBu THF RT, overnight

NN

Se

Dipp Dipp

(81–86%)

[56]

3
NNR R

Br

R = nBu, iPr

Na2Se2 or Na2Te2 KOtBu THF 1) Na2E2, 8 h;
2) KOtBu, 10 h

NNR R

E

(41–48%)

[41]

(continued)
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Table 6.1 (continued)

Entry Heterocycle Chalcogen source Base Solvent Temperature, time Product (% yield) Reference

4

R' R'
NNMes R

X

R = C6 F5, R' = CH2, X = Br
R = Cy, R' = CH2, X = Cl
R = nBu, R' = CH, X = Br 

Se NaN(SiMe3)2 Et2O 1) −78 °C, 30 min
2) RT, overnight

R' R'
NNMes R

Se

(61–77%)

[70]

5
NNMe C 8H17

OTf

Se DBU MeCN 150 °C (MW), 1 h

NNMe C 8H1 7

Se

(95%)

[71]

6 NNMe Et

OAc

Se none neat 75 °C, several days

NNMe E t

Se

(91%)

[72]

6
.3

S
ynthesis

ofheavy
chalcogenoureas

211



NHC in situ, which then reacts with the chalcogen source to form the desired HCU.
These methods vary in the base and chalcogen source used, as well as other
reaction conditions such as solvent and temperature. The two most commonly
encountered protocols make use of powdered elemental chalcogen and either
methanolic K2CO3 (entry 1) or KOtBu in THF (entry 2) as the base/solvent system.
The use of hindered alkoxide has the advantage of proceeding cleanly at room
temperature, but requires anhydrous conditions. Methanolic potassium carbonate
generally requires reflux for the reaction to progress, but anhydrous requirements
are less strict and the reactions can sometimes be conducted under ambient
conditions without a significant loss in product yield. This method dates back to
1970, when it was first used to generate a cyclic thiourea [17].

(6:3)NNR R
X

E base
NNR R

E

The use of Na2E2 salts has been reported as giving higher yields for benzimidazole
derivatives (entry 3), versus the elemental chalcogens as powders. This requires
the additional in situ preparation of the sodium dichalcogenide using a procedure
such as sodium reduction of the chalcogen in THF in the presence of naphthalene as
an electron donor catalyst [18]. Additionally, when used in an equimolar ratio with
the carbenic species, the chalcogen is present in twofold excess. Nonetheless, this
strategy has been reported to improve yields for some systems by up to 50%
compared to using elemental chalcogen for some difficult transformations. Na2Se
has been used as a stand-in for Se, eliminating the excess chalcogen, but this method
has not been explored thoroughly and its scope is unknown.

Strong amide bases such as NaN(SiMe3)2 have been utilized (entry 4), though
inert atmosphere and low temperature (−78 °C) conditions are required. The organic
base DBU has been reported to effect high-yielding selenylation of a benzimidazo-
lium triflate salt in acetonitrile under microwave irradiation (entry 5). Another inter-
esting variation involves the anion of an imidazolium salt acting as the proton
acceptor, without the need for an external base. The ionic liquid 1-ethyl-3-methyli-
midazolium acetate (mp 30 °C) reacts with selenium in the absence of solvent to form
the imidazole selone product (entry 6).

Most bidentate chalcogenourea ligands are prepared using the method from
entry 1, using bis(imidazolium) bromide or iodide salts. Alkyl bridged bis(selone)
ligands (n = 1 and 2 [19], 3 and 4 [20], 5 [21]) can be synthesized in this way (eq. (6.4)).
In a study featuring the n = 2 to 5 series, it was noted that the yield of the ethylene
bridged (n = 2) bis(selone) ligand was noticeably lower (34% versus 53–57%). A
vinyl-substituted monoselone side product was also obtained from this reaction in
16% yield [6]. This suggests that a competing elimination pathway, such as that in
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eq. (6.5), is operating in this instance. Bis(benzimidazole chalcones) follow the
general conditions of entry 3 (eq. (6.6)) [22].

(6:4)N N NNR Rn

n = 1-5

N N NN

Se Se

R Rn

2X

K2CO3, 2 Se

MeOH, reflux

34-57%

(6:5)
N N

N
N

CO3
2

NN
N N

-HCO3

K2CO3, Se
MeOH, reflux

NN

Se

(6:6)

NRN

E

N NR

E
NRN N NR

2 Br

1) Na2Se2, RT, 9 h

2) KOtBu, RT, 6 h

58%

6.3.3 One-pot reactions

So-called one-pot syntheses combine the chalcogen addition step with one or more
steps in the synthesis of imidazolium or imidazolinium precursors, in situ. Examples of
this strategy include the use of N,Nʹ-disubstituted diaminoethanes and triethylortho-
formate in a high-temperature sealed bomb reaction with selenium, to form selenour-
eas with an imidazoline backbone (eq. (6.7)). The tert-butyl substituted product was
only obtained in 39%, but the other derivatives afforded yields of 85–95% [6, 23].

(6:7)R
H
N

N
H

R HC(OEt)3 Se
neat

190 °C, 8 h NN

Se

R R

R = Me, Et, tBu, Ph 
39-95%
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Other reports have combined the chalcogenation with alkylation of an imidazole or
benzimidazolemolecule to yield HCUs. For example, the popular HCU dmise was first
reported in 1993, made by alkylating 1-methylimidazole with methyl iodide in ethyl
acetate, decanting off the solvent, then refluxing in methanolic K2CO3 in the presence
of selenium (eq. (6.8)) [24]. Other electrophilic carbon sources can be used to install
the second substituent, including benzyl halides [25, 26]; whether or not these
procedures are ‘one pot’ depends onwhether the imidazolium salt alkylation product
is isolated or not, which varies from study to study.

(6:8)NN

1) MeI, EtOAc, RT, 40 min
2) Se, K2CO3, MeOH, reflux, 24 h

NN

Se

72%

6.3.4 Other methods

A few other methods which do not fit into the previous categories have also been
reported. 2-Selenoether-substituted imidazoles have been observed to undergo ther-
mal rearrangement to the cyclic selenourea isomer, via migration of the alkyl or
benzyl group from selenium to nitrogen (eq. (6.9)). In one report, the transformation
was monitored by nuclear magnetic resonance (NMR) spectroscopy (R = Me, Bn;
solvent not specified) and occurred between 40 and 50 °C [26]. Another article
describes the isomerization occurring in methanol solutions between 35 and 40 °C
for R = Me, m-oMeBn [27].

(6:9)
NNMe

Se
R

Δ
NNMe

Se

R

R = Me, Bn, m-OMeBn

Diorganosubstituted acyclic selenoureas have been cyclized to yield oxamide-
type heterocycles via reaction with oxalyl chloride and base (eq. (6.10)) [28].
This method was found to be more effective and operationally simpler than a
previously reported method of transforming acyclic thioureas to selenoureas
involving akylation at sulfur, followed by treatment with sodium hydrogen
selenide (eq. (6.11)) [29]. A cyclic selenourea was also reported to form during
thermal decomposition of a formal NHC-CSe2 adduct (eq. (6.12)), albeit with a
low yield of 11%. The conversion was increased to 21% in the presence of
excess elemental selenium [30].
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(6:10)N
H

N
H

R R

Se

Cl
Cl

O

O

CH2Cl2
NNR R

Se

O O

NEt3
0 °C, 1 h

R = Me, Et, nBu 55-70%

(6:11)NN
R1 R3

S

R = H, Me, Et, Ph

R2 R4

MeI, EtOH

1 h, reflux NN
R R

S

R R

Me I NaHSe,
EtOH/H2O

20 h, RT NN
R R

Se

R R

22-80%

(6:12)
o-Cl2C6H4

refluxNN

Se Se

NN

Se

11%

Five-membered selenohydantoin derivatives are accessible via the reaction of alkyl-
or aryl-substituted isoselenocyanates with α-amino acids (eq. (6.13)) [31]. This
method does not require an added base, but conversion depends strongly on the
substitution of the amino acid substrate. β-Amino acids did not give high conversion
to six-membered heterocycles. For instance, N-methylanthranilic acid yielded only
25% of the desired product, while β-alanine yielded an acyclic disubstituted sele-
nourea with no ring-closure product observed.

(6:13)

1,4-dioxane or
 xylenes

100-120°,
3-24 h

NN R1R3

Se

N C Se
R1

O
HO2C

R 2

R3NH
R2

26-99%

6.4 General properties of HCUs

Cyclic selenoureas, unlike their NHC counterparts, are generally air- and moisture-
stable crystalline solids which are stable to column chromatography and can be stored
under ambient conditions. However, telluroureas are prone to detelluration and have
been reported as being light and moisture sensitive, and slowly depositing tellurium
mirrors when in solution [32]. Solubility in organic solvents is a function of substitution
pattern; typically, selenoureas aremore soluble than telluroureas, and thosewithmore
aliphatic groups are more soluble than those with more aromatic substituents.

6.4 General properties of HCUs 215



The frontier molecular orbitals of dmise (M06-2X/6-31G(d,p)), a typical HCU com-
pound, are illustrated in Figure 6.3. The highest occupiedmolecular orbital (HOMO) and
HOMO−1 consist primarily of selenium-centred p orbitals, and these, along with the
aforementioned partial negative charge, highlight the ability of the chalcogen centre of
HCUs to coordinate to metal centres (see Section 6.6). The HOMO−2 shows π-bonding
character for the C = Se fragment and the C = C unit of the imidazole ring, while the
LUMO orbital is π-antibonding with respect to C = Se and the imidazole N–C–N unit. A
density functional theory (DFT) study (MPW1PW91/LANL2DZ(dp)/6-311G(d,p)) on ben-
zimidazole chalcogenones revealed similar contributions of the C = E fragment to the
HOMO and LUMO of these compounds [32]. Natural bond orbital analysis revealed the
chalcogen centres bear a partial negative charge (approximate averages of S: −0.25; Se:
−0.20; Te: −0.15), while the directly bound carbon atom is positive (ca. +0.0.13 to +0.30).
Wiberg bond indices for the chalcogenone functionality also revealed a decrease in
double-bond character going from S to Te. A DFT study on related 2-imidazolones
(B3LYP/LAV3P/6-31G(d,p)) attributes this trend to an increased contribution to the
resonance hybrid by a zwitterionic form [33]. (Figure 6.4).

Many cyclic HCUs have been characterized by single-crystal X-ray diffraction. These
studies reveal several characteristic structural features. The N–C(=E)–N framework is
planar, as expected for a functional group featuring lone pair delocalization. The
average C = Se and C = Te bond distances found in the Cambridge Structural
Database represent contractions of ca. 5% and 2%, respectively, compared to the
sum of the covalent radius values (1.833(15) Å from 88 hits, 2.068(12) Å from 12 hits,
respectively) [34]. This supports the presence of somemultiple bond character between
the carbon and chalcogen atoms. The average NCN bond angles of HCUs are found to

HOMO-2 HOMO-1 HOMO LUMO

Figure 6.3: Frontier orbitals of dmise.

NN RR

Se

NN RR

Se

Figure 6.4: Resonance contributors to the electronic
structure of HCUs.
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be 106(2)°; large deviations from this average can be foundwith atypical ring sizes e. g.
a seven-membered ring (118°, Figure 6.5) [35].

6.5 77Se and 125Te NMR spectroscopic properties

These compounds have been used as probes of the electronic properties of parent
NHC ligands [36–38], as has been done for phosphinidenes [39]. In particular, 77Se
NMR (I = ½, 7.6%) resonances for various cyclic selenoureas have been associated
with the π-accepting ability of the parent NHC ligand. The chemical shift values were
found to be correlated to the energy gap of an Se(n)→(C = Se)π* transition, while no
correlation between the σ-bonding energy (as determined by energy decomposition
analysis) and chemical shift was found.

Though fewer in number, several cyclic telluroureas have been characterized by
125Te NMR (I = ½, 7.0%) spectroscopy (see Table 6.2 for a survey of relevant com-
pounds). The range of chemical shifts for the species listed spans from δ −168 to −4 and
seems to reflect similar trends as has been observed for the Se-containing analogues.
Those telluroureas expected to bemore π-accepting, e. g. a chlorosubstituted imidazole-
based HCU (δ −4, entry 1) and the imidazoline (δ −55.5, entry 3) are found at the higher
frequency end of the range, while less π-accepting HCUs including imidazole-based
derivatives are found at the lower frequency end (δ −168, entry 2; δ −150, entry 1).
However, the delineations are not all clear, as the similarly substituted TeIMes and TeIPr
exhibit very disparate chemical shifts of δ −150 (entry 1) and −52 (entry 3), respectively.
The benzimidazole selenoureas in entries 4–6, which feature alkyl or benzyl substitu-
ents, resonate in the fairly narrow range δ −143 to 126. Further study in this area would
be warranted to examine if there is any correlation between bonding tendencies and the
125Te chemical shift, as has been done for the selenium derivatives [36–38].

6.6 Coordination chemistry

A plethora of metal complexes have been prepared using cyclic HCUs. This section is
categorized by block and group of the periodic table, and will focus on salient
structural features of those complexes whose crystal structures have been deter-
mined. Exhaustive structural parameters and features such as co-crystallized solvent
are omitted in favour of a general discussion of trends in aggregation type and
coordination number. For multistep syntheses, yields (when available) are given
are for the last step in the preparation.

N N

Se

Me2N NMe 2

Figure 6.5: Structure of an HCU with a large
NCN bond angle.
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Table 6.2: Selected 125Te NMR data for some cyclic telluroureas.

Entry Compound δ(125Te) (ppm) Solvent Reference

1

NN MesMes

Te

RR

R = H, Cl

R = H: −149.8;
R = Cl: −4.08

THF-d8 [13]

2

NN RR

Te

R = Me, iPr

R = Me: −168.13
R = iPr: −167.82

C6D6 [73]

3

X X

NN RR

Te

R = Dipp, X = CH;
R = Mes, X = CH2

R = Dipp, X = CH: −52.4;
R = Mes, X = CH2: −55.5

CDCl3 [74]

4

NN
nBunBu

Te −143 CDCl3 [41]

5

NN R

Te
Br

R = nBu, iPr

R = nBu: −130;
R = iPr: −126

CDCl3 [32]

6

N

N

N

NnBu

Te Te

nBu −129.1 CDCl3 [22]
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6.6.1 p-block (groups 13–16)

Among the group 13 elements, thallium(I) complexes with two bis(selenoureas)
exhibit two motifs (eq. (6.14)) [40]. Upon reaction with thallium(I)hexafluoropho-
sphate in acetonitrile, a bridging coordination mode is adopted within the resulting
coordination polymer. Treating the ligand with a thallium(I) diarylaurate salt in THF
yields a chelated thallium(I) centre engaged in metal–metal bonding with the gold(I)
centre. The bimetallic units are linked by Tl ... Se and CH ... Se interactions to afford
coordination polymers.

N N NN

Se Se

n

N N NN

Se Se

n

n = 1, 2

TlPF6

MeCN

[Tl{Au(C6Cl5)2}]
THF

Tl

Tl

NNN N

SeSe
n

x

PF6

PF6

NNN N

SeSe

CH 3

n

Tl

Au C6Cl5C6Cl5
N N NN

Se Se

n

Tl

AuC6Cl5 C6Cl5

x

78-84%

78-85%

(6:14)

The heavier group 14 elements are represented by several tin complexes. Octahedral
tin(IV) halide complexes of a benzimidazole HCU were prepared by reaction of
hypervalent T-shaped halogen complexes with tin metal (eq. (6.15)) [41]. The two
selenoureas are trans to each other in the coordination sphere. No germanium or lead
complexes have been reported.

(6:15)

NnBunBuN

Se
I

I

2 Sn
Et2O

RT, 4 d
NnBu

nBu
N

Se

nBu
N

NnBu

Se
Sn

I I

II

84-90%
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The reaction of this hypervalent selenourea derivative with bismuth(III) iodide yielded a
tetrameric cluster featuring a double seco-cubanemotif (eq. (6.16)). In another study, the
use of bulkier aryl-substituted selenoureas afforded two different types of complexes,
depending on the size of the pendent aromatic groups. For diisopropylphenyl substitu-
tion,monometallic [LBiX3] complexeswere obtained, while in the case of smallermesityl
groups, bimetallic complexes of type [{LBiX2(μ2-X)}2] formed (eq. (6.17)) [42]. In both
cases, bismuth … aryl interactions are observed. Analogous tellurourea complexes were
synthesized but were not able to be studied by X-ray diffraction or NMR spectroscopy,
due to very low solubility. A phosphorus adduct of a selenourea, via reaction with the
phosphadiazonium salt [Mes*N ≡ P]OTf, has been reported (eq. (6.18)) [43].

NnBunBuN

Se
I

I

xs Bi
Et2O

RT, 4 d
I

Bi

I

Bi

I

I

I

Bi

Bi I II I

I

N

N
Se

N

N
Se

N

N
Se N

N
Se

nBu

nBu

nBu

nBu

nBu

nBu

nBu

nBu

I

I

38% (6:16)

N N

Se

SeIPr

Bi
X

X X

BiX 3

SeIMes

N N

Se

X
Bi

X
Bi

X

X

X

X

NN

Se

X = Cl, Br

toluene

toluene

89-93%

85-90% (6:17)
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NiPriPrN

Se

C6H6

RT, 25 min

tBu

tButBu
N

P

TfO

tBu

tBu

tBu

N P
OTf

N

NSe
iPr

iPr

48%
(6:18)

Complexes of the heavier group 16 elements with cyclic HCUs have been reported. The
reaction of benzimidazole selenourea dihalides with a diaryl ditelluride resulted in the
formation of HCU-stabilized T-shaped aryltellurenyl halides (eq. (6.19)). Halide
abstraction with silver tetrafluoroborate in acetonitrile afforded the bent HCU-stabi-
lized aryltellurenyl cation. When reacting various benzimidazole selone dihalides with
elemental tellurium, a slowconversion to bis-adducts of TeIV tetrahalideswas observed
(eq. (6.20)) [41]. The two selone ligands are trans to each other in the coordination
environment of tellurium. The reactions give moderate (50–60%) conversion to pro-
duct when conducted with excess powdered tellurium, and the yields do not improve
when a 2:1 ratio of ligand:tellurium is utilized. In one instance (R = nBu, X = Br), a
square-planar TeII complex was obtained as a minor by-product in 10% yield.

NnBunBuN

Se

THF
RT

Te
Te

AgBF4

MeCN,
RT

BF4

X

X

NnBu
nBuN

Se Te I

X = Cl, Br, I)

NnBu
nBuN

Se Te

53% (6:19)

NRRN

Se
X

X

xs Te
Et2O

RT, 7 d
N
R

R
N

Se

R
N

R
N

Se
Te

X X

XX

R = alkyl, aryl
X = Cl, Br, I

50-60%

(6:20)

6.6 Coordination chemistry 221



6.6.2 Group 12

The first crystal structure of a group 12 cyclic HCU complex was the simple bis(dmise)
adduct of zinc(II) chloride (eq. (6.21)), reported in 2002 [44]. Recently, benzimidazole
selone adducts of zinc(II) halides have been prepared (eq. (6.21)) [45]. Two other zinc
complexes are known, both selenourea adducts of zinc(II) perchlorate (eq. (6.22))
[46]. The first is a tetracoordinate structure with a distorted tetrahedral geometry at
zinc, while the second is an unusual bent two-coordinate motif (Se–Zn–Se bond
angle of ca. 103°). Interestingly, the original ligands feature a free carboxylic acid, but
under the reaction conditions these functional groups esterify.

ZnX2

Se

Zn
Se X

X

N
N

N

N

R

RR

R

R = Me, X = Cl: 57%;
R= Et, X = Cl: 75%;
R = Et, X = Br: 63%

NnBunBuN

Se

ZnCl2

MeCN
reflux

NN

Se

2
2

Et2O
RT, 3 h

(6:21)

NNAr

Se

2 M(ClO4)2  6H2O

80 °C, 12 h
M

N
N

Se
Dipp

N
N

Se

Dipp

N
N

Se

Dipp

N

NSe

Dipp
2 ClO4

MeOH

CO2H MeO2C

MeO2C

CO2Me

CO2Me

2

120 °C, 48 h
MeOH

Ar = Dipp 
M = Zn, Cd

2 Zn(ClO4)2  6H2O
Ar = Mes

Se
Zn

Se

N

N

N

N

Mes

Mes

CO2Me

MeO2C

2 ClO4

2

50%

50-80% (6:22)

222 6 Synthesis and coordination chemistry of cyclic seleno- and telluroureas



A dmise adduct of cadmium(II) hexafluorophosphate – the first homoleptic sele-
nourea–cadmium complex, was reported in 2007 (eq. (6.23)) [47]. Using mixed
aryl/alkyl ester ligands (as in eq. (6.22)), three unique structural motifs are obtainable
when reacted with cadmium salts in methanolic HCl (eq. (6.24)) [46]. When the aryl
substituents are Mes, a cationic complex with one chloride and three selenourea
ligands is obtained in the reaction with cadmium perchlorate and when cadmium
nitrate is used, a coordination polymer of the form (LCdCl2)x is obtained, with
distorted trigonal bipyramidal geometry at cadmium. In the case of 2,6-diisopropyl-
phenyl (Dipp) substituents on the nitrogen centres, a neutral complex featuring two
selenourea ligands, one nitrate and one chloride, is observed to form.

NN

Se

5 Cd(OAc)2  2H2O
1) warm MeCN

2) 2 NH4PF6 in EtOH

Cd

N
N

Se N
N

Se
N

N
Se

N

NSe
2 PF6

2

82% (6:23)

NNAr

Se

2 Cd(NO3)2  6H2O

80 °C, 12 h

Cd

O Cl

N

N
Se

Dipp

N
N

Se
Dipp

MeOH/HCl

CO2H

80 °C, 48 h

MeOH/HCl

Ar = Dipp

2 Cd(ClO4)2  6H2O

Ar = Mes

N
OO

CO2Me
MeO2C

Cd

N
N

Se
Dipp

N
N

Se

Dipp

N
N

Se

Dipp

Cl ClO4
MeO2C

CO2Me

CO2Me

Cl

Cd

Cl

Cl
Cd

Cl

Se

Se

N

N

Dipp

MeO2C

N

N

Dipp

CO2Me

x

2 Cd(NO3)2   6H 2O

80 °C, 12 h

MeOH/HCl

65%

54%

45%

(6:24)
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By reacting a benzimidazole selonourea ligand with ether-containing alkyl substitu-
ents on nitrogen with cadmium iodide, a bimetallic complex was afforded (eq. (6.25))
[45]. The metal centres are bridged by two iodide ligands. The analogous reaction
with mercury(II) halides affords two bimetallic mercury complexes. The dimeric
motif has also arisen from the reaction of HgCl2 with a dicationic diselenide, via
cleavage of the Se–Se bond (eq. (6.25)) [48]. One monomeric mercury complex with
distorted tetrahedral geometry has been reported, via a 1:1 reaction of a bidentate
selenourea/pyridine ligand with HgI2 (eq. (6.26)).

MX2
NR2R1N

Se

R1 = R2 = O
O

RT, 3 h

Et2O
M

X
M

X
Se

X

X

Se

NR1

R2N

R1N

NR2

R1N
NR2

Se

R1N
NR2

Se

R1 = Me, R2 = Bn

2

2 Cl

HgCl2

M = Cd, X = I;
M = Hg, X = Cl, Br

H2O

52-56%

(6:25)

(6:26)NN
nBu

Se

HgI2
RT, 3h

N Et2O

NN
nBu

Se N

Hg

I I

67%

6.6.3 Group 11

At the time of writing, complexes of coinage metals make up over one half of all
structurally characterized cyclic HCU–metal adducts, and of these the majority are of
copper. The nuclearity and coordination number of the copper complexes vary
significantly, depending on the steric and electronic properties of the ligand along
with the counterion. Cationic two-coordinate CuI complexes have been obtained by
using selenourea ligands with bulky aryl groups installed on the nitrogen centres (eq.
(6.27)) [49]. The metal salts used contain CuII, and so the complexation is concomi-
tant with reduction of the metal by some of the chalcogenone. The complexes are
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centrosymmetric in the solid state, featuring 180° Se–Cu–Se bond angles, except for
one derivative, which crystallized in another space group and is pseudo-centrosym-
metric (Ar = Mes, X = ClO4; 176° bond angle). In another report, a neutral two-
coordination copper(I) complex was obtained by the reaction of a very bulky sele-
nourea with CuBr in toluene (eq. (6.28)) [50].

NN

Se

CuX2
MeOH

reflux, 12 h

Ar = Mes, Dipp

Ar Arxs

NN

Se

Ar Ar

Cu

N N

Se

ArAr

X

63-77%X = ClO4, BF4 (6:27)

N N

SeAr

Ar

Ar

Ar

CuBr
toluene

RT, overnight
N N

SeAr

Ar

Ar

Ar

Cu
Br

Ar = 2,6-(CHPh2)2-4-Me-C6H2 75% (6:28)

Nearly all of the higher nuclearity/coordination number complexes of Cu feature the
small N,N′-dimethylimidazole selone (dmise) ligand or the methylene bridged bis
(selone) analogue. An exception is a dimeric copper(I) iodide complex of a benzimi-
dazole selone with n-butyl groups on the nitrogen centres (eq. (6.29)) [45]. The 2:1
reaction of dmise with copper(I) halides (eq. (6.30)) affords trigonal planar adducts
where the two ligands are either syn (X = Br, I) or anti (X = Cl) [51]. The syn conformer
exhibits intramolecular π–π interactions between the imidazole rings. A homoleptic
cationic complex is afforded by the reductive coordination of dmise with copper(II)
triflate (eq. (6.31)) [52]. In this reaction, an oxidation product of the HCU, [(dmise)3]
[OTf]2, was also isolated in 15% yield.

(6:29)

NnBunBuN

Se

CuI
Et2O

RT, 48 h
N

N

Se Cu

I

Cu

I

N

N

Se

nBu

nBu

nBu

nBu
62%

6.6 Coordination chemistry 225



(6:30)

Se

N

N

Cl

Cu
Se N

N
Se

N N

X

Cu

X = Br, I

Se

N N

or

X = Cl, Br:
EtOH/CH2Cl2

NN

Se

2 CuX
X = I: MeCN/CH2Cl2

Rt, 6 h

92%

85-91%

(6:31)
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Heteroleptic complexes of dmise and tris(pyrazolyl)methane and tris(pyrazolyl)
borate-type ligands are also accessible by reaction of a copper(I) salt with dmise,
followed by the tridentate ligand (eq. (6.32)) [53]. One structure containing a copper
(II) centre has been reported. The strategy used to stabilize the +2 oxidation state in
the presence of the reducing selenourea ligand was to bind CuII with π-acidic
phenanthroline ligands prior to coordination with dmise (eq. (6.33)) [54]. The cop-
per(II) centre exhibits a distorted trigonal bipyramidal geometry, with the selenium
donor atom in one of the equatorial sites.

(6:32)

N

XH

N

N

N

N

N

R R

R

R

RR

1) dmise, MeCN, 3 h

2) tpm, MeCN, 18 h

Cu

N
N

Se

n+

Y

CuCl

X = B, R = Me, n = 0;
X = C, R = H, Me, iPr, n = 1, Y = BF4

[Cu(NCMe)4][BF4]
1) dmise, MeCN/MeOH, 3 h

2) K(tpb), MeCN, 18 h

tpb = tris(pyrazolyl)borate tpb = tris(pyrazolyl)methane

59-83%
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(6:33)
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Four dinuclear complexes featuring copper(I) have been synthesized and structurally
characterized [55]. The 1:1 reaction of bmise with tetrakis(acetonitrile)copper(I) tetra-
fluoroborate afforded a 3:2 ligand:metal complex featuring two copper centres, each
chelated by one bmise and bridged together by a third ligand (eq. (6.34)). The central
Cu2Se2 ring is butterfly-shaped.

(6:34)
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(6:35)
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When using a mixture of monodentate and bidentate chalcogenourea ligands in a
stepwise fashion (eq. (6.35)), another bimetallic complex with tetrahedral coordination
is formed, but in this case the central Cu2Se2 ring is planar, with each bridging selenium
donor belonging to a different bmise ligand. The other selenium centre on each
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bidentate ligand is terminal, and one terminal dmise ligand completes the coordination
sphere of each metal centre. Using only dmise afforded another bimetallic complex,
with both copper centres exhibiting trigonal planar geometry (eq. (6.36)).

(6:36)
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(6:37)
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A neutral tetrametallic complex was prepared by the simple 1:1 reaction of copper(I)
bromide or iodide with dmise, in acetonitrile (eq. (6.37)) [51]. The structure is quite
distinct from the tetrabismuth complex in eq. (6.16), which featured octahedral
coordination with only halide ligands in bridging positions. The copper(I) centres
are tetrahedral and are bridged by both halide and selenourea ligands.

Compared to copper, the cyclic HCU coordination chemistry of the heavier group
11 elements silver and gold is much less thoroughly explored. However, a number of
complexes have been structurally characterized in recent years, and these metals
have the potential to equal the structural diversity of copper. Heavy group 11 analo-
gues of the linear copper complexes in eq. (6.27) can be prepared in an equivalent
fashion, using aryl-substituted cyclic selenoureas (eq. (6.38)). There are, however,
noteworthy differences between all the elements. In the case of gold, two structure
types were seen: neutral selenourea-gold(I) chloride adducts and cationic bis(sele-
nourea) complexes with a dichloroaurate counterion [56]. For silver, ionic complexes
were observed (featuring triflate or dinitritoargentate anions) when a Dipp-substi-
tuted ligand was used, but neutral bimetallic complexes with three-coordinate metal
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centres were seen for the smaller mesityl-substituted analogues [57]. The aggregation
mode of gold was surmised to arise from the π-accepting nature of the selenourea
ligands: ionic complexes were observed for more π-accepting selenoureas (as judged
by the 77Se chemical shift value) [36–38]. In the case of silver, the bulkier Dipp groups
seemed to promote themonometallic ionic form, while the less sterically encumbered
Mes group yielded bimetallic complexes.

(6:38)
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quantitative
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Recrystallization of one bimetallic silver complex (Ar = Mes, X = NO3) from hot
methanol resulted in the formation of a coordination polymer with three crystal-
lographically distinct silver(I) environments (Figure 6.6). In this product, the ligand:
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O
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N
O

O
O

N
O O

O

x

Figure 6.6: A silver(I) coordination polymer featuring
HCU ligands.
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metal ratio has been altered from 1:1 to 2:3. Two of the silver sites are four coordinate
and one is three coordinate, including the weak Ag … O contact which links the
monomers together.

The reaction of triphenylphosphine silver(I) triflate and bmise afforded a tetra-
metallic cluster featuring an Ag4Se6 diamondoid core, with the four silver centres
capped by terminal PPh3 ligands and doubly bridging bmise ligands (eq. (6.39)) [21].

(6:39)
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N NN N

Se Se
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Several more gold(I) and gold(III) coordination complexes have been characterized.
Treatment of a (NHC)gold(I) hydroxide complex with a diaryl selenourea and HNEt3F
afforded a heteroleptic complex (eq. (6.40)) [58]. The reaction of tetrachloroauric acid
with a multidentate selenourea ligand yielded a mixed-valent salt with a gold(III)
cation and a gold(I)-containing anion (eq. (6.40)) [59]. The use of bis(imidazole
selone) ligands in combination with pentafluorophenyl-substituted gold(I) and
gold(III) salts resulted in two bimetallic salts in which the metal centres are bridged
by the whole ligand (eq. (6.42)), rather than brought into close proximity, c.f. the
copper(I) complexes in Equations 34–35 [21]. As expected, the gold(I) complex
features linear coordination, while the gold(III) complex exhibits square-planar
metal centres.

(6:40)
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(6:41)
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6.6.4 Group 10

Several MII (d8) complexes of cyclic HCUs have been synthesized and characterized
by X-ray diffraction. The lack of MIV complexes is to be expected, given the
reducing nature of the chalcogenoureas. Two nickel(II) complexes have been
reported: one neutral NiBr2 adduct with tetrahedral geometry (eq. (6.43)) [60]
and one cationic, distorted octahedral selenourea adduct featuring a macrocyclic
ligand (eq. (6.44)) [61]. Palladium(II) is also represented by one cationic and one
neutral complex. Starting from a potential SeCSe pincer ligand precursor, the
reaction with bis(benzonitrile)dichloropalladium(II) under anion exchange condi-
tions afforded a dicationic complex with a square-planar, PdSe4 core (eq. (6.45))
[22]. The same bis(selenourea) in reaction with a dipalladium complex afforded a
neutral, monodechalcogenated product. The low yield and missing selenium atom
in the product complex indicate formation of palladium selenide phases as a likely
side reaction.

(6:43)
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Several dinuclear complexes of palladium, and one of platinum, are also known. A
crystal growth experiment featuring an imidazole selenourea and palladium(II)
chloride yielded a bimetallic complex featuring bridging selenium atoms in cis
orientations (eq. (6.46)) [62]. Unlike the silver complexes in eq. (6.38), the central
ring is not square but rather a butterfly-shaped motif, with the two cis chloride
ligands completing each square-planar palladium(II) metal centre being syn to
each other. The imidazole rings are also nearly in the same plane, with the smaller
methyl substituents of each ligand oriented towards each other. One platinum and
one palladium dimeric complex were obtained by reaction with a aryl-bridged bis
(selenourea) ligand (eq. (6.47)) [63]. When reacted with the Pd0 source Pd2(dba)3, the
same ligand yielded an intractable mixture with no detectable oxidative addition
across the aryl C–Br bond.
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6.6.5 Group 9

Two cobalt complexes have been structurally characterized. A monomeric bis(sele-
nourea) adduct similar to ZnCl2(dmise)2 (eq. (6.21)) was prepared by boiling down a
methanolic of the ligand and metal salt (eq. (6.48)) [64]. A coordination polymer of a
bis(selenourea) was obtained upon reaction of the ligand with CoCl2 in THF (eq.
(6.49)) [60]. The structure features tetrahedral coordination at cobalt, and the pack-
ing reveals a racemic mixture of left- and right-handed helical chains.

(6:48)
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(6:49)
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Complexes of the heavier group 9 elements are all represented as adducts to the
[Cp*MCl]+ (M = Rh, Ir) fragment. Mixing bis(selenourea) ligands with the dimeric
[Cp*MCl2]2 complexes afforded cationic monomeric complexes featuring the ligands
chelating the metal centre (eq. (6.50)) [65]. The rhodium complex featured a rhodate
(III) complex anion, while for iridium the counterion was chloride. Two related IrIII

complexes feature a bidentate ligand with one benzimidazole selenourea donor and
either a pendant thio- or selenoether substituent on one of the nitrogen atoms (eq.
(6.51)) [66].
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6.6.6 Group 8

Two dmise adducts of iron(II) salts are reported. The simple adduct (dmise)2FeCl2
was prepared by mixing the ligand and iron(II) chloride tetrahydrate in CH2Cl2/HC
(OEt)3 solvent system (eq. (6.52)) [67]. Under these conditions, the triethyl ortho-
formate acts as both a solvent and a water scavenger via its hydrolysis reaction.
The same report discloses that the 4:1 reaction of dmise with iron(II) tetrafluor-
oborate yields a cationic complex similar to the copper(I) complex in eq. (6.31).
Two cationic ruthenium(II) complexes are generated using the same procedure
shown in eq. (6.53) [68].
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6.6.7 Group 6

The one and only crystal structure of a group 6 complex of a cyclic HCU dates back
to the 1980 report of the first well-characterized tellurourea [16]. Treatment of
the imidazoline tellurourea with a Cr0 source afforded the 1:1 adduct of ligand to
the Cr(CO)5 fragment (eq. (6.54)). This is also the only structurally characterized
cyclic tellurourea complex. It slowly decomposes at 20 °C in toluene solution via
detelluration.
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6.7 Conclusions and outlook

Cyclic HCUs featuring selenium and tellurium are accessible by a number of reliable
synthetic routes, building upon the well-explored chemistry of NHCs. They can be
designed with different heterocyclic cores and organic substituents on nitrogen.
The coordination chemistry of HCUs clearly shows a preference for softer metals,
particularly late d-block metals. There remain many metals for which HCU com-
plexes are not known. In particular, crystallographic studies of s-block and f-block
metal complexes are completely absent at the time of writing. The tellurium deri-
vatives are barely represented in crystallographic studies of coordination chemis-
try, with only single reported example. This paucity of data is understandable,
given the lower solubility of telluroureas compared to selenoureas, and their lower
chemical stability.

However, this represents an exciting opportunity for future explorations of
these compounds. It is possible the coordination chemistry of both seleno- and
telluroureas could be greatly expanded by using multifunctional hybrid ligands (e.
g. chelating bidentate or tridentate ligands) featuring strong donors such as phos-
phines or carbenes, to increase the range of stable metal complexes available.
Tellurourea solubility issues could be addressable by installing lipophilic substi-
tuents on nitrogen. The lower chemical stability of the C = Te bond may be
exploitable in the design of new non-innocent ligands, which may transfer tell-
urium to chalcophilic metals. For instance, the reaction of 1,3-diisopropylimidazole
tellone with a Mn0 precursor was recently shown to yield insertion products in
which (MnTe)n clusters formed cubane and dicubane motifs, ligated by the remain-
ing NHC fragment [69]. This type of chemistry has the potential to generate other
new metal chalcogenide clusters.

Overall, the chemistry of cyclic HCUs remains very active, with many recent
studies elaborating new aspects of the synthetic and structural chemistry of these
ligands and their resultant metal complexes. Given this pace, the future looks
very promising for the discovery of even more new structure types and modes of
reactivity.
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Abbreviations

DBU 1,8-diazabicyclo[5.4.0]undec-7-ene
Mes 2,4,6-trimethylphenyl (mesityl)
Dipp*OMe 2,6-bis(diphenylmethyl)-4-methoxyphenyl
Dipp* 2,6-bis(diphenylmethyl)-4-methylphenyl
Dipp 2,6-diisopropylphenyl
DippOMe 2,6-diisopropyl-4-methoxyphenyl
Bn benzyl
Bmise bis(N-methylimidazole selone)methane
dba dibenzylideneacetone
HCU heavy chalcogenourea
MW microwave
NHC N-heterocyclic carbene
dmise N,N′-dimethylimidazole selone
IPr N,N′-bis(2,6-diisopropylphenyl)imidazol-2-ylidene
IMes N,N′-bis(2,4,6-trimethylphenyl)imidazol-2-ylidene
THF tetrahydrofuran
OTf trifluoromethanesulfonate (triflate)
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Fateh V. Singh and Thomas Wirth

7 Selenium and Tellurium Electrophiles in Organic
Synthesis

Abstract: This chapter highlights the utility of electrophilic achiral and chiral orga-
noselenium reagents in organic synthesis. A range of reactions from alkene functio-
nalizations, the functionalization of aliphatic and aromatic C–H bonds using
stoichiometric and catalytic approaches as well as rearrangement reactions are
described. In addition, the utility of organotellurium reagents in organic synthesis
is covered in this chapter.

Keywords: selenium electrophiles, selenenylation, selenium-catalyzed reactions,
chiral selenium electrophiles, tellurium electrophiles

7.1 Introduction

The chemistry of organoselenium compounds has been identified as an important
portfolio in synthetic andmedicinal chemistry [1]. In the beginning, the development
of organoselenium chemistry was quite limited but several synthetically important
organoselenium reagents have been discovered after the selenoxide elimination in
the early 1970s [2]. In past few decades, various synthetic transformations including
selenenylations, selenocyclizations, selenoxide eliminations and 2,3-sigmatropic
rearrangements have been successfully achieved using organoselenium reagents
[2, 3]. Furthermore, the application of these reagents as catalysts and ligands pro-
vides an additional asset to the organic chemists [4]. The chemistry of organosele-
nium reagents has now become a well-established research area and books [5], book
chapters [6] and review articles [7] have appeared to describe their chemical poten-
tial. This chapter highlights the utility of electrophilic achiral and chiral organosele-
nium reagents in organic synthesis. In addition, the utility of organotellurium
reagents in organic synthesis is also covered in this chapter.

7.2 Selenium electrophiles

Organoselenium reagents are mainly known for their electrophilic nature but there are
several reports in which these reagents have been used as nucleophile. Variety of
selenium electrophiles can be generated by the cleavage of Se–Se bond of diselenides.
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Selenium electrophiles are quite powerful reagents and react with olefins to form
three-membered seleniranium ion intermediate. Furthermore, seleniranium ion
intermediate reacts with different nucleophiles to undergo various selenenylation
reactions. The scope of these selenium electrophiles is not limited to selenylation of
alkenes but selenation of other aliphatic and aromatic species has been success-
fully achieved using these electrophiles.

7.2.1 Selenenylation reactions

7.2.1.1 Selenenylation of Alkenes
The addition of selenium electrophiles to alkenes is one of the oldest reactions in the
area of organoselenium chemistry. Initially, commercially available PhSeCl was suc-
cessfully used to achieve the selenenylation of alkenes but this reaction was suffered
with some side reactions due to nucleophilic chlorine anion [8]. In 1989, Tiecco and
coworkers developed methoxyselenenylation of various acyclic and cyclic alkenes in
good yields [9]. In this report, active selenium electrophilic species was generated by
the oxidation of diphenyl diselenide using ammonium peroxydisulfate as an oxidant.
Furthermore, N-phenyl selenophthalimide (N-PSP) and N-phenyl selenosuccinimide
were successfully used as selenenylating agents in oxyselenation of alkenes [10, 11]. In
1991, Yoshshida and coworkers developed a new selenenylating agent benzeneselene-
nyl m-nitrobenzenesulfonate 3 by oxidation of diphenyl diselenide 2 using benzene-
selenenyl m-nitrobenzenesulfonyl peroxide 1 as oxidant (Figure 7.1) [12].

Compound 3 was synthesized in situ and used in various oxyselenenylation reactions
of functionalized alkenes 4 using different nucleophiles (Figure 7.2, Table 7.1, entries
1–16) [12]. Initially, benzeneselenenyl m-nitrobenzenesulfonate 3 was used for the
methoxyselenenylation of alkenes 4 using methanol as nucleophile (Figure 7.2,
Table 7.1, entries 1–3). All reactions were performed in acetonitrile and selenenylated
products 6 were isolated in excellent yields.

After achieving the methoxyselenenylations, acetoxyselenenylation of similar
alkenes was achieved using organoselenium reagent 3 and AcOH as a sources of
acetoxy ions (Figure 7.2, Table 7.1, entries 4–7) [12]. Initially, acetoxyselenylation was
performed in acetonitrile but the reaction did not proceed well (Figure 7.2, Table 7.1,
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Figure 7.1: Synthesis of the selenenylating agent benzeneselenenyl m-nitrobenzenesulfonate 3.
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entries 4). The reaction products 6 were obtained in moderate yields when reaction
was performed in nitromethane (Figure 7.2, Table 7.1, entries 5 and 7). Poor yields
were observed when styrene was treated with electrophile 3 under similar reaction
conditions (Figure 7.2, Table 7.1, entry 6).

The same reagent 3 was successfully used for the hydroxyselenenylation of
similar alkenes (Figure 7.2, Table 7.1, entries 8–11) [12]. Hydroxyselenenylations
were working in both acetonitrile and nitromethane but nitromethane was found to
be a more effective solvent than acetonitrile. Interestingly, hydroxyselenenylation
did not proceed when 1-octene was used as substrate (Figure 7.2, Table 7.1, entry 12).
Finally, phenoxyselenenylation of 1-octene and cyclohexene was also achieved
successfully using selenium electrophile 3 (Figure 7.2, Table 7.1, entries 13–16). The

S
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+
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C CR1
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R1 = H, Ph or C6H13;
R2 = H or C6H13; R1 = R2 = (CH2)4

9 examples
CH3CN, rt, 3 h

Figure 7.2: Oxyselenenylation of alkenes 4 using benzeneselenenyl m-nitrobenzenesulfonate 3.

Table 7.1: Oxyselenenylation of alkenes 4 using benzeneselenenyl m-nitrobenzenesulfonate 3.

Entry 4 5 Solvent 6

R1 R2 R Yied (%)

1 Ph H Me CH3CN 98
2 Hex H Me CH3CN 83
3 R1=R2=(CH2)4 Me CH3CN 92
4 R1=R2=(CH2)4 Ac CH3CN 25
5 R1=R2=(CH2)4 Ac CH3NO2 70
6 Ph H Ac CH3NO2 11
7 Hex H Ac CH3NO2 73
8 Ph H H CH3NO2 61
9 Ph H H CH3NO2 77
10 R1=R2=(CH2)4 H CH3CN 33
11 R1=R2=(CH2)4 H CH3NO2 72
12 Hex H H CH3NO2 –
13 Hex H Ph CH3CN 25
14 Hex H Ph CH3NO2 62
15 R1=R2=(CH2)4 Ph CH3CN 38
16 R1=R2=(CH2)4 Ph CH3NO2 64
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reactions were performed in both acetonitrile and nitromethane but nitromethane
was well suited over acetonitrile.

In 1998, Tingoli and coworkers developed an approach for acetoxyselenenylation
of alkenes 8 by the reaction of diphenyl diselenide 2 with PIDA [(diacetoxyiodo)
benzene] 7 in acetonitrile (Figure 7.3). In addition, hydroxyselenenylation of similar
alkenes 8 was also achieved in moderate yields when alkenes were treated with
diphenyl diselenide 2 and PIDA 7 in MeCN/H2O (5:1). PIDA 7 was used as an oxidant
to oxidize diphenyl diselenide 2 to more electrophilic selenium species [13].

In 2006, Tingoli and coworkers synthesized a new selenium electrophile N-phenyl
selenosaccharin (NPSSac) 12 by the reaction of commercially available phenyl sele-
nium halide 11 and silver saccharin (AgSac) 10 in dichloromethane at room tempera-
ture (Figure 7.4). The synthesized selenium reagent 12 was further used for
methoxyselenenylation of olefins 13. All the reactions were performed in dichloro-
methane at room temperature and reaction products 14were isolated in moderate-to-
high yields (Figure 7.4) [14].
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Figure 7.3: Acetoxyselenenylation of alkenes 8 by the reaction with diphenyl diselenide 2 and PIDA 7.
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Figure 7.4: Methoxyselenenylation of alkenes 13 using selenium electrophile N-phenyl selenosac-
charin (NPSSac) 12.
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In 2012, Thomas and coworkers reported an iodine catalyzed addition of functio-
nalized styrenes 15 using in situ-generated electrophilic species PhSeI. In this reac-
tion, 20 mol% of iodine was used as catalyst for the addition of styrenes 15 with
diphenyl diselenide 2 in dichloromethane at 70°C and excess of styrene was used as
nucleophile (Figure 7.5) [15].

The catalytic cycle for iodine-mediated addition of styrenes is described in Figure 7.6.
According to that, the catalytic cycle was initiated by the reaction of diphenyl dis-
elenide 2with iodine to forms active catalytic species phenyl selenium iodide 17which
further reacts with styrene 15 and form three-membered seleniranium ion intermediate
18. Furthermore, intermediate 18 could be attacked by the styrene nucleophile to form
addition product 19. After that, the reaction intermediate 19 undergoes elimination
reaction and HI with final product 16. Finally, HI could further react with diphenyl
diselenide to phenyl selenyl iodide 17 to continue the catalytic cycle.

+
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DCE, 70 °C, 15-20 h
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Figure 7.5: Iodine-catalyzed addition of styrenes 15 using in situ-generated electrophilic species PhSeI.
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Figure 7.6: Catalytic cycle for iodine-mediated addition of styrenes 15 using in situ-generated
electrophilic species PhSeI 17.

7.2 Selenium electrophiles 247



In 2015, Yan and coworkers developed an approach for the acetoxyselenenylation
of alkenes 15 by the reaction with diorganyl diselenide 20 and catalytic amount of KBr
using m-CPBA as an oxidant. All the reactions were performed in AcOH and reaction
products 21 were isolated in good-to-high yields (Figure 7.7) [16]. Various aliphatic
and aromatic olefins were successfully tolerated under mild reaction conditions. In
addition, NaCl was also used as catalyst under similar reaction conditions.

The catalytic cycle for KBr-catalyzed acetoxyselenylation of alkenes 15 is shown in
Figure 7.8. The catalytic cycle initiates with oxidation of bromide ion to bromine
usingm-CPBA as an oxidant. Bromine was further reacted with diselenide 20 to form
more electrophilic species phenyl selenium bromide 22. Electrophilic selenium spe-
cies 22 activates the double bond of styrene 15 to the three-membered seleniranium
ion intermediate 23 along with the formation of bromide ion. Finally, intermediate 23
reacts with acetic acid to yield the final product 21 while the bromide ion was further
oxidized to continue the catalytic cycle.
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Figure 7.7: KBr-catalyzed acetoxyselenylation of alkenes 15 by the reaction of diorganyl diselenides
20 with m-CPBA as catalyst.
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Figure 7.8: The catalytic cycle for KBr-catalyzed acetoxyselenylation of alkenes 15.
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In 2015, Braga and coworkers developed an iodine-catalyzed microwave-assisted
methoxyselenenylation of alkenes 15 by the reaction of diorganyl diselenide 20,
catalytic amount of iodine in DMSO using methanol as source of nucleophile. All
the reactions were completed in very short reaction time while reaction products 24
were isolated in poor-to-excellent yields (Figure 7.9) [17]. It was observed that
methoxyselenenylated products 24 were obtained in high yields when diorganyl
diselenides having electron-donating substituents were used. Various styrenes
were successfully employed as substrates but themethoxyselenenylation of aliphatic
alkenes was not successful. Molecular iodine reacts with diphenyl diselenide to form
more electrophilic species PhSeI 17 which was used to activate the double bond of
styrenes 15. In addition, various other oxyselenenylations of alkenes were success-
fully achieved under similar reaction and conditions.

Recently, Yan and coworkers developed an iodine-mediated hydroxyselenenylation
of alkenes 15with the reaction of diorganyl diselenide 20 in the presence ofmolecular
iodine in solvent mixture of EtOH and H2O (1:1) under oxygen atmosphere. β-
Hydroxyselenides 25 were isolated in good-to-excellent yields (Figure 7.10) [18].
Various electron withdrawing and donating functionalities at aromatic ring in styr-
enes were successfully tolerated under mild reaction conditions. The same approach
was successfully applied for the hydroxyselenenylation of aliphatic and cyclic
alkenes.
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Figure 7.9: Iodine-catalyzed microwave-assisted methoxyselenenylation of alkenes 15.
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Figure 7.10: Iodine-mediated hydroxyselenenylation of styrenes 15 with diorganyl diselenide 20 in
EtOH/H2O (1:1).
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The mechanism for the iodine-mediated hydroxyselenylation of alkenes 15 is
shown in Figure 7.11. The reaction initiates with the formation of more electrophilic
species phenyl selenium iodide 17 by the reaction of molecular iodine with diorganyl
diselenide 20. Electrophilic selenium species 22 activates the double bond of styrene
15 to form three-membered selenarium ion intermediate 27 along with the formation
of iodide. Finally, intermediate 27 reacts with water to yield the product 25.

7.2.1.2 Selenocyclizations
Selenocyclization is an approach for the synthesis of various biologically active
heterocyclic compounds (3f, 3g) [19]. The selenocyclization process is a quite similar
process to oxyselenenylations of alkenes as shown in Figure 7.12. Initially, the
selenium electrophile 29 activates the double bond of alkene 28 to form seleniranium
intermediate 30. Furthermore, seleniranium intermediate is then opened by an
intramolecular nucleophilic attack of the internal nucleophile resulting in an anti-
addition of the selenium moiety to yield cyclization product. Depending on ring size

R2 Se
Se R2 I2

R2
Se

Se R2

I
I

SeR2 I

R1

R1
Se R2

H2O

R 1 OH

SeR2

20 26

25

10

15

27

Figure 7.11:Mechanism for the iodine-mediated hydroxyselenenylation of styrenes 15 with diorganyl
diselenide 20 in EtOH/H2O (1:1).
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Figure 7.12: Selenocyclization of alkenes 28 to endo- and exo-cyclization products 31 and 32 using
selenium electrophiles 29.
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and reaction conditions, the seleniranium intermediate 30 can undergo either endo-
cyclization to product 31 or exo-cyclizations yielding other heterocyclic derivatives
such as compounds of type 32 (Figure 7.12). The selenium moiety in the products 31
and 32 can be used to develop selenium-catalyzed cyclization reactions.

Various selenium electrophiles have been successfully used to achieve the
selenocyclization of alkenes having internal nucleophile. Initially, different benzene
selenenyl sulfates were used as electrophiles to achieve the selenocyclization of
unsaturated alcohols and unsaturated carboxylic acids under mild reaction condi-
tions [20–22]. In 1991, benzeneselenenylm-nitrobenzenesulfonate 3 was synthesized
in situ and used in the selenocyclization of unsaturated alcohols 33 and 34 in
acetonitrile at 0°C (Figure 7.13) [12]. Both reactions were completed in 1 h and exo-
cyclic products 35 and 36were isolated in excellent yields (Figure 7.13). Interestingly,
endo-cyclic products were also observed during the selenocyclization of unsaturated
alcohol 33 (n = 1) while exo-cyclic product 35 formed at −40°C.

Selenium electrophile 3 was also used for the selenocyclization of unsaturated car-
boxylic acids 37 and 38 in acetonitrile at 0°C (Figure 7.14) [12]. exo-Cyclizations were
observed and selenolactones 39 and 40were isolated in excellent yields (Figure 7.14).
The endo-cyclic product was not observed during these selenocyclizations.

In 1998, Tingoli and coworkers developed an approach for the selenocyclization of
unsaturated alkenes 33 and 34 by the reaction of diphenyl diselenide 2with PIDA 7 in
acetonitrile (Figure 7.15). The cyclic products 35 and 36 were isolated in good yields.
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Figure 7.13: Selenocyclization of unsaturated alcohols 33 and 34 to O-heterocyclic compounds 35
and 36 using selenium electrophiles 3.
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Figure 7.14: Selenocyclization of unsaturated carboxylic acids 37 and 38 to selenolactones 39 and 40
using selenium electrophile 3.
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The electrophilic selenium species was generated in situ by the oxidation of diphenyl
diselenide 2 using PIDA 7 as an oxidant [13].

In addition, similar reaction conditions were used for selenocyclization of unsa-
turated carboxylic acids 37 and 41 in acetonitrile at 40°C (Figure 7.16) [13]. Both cyclic
and acyclic unsaturated carboxylic acids were successfully used as substrates but
better yields were observed with acyclic substrates 37.

Functionalized ketones 43 and 44 were cyclized to corresponding 2,3-dihydrofurans
45 and 46 under similar reaction conditions. Both reactions proceeded well and 2,3-
dihydrofurans 45 and 46 were isolated in moderate yields (Figure 7.17) [13].

Finally, substituted benzamide 47 was cyclized to the corresponding 4,5-dihydroox-
azole 48 under similar reaction conditions. The product was isolated in 65% yield
(Figure 7.18) [13].
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7
4 examples
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2

(PhSe)2 + PhI(OAc)2+
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R1 R2
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Figure 7.15: Iodine(III)-mediated selenocyclization of unsaturated alcohols 33 and 34 to selenoethers
35 and 36 by the reaction of diphenyl diselenide 2 with PIDA 7 as an oxidant.
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Figure 7.16: Iodine(III)-mediated selenocyclization of unsaturated carboxylic acids 37 and 41 to
selenolactones 39 and 42 by the reaction of diphenyl diselenide 2 with PIDA 7 as an oxidant.
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Figure 7.17: Iodine(III)-mediated selenocyclization of ketones 43 and 44 to 2,3-dihydrofurans 45 and
46, respectively, by the reaction of diphenyl diselenide 2 with PIDA 7 as an oxidant.
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In 2006, Tingoli and coworkers used another selenium electrophile NPSSac 12 for
selenocyclization of unsaturated alcohol 33. The cyclization reaction was performed in
dichloromethane at room temperature for 1 h and cyclic ether 35 was isolated in 92%
yield (Figure 7.19) [14].

In addition, a similar approachwas used to cyclize the unsaturated carboxylic acid 37
to selenolactone 39 under similar reaction conditions. The selenolactone 39 was
isolated in 89% yield (Figure 7.20) [14].

In 2010, Wirth and coworkers developed the intermolecular selenocyclization of
alkene 15 and in situ aryl selenium triflate by the reaction of diselenide 49 and
bromine followed by the addition of silver triflate in THF at 0°C (Figure 7.21) [23].

This reaction was performed without using any external nucleophile and the
formation of cyclic product occurs by the activation of double bond to form sele-
narium ion followed by the cyclization involving sulfoxide moiety of the in situ-
generated electrophile. The cyclic products 50 were only formed in poor yields

MeCN,

72
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N

OPh

47 48: 65%

O

H
NPh

SePh40 °C, 4 h

Figure 7.18: Iodine(III)-mediated selenocyclization of amide 47 to 4,5-dihydrooxazole derivative 48
by the reaction of diphenyl diselenide 2 with PIDA 7 as an oxidant.
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Figure 7.19: Selenocyclization of unsaturated alcohol 33 to cyclic ether 35 using N-phenylseleno-
saccharin (NPSSac) 12 as an electrophile.
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Figure 7.20: Selenocyclization of unsaturated carboxylic acid 37 to corresponding selenolactone 39
using N-phenyl selenosaccharin (NPSSac) 12 as an electrophile.
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(Figure 7.21). Notably, the cyclization reaction was proceeding only with α-substi-
tuted styrenes not with β-substituted styrenes [23].

In 2012, Menichetti and coworkers developed the synthesis of benzo[b][1,4]sele-
nazines 52 by the reaction of 2-N-sulfonylamino diselenides 51 with alkene 15 via
copper(II)-catalyzed activation of the Se–Se bond in the presence of a base. All the
reactions were performed in chloroform and benzo[b][1,4]selenazines 52 were iso-
latedmoderate-to-good yields (Figure 7.22) [24]. The course of reactionwas quite slow
and most of reactions were completed in 2–3 days.

Additionally, similar cyclization reactions were performed with cyclic alkenes 53 and
54 under similar reaction conditions. The cyclic reaction was working well and Se-
containing tricyclic compound 55 and 56 were isolated in 60% and 59% yield,
respectively (Figure 7.23) [24].

Furthermore, Viglianisi and coworkers synthesized various types of 2-N-sulfo-
nylamino diselenides 57 having different electron-withdrawing and donating
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Figure 7.21: Intermolecular selenocyclization of alkenes 15 and electrophilic species aryl selenium
triflate.
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Figure 7.22: Cu(II)-catalyzed synthesis of benzo[b][1,4]selenazines 52 by the reaction of 2-N-sulfo-
nylamino diselenides 51 with alkene 15.

254 7 Selenium and Tellurium Electrophiles in Organic Synthesis



functionalities. The synthesized diselenides 57 were treated with 4-methoxystyrene
using Cu(OTf)2 as catalyst and triethyl amine as base in DMF. The reactions were
completed in 1–10 days and benzo[b][1,4]selenazines 58were isolated good-to-high
yields (Figure 7.24) [25]. It was noted that the course of reaction was slow when
diselenides with electron-withdrawing group was used in the aromatic ring in
substrates. Recently, Supuran and coworkers reported the synthesis of benzo[b]
[1,4]selenazines of type 58 and identified as carbonic anhydrase inhibitors [26].

The catalytic cycle for the synthesis of Se-containing heterocyclic compounds 52 by
the reaction of diaryl diselenide 51 and alkenes 15 is shown in Figure 7.25 [25]. The
catalytic cycle was initiated with the formation of intermediate 59 by reaction of Cu
(OTf)2 in the presence of a base. Intermediate 59 reacts with alkene 15 and forms
selenarium ion intermediate 61 along with the formation of selenolate ion intermedi-
ate 60. The seleniranium ion intermediate 61 converts into another intermediate 62,
which undergoes intramolecular cyclization to form the final product 52. Finally,
selenolate ion intermediate 60 was oxidized to diaryl diselenide 51 to restart the
catalytic cycle.
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Figure 7.23: Cu(II)-catalyzed synthesis of Se-containing tricyclic compounds 55 and 56 by the
reaction of 2-N-sulfonylamino diselenides 51 with cyclic alkenes 53 and 54.

58: 58-83%

NH

Se
Se

HN
R

R2

Se

N
R2

+
Cu(OTf)2 (20 mol%)

Et3N, DMF, 80 °C, 24-240 hMeO

57

R1

R1

15

OMe

R1

R1 = H, Me, Cl, Br, CF3; 
R2 = Ts, Ns

Figure 7.24: Cu(II)-catalyzed synthesis of benzo[b][1,4]selenazines 58 by the reaction of 2-N-sulfo-
nylamino diselenides 57 with 4-methoxystyrene 15.
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Furthermore, the synthesized benzo[b][1,4]selenazines 58 were treated with
thioacetic acid and LiOH in dry DMF and a clean denosylation reaction was observed.
The course of reaction was slightly slow once again but N-unsubstituted selenazines
63 were isolated in useful yields (Figure 7.26) [25].

Recently, Wang and Bates used the selenocyclization approach for the synthesis of
one intermediate during the total synthesis of naturally occurring compound allaha-
badolactone A [27].

7.2.2 Selenenylation of aliphatic C–H bonds

There are only few reports in which selenium electrophiles have been used for the
selenenylation of aliphatic C–Hbonds. In 2006, Tingoli and coworkers used selenium
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Figure 7.25: Cu(II)-catalyzed synthesis of benzo[b][1,4]selenazines 52 by the reaction of 2-N-sulfo-
nylamino diselenides 51 with alkene 15.
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electrophile NPSSac 12 for the functionalization of 1-indanone 64 in the α-position.
The reaction was performed in acetonitrile at room temperature for 20 h and reaction
product 65 was isolated in 72% yield (Figure 7.27) [14].

A similar reaction was used for the functionalization of heptanal 66 in the α-
position with selenium electrophile 12 and α-selenenylated heptanal 67 was isolated
in 91% yield (Figure 7.28) [14].

Recently, Kumar and coworkers developed another approach for the α-functionaliza-
tion of cyclic amides using diorganyl diselenide 20 and potassium tert-butoxide in
DMSO at room temperature. The reaction products 69 were isolated in moderate to
good yields (Figure 7.29) [28].

In addition, acyclic amide 70 was used as a precursor under similar reaction condi-
tions and reaction product 71was isolated in 75% yield (Figure 7.30). It was observed
that the course of reaction was quite similar to cyclic amides [28].
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Figure 7.27: Functionalization of 1-indanone 64 at α-position using N-phenyl selenosaccharin
(NPSSac) 12 as an electrophile.
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Figure 7.28: Functionalization of heptanal 66 at α-position using N-phenyl selenosaccharin (NPSSac)
12 as an electrophile.
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Figure 7.29: Functionalization of cyclic amides 68 in the α-position using diorganyl diselenide 20 and
potassium tert-butoxide in DMSO.
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Furthermore, the reaction was performed for the functionalization of α-tetralone
72 at α-position but the expected reaction product 74 was not observed. The isolated
product was characterized as 2-phenylselanyl-1-naphthol 73 by its spectroscopic
analysis and obtained in 73% yield (Figure 7.31) [28].

7.2.3 Selenenylation of aromatic C–H bonds

There are some reports in which selenium electrophiles have been used for the
selenenylation of aromatic C–H bonds. In few approaches, transition metals have
been used to initiate the reaction while few reactions proceeded without using any
transition metal.

7.2.3.1 Metal-mediated selenenylation of aromatic C–H bonds
7.2.3.1.1 Copper-mediated selenenylation of aromatic C–H bonds
In 1995, Kim and Lee developed an approach for the selenenylation of pyrimidones
using diphenyl diselenide as source of electrophile and Mn(OAc)3 as catalyst in
DMSO but this approach suffered from poor reaction yields [29]. In 2014, Shibahara
and coworkers reported Cu(I)-catalyzed selenenylation of 3-(4-methoxyphenyl)imi-
dazo[1,5-a]pyridine 75 using diphenyl diselenide 2 as source for the electrophile and
CuBr as catalyst in DMSO at 30°C. The selenenylated product phenylimidazopyridyl
selenide 76 was obtained in quantitative yield (Figure 7.32) [30].

In addition, a Cu(I)-catalyzed approach was used for the selenenylation of N-
methylindole 77 under similar reaction conditions. The selenenylated product phenyl
indolyl selenide 78 was isolated in 38% yield (Figure 7.33) [30].
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Figure 7.30: Functionalization of acyclic amides 70 at α-position using diphenyl diselenide 2 and
potassium tert-butoxide in DMSO.
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Figure 7.31: Conversion of α-tetralone 72 to 2-phenylselanyl-1-naphthol 73 using diphenyl diselenide
2 and potassium tert-butoxide in DMSO.
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Furthermore, a Cu(II)-mediated approach was developed for the selenenylation
of quinolones [31]. In this approach, 8-aminoquinolones 79were reacted with various
diorganyl diselenides 20 using 1.5 equivalents of CuBr2 in DMSO under oxygen
atmosphere at 160°C leading to the corresponding diaryl selenides 80 in good yields
(Figure 7.34) [31]. Various electron-donating and withdrawing groups at the aromatic
ring in diselenide substrates were successfully tolerated in this reaction.

In 2016, Baidya and coworkers developed another Cu(II)-mediated approach for the
diselenenylation of benzamides 81 using diorganyl diselenide 20 and Cu(OAc)2 in
DMSO at 80°C. The reaction products 82 were isolated in moderate-to-good yields
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Figure 7.32: Cu(I)-catalyzed selenenylation of 3-(4-methoxyphenyl)imidazo[1,5-a]pyridine 75 using
diphenyl diselenide 2 as an electrophile in DMSO.
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Figure 7.33: Cu(I)-catalyzed selenenylation of N-methylindole 77 using diphenyl diselenide 2 as an
electrophile in DMSO.
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Figure 7.34: Cu(II)-mediated selenenylation of 8-aminoquinolones 79 to the corresponding diaryl
selenides 80 using diorganyl diselenide 20 in DMSO.
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(Figure 7.35) [32]. Various electron-donating and withdrawing groups on aromatic
ring in substrates 81 were tolerated in this reaction.

In addition, N-(quinolin-8-yl)thiophene-2-carboxamide 83 was treated with
diorganyl diselenides 20 under similar reaction conditions. The selenenylation
of the thiophene functionality was observed at C-3 position and reaction
products 84 were isolated in moderate-to-excellent yields (Figure 7.36) [32].
The selenenylation reaction was working well with diaryl diselenides having
both electron-donating and withdrawing groups at the aromatic ring but better
yields were obtained with diorganyl diselenides having electron-donating
functionalities.

The catalytic version of the same selenenylation reaction was developed by reacting
benzamides 81with diselenide 20 using Cu(OAc)2 as catalyst and KF as an additive in
the presence of silver carbonate in DMSO. The reaction products 82 were isolated in
moderate-to-good yields (Figure 7.37) [32]. Silver carbonate served as an oxidant to
reoxidize the Cu(I) to the Cu(II) species. Substrates 81 bearing various electron-
donating and withdrawing groups on phenyl, pyridyl and quinoline rings were
successfully used in this catalytic reaction.
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Figure 7.35: Cu(II)-mediated diselenenylation of benzamides 81 using diorganyl diselenides 20 and
Cu(OAc)2 in DMSO.
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Figure 7.36: Cu(II)-mediated diselenenylation of N-(quinolin-8-yl)thiophene-2-carboxamide 83 using
diorganyl diselenides 20 and Cu(OAc)2 in DMSO.
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7.2.3.1.2 Palladium-mediated selenenylation of aromatic C–H bonds
Recently, some selenium electrophiles have been successfully used to achieve
selenenylation of aromatic species in the presence of palladium catalysts. In
2015, Law and others developed a Pd-catalyzed approach for the selenenylation
of arenes 85 using N-PSP 86 in the presence of 10 mol% of [PdCl2(MeCN)2] 87 in
water at 110°C. Unsymmetrical diaryl selenides 88 were isolated in poor-to-excel-
lent yields (Figure 7.38) [33]. In addition, diselenenylated products 89 were iso-
lated in reactions with up to 29% yield (Figure 7.38) [33].

The same research group developed a Pd-catalyzed approach for the mono- or diselene-
nylation of arenes selectively using N-PSP 86. Monoselenenylation of arenes 85 was
achievedby the reactionwith seleniumelectrophileN-PSP86 in the presence of 10mol%
[PdCl2(CH3CN)2]87 in DMSO:H2O (1:1) at 100 C. The reaction products 88were isolated in
good-to-excellent yields (Figure 7.39). Additionally, diselenenylation of similar arenes85
was achieved in excellent yields by using electrophilic species 86 and catalyst 87 in a
similar solvent combination DMSO:H2O in a different ratio (4:1) (Figure 7.39) [34].
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Figure 7.37: Cu(II)-catalyzed mono-/diselenenylation of benzamides 81 using diphenyl diselenides 2
and catalytic amounts of Cu(OAc)2 in DMSO.
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7.2.3.1.3 Iridium-mediated selenenylation of aromatic C–H bonds
Recently, Liu and coworkers reported a selenenylation of (hetero)arenes 90 by the
reaction with diorganyl diselenide 20 using 2.0 mol% of FlrPic 91 as catalyst in the
presence of visible light in acetonitrile under open atmosphere. Unsymmetrical diaryl
selenides 92 were isolated (Figure 7.40) [35]. Various electron-donating and with-
drawing substituents are tolerated in both, (hetero)arene and diorganyl diselenide
substrates.

7.2.3.2 Metal-free selenenylation of aromatic C–H bonds
In 1991, Yoshshida and coworkers developed a metal-free selenenylation of aromatic
species using benzeneselenenyl m-nitrobenzenesulfonate 3 as selenium electrophile
[12]. In 2006, Tingoli and coworkers developed another metal-free reaction for the
selenenylation of electron-rich arenes 93a and 93b using selenium electrophile
NPSSac 12 in acetonitrile at room temperature. The reaction products 94a and 94b
were isolated in 80% and 87% yield, respectively (Figure 7.41) [14].

In 2016, Braga and coworkers reported a molecular iodine-catalyzed selenenyla-
tion of imidazo[1,2-a]pyridines 95 using diorganyl diselenides 20 as source of

85 88: 72-89%

DMSO:H2O (1:1)

R = H, Me, tBu, OMe, OCF3, CF3, F, Cl, Br, CHO

11 examples

N

R

N

SePhR

N

SePhR

SePh

89: 91-96%

[PdCl2(CH3CN)2] 87
(10 mol%)

N-PSP 86 (2.0 equiv)

air, 100 °C, 24 h
DMSO:H2O (4:1)

[PdCl2(CH3CN)2] 87
(10 mol%)

N-PSP 86 (2.0 equiv)

air, 100 °C, 24 h
9 examples

Figure 7.39: Pd-catalyzed mono-/diselenenylation of arenes 85 using N-(phenylseleno)phthalimide
(N-PSP) 86 and 10 mol% of [PdCl2(MeCN)2] 87.

20 92: 30-95%

FlrPic 91 (2 mol%)

R1 = H, Me, COOMe, R2 = H, Me, Cl, F, Br, CN, 
OBn; R3 = H, Me; R4 = H, Me; R5 = H, Me, Ph, Bn; 
R6 = H, Me, Hex, Ph, R7 = Me, Ph, 4-BrC6H4, 4-
ClC6H4, 4-MeC6H4, 4-OMeC6H4, 4-FC6H4, Py

32 examplesR3

R2

(R7Se)2+

90

3W blue LEDsR1

R4

N
R6

R5
R3

R2
R1

R4

N
R6

R5

SeR7

MeCN, air, rt

Ir O

N
N

N
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F

O

F

F
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Figure 7.40: Ir-catalyzed selenenylation of (hetero)arenes 90 using diorganyl diselenides 20 and 2
mol% of FlrPic 91.
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electrophile and DMSO as an oxidant under solvent-free conditions. The selenenyla-
tion of substrates 95 occurred at the C-3 position selectively and unsymmetrical diaryl
selenides 96 were obtained in high yields (Figure 7.42) [36]. Various electron-donat-
ing and withdrawing substituents are tolerated in arene and diorganyl diselenide
substrates. Additionally, dibutyl diselenide was also used successfully as source of
electrophile in this reaction.

Recently, another metal-free approach for the selenenylation of chromones 97 was
developed by the reaction with diorganyl diselenide 20 and ammonium iodide in
DMF at 135°C under open atmosphere [37].

The selenenylation of chromones 97 takes place at the C-3 position selectively
and unsymmetrical diaryl selenides 98 are obtained in moderate-to-good yields
(Figure 7.43) [37]. The selenenylation reaction was proceeding well when electron-
donating and withdrawing substituents were used in both arene and diaryl disele-
nide substrates.

Additionally, the same approachwas used for the selenenylation of quinolone 99
under similar reaction and conditions. Similar to chromones, the selenenylation of
quinolone 99 occurred selectively at the C-3 position and 3-(phenylselanyl)quinolin-
4(1H)-one 100 was isolated in 53% yield (Figure 7.44) [37].

+

93a: R = OMe
93b: R = NMe2

94a: R = OMe; 80%
94b: R = NMe2; 87%

rt, 3 hS
N

O

O O

SePh

12

CH2Cl2HR SePhR

Figure 7.41: Metal-free selenenylation of electron-rich arenes 93a and 93b using N-phenylseleno-
saccharin (NPSSac) 12 as an electrophile in acetonitrile.

20 96: 69-91%

DMSO (3.0 equiv), 90 °C, 9 h

R1 = H, Me; R2 = H, Me; R3 = H, Ph, 3-BrC6H4, 4-FC6H4, 4-ClC6H4, 
4-CNC6H4, 4-OMeC6H4, R4 = nBu, Ph, 2-MeC6H4, 4-MeC6H4, 2-

OMeC6H4, 4-OMeC6H4, 4-FC6H4, 4-ClC6H4, 4-CF3C6H4, Np, Thio

20 examples

N

R1

I2 (5 mol%)

N
R3

R2

(R4Se)2+
N

R1 N
R3

R2
SeR4

95

Figure 7.42: Iodine-catalyzed selenenylation of imidazo[1,2-a]pyridines 95 using diorganyl disele-
nides 20 as source of electrophile and DMSO as an oxidant.
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7.2.4 Cyclizations

7.2.4.1 Metal-free cyclizations
Selenium electrophiles have been used to achieve various cyclization reactions with
or without transition metals. In 2009, Amosova and coworkers reported the synthesis
of the cyclic compound 2,6-dichloro-1,4-thiaselenane 103 in quantitative yield by the
reaction of divinyl sulfide 101 with selenium dichloride 102 in chloroform at –50°C
without using any metal salt (Figure 7.45) [38]. In addition, the synthesized com-
pound 103was further used as substrate for the synthesis of other selenium-contain-
ing heterocycles.

7.2.4.2 Metal-mediated cyclizations
7.2.4.2.1 Iron-mediated cyclizations
Other cyclization reactions have been achieved using selenium electrophiles in the
presence of transition metals in either stoichiometric or catalytic amounts. In 2015,
Zeni and coworkers developed an Fe(III)-mediated approach for the cyclization of
functionalized 1,3-diynes 104 by the reaction of two equivalents of dibutyl diselenide
20 and 1.5 equivalents of FeCl3 in dichloromethane at 40°C. The isolated products
were characterized as selenophenes 105 and obtained in moderate-to-good yields

20 98: 45-73%

DMF, 135 °C, air, 12 h

R1 = H, Me, OMe, Br; R2 = H, Me, Cl, F, Br, 
NO2; Ar = Ph, 4-BrC6H4, 4-ClC6H4,  
4-MeC6H4, 4-OMeC6H4, 4-FC6H4, 1-Nap

15 examples
R1

R2

(ArSe)2+

97

O

O

R1

R2

O

O
SeArNH4I

Figure 7.43: Ammonium iodide-mediated selenenylation of chromones 97 by the reaction with
diorganyl diselenide 20 and ammonium iodide in DMF.

2 100: 53%

DMF, 135 °C, air, 12 h
(PhSe)2+

99

N
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O

N
H
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SePhNH4I

Figure 7.44: Ammonium iodide-mediated selenenylation of quinolone 99 by the reaction with
diphenyl diselenide 2 and ammonium iodide in DMF.
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(Figure 7.46) [39]. This approach was used to prepare of various symmetrical and
unsymmetrical selenophenes using easily accessible precursors.

The same research group developed another Fe(III)-mediated approach for the
cyclization of functionalized o-alkynylbenzamides 106 by the reaction of 0.5 equiva-
lents of diorganyl diselenide 20 and 2.0 equivalents of FeCl3 in dichloromethane at
room temperature under oxygen atmosphere. The cyclic products 4-(phenylselanyl)-
1H-isochromen-1-imines 107 were isolated in moderate-to-good yields as major reac-
tion products (Figure 7.47) [40]. In some reactions, functionalized isobenzofuran-1
(3H)-imines 108 were observed as minor reaction products.

103: 100%101

SeCl2 102

CHCl3, -50 °CS Se

S ClCl

Figure 7.45: Synthesis of 2,6-dichloro-1,4-thiaselenane 103 by the reaction of divinyl sulfide 101 with
selenium dichloride 102.

105: 39-74%104

FeCl3 (2.0 equiv), (BuSe)2 20 (2.0 equiv)

CH2Cl2, 40 °C, 4 h
R2

SeR1R1
R2

BuSe SeBu

14 example s

R1 = Bu, Ph, 4-FC6H4, 4-ClC6H4, 4-MeC6H4, 3-MeC6H4, 2-MeC6H4, 
4-OMeC6H4, 1-Nap, 2-Nap; R2 = Bu, Ph, 4-FC6H4, 4-ClC6H4, 
4-MeC6H4, 3-MeC6H4, 2-MeC6H4, 4-OMeC6H4, 1-Nap, 2-Nap

Figure 7.46: The cyclization of functionalized 1,3-diynes 104 to selenophenes 105 by the reaction of
dibutyl diselenide 20 and FeCl3 in dichloromethane.

107106

FeCl3 (2.0 equiv), (R4Se)220 (0.5 equiv)

CH2Cl2, O2, rt, 2-24 h
22 examples

R1 = H, 4-FC6H4, 4-OMeC6H4; R2 =  tBu, Ph, 4-OMeC6H4, 
4-ClC6H4; R3 = nBu, Ph, 4-FC6H4, 4-OMeC6H4, 4-ClC6H4; 

R4 = nBu, Ph, 4-FC6H4, 4-OMeC6H4, 3-CF3C6H4, 4-ClC6H4

R1

NHR2

O

R3

O

NR2

SeR4
R3R1 R1

O

NR2

SeR4
R3

+

108
major minor

Figure 7.47: The cyclization of functionalized o-alkynylbenzamides 106 by the reaction of diorganyl
diselenide 20 and FeCl3 in dichloromethane.
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Furthermore, a similar reagent combination (diorganyl diselenide 20 and FeCl3)
was used to achieve the aminocyclization of functionalized 2-aminophenylprop-1-yn-3-
ols 109 in dichloromethane at 40°C. The cyclic products, 3-organoseleno-substituted
quinolines 110, were isolated in poor-to-good yields (Figure 7.48) [41]. The cyclization
is proceeding well when electron-donating and withdrawing substituents were used in
both arene and diorganyl diselenide substrates.

Recently, Zeni and coworkers used a similar reagent combination (diorganyl
diselenide 20 and FeCl3) to achieve the carbocyclization of benzylic-substituted
propargyl alcohols 111 in dichloroethane (DCE) at 70°C under oxygen atmosphere.
The cyclic products 2-organoselenyl-naphthalenes 112 were obtained in moderate-
to-excellent yields (Figure 7.49) [42]. Various electron-donating and withdrawing
substituents were successfully tolerated in both alcohol and diorganyl diselenide
substrates.

105: 30-78%104

FeCl3 (1.5 equiv)

CH2Cl2, 40 °C, 24 h
18 examples

R1 = Me, Ph, 4-MeC6H4, 4-ClC6H4; R2 = nBu, Me,
Ph, 4-MeC6H4, 4-OMeC6H4; R3 = nBu, Ph, 4-
FC6H4, 4-ClC6H4, 4-MeC6H4, 4-OMeC6H4, Bn

+ (R3Se)2

20

NH2

OHR1

R2
N

R1

SeR3

R2

Figure 7.48: The cyclization of functionalized 2-aminophenylprop-1-yn-3-ols 109 to 3-organoseleno-
substituted quinolines 110 by the reaction of diorganyl diselenides 20 and FeCl3 in dichloromethane.

112: 41-90%111

FeCl3 (0.75 equiv)

DCE, O2, 70 °C, 1-18 h
28 examples

R1 = H, Me, OMe, Cl; R2 = nBu, Ph, 2-OMeC6H4, 4-OMeC6H4, 
4-FC6H4, 4-ClC6H4, 1-Nap, 2-Nap; R3 = nBu, Ph, 2-Py, 4-

BrC6H4, 3-CF3C6H4, 4-ClC6H4, 4-MeC6H4, 4-OMeC6H4, 4-
FC6H4, 2-Nap

+ (R3Se)2

20

OH

R2

R1

R1

R2
SeR3

Figure 7.49: The cyclization of benzylic-substituted propargyl alcohols 111 to 2-organoselenyl-
naphthalenes 112 by the reaction of diorganyl diselenides 20 and FeCl3 in DCE.
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In 2016, Zeni and coworkers developed an Fe(III)-mediated cyclization of 1,3-
diynyl chalcogen derivatives 113 with diorganyl diselenides 20 and FeCl3·6H2O in
dichloromethane at reflux temperature. The cyclic products benzo[b]furan-fused
selenophenes (114: X=O) were isolated in moderate-to-excellent yields (Figure 7.50)
[43]. In addition, the synthesis of benzo[b]thiophene-fused selenophenes (114: X=S)
or benzo[b]seleno-fused selenophenes (114: X=Se) was also achieved using a similar
approach.

Another Fe(III)-catalyzed approach was developed by Zeni and coworkers for the
cyclization of 1,4-butyne-diols 115 with diorganyl diselenides 20 using 20 mol% of
FeCl3·6H2O in DCE at room temperature under oxygen atmosphere. The 3,4-bis
(organoselanyl)-2,5-dihydrofuran products 116 were isolated in poor-to-excellent
yield (Figure 7.51) [44]. In addition, the same catalytic approach was also applied
to the synthesis of 3,6-dihydro-2H-pyrans and 2,5-dihydro-1H-pyrroles.

114: 35-89%113

FeCl3.6H2O(2.0 equiv)

CH2Cl2, reflux, 4-24 h
20 example s

R1 = H, Me; R2 = H, F, Me; R3 = Me, Et, nBu; R4 =
nBu, Ph, 4-MeC6H4, 4-ClC6H4; 2-ClC6H4; 4-

BrC6H4; 2-Nap;  R5 = Et, nPr, nBu, nOct; X = O, S, 
Se

+ (R5Se)2

20

R4R1

XR3

X

Se R3

SeR5

R1

R2
R2

Figure 7.50: The cyclization of 1,3-diynyl chalcogen derivatives 113 to benzo[b]chalcogen-fused
selenophenes 114 by the reaction of diorganyl diselenides 20 and FeCl3 in dichloromethane.

116: 15-97%115

FeCl3.6H2O (20 mol%)

DCE, O2, rt, 0.5-24 h
25 examples

R1 = H, Me; R2 = H, Me; R3 = H, Me; R4 =  Me, Ph, 4-
OMeC6H4, 2-ClC6H4, 2-Nap; R5 = Ph, 4-FC6H4, 4-MeC6H4

R4

OHR2
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R1 + (R5Se)2

20

O
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R2
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Figure 7.51: Fe(III)-catalyzed cyclization of 1,4-butyne-diols 115 to 3,4-bis(organoselanyl)-2,5-dihy-
drofurans 116.
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7.2.4.2.2 Copper-mediated cyclizations
Recently, Zeni and coworkers reported a Cu(I)-catalyzed approach for the cyclization of
functionalized propargylpyridines 117with diorganyl diselenides 20 using 20 mol% of
KI in the presence of Na2CO3 base in DMF at 60 C. The functionalized 2-(phenylselanyl)
indolizines 118 were isolated in poor-to-excellent yields (Figure 7.52) [45]. Various
electron-donating and withdrawing substituents are tolerated in both alcohol and
diorganyl diselenide substrates. In addition, a similar cyclization reaction was inves-
tigated with dibutyl diselenide 20 (R=nBu) as source of electrophile but no cyclization
could be observed.

7.2.4.2.3 Lewis acid-mediated cyclizations
In 2009, Shahzad and Wirth developed an approach for the carbocyclization of
stilbenes 119 to dihydronaphthalenes 120 with the combination of a Lewis acid
and phenylselenenyl chloride. The cyclic products 120 were isolated in good-to-
excellent yields (Figure 7.53) [46]. Both SnCl4 and BF3·OMe2 can be used as Lewis
acid in this reaction but cyclic product 120 was obtained in higher yields with
BF3·OMe2.

118: 32-84%117

CuI (20 mol%)

Na2CO3, DMF, 60 °C, 1-18 h
21 examples

R1 = H, Me; R2 =  H, Ph, 4-MeC6H4, 4-OMeC6H4; R3 = 
OAc, OCOOEt; R4 = Ph, 2-MeC6H4, 4-MeC6H4, 4-

ClC6H4, 2-OMeC6H4, 4-OMeC6H4, 3-CF3C6H4

+ (R4Se)2

20

N

R3

R2

R1

N

R1
R3

SeR4

R2

Figure 7.52: Cu(I)-catalyzed cyclization of functionalized propargylpyridines 117 to 2-(phenylselanyl)
indolizines 118.

120: 50-90%119

2. PhSeCl, -60 °C to rt, 16-36 h
6 examples

R1 = COOMe, COOEt; R2 =  COMe, COOMe; Ar 
= Ph, 2-ClC6H4, 3-ClC6H4, 4-ClC6H4, 2,4-Cl2C6H4

R2
R1

Ar
R2

R1

Ar

1. Lewis acid, -60 °C, 15 min

Figure 7.53: Selenium-mediated approach for the carbocyclization of stilbenes 119 to dihydro-
naphthalenes 120.
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In addition, the double carbocyclization of stilbenes 121 was achieved by using
the combination of the Lewis acid BF3·OMe2 and phenylselenenyl chloride under
similar reaction conditions. The cyclic products benzo[b]fluorenes 122 were isolated
in reasonable yields (Figure 7.54) [46].

7.2.5 Metal-catalyzed coupling reactions

Metal-catalyzed coupling reactions of organonucleophilic species with selenium
electrophiles have been used to construct new C–Se bonds. The synthesis of various
symmetrical and unsymmetrical diorganoselenides has been achieved using these
coupling reactions.

7.2.5.1 Copper-catalyzed coupling reactions
In 2007, Taniguchi reported a Cu(I)-catalyzed coupling reaction of diorganyl diselenides
20 with alkyl- or arylboronic acids 123 using 5.0 mol% of CuI–bpy (1:1) in DMSO:H2O
(2:1) at 100°C under oxygen atmosphere. Symmetrical and unsymmetrical selenides 124
were isolated in good-to-excellent yields (Figure 7.55) [47]. In this reaction, organoboro-
nic acid and diorganyl diselenide species were used as nucleophilic and electrophilic
partners, respectively. Various electron-donating and withdrawing functionalities are
tolerated at the aromatic ring of the organoboronic acid substrates.

122: 30-90%121

2. PhSeCl, -60 °C to rt, 16-36 h
7 examples

R1 = COMe, COOEt; R2 =  
H, Me, OMe; R3 = H, Me

R1 1. BF3.OMe2, -60 °C, 15 min

O

R2

R3

R2

R3

R1

Figure 7.54: Selenium-mediated approach for the double carbocyclization of stilbenes 121 to benzo
[b]fluorenes 122.

124: 63-99%123

CuI-bpy (1:1, 5 mol%)

DMSO/H2O (2:1), air, 100 °C, 12-38 h

15 examples

R1 = Me, nBu, Ph, 2-MeC6H4, 4-MeC6H4, 4-FC6H4, 2-
OMeC6H4, 4-OMeC6H4, 2-ClC6H4, 4-ClC6H4, 4-OHC6H4, 

 4-CHOC6H4, 4-OHC6H4, 4-MeO2CC6H4; R2 = Ph, Bn

+ (R2Se)2

20

R1B(OH)2 R1SeR2

Figure 7.55: Cu(I)-catalyzed coupling reaction of diorganyl diselenides 20 with alkyl- or arylboronic
acids 123 using 5 mol% of CuI–bpy (1:1) in DMSO:H2O (2:1).
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CuO nanoparticles (CuO Nps) have been used to catalyze similar coupling reac-
tions of diorganyl diselenides 20 and arylboronic acids 123. The coupling reaction
of substrates 20 and 123 was performed in DMSO using 3 mol% CuO Nps at 100°C
under open atmosphere. Symmetrical and unsymmetrical diaryl selenides 124 were
isolated in excellent yields (Figure 7.56) [48]. Various electron-donating and with-
drawing functionalities are acceptable in both substrates, the organoboronic acid
and the diorganyl diselenides. This approach was advantageous over other catalytic
approaches because the catalyst can be easily recovered and reused with almost
similar catalytic efficacy.

In 2012, Alves and others reported a CuI-catalyzed coupling reaction of diaryl diselenides
20with arylboronic acids 123 using CuI as catalyst and DMSO as an additive in glycerol
at 100°C under oxygen atmosphere. Diaryl selenides 124 bearing electron-donating and
withdrawing group were obtained in good-to-excellent yields (Figure 7.57) [49]. Various
substituents are tolerated on the aromatic ring in organoboronic acid substrates.
Additionally, the glycerol–CuI mixture was reused in the cross-coupling reactions.

In 2013, Xu and coworkers developed an efficient catalytic approach for the coupling of
diphenyl diselenide 2with arylboronic acids 123 using 3mol% of CuSO4 and 3mol% of

124: 75-98%123

DMSO, 100 °C, air,  24 h

21 examples

Ar1 = Ph, 2-MeC6H4, 4-MeC6H4, 3-CF3C6H4, 4-OMeC6H4, 

2-ClC6H4, 4-ClC6H4, 3-NO2C6H4,  3-MeCOC6H4, 1-Nap; 
Ar2 = Ph, Bn, 2-MeC6H4, 4-MeC6H4, 3-CF3C6H4, 4-

OMeC6H4, 2-ClC6H4, 4-ClC6H4, 1-Nap

+ (Ar2Se)2

20

Ar1B(OH)2 Ar1SeAr2
CuO NPs (3 mol%)

Figure 7.56: CuO nanoparticle-catalyzed coupling reaction of diorganyl diselenides 20 with aryl-
boronic acids 123 using 3 mol% of CuO Nps in DMSO.

124: 73-90%123

glycerol, 110 °C, air,  30 h
17 examples

Ar1 = Ph, 2-MeC6H4, 4-MeC6H4, 3-CF3C6H4, 2-
OMeC6H4,4-OMeC6H4,2-ClC6H4, 4-ClC6H4, 2-BrC6H4,
4-BrC6H4,2,4,6-Me3C6H2, 2-Nap; Ar2 = Ph, 2-MeC6H4, 

4-MeC6H4, 3-CF3C6H4, 4-ClC6H4, 2,4,6-Me3C6H2

+ (Ar2Se)2

20

Ar1B(OH)2 Ar1SeAr2
CuI (3 mol%), DMSO (1.0 equiv)

Figure 7.57: Cu(I)-catalyzed coupling reaction of diaryl diselenides 20 with arylboronic acids 123
using 3.0 mol% of CuI in glycerol.
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1,10-Phen·H2O in the presence of sodium carbonate in ethanol at 100°C under open
atmosphere. Diaryl selenides 124 bearing electron-donating or -withdrawing groups
were obtained in good-to-excellent yields (Figure 7.58) [50].

7.2.5.2 Iron-catalyzed coupling reactions
In 2009, Wang and coworkers developed coupling reactions of diorganyl diselenides
20 and arylboronic acids 123 using 10 mol% of Fe powder in DMSO at 130°C.
Symmetrical and unsymmetrical aryl selenides 124 were obtained in high yields
(Figure 7.59) [51]. In addition, dibutyl diselenide 20 (R=Bu) was also used successfully
in this reaction but coupling products were isolated in lower yields in the comparison
with diaryl diselenides. Various electron-donating and withdrawing functionalities are
tolerated in both substrates organoboronic acid and diaryl diselenide.

7.2.5.3 Indium-catalyzed coupling reactions
An InBr3-catalyzed approach for the coupling of diorganyl diselenides 20 and aryl-
boronic acids 123 has been reported using 10 mol% of InBr3 in DMSO at 130°C.
Symmetrical and unsymmetrical diaryl selenides 124 were obtained in high yields

124: 50-98%123
Ethanol, rt, air,  5 h

26 examples

Ar = Ph, 2-MeC6H4, 4-MeC6H4, 3-OCF3C6H4, 3-CNC6H4, 4-
OMeC6H4, 2-ClC6H4, 4-ClC6H4, 2-BrC6H4, 4-BrC6H4, 4-

EtO2CC6H4, 3-CH2OHC6H4, 3-CH3COC6H4, 1-Nap, 2-Nap

+ (PhSe)2

2

ArB(OH)2 ArSePh

CuSO4 (3 mol%)
1,10-Phen.H2O (3 mol%)
Na2CO3 (5% aq., 0.1 mL)

Figure 7.58: Cu(II)-catalyzed coupling reaction of diphenyl diselenide 2 with arylboronic acids 123
using 3 mol% of each CuSO4 and 1,10-Phen·H2O in ethanol.

124: 62-97%123

DMSO, 130 °C,  20 h
19 examples

Ar = Ph, 2-MeC6H4, 3-MeC6H4, 4-MeC6H4, 2-
OMeC6H4, 3-OMeC6H4, 4-OMeC6H4, 2,4-(OMe)2C6H3, 

2,6-(OMe)2C6H3, 4-MeSC6H4, 4-MeO2CC6H4, 4-
FC6H4, 4-ClC6H4, 4-BrC6H4; R = nBu, Ph, Bn, 4-

OMeC6H4

+ (RSe)2

20

ArB(OH)2 ArSeR
Fe powder (10 mol%)

Figure 7.59: Fe(0)-catalyzed coupling reaction of diorganyl diselenides 20 with arylboronic acids 123
using 10 mol% of Fe powder in DMSO at 130°C.
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(Figure 7.60) [52]. Additionally, dibutyl diselenide 20 (R=Bu) was also used success-
fully in this reaction but coupling product was isolated comparatively in low yield.

7.2.5.4 Silver-catalyzed coupling reactions
In 2016, Alves and coworkers achieved the same coupling reaction of diorganyl dis-
elenides 20 and arylboronic acids 123 using 10 mol% of AgNO3 in DMSO at 130 °C. The
coupling products 124 were isolated in moderate-to-excellent yields (Figure 7.61) [53].
This catalytic approach was equally working with both electron-withdrawing and
donating substituents at the aromatic ring in both substrates.

7.2.5.5 Coupling reactions using ionic liquids
In 2011, the same research group achieved a coupling reaction of aryl selenenyl
chlorides 125 and arylboronic acids 123 in ionic liquids [54]. The coupling of aryl
selenenyl chlorides 125 and arylboronic acids 123 was performed in imidazolium
ionic liquid [bmim][PF6] without using any metal catalyst. Unsymmetrical and sym-
metrical diorganyl selenides 124 were isolated in moderate-to-excellent yields
(Figure 7.62) [54]. Other imidazolium ionic liquids such as [bmim][BF4] and [bmim]
[NTf2] were used but lower yields of coupling products 124 were obtained in

124: 71-98%123

DMSO, 130 °C,  20 h
19 examples

Ar1 = Ph, 2-MeC6H4, 3-MeC6H4, 4-MeC6H4, 2-
OMeC6H4, 3-OMeC6H4, 4-OMeC6H4, 2,4-(OMe)2C6H3, 

2,6-(OMe)2C6H3, 4-MeSC6H4, 4-MeO2CC6H4, 4-
FC6H4, 4-ClC6H4, 4-BrC6H4; Ar2 = Ph, Bn, 4-OMeC6H4

+ (Ar2Se)2

20

Ar1B(OH)2 Ar1SeAr2
InBr3 (10 mol%)

Figure 7.60: InBr3-catalyzed coupling reaction of diorganyl diselenides 20 with arylboronic acids 123
using 10 mol% of InBr3 in DMSO at 130°C.

124: 55-96%123

DMSO, 130 °C,  20 h
21 examples

Ar1 = Ph, 2-MeC6H4, 3-MeC6H4, 4-MeC6H4, 2-OMeC6H4, 
3-OMeC6H4, 4-OMeC6H4, 3-CF3C6H4, 4-FC6H4, 2-

ClC6H4, 4-ClC6H4, 2-BrC6H4, 4-BrC6H4, 2-Nap; Ar2 = Ph, 
2-Py, 2-MeC6H4, 4-MeC6H4, 4-FC6H4, 4-ClC6H4, 3-

CF3C6H4, 2,4,6-Me3C6H2, 4-OMeC6H4

+ (Ar2Se)2

20

Ar1B(OH)2 Ar1SeAr2
AgNO3 (10 mol%)

Figure 7.61: Ag(I)-catalyzed coupling reaction of diorganyl diselenides 20 with arylboronic acids 123
using 10 mol% of AgNO3 in DMSO at 130°C.
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comparison with [bmim][PF6]. The coupling reaction was working well with both
alkyl- and aryl selenyl chlorides. In addition, aryl selenyl bromides can be used as
electrophilic substrates under similar reaction conditions.

7.2.6 Carbene insertion reaction

In 2016, Arunprasatha and Sekar reported a metal-free approach for carbene insertion
in Se–Se bonds [55]. In this report,N-tosylbenzylidenehydrazines 126were treatedwith
diphenyl diselenide 2 in the presence of potassium tert-butoxide inDMSO at 100°C. The
carbene insertion reaction proceeded well and bis(phenylseleno)acetals 127 were
isolated in good yields (Figure 7.63) [55]. In addition, a similar approach was applied
for the carbene insertion in S–S bonds where thioacetals were obtained as reaction
products. It was noted that the course reaction was quite similar when both electron-
withdrawing and donating groups were used at the aromatic ring in substrates 126.

7.2.7 Rearrangements

In 2010, Wirth and coworkers developed a new approach for the cyclization of
stilbenes 128 (R=Ar) having β-keto ester functionality using phenyl selenenyl

124: 84-96%123

rt, N2, 2-6 h
17 examples

Ar = Ph, 2-MeC6H4, 3-MeC6H4, 4-MeC6H4, 2-OMeC6H4, 
3-OMeC6H4, 4-OMeC6H4, 3-CF3C6H4, 4-FC6H4, 2-

ClC6H4, 4-ClC6H4, 2-BrC6H4, 4-BrC6H4, 2-Nap; R = nBu,
Ph, 2-Py, 2-MeC6H4, 4-MeC6H4, 4-FC6H4, 4-ClC6H4, 3-

CF3C6H4, 2,4,6-Me3C6H2, 4-OMeC6H4

+ RSeCl

125

ArB(OH)2 ArSeR
[bmin][PF6]

Figure 7.62: Synthesis of diorganyl selenides 124 by the coupling of aryl selenenyl chlorides 125with
arylboronic acids 123 in ionic liquid.

127: 67-79%126

DMSO, 100 °C, 10-30 h
5 examples

R1 = H, OMe, Br; R2 = H, iPr, CF3

+ (PhSe)2

2

NNHTs SePhPhSe

KOtBu (2.0 equiv)

R2
R1

R2
R1

Figure 7.63: Metal-free and base-mediated approach for carbene insertion in Se–Se bonds.
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chloride in the presence of the Lewis acid FeCl3. The cyclic products were obtained
with a 1,2-migration of the aryl group and rearranged 1-naphthols 129were isolated
in good yields (Figure 7.64) [56]. Interestingly, the cyclization reaction could not
proceed under similar conditions when electron-donating moieties at the benzene
ring in stilbene 128 (R=4-MeO-C6H4) were used. The cyclization of stilbene 128 (R=4-
MeO-C6H4) was achieved by the reaction with in situ generated more reactive
selenium electrophilic species phenyl selenenyl trifluoracetate by the reaction of
bis(trifluoroacetoxy)iodobenzene with stoichiometric amounts of diphenyl disele-
nide. In addition, styrene 128 (R=Me) was also used as substrate and the mixture of
cyclic product with 1,2-methyl migration 130 (R=Me) and without migration 129
(R=Me) was obtained in overall 50% yield with 2:1 ratio (Figure 7.64) [56]. During
the cyclization of 128 (R=Ar), a cyclic product without 1,2-aryl migration 130 (R=Ar)
was not observed.

The identical reagent combination (FeCl3 and PhSeCl) was used by Tancock and
Wirth to cyclize stilbene 131 bearing a β-keto ester moiety to yield the tetrasubstituted
naphthalene 132 in dichloromethane at –78°C. The cyclic product 132 was obtained
with 1,2-migration of aryl group in 96% yield (Figure 7.65) [57].

129: 68-96%128

CH2Cl2, -78 °C,  1-5 h
8 examples

R = Me, 2-ClC6H4, 3-ClC6H4, 4-ClC6H4, 
4-MeC6H4, 4-OMeC6H4, 1-Nap, 2-Nap

O

OEt

O

R
R

OH
COOEt

FeCl3 (1.0 equiv)
PhSeCl (2.0 equiv)

+

OH
COOEt

R

130: R = Me

Figure 7.64: The cyclization of stilbenes 128 to cyclic products 129 with 1,2-alkyl- or aryl migration in
dichloromethane.

132: 96%131

CH2Cl2, -78 °C,  5 h

O

OEt

O

Ph

OH
COOEt

FeCl3 (1.0 equiv)
PhSeCl (2.0 equiv)

Ph

Me

Figure 7.65: The cyclization of stilbenes 131 to cyclic products 132 with 1,2-aryl migration in
dichloromethane.
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7.2.8 Catalytic reactions

The scope of organoselenium electrophiles is not limited to their stoichiometric
reactions as various catalytic protocols have been developed using organoselenium
catalysts [4, 58–63]. In this section, catalytic transformations using organoselenium
electrophiles developed in last decade are covered.

7.2.8.1 Selenium-catalyzed lactonization reactions
In 2007, Wirth and coworkers developed the catalytic lactonization of β,γ-unsatu-
rated carboxylic acids 133 to butenolides 135 using 5 mol% of diphenyl diselenide 2
and [bis(trifluoroacetoxy)iodo]benzene (PIFA) 134 as stoichiometric oxidant. The
reaction products 135 were isolated in moderate-to-excellent yields (Figure 7.66)
[64]. Both aliphatic and aromatic substituents on alkene functionality in substrates
133 are tolerated in this catalytic reaction.

In 2011, Singh and Wirth extended the same selenium-catalyzed approach for the
cyclization γ,δ-unsaturated carboxylic acids 136 to 3,6-dihydro-2H-pyran-2-ones 137
using 10 mol% of diphenyl diselenide 2 and [bis(trifluoroacetoxy)iodo]benzene
(PIFA) 134 as stoichiometric oxidant in acetonitrile under argon atmosphere. All
the lactonization reactions were proceeding well and 3,6-dihydro-2H-pyran-2-ones
137 were isolated in good yields (Figure 7.67) [65].

In addition, the lactonization of carboxylic acids 138 was performed under
similar reaction conditions. Interestingly, the expected seven-membered lactone
was not observed but six-membered lactones 139 were obtained in good yields via
an exo-cyclization process (Figure 7.68) [65].

The possible reactionmechanism for the selenium-catalyzed lactonization of γ,δ-
unsaturated carboxylic acids 136 to 3,6-dihydro-2H-pyran-2-ones 137 is shown in
Figure 7.69 [65]. According to the catalytic cycle, the reaction is initiated by the
formation of the more electrophilic species phenyl selenenyl trifluoroacetate 141 by
reaction of diphenyl diselenide 2with PIFA 134. Phenyl selenenyl trifluoroacetate 141

R COOH

OR OPhI(OCOCF3)2 134 (1.05 equiv)

135: 49-96%133

(PhSe)2 2 (5 mol%)

MeCN, Ar atm., rt, 3h

R = nPr, nBu, nPen, nDec, Ph, Bn, 
4-MeC6H4, 4-BrC6H4, 2-Nap

10 examples

Figure 7.66: Selenium-catalyzed lactonization of β,γ-unsaturated carboxylic acids 133 to butenolides
135 using diphenyl diselenide 2 as catalyst and [bis(trifluoroacetoxy)iodo]benzene (PIFA) 134 as
oxidant.
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R2
PhI(OCOCF3)2 134 (1.05 equiv)

137: 51-87%136

(PhSe)2 2 (5 mol%)

MeCN, Ar atm. rt, 3 h

R1 = H, Me, Ph, 4-MeC6H4, 3-FC6H4, 4-FC6H4, 4-
ClC6H4, 4-BrC6H4, 4-EtC6H4; R2 =  Ph, 4-MeC6H4,
3-FC6H4, 4-FC6H4, 4-ClC6H4, 4-BrC6H4, 4-EtC6H4

12 examples

R1

COOH
O

R1

R2 O

Figure 7.67: Selenium-catalyzed lactonization of γ,δ-unsaturated carboxylic acids 136 to 3,6-dihydro-
2H-pyran-2-ones 137 using diphenyl diselenide 2 as catalyst and [bis(trifluoroacetoxy)iodo]benzene
(PIFA) 134 as oxidant.

PhI(OCOCF3)2 (1.05 equiv)

139a: 83%
139b: 71%

138a: R = H
138b: R = Cl

(PhSe)2 2 (5 mol%)

MeCN, rt, 3 h

O O

COOH

R

R

R

R

Expected product

O

R

R

O

140

Figure 7.68: Selenium-catalyzed lactonization of carboxylic acids 138 to the corresponding
6-(diarylmethylene)tetrahydro-2H-pyran-2-ones 139 using selenium electrophile 2 as catalyst
and PIFA 134 as oxidant.

SePh
I

OCOCF3

Ph
PhI

R2

R1

COOH

O
R2

PhSe+

R1 O HO O
R1

R2

PhSe

PhI (OCOCF3)2

O O
R1

R2

PhSe+
HI

O O
R1

R2

CF3COO-

F3COCO Ph

136

143

145

137
141

142

144

(PhSe)2 2 + PhI(OCOCF3)2 134

134

PhSe+CF3COO-

Figure 7.69: The possible reaction mechanism for the selenium-catalyzed lactonization of γ,δ-
unsaturated carboxylic acids 136 to 3,6-dihydro-2H-pyran-2-ones 137.
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then reacts with the γ,δ-unsaturated carboxylic acid 136 to form selenolactone 144.
The selenide functionality of lactone 144 is then activated for elimination by [bis
(trifluoroacetoxy)iodo]benzene via intermediate 145 and forms 3,6-dihydro-2H-
pyran-2-ones 137. The selenium electrophile 141 is regenerated by this process to
continue the catalytic cycle.

In 2010,Wirth and coworkers used a similar selenium-catalyzed approach for the
lactonization of (E)-2-styrylbenzoic acids 146 to 3-aryl-1H-isochromen-1-ones 147
with 5 mol% diphenyl diselenide 2 and [bis(trifluoroacetoxy)iodo]benzene (PIFA)
134 as stoichiometric oxidant. These lactonizations were proceeding well and 3-aryl-
1H-isochromen-1-ones 147 could be isolated in good yields (Figure 7.70) [66].

In 2012, Kumar and coworkers reported another selenium-catalyzed approach for the
bromolactonization of functionalized alkenoic acids 148 using catalytic amounts of
isoselenazolone 149 with bromine or N-bromosuccinimide (NBS) in the presence of
potassium carbonate in dichloromethane at room temperature. The lactonization
proceeded via an exo-cyclization and lactones 150 with different ring sizes were
isolated in excellent yields (Figure 7.71) [67].

COOH

Ar

(PhSe)2 2 (5 mol%)

PhI(OCOCF3)2 134, MeCN, r.t.

O

Ar

O

147: (81-99%)146

Ar = Ph, 2-MeC6H4, 3-MeC6H4, 4-MeC6H4, 
4-OMeC6H4, 4-PhC6H4, 1-Nap, 2-Nap

6 examples

Figure 7.70: Selenium-catalyzed lactonization of (E)-2-styrylbenzoic acids 146 to corresponding 3-
aryl-1H-isochromen-1-ones 147 using selenium electrophile 2 as catalyst and PIFA 134 as oxidant.

150:  88-95%148

149 (1 mol%)

CH2Cl2, rt, 3h

R1 = H, nHex; R2 =  H, Me; 
R3 =  H, Me; R4 =  H, Me; n = 1,2

6 examples

COOH
O

Br
O

R3 R4

R2

( )n

R2
R4

R3
R1

R1

Se
N

F

F

O

Ph

Br2, K2CO3
( )n

Figure 7.71: Selenium-catalyzed lactonization of alkenoic acids 148 to corresponding 3-lactones 150
using catalytic amount of isoselenazolone 149 with bromine or NBS.
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The same approach was used in the bromolactonization of β,γ-unsaturated acids
151 under similar reaction conditions. The lactonization proceeded via an endo-
cyclization process and lactones 152a and 152b were isolated in 72% and 95%
yield, respectively (Figure 7.72) [67].

7.2.8.2 Selenium-catalyzed oxidations of alcohols
In addition, isoselenazolone 149 was used to catalyze the oxidation of secondary
alcohols 153. In this approach, secondary alcohols 153 were reacted with bromine in
the presence of catalytic amount of isoselenazolone 149 in dichloromethane. The
oxidation reactions were proceeding well and functionalized ketones 154 are
obtained as oxidation products in moderate-to-excellent yields (Figure 7.73) [67].
Both cyclic and acylic alcohols were successfully used as substrates in this isosele-
nazolone-catalyzed oxidation reaction.

7.2.8.3 Selenium-catalyzed aminocyclizations
In 2015, Ortgies and Breder developed a new selenium-catalytic approach for the
aminocyclization of styrenes or stilbenes 155 having an amino functionality in the

R

151a: R = Me
151b: R = Ph

134 (1 mol%)

CH2Cl2, rt, 3h
R = Me, 72%; R = Ph, 95%

COOH

OO

Se
N

F

F

O

Ph

Br2 (1.2 equiv)
R

Br

152a: 72%
152b: 95%

Figure 7.72: Selenium-catalyzed lactonization of β,γ-unsaturated acids 151 to corresponding bro-
molactones 152 using catalytic amount of isoselenazolone 149 with bromine or NBS.

154:  44-90%153

149  (10 mol%)

CH2Cl2, -35 °C-rt, 0.5-30 h
11 examples

Se
N

F

F

O

P h

Br2 (1.2 equiv)
R1 R2

OH

R 1 R 2

O

R1 = Ph, 4-BrC6H4, 4-ClC6H4; 
R2 = Me, nPr, iPr, Ph

Figure 7.73: Selenium-catalyzed oxidation of secondary alcohols 153 to functionalized ketones 154
using catalytic amount of isoselenazolone 149 with bromine.
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ortho-position using 2.5 mol% of diphenyl diselenide 2 and N-fluorobenzenesulfoni-
mide as an oxidant in toluene at 100°C. Various functionalized indoles 156 were
obtained as reaction products in high yields (Figure 7.74) [68]. The aminocyclization
reaction was tolerant to various electron-donating and withdrawing groups at differ-
ent positions in the substrates 155.

In 2015, Zhao and coworkers extended this approach to the aminocyclization of
styrenes or stilbenes 155 using 10 mol% of diphenyl diselenide 2 and N-fluorobenze-
nesulfonimide as an oxidant in dioxane at 30°C. Similar functionalized indoles 156
were isolated in poor-to-excellent yields (Figure 7.75) [69]. The aminocyclization
reaction was tolerant to various electron-donating and withdrawing groups R at the
double bond in the substrates 155. Additionally, this approach was also applicable
for the synthesis of N-tosyl-2-substituted indoles under similar reaction conditions.

7.2.8.4 Selenium-catalyzed synthesis of allylic alcohols
In 2015, Zhao and coworkers developed a selenium-catalyzed approach for the synth-
esis of 3-amino allylic alcohols 158 by reaction of terminal alkenes 157 using catalytic
amounts of diphenyl diselenide 2 andNFSI as oxidant in the presence of base in THF at
room temperature. The reaction products 158were isolated in good-to-excellent yields

156: 42-99%155

toluene, 100 °C, 16 h
28 examples

R1 = H, Br; R2 = H, CF3; R3 = H, Me, Cl, nPr, CN, COOMe, R4 
= H, F; R5 = H, 4-OMeC6H4; R6 = Me, nPr, Cy, CH2OMe, 

CH2
cPent, cPr, Ph, Bn; R7 = Ts, Ns, Ms, Ac, COCCl3

(PhSe)2 2 (2.5 mol%)
NFSI (1.05 equiv)N

H N
R7

R6

R5

R1

R2

R3

R4

R7

R6

R5

R1

R2

R3

R4

Figure 7.74: Selenium-catalyzed aminocyclization of styrenes or stilbenes 155 to functionalized
indoles 156 using diphenyl diselenide 2 as catalyst and NFSI as oxidant.

156: 31-99%155

dioxane, 30 °C, 18 h
15 examples

R = H, nPr, nPent, Ph, Bn, CH2Bn, CH2(CH2)2CN, 4-
ClC6H4, 4-FC6H4, 4-NO2C6H4, 4-MeC6H4, 4-OMeC6H4

(PhSe)2 2 (10 mol%)
NFSI (0.1 equiv)

N
H

Ts

R

N
Ts

R

Figure 7.75: Selenium-catalyzed aminocyclization of styrenes or stilbenes 155 to functionalized
indoles 156 using diphenyl diselenide 2 as catalyst and NFSI as oxidant.
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(Figure 7.76) [70]. Notably, the presence of hydroxyl group for coordinating the
selenium reagent seems to be crucial in this reaction.

Additionally, terminal alkenes 157 were reacted with the catalyst diphenyl
diselenide 2 and oxidant NFSI in EtOAc without using any base and additive.
Interestingly, 3-amino allylic alcohols 158 were not obtained and the isolated
compounds were characterized as α,β-unsaturated aldehydes 159 by spectroscopic
analysis. The reaction products 159 were obtained in moderate-to-high yields
(Figure 7.77) [70].

7.2.8.5 Selenium-catalyzed allylic esterification
Recently, Breder and coworkers developed a selenium-catalyzed photo-induced
allylic esterification of disubstituted alkenes 160. In this report, the reaction of
alkenes 160, carboxylic acid 161, 10 mol% diphenyl diselenide 2 and 5 mol% of
photo-catalyst 2,4,6-tris(4-methoxyphenyl)pyrylium tetrafluoroborate 162 in aceto-
nitrile was irradiated at 465 nm for 16–24 h. Allylic esters 163 were obtained as
reaction products in reasonable yields (Figure 7.78) [71]. Actually, the photo-catalyst
162 was activated after irradiation at 465 nm and initiated the process of forming the
electrophilic selenium species.

158: 63-95%157

NaF, pyridine, THF, rt, 4 h
15 examples

R1 = nPent, Ph, Bn, CH2Bn, 4-ClC6H4, 4-BrC6H4, 4-
CF3C6H4, 2-OMeC6H4, 3-OMeC6H4, 4-MeC6H4, 4-

OMeC6H4, 2-Nap; R2 = H, Me, Et

(PhSe)2 2 (5 mol%)
NFSI (1.0 equiv)

R1

OH

R2 R1

OH

R2 N(SO2Ph)2

Figure 7.76: Selenium-catalyzed synthesis of 3-amino allylic alcohols 158 by the reaction of terminal
alkenes 157 using diphenyl diselenide 2 as catalyst and NFSI as oxidant.

159: 43-97%157

EtOAc, rt, 12 h
12 examples

R1 = H, Me; R2 = Ph, Bn, CH2Bn, 4-ClC6H4, 4-BrC6H4, 
4-CF3C6H4, 2-OMeC6H4, 3-OMeC6H4 4-MeC6H4, 4-

OMeC6H4, 2-Nap

(PhSe)2 2 (5 mol%)
NFSI (1.0 equiv)

R1

OH

R2 R2

R1

H

O

Figure 7.77: Selenium-catalyzed synthesis of α,β-unsaturated aldehydes 158 by the reaction of
terminal alkenes 157 using diphenyl diselenide 2 as catalyst and NFSI as oxidant.
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7.3 Chiral selenium electrophiles in stereoselective reactions

In last decades, different chiral organoselenium electrophiles have been devel-
oped and used to achieve stereoselective selenenylations of alkenes including
selenocyclizations [3f, 3g, 3j, 3m, 6e]. Additionally, several chiral selenium elec-
trophiles have been successfully used as catalysts to develop catalytic stereose-
lective transformations [4a, 4d]. Various chiral organoselenium electrophiles 164–
181 have been synthesized and used in asymmetric selenenylation reactions
(Figure 7.79). Some new chiral binaphthyl diselenides 164 were synthesized by
Fujita and his research group and used in stereoselective methoxyselenenylation
of styrene 15 (R=H) (Figure 7.80) [72–77]. The methoxyselenenylated product 184
was obtained with up to 49% diastereomeric excess (Table 7.2, entry 1) [74]. Déziel
and coworkers reported the synthesis of C2 symmetric chiral diselenides 165 and
166 and used in methoxyselenenylation of styrene 15 (R=H) in diethyl ether at –
78°C using methanol as source of nucleophile [78, 80, 81]. The methoxyseleneny-
lated product 184 was obtained in 77% and 73% diastereomeric ratio with chiral
diselenides 165 and 166, respectively (Table 7.2, entries 2 and 3) [79, 81].

Furthermore, Uemura and coworkers developed the synthesis of ferrocenyl-
cored chiral diselenide of type 167 and used successfully in stereoselective reactions
[82–88]. The methoxyselenenylation of styrene 15 (R=H) was performed in dichlor-
omethane at room temperature and selenenylated product 184was obtained with up
to 97% de (Table 7.2, entry 4) [85].

The synthesis of camphor-based chiral diselenide 168 and its derivatives was
developed by Back and others and successfully used in asymmetric selenenylation
reactions [89–97]. The methoxyselenenylated product 184 was obtained in 92%
diastereomeric excess using chiral diselenide 168 (Table 7.2, entry 5) [98]. Tomoda
and his research group developed the synthesis of chiral diselenides of type 169
containing cyclic amines as chiral moieties and used in different stereoselective
reactions [98–101]. These diselenides have a nitrogen atom at the position

163: 31-89%160
24 examples

R1 = Me, Et, nPr, nBu, Ph; R2 = nPr, CN, COOBn, 
COOPh, PO(OEt)2, PO(OPh)2, SO2Ph, CH2OAc; 

R3 = H, Me, Et, CF3, CH2Br, nPr, iPr, nBu, iBu, tBu,

(PhSe)2 2 (10 mol%)
(p-anisyl)3 Pyr 162 (5 mol%)

R1

R2

R1 R2

Ac

MeCN (60 vol%), 0.2 M
465 nm, air, 23 °C, 16-24 h

+ R3COOH

161
O

BF4

162
Photo catalyst

Figure 7.78: Selenium-catalyzed photo-induced allylic esterification of disubstituted alkenes 160
to allylic esters 163.
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segregated by four bonds from the selenium atom. Chiral diselenide 169 showed
the best selectivity in asymmetric methoxyselenenylation of styrene 15 (R=H)
(Table 7.2, entry 6) [101].

In addition,Wirth and others have developed the synthesis of nitrogen and oxygen-
containing chiral diselenides 170, 171 and 172–174, respectively [102–108]. Asymmetric
methoxyselenylation of styrene 15 (R=H) was obtained with high selectivities using
nitrogen and oxygen containing chiral diselenides 170, 171 and 172–174 (Table 7.2,
entries 7–11). The selenenylation reactions were performed in different solvent systems
at different temperatures and best result was observed at −114°C [107]. Furthermore,
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Figure 7.79: The structures of selective chiral selenium electrophiles 164–181.
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Tiecco and coworkers synthesized sulfur-containing chiral diselenide of type 175 and
asymmetric methoxyselenenylation reaction styrene was obtained with up to 96%
diastereomeric excess [109]. In 2010, Wirth and coworkers synthesized new sulfoxide-
containing diselenides and used in asymmetric methoxyselenenylation reactions of
alkenes [23]. In addition, Cox and Wirth have reported the synthesis of selenium-
stabilized diselenides and used them in stereoselective selenenylation reactions [110].

Furthermore, Scianowski and his research group reported the synthesis of
menthol- and terpene-cored chiral diselenides 176 and 177 and used them in asym-
metric selenenylation reactions (Table 7.2, entries 13 and 14) [111, 112]. In 2009, Cox and
Wirth developed the synthesis of C-2 symmetric chiral diselenide 178 and asymmetric
selenenenylation of styrenes 15 was achieved with up to 95% de by employing this

(Ar*Se)2 Ar*Se+X–

1. Br2
2. AgX

MeOH

OMe

SeAr*

*

183164-181 182

15

R

R

Figure 7.80: Asymmetric methoxyselenenylation of styrene using chiral electrophiles 164–181.

Table 7.2: Stereoselective methoxyselenenylation of styrenes 15.

Entry Chiral
diselenide

Counterion X Reaction conditions 184 de (%) Reference

1 164 Br MeOH, 25°C 49 [74]
2 165 OTf Ether, −78°C 77 [81]
3 166 OTf Ether, −78°C 73 [79]
4 167 Br CH2Cl2, 25°C 97 [82]
5 168 OTf CH2Cl2/MeOH, −78°C 92 [96]
6 169 PF6 CH2Cl2/MeOH, −78°C 42 [101]
7 170 OTf MeOH, −78°C 94 [107]
8 171 OSO3H MeOH, 25°C 62 [103]
9 172 OTf MeOH, −114°C 92 [103]
10 173 OTf MeOH, −114°C 95 [103]
11 174 OTf MeOH, −100°C 93 [103]
12 175 OTf CH2Cl2/MeOH, −78°C 92 [109]
13 176 OTf MeOH, −78°C 40 [111]
14 177 OTf MeOH, −78°C 72 [112]c
15 178 OTf MeOH, −100°C 72 [113]
16 179 Br MeOH, rt 40 [114]
17 180 OTf MeOH, CH2Cl2, −78°C 36 [115]
18 181 OTf MeOH, −78°C 44 [116]
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diselenide 178 (Table 7.2, entry 15) [113]. In 2012, Santi and coworkers achieved asym-
metric methoxyselenenylation of styrene with up to 40% de by using chiral diselenide
179 (Table 7.2, entry 16) [114]. In 2016, Scianowski and coworkers reported the synthesis
of optically active ortho-substituted diaryl diselenide 180 which was further used in
similar asymmetric reactions with up to 36% de (Table 7.2, entry 17) [115]. Recently, the
same research group developed the synthesis of various dipinanyl diselenides of type
181 which were used in asymmetric methoxyselenenylations with moderate diaster-
eoselectivities (Table 7.2, entry 18) [116].

The scope of chiral organoselenium reagents is not only limited to asymmetric
selenenylation reactions but also several other synthetically important asymmetric
transformations such as selenocyclizations [117], aminoselenocyclizations [118], car-
boselenocyclizations [119] and α-functionalizations of carbonyl compounds [120]
have been successfully achieved using these electrophiles. Additionally, stereoselec-
tive catalytic reactions have also been developed using selenium electrophiles as
catalysts [4, 67, 121].

7.4 Tellurium electrophiles in organic synthesis

The chemistry of tellurium electrophiles is by far not as well explored as other
chalcogen electrophiles and the applications of these electrophiles in organic synth-
esis are quite limited [122]. In 1996, Uemura and coworkers reported the application of
tellurium electrophiles in coupling reactions [123]. Furthermore, Zeni and Comasseto
synthesized few Z-vinylic tellurides which were used as electrophiles in coupling
reactions with alkynes [124]. In 2000, some unsaturated organotellurium electro-
philes were applied in the palladium-catalyzed C–C bond formation with nucleophi-
lic species such as diethylzinc [125]. Furthermore, Zeni and others reported the
synthesis of geminal enediynes by palladium-catalyzed coupling reaction of alkynes
with electrophilic ketene butyl telluroacetals [126].

In 2003, Braga and others developed Sonogashira cross-coupling reactions of
terminal alkynes 184 using vinylic tellurodichlorides 185 in the presence of a cata-
lytic combination of PdCl2/CuI (1:1) in methanol. Enynes 186 were isolated as cross-
coupled products and obtained in good yields (Figure 7.81) [127].

MeOH, rt, N2 atm. Et3N, 6 h

186: 61-84%184 185

R2 TeCl2Bu+R1 R2

R1

CuI (20 mol%)
PdCl2 (20 mol%)

9 examples

R1 = Ph, C8H17, P(O)(OEt)2; R2 = CH2OH, 
CH2NH2, (CH2)2CH2OH, (Me)2CHOH

Figure 7.81: Pd-catalyzed coupling of alkynes 184 with vinylic tellurodichlorides 185 in methanol.
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Furthermore, Stefani and coworkers developed a Suzuki-type coupling reaction
of (Z)-vinylic tellurides 187 with potassium alkynyltrifluoroborate salts 188 using
catalytic combination Pd(acac)2/CuI (1:2) in methanol. Enynes 186 were isolated as
cross-coupled products in good yields (Figure 7.82) [128].

Also, vinylic tellurides 187 were used for the synthesis of 1,3-dienes by Pd-catalyzed
coupling with potassium vinylic trifluoroborates [129]. In 2006, Cella and Stefani
used similar (Z)-vinylic tellurides 189 for the synthesis of (Z)-stilbenes 191 by Pd-
catalyzed Suzuki coupling with potassium organotrifluoroborate salts 190. All the
coupling reactions were performed in ultrasonic bath at room temperature and (Z)-
stilbenes 191 were obtained in good-to-excellent yields (Figure 7.83) [130]. Both
electron-donating and withdrawing groups at the aromatic ring in substrates 189
and 190 were tolerated in the reaction conditions shown in Figure 7.83.

In addition, aryl butyl tellurides 193 were synthesized and used as an electrophilic
species in Pd-catalyzed Suzuki coupling with potassium (E)-vinyl trifluoroborate
salts 192 under the reaction conditions mentioned in Figure 7.83. The coupling
products (E)-stilbenes 194 were isolated in good-to-excellent yields (Figure 7.84)
[130]. Both electron-donating and withdrawing groups at the aromatic ring in

 MeOH, Et3N, rt, N2 atm., 8 h

186: 51-77%187 188

R1 TeBu + R2
R1

R2

CuI (30 mol%)
Pd(acac)2 (15 mol%)

9 examples

R1 = Ph, CH2OH, COOEt,CH2NEt2; 
R2 = C8H17, CH2OMe, (Me)3C

BF3K

Figure 7.82: Pd-catalyzed coupling of potassium alkynyltrifluoroborate salts 188 with vinylic tell-
urides 187 in methanol.

 MeOH, rt, N2 atm.

191: 60-82%189 190

+ Ar2

Ag2O (2.0 equiv)
Pd(Ph3P)4 (8 mol%)

10 examples

Ar1 = Ph, 4-MeC6H4, 4-BrC6H4; Ar2 = Ph, 4-ClC6H4, 4-
OMeC6H4,  4-MeC6H4, 2-MeC6H4, 2-Furyl, 3-Py, 1-Nap

BF3K
Ar1 TeBu Ar1 Ar2

ultrasonic bath, 40 min

Figure 7.83: Ultrasound-assisted Pd-catalyzed coupling of vinylic tellurides 189 with potassium
aryltrifluoroborate salts 190 in methanol.
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substrates 192 and 193 are tolerated in this coupling reaction. The role of Ag2O was
to reoxidize the Pd(0) to Pd(II) species.

In 2006, Stefani and others developed the palladium-catalyzed Suzuki–
Miyaura cross-coupling of aryl butyl tellurides 193 with potassium aryltrifluorobo-
rate salts 190 using 10 mol% of Pd(Ph3P)4 in methanol at reflux temperature.
Symmetrical and unsymmetrical biaryls 195 were isolated in moderate-to-excellent
yields (Figure 7.85) [131]. The reaction was working efficiently when coupling was
performed with the substrates having both electron-donating and withdrawing
substituents on the aromatic ring.

In 2008, a different organotellurium electrophile, α-n-butyl tellurostyrene 196, was
synthesized and used in palladium-catalyzed coupling reaction with potassium
alkynyltrifluoroborate salts 188 using 10 mol% of Pd(Ph3P)4 in methanol at room
temperature in an ultrasonic bath. The coupling products 1,3-enynes 197 were iso-
lated in high yields (Figure 7.86) [132].

Alkynyl butyl tellurides 199 were used in similar coupling reactions with potas-
sium α-styryltrifluoroborate salt 198. Functionalized 1,3-enynes 197were obtained in
good yields (Figure 7.87) [132].

The electrophilic species 193was also employed in palladium-catalyzed coupling
reactions with potassium α-styryltrifluoroborate salt 198 with 10 mol% of Pd(Ph3P)4

 MeOH, K2CO3, reflux, N2 atm.

194: 59-91%192 193

+ Ar

Ag2O (2.0 equiv)
Pd(Ph3P)4 (8 mol%)

10 examples

Ar = Ph, 4-MeC6H4, 2-MeC6H4, 4-BrC6H4, 4-ClC6H4, 4-
OMeC6H4,  4-IC6H4,  2-Furyl, 3-Py, 1-Nap

TeBu
Ph Ph

ultrasonic bath, 40 min

BF3K Ar

Figure 7.84: Ultrasound-assisted Pd-catalyzed coupling of aryl butyl tellurides 193 with potassium
(E)-vinyl trifluoroborate salts 192 in methanol.

 MeOH, Et3N, reflux, N2 atm., 1.5 h

195: 42-94%193 190

Ar1TeBu + Ar2

Ag2O (2.0 equiv)
Pd(Ph3P)4 (10 mol%)

20 examples

Ar1 = Ph, 4-OMeC6H4, 4-NO2C6H4, 4-OHC6H4, 4-MeC6H4, 2-
MeC6H4, 4-MeO2CC6H4, 4-ClC6H4, 4-BrC6H4, 4-IC6H4, 3-Py, 1-
Nap; Ar2 = Ph, 4-OMeC6H4, Ph, 3-OMeC6H4, 4-ClC6H4, 2-Furyl

BF3K Ar2Ar1

Figure 7.85: Pd-catalyzed Suzuki–Miyaura cross-coupling of aryl butyl tellurides 193 with potassium
aryltrifluoroborate salts 190 in methanol.
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and 1 equiv of AgOAc as an additive in methanol at room temperature. The reaction
mixture was irradiated in an ultrasonic bath and functionalized 1,1-diarylethenes
200 were isolated in high yields (Figure 7.88) [133]. Both electron-withdrawing and
donating groups at the aromatic ring in tellurides 193 were tolerated.

Furthermore, Stefani and coworkers synthesized a new tellurium electrophile 201
having tellurium and chlorine moiety and used in Pd-catalyzed coupling reaction
with potassium aryltrifluoroborate salts 190 using 10 mol% of Pd(Ph3P)4 and 1 equiv
of AgOAc as an additive inmethanol at room temperature. The coupling products 202
were obtained in good-to-excellent yields (Figure 7.89) [134]. Interestingly, the

 MeOH, Et3N, rt, N2 atm.

197: 70-85%196 188

+

AgOAc (1.0 equiv )
Pd(Ph3P)4 (10 mol%)

8 examples

R = Ph, (Me)3Si, C6H13, (Me)(Et)(OMe)C, 
cyclohexene and 2-Nap etc

Ph TeBu R BF3K Ph
Rultrasonic bath, 20 min

Figure 7.86: Pd-catalyzed Suzuki–Miyaura cross-coupling of α-n-butyltellurostyrene 196 with
potassium alkynyltrifluoroborate salts 188 in methanol.

 MeOH, Et3N, rt, N2 atm.

197: 68-74%198 199

+

AgOAc (1.0 equiv)
Pd(Ph3P)4 (10 mol%)

4 examples

R = Ph, C5H11, C6H13, cyclohexene

Ph BF3K R TeBu Ph
Rultrasonic bath, 20 min

Figure 7.87: Pd-catalyzed Suzuki–Miyaura cross-coupling of alkynyl butyl tellurides 199 with potas-
sium α-styryltrifluoroborate salt 198 in methanol.

 MeOH, Et3N, rt, N2 atm.

200: 74-91%198 193

+

AgOAc (1.0 equiv)
Pd(Ph3P)4 (10 mol%)

10 examples

Ph BF3K Ph Ar
ultrasonic bath, 20-40 min

Ar TeBu

Ar = Ph, 3-CF3C6H4, 2-MeC6H4, 4-OMeC6H4, 4-
MeC6H4, 4-OHC6H4, 4-ClC6H4, 4-BrC6H4, 4-FC6H4

Figure 7.88: Pd-catalyzed Suzuki–Miyaura cross-coupling of aryl butyl tellurides 193 with potassium
α-styryltrifluoroborate salt 198 in methanol.
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chlorine substituent remained in the coupling products while the tellurium moiety
was participating in the reaction.

Stefani and coworkers synthesized diaryl tellurides 203 and used them as
electrophilic partners in Pd-catalyzed coupling reactions with arylzinc chloride
204 with 10 mol% of Pd(dppf)4 and 2 equiv of CuI as an additive in THF at reflux
temperature. Symmetrical and unsymmetrical biaryls 197 were isolated in good
yields (Figure 7.90) [135].

In the same report, diaryl tellurides 203 were used in Pd-catalyzed coupling reaction
with alkynylzinc chloride 205 under similar reaction conditions and 1,3-substituted
alkynes 206 were obtained in good-to-excellent yields (Figure 7.91) [135]. Both
electron-withdrawing and donating substituents at the aromatic ring in diaryl tell-
urides 206 are tolerated in the coupling with organozinc reagents 204 and 205.

 MeOH, Et3N, rt, N2 atm.

202: 58-85%201 190

+

AgOAc (1.0 equiv)
Pd(Ph3P)4 (10 mol%)

8 examples
ultrasonic bath, 0.5-1 h

Ar BF3K

R = Ph, C3H7, C5H11, C6H13, CH2OMe, (Me)3C, 1-
cyclohexene, Ar = 4-OMeC6H4, 4-ClC6H4

R

Cl
BuTe

R

Cl
Ar

Figure 7.89: Pd-catalyzed Suzuki–Miyaura cross-coupling of alkenyl butyl tellurides 201 with
potassium aryltrifluoroborate salts 190 in methanol.

THF, reflux, 12 h
195: 32-88%203 5 examples

Ar1 = Ph, 4-OMeC6H4; Ar2 = Ph, 4-FC6H4, 4-
MeC6H4, 4-OMeC6H4, 4-ClC6H4, thionyl

Ar2 Te Ar2 + Ar1 ZnCl

204

CuI (2.0 equiv)
Pd(dppf)4.CH2Cl2 (10 mol%)

Ar1 Ar2

Figure 7.90: Pd-catalyzed Suzuki–Miyaura cross-coupling of diaryl tellurides 203 with arylzinc
chloride 204 in THF.

THF, reflux, 12 h
206: 59-90%203 10 examples

R = Ph, nBu; Ar = Ph, 4-FC6H4, 4-
MeC6H4, 4-OMeC6H4, 4-ClC6H4

Ar Te Ar +

205

CuI (2.0 equiv)
Pd(dppf)4 (10 mol%)

R ZnC l R Ar

Figure 7.91: Pd-catalyzed Suzuki–Miyaura cross-coupling of diaryl tellurides 203 with alkynylzinc
chloride 205 in THF.
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Stefani and coworkers also developed palladium-catalyzed homo-coupling reac-
tions successfully using aryl butyl tellurides 193 and alkynyl butyl tellurides 199
under mild reaction conditions [136]. Additionally, few organotellurium electrophiles
have been successfully used in cycloaddition reactions with both cyclic and acyclic
olefins [137, 138].
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8 Reagents that Contain Se-H or Te-H Bonds

Abstract: Species that contain bonds between hydrogen and selenium or tellurium
have a characteristic high reactivity, which can be harnessed in the synthesis of
valuable organic compounds. This overview includes the synthesis of dihydrides,
alkali metal hydrochalcogenides, chalcogenols, chalcogenocarboxylic and chalco-
genocarbamic acids, and their application in reactions of reduction, addition to
unsaturated compounds, and nucleophilic substitution.

Keywords: Organic synthesis, Organochalcogen compounds, Selenium, Tellurium

8.1 Introduction

Organotellurium and organoselenium compounds are increasingly important in fun-
damental (e. g. supramolecular [1] and biomimetic [2]) chemistry and applied (e. g.
soft materials [3], anticancer agents [4] and biological probes [5]) research. Atoms of
selenium and tellurium (here denoted as Ch) are usually introduced into an organic
structure by reactions of addition or substitution. Other than the elemental forms of
these chalcogens, their anions and their halides, the most important precursors con-
tain reactive Ch-H bonds. Here we provide an overview of the properties and applica-
tions of such reagents. In many instances, we note that the use of a Ch-H reagent is
followed by one or more steps that accomplish a complex transformation, e. g. cycliza-
tion, further substitution, or dissociation. There are also examples of reactions take
advantage of the reducing ability of these compounds.

8.2 Chalcogen dihydrides (H2Ch)

BothH2Se and H2Te are fairly reactive species due to a combination of factors, themost
important of which are compiled in Table 8.1. Given the elemental electronegativities
(Cf. 2.2 for H), Ch-H bonds have a greater covalent character than the O-H bonds of
water. The H2Chmolecules are weakly polar, yet both dihydrides are stronger Brønsted
acids than H2S. The HCh

- anions that result from their first deprotonation are nucleo-
philic enough to achieve the displacement of good leaving groups. Ch-E bond energies
are small, consequently, H2Se has a modest heat of formation and H2Te actually is an
endothermic compound. While H2Se can be obtained by a combination of the ele-
ments, H2Te is prepared either by electrolysis or hydrolysis of Al2Te3.
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In general, these reagents arehandled in anhydrousmedia, under inert atmospheres
and occasionally at low temperatures and in the dark. The dihydrides themselves are
used either as reducing agents or in reactions of addition to unsaturated molecules.

H2Se inserts into nitriles forming selenoamides, which can be used in the synth-
esis of 1,3 selenazoles and selenoxo-isoquinolines [14]. Selenopyrans can be obtained
by the reaction of diketones or pyrans with H2Se generated in situ from Al2Se3 to
HCl (Figure 8.1(a)) [15]. The reaction with dicyclohexyl carbodiimide yields a sele-
nourea that is a valuable selenium transfer agent, suitable for 75Se radiolabeling
(Figure 8.1(b)) [16].

H2Te reduces α,β-unsaturated carbonyl compounds to the corresponding ketones at
mild temperatures, higher temperatures, and longer times or an excess of H2Te result
in alcohols. Aromatic nitro compounds are reduced to the corresponding anilines,
the reaction is more efficient in THF and hampered by electron withdrawing sub-
stituents. Similarly, imines, hydroxylamines, nitroso, azo, and azo N-oxide groups

Table 8.1: Selected properties relevant to the reactivity of the dihydrides of the
heavy chalcogens.

H2Se H2Te

xCh (Pauling) 2.6 2.1
b.p. (°C) −41.25 −2.2
μ (D) 0.24 [6]

BE HCh-H, Ch-H (kcal/mol) 78.99±0.18 74.27±0.23[7] 65.0±0.1 63.8±0.4[8]

BE Ch-Ch[ [9] ] 320 258.3
ΔHf

0(kcal/mol) -6.3 ± 0.1[10] 23.83 ± 0.20[11, 12]

pKa1, pKa2
[13] 3.81, 15.00 2.64, 11.80

E0 Ch,2H+/H2Ch (V) -0.399 0.793
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Figure 8.1: Reactions of selenium and tellurium dihydrides.

302 8 Reagents that Contain Se-H or Te-H Bonds



are reduced with H2Te. In the case of nitrosobenzene and azo compounds, the
predominant product is the hydrazine. Epoxyethyl benzene is reduced to styrene,
which is further reduced to ethyl benzene, albeit inefficiently [17].

There are, however, important constraints to working with the dihydrides, both
are gases in ambient conditions and are notorious because of their toxicities and
stench. The reagents decribed in the following sections have been developed as more
convenient options.

8.3 Sodium Hydrochalcogenides (NaHCh)

The authentic salts are prepared by introducing the gaseous dihydride into the
aqueous base. While NaHSe has been crystallographically characterized [18], the
structure of the Te analogue is not known but the structure of [PPh4]

+[HTe]- [19] has
been determined. Because these reagents are readily oxidized, most frequently they
are prepared in-situ either by bubbling H2Ch into a base solution or by reduction of
the elemental chalcogen with NaBH4. These procedures accommodate a variety of
solvents, ranging from water to DMF.

In general, reduction and addition reactions that work with H2Se are also feasible
with NaHSe [20]. The inherent reactivity of the Se-H bond leads to the formation of
dialkyl selenides from the nucleophilic substitution of alkyl halides with NaHSe [21].
Iminium salts, obtained from phenols and Vilsmeier reagent, react with NaHSe forming
selenocarbamates, these undergo aNewman-Kwart rearrangement that is useful to form
transient phenylselenols and stable diselenides upon hydrolysis (Figure 8.2(a)) [22].

A 2-selenouridine is obtained when NaHSe is used to displace a geranyl sulfide
group by nucleophilic substitution and proton transfer [23]. Sulfur can be displaced
from thioureas to form selenourea, with the assistance of a methylating agent [24].
Vilsmeier reagent forms diselenocarbamates that later react with 3-bromobutan-2-
one forming selenoketones; further reaction with H2Se gives a selone and coupling
assisted by P(OEt)3 gives a tetraselenafulvalene [25]. NaHSe is also used in the
synthesis of selenolo[2,3-d]-1,3-dithiole-2-thione, which facilitates C-C coupling to
form the corresponding diselenolotetrathiafulvalene (Figure 8.2(b)) [26].

NaHTe hydrogenates olefins. Depending on the substrate and conditions, the
products conform to either hydride-ion, hydrogen-atom or electron transfer mechan-
isms [27]. Reduction of terminal alkenes is preferred [28]. Electron withdrawing
groups usually are necessary to accomplish alkyne reduction. The reduction of α,β-
unsaturated carbonyls often spares the C=O bond but occasionally leads to C-C
coupling [29]. Similarly, it is possible to selectively reduce the C=C bond of 1-
cyanoethenyl acetamides [30]. Electron withdrawing groups promote the reduction
of the carbonyl of substituted benzaldehydes to the benzyl alcohols [31]. Similar to
carbonyl compounds, reduction or addition are possible with Schiff bases [32]. Less-
common selective reductions effected with NaHTe include the N-oxide to the
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corresponding amine of a stemofoline [33], desulfonation [29, 34], epoxide reduction
[35] and the removal of the NO2 group from a tertiary allylic carbon [36].

Markovnikov NaHTe addition to terminal alkenes generates dialkyltellurides, the
reaction is facilitated by electron withdrawing groups and small amount of reduction
products is observed [37]. Acetal deprotection of carbonyls with NaHTe produces
transient telluroketones [38].

Nucleophilic aromatic substitution to form tellurophenols and ditellurides is pos-
siblewith good leaving halides (I-, Br-) and ancillary electronwithdrawing substituents
such as Cl, Br, I, and carbonyl functional groups (C(=O)R, C(=O)H, and C(=O)OR) [39].

Tellurophenes can be conveniently prepared adding butadiynes to a mixture of
elemental Te and NaBH4 [40], although the reactant is assumed to be Na2Te, it
likely is NaHTe given the reaction conditions. Similar double additions produce

(a)

(b)

(c)

(d)

(e)

Figure 8.2: Reactions of sodium hydrochalcogenides.
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tetrahydroselenopyran-4-ones from 1,4-pentadien-3-ones [41] (Figure 8.2(c)) and l-
thia-4-selenin-l,l-dioxides from 2-arylethenyl-2-arylethynyl sulfones [42] (Figure 8.2
(d)). From bioxirane, double addition produces tetrahydroselenophene-3,4-diol [43].
Double substitution of bromide followed by addition to olefin yields bicyclic com-
pounds. For example, bi-isobenzotellurophene and ditellurachrysene, which are
simultaneously formed (Figure 8.2(e)) [44].

8.4 Lithium dihydroselenoxo aluminate Li(AlH2Se)

This is the assumed composition of the product of the reaction between Se and
LiAlH4. It has been used to produce cyclic and acyclic acyl selenides and diselenides,
selenolactones (Figure 8.3(a)), selenoureas (Figure 8.3(b)) and selenoamides.
Reaction with phenyl isocyanate yields a phenylcarbamate that is isolated after
methylation (Figure 8.3(c)). N,N-dimethyl selenocarbamoyl chloride is formed by
reaction with Vilsmeier reagent; in turn, this grants access to S-alkyl selenothiocar-
bamates and Se-alkyl diselenocarbamates (Figure 8.3(d)) [45].

8.5 Chalcogenols RChH

Although PhSeH is commercially available, this type of compounds is more easily
oxidized than their sulfur analogues. Thus, it is more convenient to prepare
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(d)
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chalcogenols in situ by reduction of the corresponding dichalcogenide with reagents
such as NaBH4, LiAlH4 or phosphinic acid in the case of tellurols. Alternatively,
tellurophenol is generated by the reaction of PhTe-SiMe3 with alcohol [46].

Reductions carried out with chalcogenols include the reduction of nitroaromatics
to anilines [46] and imines to amines; this method can be extended to perform the
reductive amination of carbonyl compounds to primary and secondary amines [47].

Hydrochalcogenation of alkynes preferentially gives anti-adducts and is favored
by electron withdrawing groups (-C(=O)H, -CHR(OH), -SO2-R, -P(=O)(OEt)2) moderate
heating and catalysts such as Pd(OAc)2, Ni(acac)2 [48, 49, 51], however, with RhCl
(PPh3)3-Ph2P(O)H, the syn-adducts were observed [49]. Hydroselenation of 1,3-buta-
diynes proceeds with highly regio-, and stereo-selectivity, on the terminal triple bond
(Figure 8.4(a)) [52]. Hydroselenation of the terminal alkene of α-, β-unsaturated
carbonyls is applicable to produce amides and ketones [53, 54].

Isotopic labeling experiments suggest that hydrotelluration reactions involve
protons from protic solvents [55]. However, RTeNa and RTeH have different reactiv-
ities towards olefins in nonprotic solvent, addition proceeds with yields over 80% at
room temperature with RTeH but requires heating and gives lower yields (<; 40%)
with RTeNa [56]. Hydrotelluration does not work with internal alkynes in the absence
of electron withdrawing groups [57].

Assisted by base, PhSeH and PhTeH perform nucleophilic substitutions of
halides [58–60] and methyl sulfonate [61]. Substitution of halides on aromatic rings
is possible with electron withdrawing substituents (NO2, COOH) [62] and the assis-
tance of tBuOK [63]. PhSeH substitutes Cl from 6-chlorouracil with no insertion on the
double bond (Figure 8.4(b)) [64].

Nucleophilic attack by deprotonated PhSeH can cause opening of strained rings
such as oxetane [65], γ-butyrolactone [66], epoxides [67–70], aziridines [71] and 1,3-
propanesultone [72]. With BF3.OEt2 assistance, PhSeH performs substitution of meth-
oxide [73], acetate [74] and trichloroacetimidate [75] groups.

PhSeH and PhTeH react with acyl halides, including reactive intermediates
generated by reactions with triphosgene and other phosgene surrogates [76–79].
Acyl tellurides are particularly useful because they efficiently undergo thermal or
photochemical homolysis of the Te-C(O) bond, generating a free radical. The inter-
mediate readily eliminates CO, leaving a secondary organic radical [80] that initiates
a useful radical reaction pathway (Figure 8.4(c)) [60]. Addition of RTeH to seleno-
cyanates forms bis-chalcogenocarbamates [81].

8.6 Monochalcogenocarboxylic acids RC(O)ChH

The heavy congeners of organic acids are prepared by protonation of the product of
reaction of diacyl chalcogenides with bases such as NaOEt (Figure 8.5(a)) [82].
Selenocarboxylic acids can also be obtained from the reaction of carboxylic acids
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with Woollins’ reagent ((PhP)2Se4) (Figure 8.5(a)) [83]. Chalcogenocarboxylic acids
exist as the O-H and Ch-H tautomers in equilibrium. The former is favored by polar
solvents at low temperature while the latter is predominant in nonpolar media and
the solid state [84]. Demonstrated reactions of these species include addition to
alkenes (Figure 8.5(b)), acid-promoted ring-opening by addition to carbon bonded
to oxygen (Figure 8.5(c)), alkylation by condensation with alcohols or substitution of
good leaving groups such as halides and triflate, amidation by reaction with azides,
and addition to aryl isocyanates forming the corresponding acyl carbamyl chalco-
genides (Figure 8.5(d)) [83–85].

OMe

N

H CO2Me

HN

BOC

TePh

O

OMe

N

H CO2Me

HN

BOC

OH

O

OMe

N

H CO2Me

HN
TePh

O

StBu

OMe

N

H CO2Me

N

OMe

N

H CO2Me

N

N

N

O

O

H

H R
PhSe

R

PhSeH

PhSeH

Cl

H
N

N

O

O

H

SePh

H

(a)

(b)

(c)

Figure 8.4: Reactions of chalcogenols.

8.6 Monochalcogenocarboxylic acids RC(O)ChH 307



8.7 N,N-dimethyl Chalcogenocarbamic acids Me2NC(O)ChH

As they are not isolable in pure form [86], these reagents are prepared in-situ by
reduction of the carbamyl dichalcogenides with NaBH4, [87] or reaction of NaHCh
with a carbamyl chloride (Figure 8.6(a)) [1]. The latter method, followed by oxidation,
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is suitable to prepare multigram stocks of the carbamyl dichalcogenides. An earlier
preparation of dichalcogenides relied on heating a mixture of DMF, sodium metal
and the chalcogen in elemental form, followed by aerobic oxidation [88].

The N,N-dimethyl chalcogenocarbamic acids have been used in the preparation
of Ch-N heterocycles. Their addition to ynones predominantly yields the Z isomer.
Condensation with hydroxylamine-O-sulfonic acid followed by hydrolysis yield iso-
chalcogenazole N-oxides and the corresponding iso-chalcogenazoles upon reduction
(Figure 8.6(b)) [1, 87].
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9 Zinc-Selenium reagents in organic synthesis

Abstract: Organoselenolates, due to the high polarizability of the chalcogen atoms,
are generally weak bases and soft nucleophiles used to introduce in stereoselective
and mild way a selenium functionality through substitution or addition reactions.
Among several methods reported for their preparation, recently the reduction of Se-
Se or Se-Halogen bond mediated by elemental zinc becomes particularly attractive
for the simplicity and the efficiency of the protocols. An overview on the most recent
developments in the field is here reported.

Keywords: selenium, zinc, nucleophile

9.1 Introduction

Organoselenium compounds are playing an important role in organic synthesis as well
as in biological and medicinal chemistry. The introduction of a selenium moiety in an
organic substrate confers it peculiar characteristics from a biological and synthetic
point of view, considering its redox properties and enabling a series of further trans-
formations that can be ended with the easy removal of the selenium either via selen-
oxide syn-elimination or [2, 3]-sigmatropic rearrangement. Furthermore, a series of
examples were reported in which, carbon-hydrogen, carbon-halogen, carbon-lithium,
or carbon-carbon bonds replace the carbon-selenium bond, representing an extraor-
dinary versatile tool for synthetic organic chemists.

Interestingly the introduction, manipulation and removal of selenium moieties
can be realized under mild conditions, are generally characterized by high chemo
regio and stereoselectivities and recently several aspects of their involvement in new
green protocols have been discussed and highlighted [1–6].

Introduction of organoselenium groups can be easily achieved through radical,
electrophilic and nucleophilic selenium centered reagents that can be easily pre-
pared starting from the corresponding diselenides via homolytic, oxidative and
reductive selenium-selenium bond cleavage, respectively. Among these, the use of
selenolates (selenide anions) is particularly convenient and common having some
valuable characteristics respect to the similar sulfur analogues. The high polariz-
ability of selenium atom is responsible of the higher nucleophilicity of selenols and
selenolates respect to the corresponding thiol/thiolates as well as of the weakness of
the carbon-selenium bond according to the experimental evidences that selenoxide

This article has previously been published in the journal Physical Sciences Reviews. Please cite as:
Santi, C., Capoccia, L., Monti, B. Zinc-Selenium Reagents in Organic Synthesis. Physical Sciences
Reviews [Online] 2018 DOI: 10.1515/psr-2017-0129

https://doi.org/10.1515/9783110529340-009



eliminations typically occur easily and faster than those of sulfoxides [7–12].
Furthermore based on the hard-soft theory selenolates are considered good soft
nucleophiles (low ionization potential and high polarizability) able to bring easily
the formation of the carbon-selenium bond and at the same time having a lower
basicity respect to the thiolates they are also better leaving groups than sulfur
analogues [13]. Selenols and selenolates can be prepared starting from stable and
easily accessible diselenides by reduction or oxidative metal insertion as well as by
the reductive treatment of other intermediates like selenocyanates or seleninic acids
[14–39] (Figure 9.1).

Some of these methods were recently collected in reviews and book chapters [13, 40,
41]. In this chapter, we will focus our discussion on the use of zinc for the preparation
of selenols and zinc selenolates due a growing recent interest on these classes of
reagents from a synthetical point of view but also as mimetic of the glutathione
peroxidase endowedwith some unexpected biological activities. In order to address a
broad panel of readers the chapter will be constructed on selected examples in
literature that better explain the state of art and it will be not a fully comprehensive
review in the topic.

9.2 Oxidative zinc insertion in Se-Se and Se-X bond

In a general overview the zinc-selenium bond can be formed through the oxidative
insertion of metal into selenium-selenium bond A or into selenium-halogen bond B
affording zinc selenates that are generally prepared and used in situ and only in few
cases were isolated as simple Se-Zn complexes. Better stability can be obtained by
additional coordination of zinc with nitrogen containing pincers C. Some examples
are described below (Figure 9.2).

9.2.1 Synthesis and reactivity of RSeZnSeR complexes

Due to their stability, diselenides are very common reagents in organic synthesis also
because some of them are commercially available and/or can be prepared according to
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Figure 9.1: General Scheme for selenol/selenolates preparation.
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robust and efficient procedures [41]. The oxidative insertion of elemental zinc into Se-Se
bond to afford the in-situ formation of a [RSeZnSeR] reactive intermediate was per-
formed for the first time by Movassagh et al. using AlCl3 as a Lewis Base. The reduction
required the use of a large excess of zinc and aluminium trichloride (4.6 and 2.0
equivalents, respectively) in DMF at 65 °C affording, in the presence of acyl chlorides,
the corresponding selenol esters in good yield [42]. More recently, the same author
described that diselenide in the presence of Zn/AlCl3 can be used for the synthesis of
selenocarbamates from the corresponding isocyanates. In this case, the role of the
Lewis acid was demonstrated both in the reduction of the Se-Se bond and in the
activation of the isocyanates by the coordinationwith the oxygen atom [43] (Figure 9.3).

A similar insertion was obtained using catalytic amount of ZnCl2 as Lewis acid in
presence of zinc powder in refluxing acetonitrile. This procedure was demonstrated
to be efficient both for the reduction of Se-Se and S-S bonds and it has been success-
fully used for the synthesis of thio- and selenoglycosides, starting from the corre-
sponding bromo or chloro derivatives. The in situ formation of the corresponding
zinc chalcogenide as a reactive intermediate was proposed also in this case [44]
(Figure 9.4).
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Figure 9.3: Synthesis of selenol esters catalysed by Lewis acids [43].
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In 2006, Yu and co-workers proposed as catalyst ruthenium (III) salts in the
nucleophilic substitution or organic iodine, bromide and activated chloride.
Interestingly, the non-activated chlorides can be reacted in the same condition in
the presence of sodium bromide as additive [45].

A similar procedure was used later by other authors to promote a Michael-type
addition of three different zinc selenates [RSeZnSeR] (R = Ph, 4-ClC6H5, Bn) in
aqueous media (MeCN/H2O 4:1) (Figure 9.5). Esters, ketones, aldehydes and nitriles
were reported as Michael acceptors [46].

MCM-412-immobilized bidentate nitrogen Ru(III) was demonstrated to be an efficient
and easily recyclable catalyst in the activation of ArSeZnSeAr complexes towards the
reaction with alkyl halides leading the formation of the corresponding aryl-alkyl
halides in excellent yields ranging from 85% to 95% (Figure 9.6). The recyclability of
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Figure 9.4: Synthesis of Se-glycosides [44].
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Figure 9.5: Michael type addition under RuCl3 catalysis [46].
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the Ruthenium catalyst has been demonstrated for eight consecutive cycles, without
any appreciable loss of reactivity [47].

Se-Se reductive cleavage mediated by zinc was catalysed also by In (III) for the
formation of unsymmetrical diorganyl selenide in DMF at 100 °C, starting from alkyl
and benzyl halides. As catalyst, Indium bromide (InBr3) resulted to be superior
compared with the corresponding chloride or triflate and the [RSeZnSeR] was sup-
posed to react with InX3 to afford the reactive specie (RSe)2InX as intermediate [48].

Krief and coworkers demonstrated that when a diselenide, a tertiary alkyl halides
and zinc powder were reacted at room temperature for 5 h, the corresponding tertiary
selenide can be formed only in non-polar solvents (like dichloromethane) suggesting
the involvement of a radical mechanism [49]. Radical intermediates are not involved
using polar medium (e. g. water and MeCN) as indicated by the higher reactivity of
primary halides.

It was demonstrated that the oxidative insertion to Se-Se bond can be achieved
also in basic conditions in the presence of NaOH. Comparison of these results
with those obtained using the above mentioned Zn/AlCl3 in the ring opening of
epoxides, basic conditions afforded higher yields and higher level of regioselectivity
(Figure 9.7) [50]. Similarly, in basic conditions, Barros and coworkers reported a regio
and stereoselective procedure to perform Michael type addition of several propiolic
acids and esters. Authors demonstrated that the reaction mechanism involves a
competition of ionic and a radical pathway and that this latter is responsible of a
lost in stereoselectivity [51].

The oxidative insertion of zinc into Se-Se bond of a diselenide was reported by Braga
and coworkers using ionic liquids as a recyclable medium. The reduction of diaryl
diselenides occurred at room temperature in BMIM-BF4 affording at the presence of
alkyl, allyl and benzyl halides the corresponding selenides in good yields (ranging
from 52% to 98%) in very short reaction time (10–45 minutes) [52]. The same authors
reported also that the versatility and efficiency of the method can be improved by
introducing a catalytic amount of ZnO nanopowder (3%) in the synthesis of β-amino
selenides starting from the corresponding mesylates and tosylates. The exploration
of the scope demonstrated that this protocol results efficient also in variously
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Figure 9.7: Stereoselective conjugated addition [50].
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functionalized systems allowing the synthesis of the biologically active selenocys-
teine derivatives reported in Figure 9.8 in 78% yield [53].

Later, Ranu and co-workers optimized the conditions for the synthesis of unsymme-
trically substituted diaryl chalcogenides (sulfides, selenides and tellurides) by the
reaction of aryl diazonium fluoroborates dichalcogenides reduced in situ by zinc dust
in the presence of dimethyl carbonate under heating (80 °C) or microwave activa-
tions. The mechanism proposed by the authors involve the intermediate formation of
the zinc dichalcogenate [ArChZnChAr] that reacts with the diazonium salts releasing
a molecule of nitrogen affording the desired products [54] (Figure 9.9).

9.2.2 A versatile and recyclable biphasic system

We recently reported an efficient recyclable and simple method for the zinc mediated
reduction of dichalcogenides and the generation of chalcogenols, which can be
isolated or reacted in situ with the desired electrophiles [55]. The reaction is per-
formed using zinc in a biphasic acidic medium composed by diethyl ether and
aqueous HCl (10%). As reported in Figure 9.10, the zinc activated by the acidic
conditions reduces the Ch-Ch bond and we supposed the intermediate formation of
a zinc dichalcogenate that, due to the acidic conditions can decompose leading the

O O

O SePh
NHBoc

78%

O
NHBoc

OMs

PhSeSePh

Zn, nanoZnOcat

BMIM-BF4
r.t, 2h

Figure 9.8: Synthesis of selenocysteine derivatives [53].
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Figure 9.9: Synthesis of non-symmetric diaryl chalcogenides [54].
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formation of the chalcogenols. When the dichalcogenide is a diselenide (or a ditel-
luride) the reaction can be easily followed by the discoloration of the organic phase.
The procedure is very simple allowing to produce and use selenols and thiols in a
closed vial, overcoming the problems connectedwith the characteristic smell of these
derivatives.

The broad applicability of this protocol was demonstrated by us and other
authors. Using as electrophiles alkyl halides or epoxides the corresponding alkyl
aryl selenides and β-hydroxy selenides were obtained in good to excellent yields
(Figure 9.11a and Figure 9.11b, respectively). Braga demonstrated that this method
can be efficiently used also for the ring opening of unprotected aziridines, a reaction
that cannot be obtained using the other known protocols for nucleophilic seleneny-
lation (Figure 9.11c) [56].

The biphasic system was also used to perform the hydrochalcogenation of
alkynes leading to the stereoselective of the corresponding Z vinyl chalcogenides
(Figure 9.11d). Both diselenides and disulfides were demonstrated to be efficient as
chalcogenol precursors but the reaction with selenium-containing reagents
resulted to be more stereoselective in comparison with those with sulfur analogues.
Interestingly in this case it was demonstrated that the possibility to reuse the
aqueous part of the biphasic system together with the excess of unreacted zinc for
10 consecutive cycles allows the easy gram scale scale-up in the synthesis of (Z)-
phenyl(styryl)selane [57]. Moderate yields were obtained when a series of acyl
chloride was converted into the corresponding selenol esters using the same pro-
tocol (Figure 9.11e). The prevalent formation of the carboxylic acid, evidenced a
limit in the use of strong hydrolytic conditions. Attempting to avoid this undesir-
able side reaction, THF and triflic acid were used in the place of the biphasic system
and an unprecedented reaction of ring opening of tetrahydrofuran was reported
[58] (Figure 9.12).

The simplicity and versatility of the biphasic system was claimed by Flamer,
who affirmed that it was the most effective method (among a large number of
other reported in literature) for the synthesis of cysteine and selenocysteine
derivatives to be used as peptide building blocks [59] and in peptide chemistry
[60] (Figure 9.11f).

Et2O

Se 2 SeHSe

Se Zn ZnCl2

2 HClHCl 10%

Se

Zn

Figure 9.10: General scheme for the Se-Se reduction in a biphasic system.
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9.2.3 Synthetic applications of TMEDA stabilized PhSeZnSePh

The bis(phenylselenolato)zinc, Zn(SePh)2, described above is normally polymeric and is
characterized by a poor solubility in organic solvents. For these reasons, it is normally
generated in situ and the reaction is activated by mild acidic or basic conditions. It was
demonstrated that this polymer can be also generated by the reaction of phenylselenol
(PhSeH) with Zn[N(SiMe3)2]2 in toluene and, after precipitation from heptane, the
resulting white solid reacts with N,N,N’,N’-tetramethylethylenediamine (TMEDA) afford-
ing a soluble, air-stable, monomeric compound that was characterized as Zn(SePh)2-
(TMEDA) [61].
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This compound has been used for the preparation of ZnSe quantum dots by
thermal decomposition and having a size tuneable by the temperature. Due to the
particular stability and the reduced nucleophilicity of selenium Zn(SePh)2-(TMDEA)
was never used in organic synthesis until 2017 when we compared the reactivity of Zn
(SePh)2 and Zn(SePh)2-(TMEDA) in the conversion of acyl chlorides into the corre-
sponding selenol esters using water as medium [62]. We demonstrated that the
reactivity of TMEDA derivative is only slightly reduced and interestingly its stability
enabled to setup a unique new protocol for the one pot reaction-purification process
that allows to avoid the usual workup of the reaction (Figure 9.13).

9.2.4 PhSeZn-halides and the unexpected on-water reactivity

The formation of RSeZnCl was for the first time proposed by Huang and co-workers in
1998 as an intermediate formed in situ during the reaction of alkyl or aryl-zinc halides
with elemental selenium for the formation of a nucleophilic selenium reagents in the
synthesis of allyl halides and α-selenocarbonyl derivatives.

In the first case allylzinc halides reacted with elemental selenium and subse-
quently with diaryliodonium salts affording the corresponding aryl selenides in good
yields [63]; in the latter, alkyl and aryl zin halides, generated by the reaction of
elemental zinc and the corresponding Grignard reagents, were subjects to the
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Figure 9.13: Acyl substitution using TMEDA stabilized (PhSe)2Zn complex.
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selenium insertion into the zinc-carbon bond to generate the nucleophilic selenium
cantered reagent for the nucleophilic substitution of α-halocarbonyl substrates [64].

Ten years later, for the first time we reported a novel protocol for the synthesis of
PhSeZn-halides starting from the commercially available PhSeCl and PhSeBr by
oxidative insertion of elemental zinc [65]. The main novelty of this synthesis is that,
in refluxing THF, after the consumption of the zinc and the complete umpolung of the
selenium atoms (clearly evidenced by the discoloration of the solution) a white
amorphous and bench stable solid with stoichiometric composition of PhSeZnCl or
PhSeZnBr can be precipitated by diethyl ether or heptane, characterized by 77SeNMR,
stored for long periods under ambient conditions and used as nucleophilic selene-
nylating reagents in several reactions.

Among all these reactions, the ring opening of epoxides for the synthesis of
β-hydroxyselenides was the most deeply investigated by us and by other groups. The
reactivity of PhSeZnX (X = Cl or Br) is usually strongly accelerated under on water
conditions affording quantitatively the desired product in 2 h (Figure 9.14a,
Figure 9.14b) as opposed to the 24 h required in THF. In addition, in water suspension
the stability of the complex was higher than in THF solution were a photoactivated
oxidation rapidly results in the formation of diphenyl diselenide. The ring opening of
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styrene oxide afforded the prevalent formation of the electronically controlled isomer
over the sterically controlled one indicating that the reagent combines the nucleo-
philic properties of selenium with the Lewis acid character of the zinc. The zinc (II)
atom, coordinating to the oxygen of the heterocycle, activates the ring opening
driving the regiochemistry of the process when a strong stabilization of an incipient
positive charge is possible (Figure 9.14a).

A regioselective process has been reported also by Braga and co-workers for the
ring opening of protected and unprotected aziridines under neutral conditions. The
reaction affords β-seleno amines using PhSeZnBr in ionic liquids at 90 °C leading
better yields in the case of the N-Tosyl derivatives [66] (Figure 9.14c). In a recent study
on the total synthesis of idesolide, it was reported that the functionalized epoxide
depicted in Figure 9.14d can be converted in the corresponding β-seleno alcohol
using PhSeZnCl in water. Even if the yield is particularly poor, the classical protocol,
involving NaBH4/EtOH and diselenide failed affording to a mixture of unidentified
compounds probably due to the presence of functional groups that are sensitive to
reductive conditions [67].

A further interesting application was reported in 2017 by Zhu and co-workers that
used the ring opening of epoxide promoted by PhSeZnCl in THF as a highly efficient
post-synthetic modification of poly(glycidyl methacrylate) preparing a series of poly-
mers at different concentration of selenium having an high refractive index [68]
(Figure 9.14e).

Several examples of nucleophilic substitutions using PhSeZnCl or PhSeZnBr
have been reported and are summarized in Figure 9.15, evidencing the broad applic-
ability of these reagents under on water conditions. As electrophile alkyl and vinyl
halides resulted to be particularly reactive affording in 2 h from good to excellent
yields. In the first case it was demonstrated that the yield is negatively affected by the
grade of substitution on the carbon bearing the halogen atom, indicating a mechan-
ism that proceed through a SN2 mechanism and not through a radical pathway
(Figure 9.15a) [65].

When the substrate is a vinyl halide, the substitution normally proceeds with
retention of configuration (Figure 9.15b) with the exception of the olefins bearing a
substituent able to coordinate to the zinc atom. In this case, it was demonstrated by
DFT calculations that the coordination drives the substitution toward the Z-isomer
when starting from both the E- and Z- halides [69] (Figure 9.15c).

Churchill et al. applied this reaction to the synthesis of a selenium functionalized
coumarin as a fluorescent probe of glutathione. In this case the nucleophilic reagent
was PhSeZnBr used at room temperature in aqueous condition with a reaction time of
2 h [70] (Figure 9.15d). Very interestingly, the reaction can be performed in
water suspension also when the substrate is an acyl halide or a chloroformiate
(Figure 9.15e) and, in the presence of PhSeZnBr, the corresponding selenoesters or
selenoformiate can be obtained in good yield indicating a favourable rate of the
selenenylation over the hydrolysis [71]. Also in this case the presence of the zinc was
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supposed to be responsible of the chemo selectivity and it was suggested that it
coordinates to the oxygen atom of the carbonyl moiety bringing the nucleophilic
selenium atom near to the reactive centre and facilitating the formation of the
selenoesters. In this case in order to claim the eco-friendly aspect of the use of
PhSeZn-halides in on water condition, the recyclability of the aqueous medium was
studied and demonstrated for four subsequent cycles.

Finally, it was also demonstrated that PhSeZnCl can be used in seleno-Michael
addition reaction starting from conjugated alkenes or alkynes [72]. In the case of
alkenes, it was observed a severe limitation in the choice of the electron withdrawing
group (only ketones afforded desired products) and the reaction was not accelerated
by the on-water conditions. On the contrary, when the addition involves carbon-
carbon triple bonds the reaction resulted accelerated on water affording the stereo-
selective formation of the vinyl selenide Z either starting from ketone, aldehydes and
esters.

In 2016 PhSeZnCl was for the first-time named as Santi’s reagent [73] and nowa-
days it is also commercially available.
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10 Recent advances in the self-assembly
of polynuclear metal–selenium and –tellurium
compounds from 14–16 reagents

Abstract: The use of reagents containing bonds between group 14 elements and Se or
Te for the self-assembly of polynuclear metal–chalcogen compounds is covered.
Background material is briefly reviewed and examples from the literature are high-
lighted from the period 2007–2017. Emphasis is placed on the different classes of
14–16 precursors and their application in the targeted synthesis of metal–chalcogen
compounds. The unique properties arising from the combination of specific 14–16
precursors, metal atoms, and ancillary ligands are also described. Selected examples
are chosen to underline the progress in (i) controlled synthesis of heterometallic
(ternary) chalcogen clusters, (ii) chalcogen clusters with organic functionalized
surfaces, and (iii) crystalline open-framework metal chalcogenides.

Keywords: cluster, synthesis, heterometallic, complexes, surface derivatization,
extended, networks

10.1 Introduction

Polynuclear metal compounds of the heavier chalcogen elements selenium and tell-
urium are among the most structurally diverse assemblies in modern synthetic chem-
istry. They range in size from small clusters of metal atoms up to nanoscale “cut-outs” of
bulk metal chalcogenides [1–6] and infinite three-dimensional network solids [7–9]. An
impressive set of physical properties may be accessed in these systems as a function of
their composition and structure. Accordingly, metal–chalcogen compounds occupy a
special position in materials science. Early interest in metal chalcogenide clusters was
generatedbecauseof their relevance asmodel compounds for the cofactors of chalcogen-
containing metalloproteins [10–13] or the active sites of heterogeneous catalysts used in
the petroleum industry (e. g. for hydrodesulfurization) [14, 15]. Far from being solely
models, polynuclearmetal chalcogen compounds are themselves technologically useful.
They exhibit uniqueoptical and electronic properties andare commonlyusedas superior
photoluminescent [16, 17], semiconducting [18], non-linear optical [19–21], and thermo-
electric materials [22–25] and may possess more advanced hybrid functional properties
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[26, 27]. Porous metal chalcogenides based on the self-assembly of polynuclear chalco-
genide clusters combine the adsorbent and ion-exchanging properties of zeolites with
cutting-edge chemical and electronic properties [28–31].

Numerous approaches exist for the controlled synthesis of polynuclear metal
chalcogen compounds [32]. The use of reagents containing bonds between group 14
and group 16 elements for their self-assembly has become one of the most popular and
variegated approaches over the past few decades. Modern syntheticmethods incorpor-
ating 14–16 precursors can be broadly classified into two major categories. The first
employs precursors with labile bonds between a chalcogen (E = Se, Te) and a silyl
group (SiR2R′) [33, 34]. Reaction of silylchalcogen precursors (–ESiR2R′) with metal
(pseudo)halide (MXn) complexes results in the delivery of anionic chalcogen ligands
that initiate cluster self-assembly. Formation of a strong Si–X bond via the elimination
of a silane drives the generation of new bonds between the metal and bridging
chalcogen ligands. The second major method involves the coordination chemistry of
neutral or anionic 14–16 ligands [35–37]. These binary 14–16 ligands may be classified
as either chalcogenidotetrelates [TxEy]

n− (T = Ge, Sn, Pb; E = Se, Te) or organotetrel
chalcogenides (RxT)yEz (R = organic group). Anionic chalcogenidotetrelates combine
with metal cations in solution or react under solvothermal conditions to form mole-
cular or extended M/14/16 (M = d-block or main-group metal) structures [38]. The
reactions of neutral organotetrel chalcogenides with metal complexes have given rise
to discrete binary and ternary chalcogenide clusters of significant research interest.

This chapter will provide selected highlights of the rational design of polynuclear
metal–chalcogen compounds from 14–16 precursors during the period from 2007 to
2017. Special emphasis will be placed on recent developments in the field: (i) the
controlled synthesis of heterometallic chalcogen clusters, (ii) the “functionalization”
of cluster surfaces with useful organic moieties, and (iii) the preparation of crystalline
open-framework (porous) metal chalcogenides from solution.

10.2 Silane elimination methods

Modern silane elimination methods for metal chalcogen cluster synthesis originate
from the systematic study of organotin–chalcogen compounds and their reactivity
with Lewis acids [39–41]. In 1965, Abel extended these studies to metal complexes.
This resulted in the synthesis of a discrete nickel(II) thiolate hexamer [Ni(SEt)2]6 from
NiCl2 and Me2Sn(SEt)2 under elimination of Me2SnCl2 [42]. Here, a metal chalcogen
cluster was synthesized via fission of the bond between heavier elements of group 14
and 16. Subsequent work would show the analogous silylated precursors to be more
convenient for metal cluster synthesis [43–45]. Both the higher volatility and stability
of halosilane elimination products relative to halostannanes drive the reaction and
facilitate ease of reaction work-up. Silylated chalcogen reagents are, however, less
stable with respect to hydrolysis than their stannylated counterparts [39].
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The steric properties of the silyl group (SiR2R′) may be tuned to impart greater
stability on these reagents, albeit with a corresponding decrease in reactivity [33].
Certain bulky silanes favour terminal coordination of the chalcogen, rather than
metal bridgingmodes needed for cluster formation [46, 47]. Small trimethylsilylchalco-
gen (–ESiMe3) reagents appear to give the best overall reactivity towards cluster
formation [48–50]. Silyl groups of intermediate sizes such as SiPh3 are desirable for
the preparation of low-nuclearity metal complexes with terminal or μ-bridging silyl-
chalcogenolate ligands, although cleavage of the E–Si bond with F− prior tometalation
affords larger clusters [51, 52]. The remainder of this section will deal exclusively with
trimethylsilylchalcogen reagents and their reactivity patterns.

10.2.1 Bis(trimethylsilyl)chalcogenide reagents

10.2.1.1 Binary metal chalcogenide clusters
Reagents of general formula E(SiMe3)2 (E = S, Se, Te) react in organic solvents with
metal (pseudo)halide complexes (MXn) in the presence of a stabilizing ancillary
ligand (L; usually in excess). This results in the self-assembly of ligand-protected
binary metal chalcogenide clusters (e. g. Figure 10.1). E(SiMe3)2 thus acts as a soluble
source of chalcogenide ions (E2−) in organic solvents. The ancillary ligands prevent
uncontrolled condensation to bulk or nanocrystalline phases and solubilize the
metal chalcogenides in organic solvents [53, 54]. Early uses for silylated chalcogenide
reagents by Holm and Fenske were concerned with synthesis of binary transition
metal chalcogenide clusters, for example [Fe2S2Cl4] and [Ni34Se22(PPh3)10] [43–45].

This approach is general for early and late 3d and 4d metals. The most success, in
terms of the quantity and diversity of cluster frameworks, has come from the combina-
tion of E(SiMe3)2 with d10 group 11 metal salts, particularly Ag(I) and Cu(I) carboxylates
[3–5]. Group 11 cations are ideal choices for cluster growth, due to their flexible
coordination requirements and attractive dispersive forces between the metals which
aid in aggregation. Copper selenide (Cu2Se) clusters are perhaps the most thoroughly
studied of these systems. The transformation from small, spherical polynuclear assem-
blies up to layered triangular nanoclusters such as [Cu146Se73(PPh3)30] and [Cu140Se70
(PEt3)x] (x = 34, 36) is extensively documented [2]. Recently, investigations of the
luminescence from copper(I)-chalcogenide systems have demonstrated their promise
as low-cost triplet emitting elements. For example, the dodecanuclear copper selenide

[NiCl2(PPh3)2] +  2  Se(SiMe3)2 PhMe, 4d
298 K

[Ni34Se22(PPh3)10]

Figure 10.1: Fenske’s synthesis of a nickel(II) selenide cluster from a phosphine–ligated metal
complex and bis(trimethylsilyl)selenide [45].
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cluster [Cu12Se6(dppo)4] (dppo = 1,8-bis(diphenylphosphino)octane; Figure 10.2) emits
red light (λmax = 638nm) with an impressive quantum yield of 0.53 in the solid state
[55]. The favourable photoluminescence properties of metal chalcogen clusters are a
consequence of the structural rigidity of the frameworks. This simultaneously reduces
emission quenching by vibrational deactivation of the excited state and increases
photostability.

The analogous chemistry of the 5d metals has developed more slowly. For example,
the heaviest coinage metal, gold, is usually resistant to cluster formation with
chalcogenide ligands compared to Ag(I) and Cu(I), owing to the strong preference
of Au(I) centres for terminal, linear coordination. However, reports of luminescent,
high nuclearity gold(I) selenide clusters, such as [Au18Se8(dppthph)6](Cl)2 [dppthph
= 2,5-bis(diphenylphosphanyl)thiophene; Figure 10.2] prepared from Se(SiMe3)2 and
phosphinogold(I) chlorides, have emerged over the past decade [56–58]. The pre-
parative chemistry of the f-block element chalcogenides is less amenable to 14–16
precursors, instead being dominated by oxidative addition of diaryl dichalcogenide
reagents followed by ligand-based redox reactions [59].

10.2.1.2 Ternary metal chalcogenide clusters
Heterometallic chalcogenide clusters may be obtained from reactions of the corre-
sponding metal salts with E(SiMe3)2 in the presence of stabilizing phosphine ligands.
The high reactivity of silylated chalcogen reagents enables simultaneous activation

Figure 10.2:Molecular structures of the binary copper(I)-selenide [Cu12Se6(dppo)4] (left) [55] and the
dicationic gold(I)–selenide [Au18Se8(dppthph)6]

2+ (right) [56]. Atoms are represented by spheres,
bonds by solid lines, organic ligands as wireframe drawings, and all hydrogen atoms are omitted
throughout. Phenyl groups are omitted in [Au18Se8(dppthph)6]

2+. Colour scheme: Cu, brown; Au,
yellow; Se, red; P, grey.
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of both metal salts, rather than binary metal chalcogenide formation. This method is
effective for preparing discrete chalcogenide clusters containing both early and late
metals. For example, Fenske has shown that the presence of middle and late 3d
metals Fe(II), Ni(II), Co(II), and Cu(I) can result in the formation of discrete ternary
chalcogenide clusters with Nb(V) and Ta(V) (Figure 10.3) [60, 61].

This provides an alternative to more traditional approaches to early/late heterome-
tallic chalcogenides, based on purely inorganic chalcogenometalate anions such as
[ME4]

2/3− (M = V, Mo, W) or [Nb6S17]
6− as a chalcogenide source [19, 20, 62, 63].

Consequently, this approach enables the synthesis of new ternary chalcogenides.
[NbCo3Se4(PPh3)(CH3CN)3]

+, for example, is the first structurally characterized
Nb(V)/Co(II)/Se cluster [61].

Heterometallic chalcogenide clusters incorporating main group metals are of inter-
est in part because of their relation to ternary metal chalcogenide semiconductors. An
important theme of research in this area is the design of molecular systems that mimic
the composition and structure of the bulk solids. For example, the semiconducting
Cu2SnS3 system (Eg > 0.9 eV) is a promising absorber material for thin film photovoltaic
applications [18, 64]. Molecular Cu(I)/Sn(IV)/S clusters have been prepared from sily-
lated chalcogenides and exhibit complementary properties such as a narrow optical
bandgap resulting in near-infrared (NIR) photoluminescence [65, 66]. This has been
extended to general Cu(I)/Sn(IV)/E (E = S, Se, Te) clusters [Cu6E6(SnPh)2(PPh2Et)6]. The
isostructural clusters were prepared from the reaction of CuOAc with PhSnCl3 and
E(SiMe3)2 in the presence of PPh2Et [67]. The core structure contains a nonbonded [E6]
octahedron capped by μ3-SnPh along two opposing faces and μ3-CuPPh2Et on the
remaining six faces [68]. Heavier chalcogen atoms reduce the absorption energy onset
from 2.83 eV (S) to 2.32 eV (Se) and 1.71 eV (Te). The clusters are photoluminescent in the
NIR region with bathochromically shifted luminescence as a function of the chalcogen-
ide (λem = 800, 920, and 1280nm for E = S, Se, and Te, respectively). This is attributed to
the destabilization of the highest occupied molecular orbital as more electron-rich
chalcogen atoms are introduced from silylated sources.

The “inverse” situation of a heterometallic chalcogen cluster containing a single
metal and two distinct chalcogenide ligands has been reported. This uncommon
situation is observed in the ternary Cu(I)/Se/S cluster [Cu84Se42−xSx(PEt2Ph)24] (x ≈ 15)
[69]. The cluster is prepared from the bis-silylated selenyl sulfide Me3Si–SeS–SiMe3
with PEt2Ph solubilized CuOAc. Me3Si–SeS–SiMe3 is synthesized by insertion of S8
into the Li–Se bond of Li[SeSiMe3], followed by metathesis of Li[SSeSiMe3] with

4 [CoCl2(PPh3)2]  +  NbCl5
4 Se(SiMe3)2

MeCN, 273 K, 2d
[NbCo3Se4(PPh3)(CH3CN)3][CoCl3(PPh3)]

Figure 10.3: Synthesis of a mixed Co(II)–Nb(V) selenide heterocubane cluster from the respective
metal chlorides and Se(SiMe3)2 [61].
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ClSiMe3. The core of the cluster consists of three cubic layers of chalcogenide ligands
(Figure 10.4), typical of larger copper selenide clusters, with the holes filled by Cu(I)
centres. Mixed Se/S site occupation and Cu atom disorder make precise quantifica-
tion of chalcogen atom distribution difficult, although the proposed formula is
supported by energy dispersive X-ray spectroscopy (EDX) analysis. The overall struc-
ture is intermediate between smaller, spherical copper sulfide clusters and large
trigonal copper selenide arrangements.

10.2.1.3 Metal chalcogenide clusters with functionalized surfaces
Variation of the ligands used to stabilize metal chalcogenide clusters is mostly
restricted to changes in the electron-donating ability and steric properties (i.e.
Tolman cone angle and electronic parameter [70]). These parameters are crucial in
guiding the results of the self-assembly process. Ligands with advanced reactivity
and/or functionality have not been studied to the same degree. Recent interest has
been stimulated by the use of electronically conjugated ancillary phosphine ligands
for metal chalcogenide clusters, which are components in single-molecule junctions
[71, 72]. Corrigan and co-workers prepared copper(I) selenide and telluride clusters
stabilized by the redox-active ligand 1,1′-bis(diphenylphosphino)ferrocene (dppf)
[73]. The combination of [Cu(OAc)(dppf)] and half an equivalent of E(SiMe3)2 gave
rise to [Cu8(μ4-Se)4(μ-dppf)3] and a mixture of [Cu4(μ4-Te)(μ4-η2-Te2)(μ-dppf)2] and
[Cu12(μ5-Te)4(μ8-η2-Te2)(μ-dppf)4] (Figure 10.5). Importantly, it was possible to oxidize
the ferrocene moiety and phosphorous atoms of dppf ligands on the copper selenide
and telluride clusters without decomposition of the metal chalcogenide core.

Figure 10.4:Molecular structure of the ternary copper(I) sulfide/selenide nanocluster [Cu84Se42−xSx

(PEt2Ph)24] (x ≈ 15) viewed along c (left). An alternate view approximately parallel to [1 1 0] is shown
(right) [69]. Organic groups are omitted. Colour scheme: Cu, brown; Se, red; disordered S/Se,
yellow; P, grey.
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10.2.2 Organic trimethylsilylchalcogenides

10.2.2.1 Metal chalcogenolate coordination polymers
Replacing one silyl group of E(SiMe3)2 with an organic moiety (R) yields organo
trimethylsilylchalcogenide reagents RESiMe3. These serve as organic-soluble sources
of RE− for the self-assembly of metal chalcogenolate clusters. For silylthiolate
ligands, a wide scope of potential R groups may be implemented [74, 75].
Selenolate and tellurolate ligands, on the other hand, mainly employ either simple
aromatics or bulky silylated groups, due to their lower overall stability [76, 77].
Reaction of RESiMe3 with ametal halide (MXn) produces oligomeric species of general
formula [M(ER)n]m or metal chalcogenolate coordination polymers [78]. Eichhöfer
and co-workers prepared one-dimensional tin(II) phenylchalcogenolate complexes
[Sn(EPh)2]n (E = Se, Te) by this route (Figure 10.6) [79]. The polymer consists of planar
Sn(EPh)2 units assembled into a one-dimensional chain by weak Sn(II)–E interac-
tions between adjacent units.

Related Fe(II) andMn(II) diselenolates and [Bi(SePh)3]n have been isolated from the
combination of the corresponding metal salts and PhSeSiMe3 [80–82]. In contrast
to the Sn(II)/E system, the solid-state structures of [M(SePh)2]n (M = Fe, Mn) show

Figure 10.5: Ferrocenyl-functionalized copper telluride cluster [Cu12(μ5-Te)4(μ8-η2-Te2)(μ-dppf)4]
(left) and copper selenide [Cu8(μ4-Se)4(μ-dppf)3] (right) [73]. The phenyl groups of dppf have been
omitted for clarity. Colour scheme: Cu, brown; Fe, green; Se, red; Te, orange; P, grey.

SnCl2  +  2 PhESiMe3
THF

[Sn(EPh)2]n

Figure 10.6: Synthesis of a one-dimensional homoleptic Sn(II) phenylchalcogenolate coordination
polymer from PhESiMe3 (E = Se, Te) [79].
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one-dimensional, covalently linked coordination polymers in which all Se ligands
adopt μ-bridging modes (Figure 10.7). Both chain compounds exhibit strong anti-
ferromagnetic super exchange mediated through the bridging μ-SePh ligands.

10.2.2.2 Molecular metal chalcogenolate aggregates
When reactions between metal salts and silylated chalcogenolates are carried out in
the presence of ancillary ligands, aggregation into polymers is suppressed and
ligand-stabilized metal chalcogenolate clusters result. The size and structure of the
resultant cluster is dependent on the reaction stoichiometry, the silylchalcogenide
ligand, the ancillary ligand, and the metal centre. An equivalent method uses
ancillary ligands to coordinate to preformed metal chalcogenolate polymer, in
which case the product spectrum is mostly sensitive to the nature and amount of
the solubilizing ligand. Krautscheid provided a systematic demonstration of these
effects for the copper(I) chalcogenolate system in the presence of trialkyl phosphines
of various sizes (Figure 10.8) [83].

In the presence of excess phosphine (PR3/RE
− = m/n = 3/1), terminal copper(I)

chalcogenolates like [(Et3P)3CuSePh] are preferred. These may also be prepared
from the reaction of larger clusters such as [(Et3P)5(CuEPh)6] with the addition of
excess phosphine. When them/n ratio is reduced to 2/1 for the small alkyl phosphine
Me3P, a dimeric structure [(Me3P)2(CuEPh)]2 (E = Se, Te) is obtained in which all
copper(I) atoms are tetrahedrally coordinated. If the sterically demanding phos-
phine, tBu3P is used with m/n = 1/1, the dimer [(tBu3P)(CuSePh)]2 is obtained with
trigonal planar Cu(I) centres.

Figure 10.7: Segments of one-dimensional metal chalcogenolate coordination polymers [Sn
(TePh)2]n viewed parallel to b (left) [79] and [Fe(SePh)2]n parallel to c (right) [81]. Colour scheme: Sn,
dark grey; Fe, green; Se, red; Te, orange.

m R3P  +  n CuOAc  +  n Me3SiEPh [(R3P)m(CuEPh)n]

Figure 10.8: Synthesis of phosphine-stabilized copper(I) chalcogenolate clusters with varying ratios
of phosphine and trimethylsilylchalcogenide reagents [83].
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Substoichiometric amounts of phosphine lead to the formation of polynuclear
clusters with more complex geometries. With a 3/4 ratio of m/n with bulky phos-
phines iPr3P and tBu3P, the clusters [(R3P)3(CuTePh)4] are obtained. The structure is
that of a Cu (I) centred [{(R3P)CuTePh}3] ring completed by an additional μ-TePh
ligand. A 5/6m/n ratio yields hexanuclear copper(I) selenolate and tellurolate clus-
ters [(Et3P)5(CuEPh)6]. The structures consist of an octahedral arrangement of EPh
ligands with three trigonal faces capped by CuPEt3, one edge-bridging Cu(PEt3)2 and
two trigonal Cu(I) centring opposite faces. Another hexanuclear cluster [(iPr3P)4
(CuSePh)6] is obtained using a bulkier phosphine in a 4/6m/n ratio. The cluster
contains only trigonal planar copper centres and consists of two stacked
[(CuSePh)3] rings. With a 3/7m/n ratio, the related copper selenolate [(iPr3P)3
(CuSePh)7] is obtained. This can be constructed by formally replacing a terminal
phosphine in [(iPr3P)4(CuSePh)6] with a μ3-bridging CuSePh moiety. Structures of the
clusters are given in Figure 10.9.

Different stabilizing ligands beyond phosphines are useful for varying the structural
properties of metal chalcogenolates. The use of 4,4′-bipyridine (bpy) in conjunction
with CuOAc, PPh3, and PhSeSiMe3 has given rise to discrete copper(I) selenolate
clusters bridged into a one-dimensional coordination polymer of [(CuSePh)6(PPh3)3]
units linked through 4,4′-bpy (Figure 10.10) [84]. The cluster units are based on a
copper-bridged nonbonded [Se6] octahedron. Two Cu(I) centre opposing faces of the

Figure 10.9: Core structures of phosphino-copper(I) phenylchalcogenolates prepared from RESiMe3
with varying ratios of PR3/RE

− (m/n) [83]. Top row: [(Et3P)3CuSePh] (3/1), [(Me3P)2(CuSePh)]2 (2/1),
[(tBu3P)(CuSePh)]2 (1/1), [(

iPr3P)3(CuTePh)4] (3/4); bottom row: [(Et3P)5(CuSePh)6] (5/6), [(
iPr3P)4

(CuSePh)6] (4/5), [(
iPr3P)3(CuSePh)7] (3/7). Colour scheme: Cu, brown; Se, red; Te, orange.
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octahedron, three cap the trigonal faces, and one is edge-bridging. The edge-bridging
Cu(I) centre and a Cu(I) capping an adjacent face are ligated by the cluster-bridging
4,4′-bpy. Using bidentate phosphines instead of PPh3 gives rise to dinuclear complexes
[(CuSePh)2(P^P)2] linked by 4,4′-bpy into linear (P^P = dppm; 1,1-bis(diphenylpho-
sphino)methane) and zigzag (P^P = dppe; 1,2-bis(diphenylphosphino)ethane) chains.

N-heterocyclic carbenes (NHCs) have recently been shown to be useful for improv-
ing the stability and solubility of copper(I) and silver(I) selenolate aggregates com-
pared to their phosphine analogues [85]. This is a consequence of the excellent σ donor
properties of NHCs which limit cluster condensation promoted by ligand loss. Similar
improvements have also been shown for metal–chalcogenide clusters, such as the
NHC-stabilized manganese tellurides [Mn4Te4(

iPr2NHC)4] and [Mn8Te8(
iPr2NHC)6],

which are prepared by Roy from manganese allyl complexes and NHC–tellurides [86].

10.2.2.3 Heavy main group metal tellurolates
Heavy main group metal tellurium compounds are suitable single-source precursors
for nanostructured and thin-film semiconducting materials [25, 87]. Nanostructures
are typically prepared by chemical processes (e. g. solvothermal synthesis, atomic
layer deposition, thermolysis) from single- or multi-source precursors, whereas thin
films involve deposition of the precursors by physical means (chemical vapour
deposition, solution-based deposition) followed by an annealing step [88, 89]. In
either case, using a single precursor containing a preformed M–Te bond can improve
the quality of the resulting materials in terms of its compositional and morphological
uniformity [90–92]. Metal tellurolate precursors offer one route into metal telluride
phases by thermal elimination of ER2 (Figure 10.11).

Well-defined bismuth(III), antimony (III), tin(II), and lead(II) tellurolate precur-
sors are of special interest because of the importance of their respective tellurides as
thermoelectric materials [22, 25]. Molecular compounds of these systems are rare due

Figure 10.10: Segment of the one-dimensional zigzag chain of [(CuSePh)6(PPh3)3(4,4′-bpy)]n viewed
along a (left). Expansion of the monomeric copper(I)–selenolate cluster unit (right) [84]. Colour
scheme: Cu, brown; Se, red; P, grey.
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to the instability of bonds between heavy main group elements. For the most
part, only mononuclear compounds have been prepared [93–96]. von Hänisch and
co-workers have recently reported Sn(II) and Pb(II) tellurolate clusters prepared from
sterically encumbered silyltelluride reagents tBu2PhSiTeSiMe3, (Me3Si)3CTeSiMe3,
and (Me3Si)3SiTeSiMe3 and tin(II) or lead(II) chlorides (Figure 10.12) [97]. This chem-
istry is facilitated by the reactive nature of the silyltellurides even at the low tem-
peratures required to kinetically stabilize Sn(II)–Te and Pb(II)–Te bonds in solution.

Dimeric species [(tBu2PhSiTe)2M]2 (M = Sn, Pb) and [tBu2PhSiTePbC(SiMe3)3]2 were
synthesized and structurally characterized [96]. They adopt a folded [M2Te2] ring with
trans-disposed silyl ligands. Because of the weak nature of the bonds present, these
complexes were dynamic in solution. [(tBu2PhSiTe)2Sn]2 underwent Te–Si bond fission
and subsequent scrambling of the silyl ligands above −3 °C. [(tBu2PhSiTe)2Pb]2 is
thought to engage in a monomer–dimer equilibrium initiated by cleavage of the
weak Pb–Te bond. All compounds decomposed between 100 and 300 °C to give the
corresponding MTe phase. Unexpectedly, reaction of SnCl2 with (Me3Si)3SiTeSiMe3
gave rise to a mixed tin(II) telluride/tellurolate cluster [{(Me3Si)3SiTe}4Te2Sn4]. The
cluster consists of a planar [Sn2Te2] ring with two trans-disposed {(Me3Si)3SiTe}2Sn
fragments bound to Te. The system has structural similarities to cubic SnTe and may
represent an intermediate molecular species in the decomposition of [Sn{TeSi
(SiMe3)3}2]2 to SnTe as demonstrated by Arnold [98].

10.2.2.4 Ternary metal chalcogenolate clusters
Heterometallic chalcogenolate clusters can be prepared frommixtures of the respective
metal complexes in the presence of RESiMe3 and ancillary ligands. Aswas the casewith
mixed-metal chalcogenides (Section 10.2.1.2), the reactive nature of silylchalcogen
reagents is exploited for the simultaneous activation of two different metal complexes

(L)nM(TeR)m n L   +  MTem/2   +  m/2 R2Te
Δ

Figure 10.11: Idealized thermal decomposition of a mononuclear metal tellurolate in the deposition
of a bulk metal telluride phase.

MCl2  +  2 tBu2PhSiTeSiMe3

(Me3Si)3CPbCl  +  2 tBu2PhSiTeSiMe3

SnCl2  +  2 (Me3Si)3SiTeSiMe3 [{(Me3Si)3SiTe}4Te2Sn4]

Et2O, 199 K

Et2O, 199 K

Et2O, 199 K

[(tBu2PhSiTe)4M2]  (M = Sn, Pb)

[tBu2PhSiTePbC(SiMe3)3]2

Figure 10.12: Synthesis of a tin(II) and lead(II) tellurolate clusters by silane elimination chemistry [97].
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under mild conditions. Krautscheid and co-workers used this method for the first
synthesis of molecular copper(I)–zinc(II) selenolate and tellurolate complexes
(Figure 10.13) [99].

These reactions are conducted in EtOH and the reactivity is a combination of silane
elimination chemistry and chalcogenolysis (see also Section 10.2.3.2). [(iPr3PCu)3
(ZnEt)(SePh)4] consists of a pyramidal [(CuPiPr3)3(μ3-SePh)] unit capped by [(ZnEt)
(μ-SePh)3]. Each selenolate bridges the Zn(II) and one Cu(I). [(iPr3PCu)3Cu(

iPr3PZn)
(TePh)6] has an adamantane-like structure: a six-membered ring with alternating
Cu(I) and Te2− centred by Cu(I) is capped by a tetrahedral [(iPr3PZn)(μ-TePh)3] unit.
[Cu2Sn(SePh)6(PPh3)2] is another representative of Cu/M selenolate clusters derived
from a ternary semiconductor phase [66]. The cluster was prepared from PhSeSiMe3
and a mixture of CuCl and [SnCl4(THF)2] and its structure is based on an octahedral
[SnSe6] arrangement capped on two opposite faces by CuPPh3. At temperatures below
100K, it emits brightly in the NIR region by phosphorescence (λem = 1100 nm) in the
solid state. Increasing the temperature decreases the emission intensity and induces
hypsochromic shifting.

Silylated organoselenolate precursors have enabled access into some less com-
mon ternary metal chalcogen systems. For example, Fenske prepared rare Ag(I)/Bi/
Se compounds [Bi4Ag3(SePh)6X3(PR3)3]2 (X = Cl, Br, PR3 = PPh3, PPhiPr2) using
PhSeSiMe3 as a source of PhSe− [100]. The structure contains a trigonal pyramidal
Bi4

6+ unit linked through the basal Bi centres to three AgPR3 through μ-SePh bridges.
The μ3-halide ligands bridge two Bi and one Ag at distances indicative of non-
covalent interactions (Figure 10.14). This unit dimerizes in the solid state through
weak Se···Bi interactions, as also observed in Bi(SePh)3 which forms a linear polymer
through these bonding modes [81]. Electronic structure calculations show the Bi4

6+

unit contains a neutral Bi0 at the apex of the trigonal pyramid, bound to three Bi2+

which engage in 3 centre–4 electron bonding to form Se–Bi–Se moieties.

10.2.2.5 Functionalized chalcogenolate surface ligands
The tunability of the organic group in trimethylsilylchalcogenide reagents has pro-
vided access to metal chalcogenolate clusters with functionalized ligand shells [34].
Fuhr showed that the electronic properties of dinuclear copper(I) complexes with

[(iPr3P)4(CuSePh)6] [(iPr3PCu)3(ZnEt)(SePh)4]

[(iPr3PCu)3Cu(iPr3PZn)(TePh)6][(iPr3P)3(CuTePh)4]

iPr3P   +   ZnEt2
PhSeSiMe3

EtOH, 298 K

PhTeSiMe3

EtOH, 273 K
iPr3P   +   ZnEt2

+

+

Figure 10.13: Synthesis of ternary Cu(I)/Zn(II)/Se and Cu(I)/Zn(II)/Te chalcogenolate clusters from
the mixture of the respective metal complexes and PhESiMe3 [99].
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phenylselenolate ligands may be tuned by installing electron donating groups about
the aromatic ring, without changing the core cluster geometry [101]. On the other hand,
the self-assembly properties of selenolates with distinctive steric and geometric proper-
ties are underdeveloped. Polydentate aryl trimethylsilylselenide reagents with several
positions of the aromatic ring substituted are promising candidates in this respect.
Preliminary work includes the development of 1,4-, 1,3,5-, and 1,2,4,5-phenylchalco-
genosilanes Ar(CH2ESiMe3)n (n = 2, 3, 4; E = S, Se) for polyferrocenyl assemblies [102].
The use of these reagents as precursors to polynuclear metal chalcogen compounds
was demonstrated by the synthesis of a dinuclear palladium complex [(dppp)2Pd2-μ-
κ2Se-{1,2-(SeCH2)2C6H4}](Cl)2 (dppp = 1,3-bis(diphenylphosphino)propane) [103].

Polyferrocenyl arrangements on inorganic supports are attractive targets for
multifunctional nanomaterials with potential applications as electrochemical and/
or luminescent sensors [27, 104], electrode materials [105], and multielectron cata-
lysts [106]. Group 14–16 reagents have been used as precursors to both mono- and
polydentate ferrocenylchalcogen ligands for metal chalcogen clusters with redox-
active ligand shells. Simple ferrocenylchalcogenolates FcESiMe3 (Fc = [Fe(η5-C5H5)
(η5-C5H4)]) and fc(SeSiMe3)2 (fc = [Fe(η5-C5H4)2]) are prepared by insertion of ele-
mental Se or Te into the C–Li bond of [FcLi] or [fcLi2], followed by metathesis with
ClSiMe3. They react with ligand solubilized metal acetate salts to yield molecular
metal chalcogenolate clusters, for example [Ag8(Se2fc)4(P

nPr3)4] and [Ag16(Se2fc)8
(PPh2Et)6] (Figure 10.15) [107]. Cyclic voltammetry of metal chalcogenolate clusters
prepared in this manner usually show one irreversible oxidation followed by two
quasi-reversible oxidations [108]. In these cases, oxidation of Fe2+ results in oxidation
of the ferrocenylselenolate ligand to the corresponding diselenide which is

Figure 10.14: Core structure of ternary chalcogenolate [Bi4Ag3(SePh)6Br3(PPh3)3] with one co-
crystallizing molecule of Bi(SePh)3 and the phenyl ligands of the phosphine omitted (left). Its
aggregation into an intermolecular dimer in the crystal is shown (right) with all organic substitu-
ents omitted [100]. Colour scheme: Ag, blue; Bi, purple; Se, red; Br, beige; P, grey.

10.2 Silane elimination methods 343



responsible for the ensuing reversible redox chemistry. This causes the decomposi-
tion of the metal chalcogen framework. Oxidative degradationmay be avoided by the
incorporation of a methylene spacer between ferrocene and the chalcogen centre.
Silylated ferrocenylmethylchalcogenolates are thus used as effective precursors to
metal chalcogenolate clusters such as [Ag8(SeCH2Fc)8(PPh3)4] [109]. The redox stabi-
lity of the resulting frameworks has been demonstrated for the case of a silver sulfide/
thiolate nanocluster [110].

Nanomaterials functionalized with polyferrocenyl ligands may act as sensitive
electrochemical ion probes. Having many redox probes per metal particle and the
ability to trap polar analytes with non-covalent interactions (e. g. hydrogen bonding)
make these ideal sensingmaterials. A first attempt involved the preparation of silylated
ferrocenoylselenolate reagents FcC(O)SeSiMe3 from FcC(O)Cl and Li[SeSiMe3] [111].
Reaction with (Ph3P)2M(OAc) (M = Cu, Ag) gave rise to tetramers [M{Se(O)CFc}
(Ph3P)]4. Electrochemical oxidation of the ferrocene units resulted in decomposition
of the cluster framework and generation of {FcC(O)}2Se, with a mechanism probably
like that of FcSe– =fcSe2–2 stabilized clusters. Introducing an ester linkage with a
flexible ethyl spacer in FcC(O)OCH2CH2SeSiMe3 has enabled the synthesis of metal
chalcogen nanoclusters with both redox stability and superior ion-sensing capabilities
(see Section 10.2.3.4). A smaller cluster [Ag7Br(dppe)3{SeCH2CH2O(O)CFc}6] was also
prepared from the corresponding silylated selenolate ligand and [Ag(dppe)OAc] in the
presence of NPr4Br [112]. The cluster retains its structural integrity upon repeated
electrochemical cycling. A novel silver ferrocenylselenolate coordination polymer
[{AgSeCH2CH2O(O)CFc}8]n was prepared from AgOAc and FcC(O)OCH2CH2SeSiMe3 in
the absence of stabilizing ligands and adopts a one-dimensional helical chain structure
in the solid state (Figure 10.16) [112].

Figure 10.15:Molecular structures of ferrocenyl-functionalized silver–selenolate clusters [Ag8(Se2fc)4
(PnPr3)4] (left) and [Ag16(Se2fc)8(PPh2Et)6] (right) [107]. All organic substituents on the phosphine
ligands are omitted. Colour scheme: Ag, blue; Fe, green; Se, red; P, grey.
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10.2.3 Metal chalcogenide/chalcogenolate clusters

10.2.3.1 Nanoscopic silver and copper chalcogenide/chalcogenolate clusters
The largest crystallographically characterized discrete metal chalcogenide (non-oxide)
clusters were reported by Fenske in 2008, measuring ca. 3 nm in core diameter [113].
They consist of Ag2S cores enveloped in AgSR shells, further stabilized against con-
densation with phosphine ancillary ligands. In other words, they belong to the class of
coinage metal chalcogenide/chalcogenolate nanoclusters. Silylated chalcogen
reagents can be used to prepare these clusters according to three approaches:
(i) reaction of MOAc (M = Cu, Ag) with E(SiMe3)2, RESiMe3, and ancillary phosphines,
(ii) treating metal chalcogenolate coordination polymers [M(ER)]n with E(SiMe3)2 and
phosphines, and (iii) reaction of MX (X = Cl, OAc) with RESiMe3 under E–C bond
cleavage (Figure 10.17), whereas methods (i) and (ii) are rather general for M = Cu, Ag
and E = S, Se, Te, method (iii) only becomes important as the strength of the E–C bond
weakens, i.e. for silylated selenolate and tellurolate precursors.

The size and structure of the products that crystallize are highly dependent on the
specific reaction conditions; the steric properties of ancillary phosphine ligands are
crucial; however, variation of the chalcogenolate ligand, reaction solvent, and tem-
perature influence cluster formation and crystallization. When silylselenolate or silyl-
tellurolate ligands are employed, redox chemistry is commonly observed either in the
formation of polychalcogenide ligands or in the preparation of mixed valence clusters,
such as [CuI36(Cu

IICl)2Se13(SePh)12(dppe)6] reported by Duan and co-workers [114].
Other considerations include the presence of additives in the reaction mixture to
induce C–E bond cleavage in method (iii). For example, Dehnen prepared
[(Ph3PAg)8Ag6(μ6-Se)1−x/2(SePh)12]x+ (x = 0, 1) from [(Ph3P)Ag(NO3)] using PhSeSiMe3

Figure 10.16: Molecular structure of the ferrocenylester-functionalized silver selenolate cluster
[Ag7Br(dppe)3{SeCH2CH2O(O)CFc}6] (left) and a portion of the coordination polymer [{AgSeCH2CH2O
(O)CFc}8]n (right) viewed parallel to c [112]. The organic groups of the phosphine ligands are omitted.
Colour scheme: Ag, blue; Fe, green; Se, red; Br, beige; P, grey.
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as the only selenium source [115]. It was necessary to include organotin chloride
reagents in the reaction mixture for crystalline products to be obtained. Another
common approach involves photolysis of C–E bonds, particularly in the conversion
of metal tellurolates tometal tellurolate/telluride clusters via photoelimination of R2Te
[116]. Thermal elimination of R2Se from (Me4N)2[Cd(SePh)4] via C–Se bond cleavage
yields highly monodisperse cadmium selenide/selenolate nanoparticle systems,
including a superlattice based on the T5 cluster [Cd54Se32(SePh)48(dmf)4]

4− (dmf = N,
N′-dimethylformamide) [117].

Coinage metal–chalcogenide/chalcogenolate clusters prepared from silylated
sources display structural relationships to bulk copper or silver chalcogenide phases.
For example, [Cu93Se42(Se–C6H4–SMe)9(PPh3)18] belongs to a class of triangular
copper selenide nanoclusters containing 70–146 Cu atoms (Figure 10.18) [118]. In
common to all clusters in this series is a layered A–B–A packing of selenium ligands,
corresponding to a hexagonal modification of cubic Cu2−xSe. The largest crystal-
lographically characterized silver selenide/selenolate clusters [Ag112Se32(Se

nBu)48
(PtBu3)12], [Ag114Se34(Se

nBu)46(P
tBu3)14], and [Ag172Se40(Se

nBu)92(dppp)4] (all pre-
pared as of method (iii)) mimic a body-centred cubic-type packing of Se atoms,
with Ag occupying the voids within and between the layers [119].

10.2.3.2 Metal chalcogenide/chalcogenolate clusters of intermediate sizes
Metal chalcogen cluster compounds of intermediate sizes (<50 metal atoms) can be
prepared from silylchalcogen reagents by the methods outlined in Section 10.2.3.1.
The flexibility of this reaction chemistry, in terms of the number of variable reaction
conditions, facilitates access into metal chalcogenide systems with a diverse product
spectrum. For example, two tetrahedral manganese(II) selenide clusters were pre-
pared from the one-dimensional coordination polymer [Mn(SePh)2]n and Se(SiMe3)2
in the presence of either PnPr3 or [Na(benzo-15-crown-5)][SePh] (Figure 10.19) [120].
The clusters [Mn32Se14(SePh)36(P

nPr3)4] and [Na(benzo-15-crown-5)(C4H8O)]2[Mn8Se

5 CuOAc  +  2 Se(SiMe3)2  +  Me3SiSe-C6H4-SMe

[AgStC5H11]n  +  S(SiMe3)2
dppbp

dppp

xylene/THF

CHCI3 / PhMe
253 K

AgO2C11H23  +  nBuSeSiMe3

10 PPh3
[Cu93Se42(Se-C6H4-SMe)9(PPh3)18]

[Ag490S188(StC5H11)114]

[Ag172Se40(SenBu)92(dppp)4]

[Ag352S128(StC5H11)96]+

THF, 243 K
(i)

(ii)

(iii)

Figure 10.17: Examples of three methods for preparing metal–chalcogenide/chalcogenolate
nanoclusters from silylated chalcogen reagents: (i) combination of MOAc, E(SiMe3)2, RESiMe3, and
PR3 [118], (ii) reaction of [M(ER)]n with E(SiMe3)2 [113], and (iii) reaction of MO2CR with RESiMe3 [119].
dppbp = 4,4′-bis(diphenylphosphino)biphenyl, dppp = 1,3-bis(diphenylphosphino)propane.
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(SePh)16] are structurally related to the class of supertetrahedral 12–16 clusters [29].
[Mn32Se14(SePh)36(P

nPr3)4] is composed of 13 fused adamantoid MnSe cages and 4
barrelanoid MnSe cages at the corners capped by one phosphine ligand. It is the
largest discrete manganese selenide cluster structurally characterized to date.
[Mn8Se(SePh)16]

2− is a P1-type cluster, consisting of a [MnSe4] tetrahedron capped
by four [Mn(SePh)4] tetrahedra (Figure 10.20). Despite the large number of Mn(II)
atoms in these clusters, they have large, negative Weiss constants of −339(2)K and
−162(2)K, respectively, indicating strong antiferromagnetic coupling.

Bis(trimethylsilylamide) metal complexes react with chalcogenols (REH) and
E(SiMe3)2 to yield metal chalcogenide/chalcogenolate clusters by combining silane
elimination chemistry with chalcogenolysis. This method has proven beneficial for

Figure 10.18: Core structure of the triangular copper(I) selenide/selenolate nanocluster [Cu93Se42
(Se–C6H4–SMe)9(PPh3)18] viewed along a (left) and viewed parallel to [0 1 1] (right) [118]. All organic
substituents in the phosphines and selenolates are omitted for clarity. Colour scheme: Cu, brown;
Se2−, red; RSe–, magenta; P, grey.

2 PnPr3
0.4 Se(SiMe3)2

[Mn(SePh)2]n

[Mn(SePh)2]n

PhMe/THF
298 K

THF, 298 K

0.3 [Na(BenZo-15-crown-5)][SePh]
0.1 Se(SiMe3)2

[Mn32Se14(SePh)36(PnPr3)4]

[Na(Benzo-15-crown-5)(THF)2][Mn8Se(SePh)16]

Figure 10.19: Synthesis of tetrahedral manganese(II) selenide/selenolate clusters from silylated
chalcogen precursors [120].

10.2 Silane elimination methods 347



the generation of halide-free tetrahedral 12–16 clusters, such as the dianions [Cd8Se
(SePh)16]

2− and [Cd17E4(E′Ph)28]2− (E, E′ = S or Se; Figure 10.20) [121]. Furthermore, the
ability to generate homoleptic clusters by this method prevents surface isomerization
driven by scrambling of ligands and counterions. With the molecular structure
“pinned-down” in this way, a detailed comparison of the valence electronic struc-
tures of homologous chalcogenide clusters of different sizes was possible. Quantum
confinement effects are noticeable, even in these small molecular clusters. The first
optically allowed electronic transition shifts to higher energy by 0.5 eV for [Cd8Se
(SePh)16]

2− compared to [Cd17Se4(SePh)28]
2− and the adiabatic second electron affinity

for the dianions shifts to lower energies by roughly the same amount, as determined
by photoelectron spectroscopy. In [Cd17E4(E′Ph)28]2−, changing interstitial Se2− for S2−

produces little change, but varying the surface ligands from SePh to SPh produces
shifts of ca. 0.1 eV to higher energy absorption onsets and lower electron affinity.

10.2.3.3 Ternary chalcogenide/chalcogenolate clusters
Cluster complexes containing two distinct metals, chalcogenolate, and chalcogenide
ligands are highly tunable systems with advanced functional properties. The use of
14–16 reagents in their synthesis has broadened the range of tenable ternary systems.
In the simplest case, such compounds are prepared from the direct mixture of two
metal salts, RESiMe3, and E(SiMe3)2. This was themethod used to prepare a copper(I)/
iron(III) selenide/selenolate cluster [Cu30Fe2Se6(SePh)24(dppm)4] by inclusion of
small amounts of FeCl3 in the reaction mixture [122]. This elemental combination is
related to that of the important semiconducting materials CuFeS2 and CuFeSe2 [123].
The core structure consists of a central [Fe2Se6] unit encapsulatedwithin a three-layer
distorted cubic network of 24 selenolate ligands (Figure 10.21). The 30 Cu(I) centres
occupy the tetrahedral holes inside this network and trigonal sites on the surface. The

Figure 10.20: Molecular structures of supertetrahedral metal chalcogenide/chalcogenolate clusters
[Mn8Se(SePh)16]

2− (left) [120], [Cd17Se4(SePh)28]
2− (centre) [121], and [Mn32Se14(SePh)36(P

nPr3)4]
(right) [120] prepared from silylated chalcogenolate sources. All surface organic groups have been
omitted. Colour scheme: Mn, violet; Cd, green; Se, red; P, grey.
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presence of Fe3+ was confirmed by X-ray absorption near-edge spectroscopy,
Mössbauer spectroscopy, and synchrotron X-ray crystallography. The dopant Fe3+

ions result in broad absorption bands at lower energies compared to other copper
selenide clusters of comparable size [124].

Organic-soluble metal bis(trimethylsilyl)amide complexes are attractive reagents
for the synthesis of heterometallic chalcogen clusters in combination with 14–16
precursors. The reaction of bis(trimethylsilyl)amide complexes of Cd(II) and Mn(II)
with PhSeSiMe3 and E(SiMe3)2 in the presence of PnPr3 gives rise to ternary clusters
[Cd4Mn6Se4(SePh)12(P

nPr3)4] and [Cd4Mn4S(SePh)14(P
nPr3)2] [125]. These adopt known

tetrahedral [M10E4(EPh)14]
2− and [M8E(EPh)16]

2−motifs from 12/16 cluster chemistry [30].
Tetrahedral Cd(II)–Mn(II) systems like these are of special interest as they are comple-
mentary to dilutemagnetic semiconductor nanomaterials based on CdE andMn(II) [26].
Crystallographic and mass spectral data indicate that facile Mn(II)–Cd(II) exchange
occurs, so the formulae may be better described as [Cd4+xMn6−xSe4(SePh)12(P

nPr3)4] and
[Cd4+xMn4−xS(SePh)14(P

nPr3)2]. This impacts the observed temperature-dependent mag-
netic susceptibility measurements. While both clusters have large, negative Weiss
constants consistent with antiferromagnetic coupling between Mn(II) centres, para-
magnetic impurities need to be introduced to fully model the magnetic properties.
These could reasonably arise from structurally similar clusters bearing an odd number
ofMn(II) ions.Moreover, the clusters are luminescent in solutionwith emissionmaxima
red-shifted by comparison to Mn(II)-doped CdSe nanoparticles [26].

10.2.3.4 Metal chalcogenide clusters passivated with functional chalcogenolates
A popular approach for synthesizing nanomaterials with advanced functionality
is to devise methods of surface derivatization. This has been demonstrated in

Figure 10.21: Core structure of the heterometallic Cu(I)/Fe(III) selenide/selenolate cluster
[Cu30Fe2Se6(SePh)24(dppm)4] (left) and the central [Fe2Se6] units (right) [122]. All organic groups are
omitted. Colour scheme: Cu, brown; Fe, green; Se, red; P, grey.
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metal chalcogen cluster chemistry using silylated chalcogenolate groups substi-
tuted with organic functional groups. For example, ferrocenyl-functionalized
selenolate reagents have been used to synthesize silver(I) selenide nanoclusters
with redox-active chalcogenolate surface ligands. With PPh3 as a stabilizing
ligand, clusters having approximate composition [Ag100Se17(SeCH2CH2O{O}
CFc)66(PPh3)10] and [Ag180Se54(SeCH2CH2O{O}CFc)72(PPh3)14] were prepared from
AgOAc, Se(SiMe3)2, and FcC(O)CH2CH2SeSiMe3 [126]. The formulations were
determined by thermogravimetric analysis, high-resolution transmission electron
microscopy, dynamic light scattering, and EDX. The suitability of these nanos-
tructures for electrochemical anion recognition was illustrated using HSO4

− as a
model. Upon combination of equimolar HSO4

− and [Ag180Se54(SeCH2CH2O{O}
CFc)72(PPh3)14], a distinctive cathodic shift of 50mV in the ferrocenyl oxidation
wave is observed by cyclic voltammetry, indicating the formation of an ion pair
between ferrocenium and HSO4

−.
The applicability of metal chalcogenide/chalcogenolate clusters as advanced

functional materials can be enhanced through the design of “core–shell” clusters.
These commonly contain a metal selenide core stabilized by a metal thiolate shell.
These systems benefit from the greater stability of the thiolate precursors and their
complexes compared to selenolates and tellurolates. A high degree of tunability is
inherent to these systems and can be exploited in synthesis for targeted applications.
A total of 14–16 reagents enable access into core–shell clusters by using silylated
reagents of distinct chalcogens [typically Se(SiMe3)2 and RSSiMe3].

The group of Fenske has produced copper(I) and silver(I) selenide clusters with
surface functionalities including trimethylsiloxy, nitro, thiazole, cyano, and
thioether – introduced from silylated arylthiolate reagents [127–131]. Importantly,
the reactive functional groups of the surface ligands do not ligate the metal centres
of the cluster. Their capacity for subsequent coordination could be exploited for
directing reactions between functionalized cluster and metal atoms or surfaces. A
preliminary result in this direction is the preparation of [Ag14S(S–C6H4–CN)12
(PPh3)8][FeCl2(THF)4]3 from [Ag14S(S–C6H4–CN)12(PPh3)8] and FeCl2 in THF. The
two neutral molecules co-crystallize in the same unit cell; however, the cyano
moieties remain unbound and the coordination sphere of iron is occupied by THF
[129]. Trimethylsiloxyphenyl-thiolate and -selenolate (Me3SiO–C6H4–E−) functio-
nalized copper(I) and silver(I) selenide clusters, such as, [Cu22Se6(Se-C6H4-
OSiMe3)10(PPh3)8],[130] [Cu52Se20(S–C6H4–OSiMe3)12(PPh3)11] [130] and [Ag40Se4
(S–C6H4–OSiMe3)32(PPh3)8] [129], are of special interest (Figure 10.22). The
Me3SiOR moiety can be deprotected by F− to produce surface phenolate groups,
which could form covalent links between semiconducting metal chalcogenide
clusters and positively charged surfaces.
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10.2.4 Metal trimethylsilylchalcogenolates

10.2.4.1 Synthesis of metal trimethylsilylchalcogenolates
The chemistry of metal trimethylsilylchalcogenolate precursors for metal chalcogen-
ide cluster synthesis was preceded some 25 years by the analogous trimethylstannyl
derivatives. Vahrenkamp showed in 1970 that stoichiometric reaction of [Re(CO)5Cl]
with S(SnMe3)2 gave a rhenium trimethylstannylthiolate dimer [Re(CO)4SSnMe3]2,
containing a reactive Re–S–SnMe3 moiety [132]. Combining this with [Mo(η5–C5H5)
(CO)3Cl] resulted in the elimination of ClSnMe3 and formation of a mixed transition
metal sulfide cluster [Re2Mo(η5-C5H5)(CO)8](S)[SMo(η5-C5H5)(CO)3] [133].

The first example of ametal trimethylsilylchalcogenolate complex (containing an
Mo–S–SiMe3 motif) was reported by Yu in a serendipitous discovery in 1992 [134]. In
1996, Dehnen prepared two related clusters [Cu31Se15(SeSiMe3)(P

tBu2Me)12] and
[Cu70Se35(P

tBu2Me)21], which co-crystallize from the same reaction mixture of
Se(SiMe3)2, CuOAc, and PtBu2Me in Et2O [135]. Due to structural similarities between
these two clusters, their crystallization from the same reaction mixture, and the
reactive nature of the terminal SeSiMe3 ligand in [Cu31Se15(SeSiMe3)(P

tBu2Me)12], it
was postulated that this was an intermediate stage in the formation of the larger
cluster. From these, insights evolved the systematic study of reactive mononuclear
complexes (L)nM(ESiMe3)m (L = phosphine, amine; E = S, Se, Te) as reactive precur-
sors en route to binary and ternary cluster compounds. The methodology exploits the
mild and selective nature of silane elimination reactions from these complexes for the
delivery of “metallachalcogenolate” ME− for (ternary) cluster formation.

Figure 10.22: Molecular structure of core–shell metal selenide/thiolate nanoclusters functionalized
with trimethylsiloxy moieties: [Cu52Se20(S–C6H4–OSiMe3)12(PPh3)11] (left) [130] and [Ag40Se4(S–
C6H4–OSiMe3)32(PPh3)8] (right) [129]. All organic groups in the phosphines are omitted. Colour
scheme: Cu, brown; Ag, blue; S, yellow; Se, red; P, grey; Si, cream; O, cyan.
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Metal trimethylsilylchalcogenolate reagents are generally prepared either by the
partial silane elimination of E(SiMe3)2 reagents or by salt metathesis of A[ESiMe3] (A =
alkali metal) with metal (pseudo)halides (Figure 10.23) [33]. Terminal coordination of
the trimethylsilylchalcogenolate moiety is enforced by sterically demanding ancil-
lary ligands within the coordination sphere of the metal, usually trialkyl- or
triarylphosphines.

10.2.4.2 Controlled routes to molecular ternary chalcogenides
Reaction of metal trimethylsilylchalcogenolate complexes (LnM(ESiMe3)m) with a
(pseudo)halide complex of a secondary metal (M′Xm) gives rise to ternary M/M′/E
systems. Zinc(II) and copper(II) trimethylsilylchalcogenolates were the first of these
reagents for which systematic studies of this reactivity were undertaken [49, 50, 136,
137]. In these cases, the focus was on the preparation ofmolecular analogues of ternary
semiconducting chalcogenides CuHgE, CuInE2, and CdxZn1−xE, from the metal chlor-
ides or acetates. When more electron-rich metal complexes Me3M (M = In, Ga) are
combined with the copper(I) trimethylsilylchalcogenolate reagent [(iPr3P)2CuESiMe3],
silane elimination is suppressed and the adduct [(iPr3P)2CuESiMe3(MMe3)] (E = S, Se)
forms instead [138].

Krautscheid has prepared main group metal trimethylsilylchalcogenolates
[(Me2M)6Se(SeSiMe3)4] (M = Ga, In) which serve as alternative entry points into
ternary semiconductor systems [139]. Main group metal alkyl precursors
Me3Ga·2Et2O and Me3In·2Et2O react with silylated chalcogen reagents with elimina-
tion of tetramethylsilane (Figure 10.24). MeOH is also present in the reaction mixture
to generate H2Se in situ via proteolysis of Se(SiMe3)2. [(Me2M)6Se(SeSiMe3)4] has a
spirocyclic structure in which all M atoms are tetrahedrally coordinated and are
incorporated into a contiguous cluster through bridging μ-SeSiMe3

− ligands and

LnMXm   +   m E(SiMe3)2 LnM(ESiMe3)m  +  m XSiMe3

LnM(ESiMe3)m  +  m LiXLnMXm   +   m Li[ESiMe3]

Figure 10.23: Synthesis of metal trimethylsilylchalcogenolate reagents from silylated chalcogenides
and lithium chalcogenides.

2 Me3M.2Et2O  +  3 Se(SiMe3)2

4 CuOAc + 2/3 [(Me2M)6Se(SeSiMe3)4]

MeOH
[(Me2M)6Se(SeSiMe3)4]

8/3 Se(SiMe3)2
4 R3P

MeOH/THF
[(R3PCu)4(MeM)4Se6]

Figure 10.24: Synthesis of indium(III) and gallium(III) trimethylsilylselenolates [(Me2M)6Se
(SeSiMe3)4] [139] and their reaction with CuOAc to form ternary Cu/M(III)/E clusters [(R3PCu)4
(MeM)4Se6] [140] (M = Ga, In).
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one μ4-Se2−. Reaction of these precursors with CuOAc and Se(SiMe3)2 in the presence
of tertiary phosphines inmethanol/tetrahydrofuran results in Cu(I)/M(III)/Se clusters
[(R3PCu)4(MeM)4Se6] (M = Ga, In; Figure 10.24) [140].

The structure of the ternary clusters [(R3PCu)4(MeM)4Se6] can be described as a
cube of eight metal atoms (Cu and either Ga or In) face-capped by an octahedral array
of Se2− ligands (Figure 10.25). Constitutional isomerismoccurswhereby the positions of
the Cu(I) and M(III) centres in the cube can take two distinct arrangements with either
near Td or D2h symmetry. These clusters were examined as precursors to semiconduct-
ing solids by thermolysis. In contrast to most ternary chalcogen systems, these do not
contain chalcogenolate ligands which require high temperature to form chalcogenide
ligands and chalcogenoethers (R2E; Section 10.2.2.3). Thus, full thermal decomposition
of the clusters in thermogravimetric analysis experiments occurs at temperatures as
low as 225°C. The solids remaining after pyrolysis are composed principally of the
ternary semiconductors CuMSe2 in yields exceeding 85% bymass. In contrast, thermo-
lysis of amixed sulfide/thiolate cluster [(iPr3PCuSPh)3(MeGaS)4] required temperatures
of 342°C to complete thermal decomposition by loss of methane, iPr3P and Ph2S.

Zn(II)–Sn(IV) selenide clusters may serve as precursors to quaternary Kesterite-type
Cu2ZnSnSe4 (CZTSe) semiconductor films by co-thermolysis with a source of copper(I).
Owing to the difficulty of controlling reactant stoichiometry and removing counterions
in dual-precursor approaches, suitable molecular precursors should be neutral and
have the corresponding elements present at levels near the stoichiometric ratio. The
clusters [(N,N′-tmeda)Zn(SnR2)2Se3] (R = Ph, tBu; tmeda = tetramethylethylenediamine)
are candidate precursors, which are prepared in a single pot starting from N,N′-tmeda,
Zn(OAc)2 and Se(SiMe3)2 [141]. This combination gives rise to the previously reported
zinc(II) trimethylsilylchalcogenolate [(N,N′-tmeda)Zn(SeSiMe3)2] [136]. R2Sn(OAc)2 is

Figure 10.25: The two isomeric structures of ternary chalcogenide clusters [(R3PCu)4(MeM)4Se6] with
near D2h symmetry (left; M = In, R3P = Et2

iPrP) and near Td symmetry (right; M = Ga, iPr3P) of the [Cu4]
or [M4] substructures [140]. Colour scheme: Cu, brown; In, pink; Ga, olive; Se, red; P, grey.
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then added to give the trinuclear cyclic complexes. Co-thermolysis of [(N,N′-tmeda)Zn
(SntBu2)2Se3] with [(iPr3PCu)2SeC2H4Se)]2 yields CZTSe in a yield of ca. 43 wt%, albeit
contaminated with other phases including SnSe and Cu2SnSe4.

Metal trimethylsilylchalcogenolate compounds additionally enable the synth-
esis of binary chalcogenide systems doped with certain metal impurities. Manganese
(II) and cobalt(II) trimethylsilylselenolates have been synthesized which could serve
as entry points into dilute magnetic semiconductor clusters or complementary sys-
tems via combination with Zn(II) or Cd(II) salts [142]. Proof of this principle has
already been shown for the ZnSe system substituted with Mn(II), using zinc(II)
trimethylsilylchalcogenolate precursors [143]. Combination of [(N,N′-tmeda)Zn
(SeSiMe3)2] with varying ratios of MnCl2 and Zn(OAc)2 yields clusters of general
formula [(N,N′-tmeda)6Zn14−xMnxSe13Cl2] (x = 0, 2.0, 3.2, 3.3, or 5.6). For x = 0, the
unique ZnSe cluster [(N,N′-tmeda)6Zn14Se13Cl2] was obtained. The cluster has a
central [Zn6(μ6-Se)] unit of distorted octahedral geometry with four face-capping
and two edge-bridging [(N,N′-tmeda)ZnSe2], and two face-capping [ZnCl]
(Figure 10.26). This binary cluster is luminescent at 298 K in solution with an emis-
sion maximum at 450nm. Doping the cluster with Mn(II) gives analogous structures
having disordered Mn/Zn occupancy within the central [M6(μ6-Se)] octahedron and
the two [MCl] units (M = Zn or Mn). At low ratios of Mn(II) (x = 2.0, 3.2), the emission
wavelength shifts to 620 nm, with a weak shoulder at 560 nm. Increasing the amount
of Mn(II) (x = 3.3, 4.0) shifts the emission further to 640 nm and the shoulder is no
longer observed.

10.2.4.3 Coinage metal trimethylsilylchalcogenolates
Suitable Cu(I) and Ag(I) reagents for the preparation of ternarymetal chalcogen (nano)
cluster assemblies are of substantial interest. A total of 14–16 reagents with preformed

Figure 10.26: Molecular structure of zinc–selenide cluster [(N,N′-tmeda)6Zn14Se13Cl2] (left), the
ternary Zn/Mn/Se clusters [(N,N′-tmeda)6Zn12Mn2Se13Cl2] (centre) and [(N,N′-tmeda)6Zn8.4Mn5.6Se-

13Cl2] (right) [143]. Colour scheme: Zn, blue; Mn, violet; Se, red; Cl, green.
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M(I)–E bonds have special application in this area as they offer controlled routes into
(ternary) metal chalcogenide systems of defined composition and size. However,
difficulties arise for phosphine-ligated precursors ([(R3P)nMESiMe3]) because of their
thermal instability. In addition to their high moisture and oxygen sensitivity, seleno-
late and tellurolate reagents decomposed at temperatures below 0 °C [144].
Replacement of phosphine ancillary ligands with NHCs as stronger σ donor ligands
provides a significant improvement to the thermal stability of copper(I) and silver(I)
trimethylsilylchalcogenolates [145, 146]. For example, the NHC-ligated silver(I) tri-
methylsilylselenolate [(IPr)AgSeSiMe3] (IPr = 1,3-bis(2,6-diisopropylphenyl)imidazole-
2-ylidene; Figure 10.27) is thermally stable up to the melting point 170 °C.

Analogous NHC-ligated gold(I) trimethylsilylchalcogenolates ([(IPr)AuESiMe3]) were
stable in chlorinated solvents for days (Te) to weeks (Se) in room-temperature solu-
tion [147]. These reacted with phosphine or phosphite solubilized AgOAc or AuOAc,
respectively, to yield a series of isostructural octanuclear clusters [Au4M4(μ3-E)4
(IPr)4] (M = Ag, E = S, Se; M = Au; E = S, Se, Te). Four [(IPr)Au] units shield the
[M4E4] core via μ3-E ligands (Figure 10.27). Independently varying the identity of the E
and M atoms changes the photoluminescence emission energies in a frozen glass
matrix at 77 K. More electron-rich metal and chalcogen centres cause a bathochromic
shift of the emission maximum from 562 nm (Au/Ag/S) to 657 nm (Au/Se). [Au8Te4
(IPr)4] emits at 694 nm in the solid state at 77 K.

Figure 10.27: Molecular structures of carbene-ligated silver(I) trimethylsilylselenolate [(IPr)
AgSeSiMe3] (left) [146] and ternary Au/Ag/Se cluster [Au4Ag4Se4(IPr)4] (right) [147]. Colour scheme:
Ag, blue; Au, yellow; Se, red; Si, cream.
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10.3 Coordination of 14–16 ligands

Up to this point, self-assembly reactions that operate via cleavage of a single bond
between silicon and a group 16 element have been considered. Reagents containing
bonds between the heavier tetrel atoms (Ge, Sn, and Pb) and the chalcogens are more
likely to direct self-assembly by coordination and/or fission, rather than elimination.
A review published in 2012 gives an account of this chemistry [36]. The focus in the
subsequent sections is on recent findings involving the heavier chalcogen atoms.

10.3.1 Chalcogenidotetrelates

Chalcogenidotetrelate ligands are complex anions of the general formula [TxEy]
n−. They

are generally prepared by high-temperature fusion of the corresponding elements,
followed by extraction into a polar (protic) solvent [35]. The most prevalent of these for
self-assembly reactions are the tetrahedral anions [TE4]

4−, [T2E6]
4−, [T2E7]

6−, and
[T4E10]

4−. Their reactivity towards metal complexes is solvent dependent, favouring
oxidation and/or chalcogenide donation in aprotic organic solvents and either chalco-
genide transfer or coordination of the intact complex anion in protic solvents. Thus, the
former approach gives rise to discrete (mixed valence) metal chalcogenide clusters
whereas the latter yields ternary M/T/E anionic frameworks containing bridging
[TxEy]

n− ligands. Due to the size of these bridging units, open-framework structures
are commonly obtained. Their porosity draws a natural comparison to industrially
relevant zeolites and other adsorbent siliceous materials made from semiconducting
scaffolds [29].

Early synthesis of crystalline open-framework chalcogenides proceeded by fusion of
the elements E, T, and M or their alkali(ne earth) metal salts at high temperatures or in
polychalcogenide fluxes [7, 8, 148]. More recently, solvothermal techniques and their
variants have been popularized because they operate at lower temperature and allow for
highly tunable synthetic protocols [5]. In these cases, chalcogenidotetrelate-bridging
ligands arise in the metal chalcogenide phases serendipitously and are in no way
guaranteed by the synthetic protocol. A few examples exist in which binary 14–16
compounds such as GeSe and SnSe are employed as precursors for solvothermal treat-
ment [149, 150]. This takes advantage of preformed T–E bonds for the generation of
bridging [TxEy]

n− ligands.
Yaghi showed that open-framework chalcogenides could be prepared under

ambient conditions and in aqueous solution if chalcogenidotetrelate anions were
deliberately introduced as precursors [151]. Starting from the thiogermanate precursor
(Me4N)4[Ge4Se10] and Mn(OAc)2 in water, a crystalline microporous lattice of composi-
tion {(Me4N)2[MnGe4S10]}n was formed. Tetrahedrally coordinated Mn(II) atoms at the
corners of adamantane [Ge4Se10]

4− units serve to bridge these anions into a Sphalerite-
type network solid penetrated by channels containing the alkylammonium counterions
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(see Figure 10.30). A general and versatile coordination chemistry approach to the
synthesis of crystalline M/14/16 can be extended from this basic protocol [36].
Aggregation of metal chalcogenidotetrelates into porous, non-crystalline networks in
solution is an important feature of emerging materials like chalcogels [152–154] but will
not be covered herein.

10.3.1.1 Self-assembly of ternary metal chalcogenidotetrelates in protic solvents
When high-temperature fusion methods are used to prepare metal chalcogenidotetre-
lates, extended network solids are most commonly observed. In contrast, discrete
anionic chalcogenide clusters arise frequently from the coordination chemistry of
chalcogenidotetrelate ligands in protic solvents. To date, three different types of
ligand-free ternary anions containing Se and Te have been prepared: [M4(μ4-E)
(SnE4)4]

10−, [Zn5Sn(μ3-Se)4(SnSe)4]10− [155], and [Mn6Ge4Se17]
6− [156]. P1-type [M4(μ4-E)

(SnE4)4]
10− clusters (E = Se, M = Mn, Co, Cd, Zn, Hg; E = Te, M = Mn, Zn, Cd, Hg) are

formed by the combination of the corresponding metal chloride salts and A4[SnE4] (A =
Na, K, Rb) in H2O or H2O/MeOHmixture [155, 157–162]. [Zn5Sn(μ3-Se)4(SnSe)4]10− is a T3-
type cluster: a regular tetrahedral cut-out of the Sphalerite-type lattice with three metal
layers. This remains the only T3 cluster derived from theM/14/16 system. TheMn/Se core
of [Mn6Ge4Se17]

6− is a cut-out of the α-MnSe (halite-type) lattice. A central [Mn6(μ6-Se)]
octahedron is capped by four [GeSe4]

4− units to yield an overall tetrahedral ternary
cluster ion. The structures of these ions are given in Figure 10.28.

One-dimensional metal chalcogenide chains or “strands” {[MSnE4]
2−} are produced

from the reaction between [SnE4]
4− salts and MCl2 in H2O or in ethylenediamine (en)

at 100 °C [159, 163–165]. The related compound {[InGeTe4]
−}n is prepared from InCl3

and [Ge4Te10]
4−, with PPh4Br in en at 100 °C [163]. The chains are formed by edge-

sharing of nonbonded [Te4] tetrahedra centred by M and T atoms that may be

Figure 10.28: Structure of discrete ternary tetrahedral clusters prepared from chalcogenidotetrelate
precursors in protic solvents: [Co4(μ4-Se)(SnSe4)4]10− (left) [157], [Zn5Sn(μ3-Se)4(SnSe)4]10− (centre)
[155], and [Mn6Ge4Se17]

6− (right) [156]. Cations and solvent molecules are omitted. Colour scheme:
Co, green; Mn, violet; Zn, blue; Sn, grey; Ge, dark blue; Se, red; O, cyan.
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alternating or statistically distributed along the polymer (Figure 10.29). Voids
between individual strands are occupied by the counterions which align in a linear
fashion. This unique dual alignment of cations and metal chalcogenide coordination
polymers, as well as the lack of co-crystallizing solvent molecules, has generated
interest in the charge- and ion-conducting capabilities of the solids. For instance, {Cs2
[MnSnTe4]}n exhibits fast charge transport via a polaronic mechanism – indicating
that charge is mobilized along the metal chalcogenide chain [165].

Since Yaghi reported {[MnGe4S10]
2−}n, several other three-dimensional frameworks

having the general formula {[MT4E10]
2−}n have been prepared via the coordination

chemistry of chalcogenidotetrelate ligands. Dehnen reported the synthesis of
{[MnGe4Se10]

2−}n in H2O/MeOH from K4[Ge2Se6] and MnCl2 [166]. The tellurium analo-
gue has been prepared by Kanatzidis [167]. Reacting a phase of nominal composition
K2Ge2Te5 with MnCl2·4H2O and (Me4N)Br in en at 100 °C yielded {(Me4N)2[MnGe4Te10]}n
as a crystalline solid. Selenidostannates of general formula {A2[MSn4Se10]}n (M = Mn,
Fe, Co, Zn) have been reported by both groups from reactions of [Sn4Se10]

4− andMCl2 or
M(OAc)2 in H2O [167, 168]. All crystallize with a common Sphalerite-type lattice with
high porosity (Figure 10.30).

Combining K or Cs salts of [SnE4]
4− and HgX2 (X = Cl, OAc) gives rise to three-

dimensional lattices composed of linked [Hg4(μ4-E)(SnE4)3]6− (E = Se, Te) substruc-
tures [159, 160]. Such arrangements were first described by Kanatzidis in the hydro-
thermal preparation of {K6[Cd4Sn3Se13]} [169]. The building blocks of this network
consist of a P1 cluster fragment in which one [SnSe4] capping unit has been formally
removed. The coordination sphere about Hg is completed by three μ-bridging Se2−

ligands that interconnect the cluster units into a network solid (Figure 10.31). In this
way, all individual cluster units are octahedrally surrounded and organized into a
porous cubic framework. The diameter of the pores is slightly sensitive to the nature
of the ternary metal chalcogenide system, typically 5–7Å [159, 169].

Figure 10.29: Extended three-dimensional structure of the ternary chalcogenidometallate
{Rb2[HgSnTe4]}n viewed approximately along the c axis (left). View of the polymeric anionic unit
along a, showing an alternating pattern of Sn(II) and Hg(II) centres (right) [165]. Colour scheme: Hg,
silver; Sn, grey; Te, orange; Rb, purple.

358 10 Recent advances in the self-assembly of polynuclear metal compounds



Quaternary M/T/E/E′ anionic frameworks are obtained by the simple mixture of
two distinct chalcogenidotetrelates with a metal complex. The dynamic nature of
these mixtures in aqueous solutions is supported by multinuclear nuclear magnetic

Figure 10.30: Extended three-dimensional structure of the ternary selenidogermanate {(Me4N)2
[MnGe4Se10]}n viewed down a (left). The fundamental repeating unit of an adamantane [Ge4Se10]
cluster which is corner linked to four [MnSe4] tetrahedra is shown (right) [166]. All counterions and
co-crystallizing solvent molecules are omitted for clarity. Colour scheme: Mn, violet; Ge, dark blue;
Se, red.

Figure 10.31: Extended three-dimensional structure of the ternary chalcogenidometallate {[Hg4(μ4-
Se)(SnSe4)3]

6−}n viewed approximately parallel to [�1 1 1] (left). Also shown is the fundamental
repeating unit of a partial P1 cluster [Hg4(μ4-Se)(SnSe4)3] corner linked through three tetrahedral
[HgSe4] units and three [SnSe4] (right) [159]. Colour scheme: Hg, silver; Sn, grey; Se, red.
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resonance spectroscopy and the characterization of ternary T/E/E′ anions such as K4

[SnSe2Te2] and K2(PPh4)2[Sn2Se2Te4] [170]. Thus, chalcogenidotetrelates enable the
synthesis of molecular quaternary systems that are difficult to obtain by other
methods, including silane elimination. Reaction of a mixture of [SnSe4]

4− and
[SnTe4]

4−with MCl2 in MeOH or H2O/MeOH gives P1-type quaternary chalcogenidote-
trelate anions formulated [M4Sn4Se17−xTex]

10− (M = Cd, Zn, Mn) with x depending on
reaction stoichiometry [168, 170]. The structures are related to the ternary P1-type M/
T/E anions discussed previously (Section 10.3.1.1) but containing different kinds of
[SnSe4−xTex] units as capping ligands. Doping the P1 cluster cores with varying ratios
of Se and Te in this way allows for the fine tuning of the optical band gap between the
two extremes of the respective M/Sn/Se and M/Sn/Te phases.

10.3.1.2 Self-assembly of metal chalcogenidotetrelates in ionic liquids
Dehnen and co-workers are pursuing the self-assembly of chalcogenidotetrelates in
ionic liquids. Ionic liquids are salt-like compounds that melt below 100 °C and can be
used as solvents in molecular transformations at ambient conditions or at elevated
temperatures (ionothermal synthesis). Ionic liquids with (silylated) chalcogen anions
were recently reported by Sundermeyer and their application in the preparation of
new chalcogenide phases is actively being explored [171–173]. A review of the pro-
gress in self-assembly ofmetal chalcogenide phases in ionic liquids has recently been
published [38]. In this section, the preparation of anionic frameworks involving the
heavier chalcogen atoms from 14–16 precursors is summarized.

Two “zero-dimensional” chalcogenidotetrelate solids, i.e. discrete anionic frame-
works, have been synthesized from chalcogenidotetrelate salts under ionothermal
conditions. Reaction of [K4(H2O)3][Ge4Se10], SnCl4 · 5H2O, and DMMP (dimethylmor-
pholine) in [BMMIm][BF4] (BMMIm = 1-butyl-2,3-dimethylimidazolium) at 150 °C pro-
duces the largest discrete ternary anions reported to date [BMMIm]24[Ge24Sn36Se132]
and [BMMIm]24[Ge32.5Sn27.5Se132] [174]. The anion is spherical in shape with a large
cavity approximately 11.6Å in diameter. The structure of [Ge24Sn36Se132]

24- consists of
six octahedrally arranged [Sn6Se18] units and eight [Ge3Se6] units arranged cubically
outside the octahedron, linked together to form a contiguous network (Figure 10.32).
[Sn6Se10] is a “double-defect heterocubane” motif: it consists of two [Sn3Se4] defect
heterocubane cores bridged through two μ-Se2− ligands and bridged to adjacent
[Ge3Se9] units through eight further μ-Se2− ligands [38]. [Ge3Se9] is based on a hexago-
nal [Ge3Se3] cycle with all Ge(II) tetrahedrally coordinated to Se2− ligands. Due to its
open-framework, the anion was studied for its molecular trapping potential using I2 as
a model compound. In addition to reversibly taking up 11 equivalents of I2, the anion
heterolytically activates the I–I bond, forming charge-transfer complexes I+···I− and
I+···I3

−, as determined by electronic absorption spectroscopy.
One-dimensional frameworks commonly result from the ionothermal conversion

of chalcogenidotetrelate precursors. The simplest example of this is {[BMIm]2
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[Ge4Se9]}n (BMIm = 1-butyl-3-methylimidazolium) which is prepared fromK4[Ge4Se10]
and SnCl4·5H2O in the presence of DMMP in [BMIm][BF4] [175]. The solid-state
structure of the anion consists of an infinite one-dimensional zigzag chain of corner
sharing [Ge4Se10] adamantane units with two terminal Se2− ligands. A similar reac-
tion carried out with SnCl2 in [BMIm][BF4] yields a related one-dimensional chain
{[BMMIm]2[SnGe4Se10]}n [175]. In contrast to {[MGe4Se10]

2−}n based on a tetrahedral
M(II) cations which give the Sphalerite-type structure (Figure 10.30), the stereoche-
mically active lone pair on Sn(II) results instead in a double chain structure of
[Ge4Se10] units linked through trigonal pyramidal centres, each having one terminal
Se2− ligand.

Top-down strategies for the ionothermal preparation of chalcogenidotetrelate
phases have been demonstrated as effective for preparing low-dimensional solids.
For example, treatment of the three-dimensional network {K2[Sn2Se5]}n in [BMMIm]
[BF4] for two days yields at 150 °C the one-dimensional solid {[BMMIm]4[Sn6Se14]}n
[176]. This can formally be considered a one-dimensional cut-out of the lamellar
{[Sn3Se7]

2−}n phase comprising hexagonal arrays of double-defect heterocubane
units [177] (Figure 10.33).

The two-dimensional material {[BMMIm]16[Sn24Se56]}n was prepared by the same
top-down approach as used for {[BMMIm]4[Sn6Se14]}n, using lower temperature and
longer reaction time and is structurally similar to {[Sn3Se7]

2−}n phases [176]. Other two-
dimensional anions have been prepared by conventional “bottom-up” ionothermal

Figure 10.32: Ternary T/T′/E anion [Ge24Sn36Se132]
24− viewed approximately parallel to [0 1�1] (left).

The two fundamental repeating units are shown (left): double-defect heterocubane [Sn6Se10] linked
through eight μ-Se2− to four Ge atoms (upper) and hexagonal [Ge3Se6] units linked through six μ-Se2−

to three Sn atoms (lower) [174]. Colour scheme: Ge, dark blue; Sn, grey; Se, red.
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syntheses. Reaction of K4[Ge4Se10] and SnCl4·5H2O in the presence of DMMP or en gives
a mesoporous ternary chalcogenide formulated as {[BMMIm]2[Ge0.83Sn3.17Se9.06]}n
[175]. The anionic substructure has {[GeSn3Se9]

2−}n layers constructed from [Sn6Se10]
double-defect heterocubane units bridged through two μ-Se to two [MSe4] tetrahedra.
The structural refinement indicates amixedGe/Sn occupancy of thismetal site of about
17% Sn. The overall arrangement is of distorted 8-unit rings which stack as layers of
highly porous corrugated sheets (Figure 10.34). The voids within the sheets have
dimensions of approximately 19.9 × 9.6Å2.

Figure 10.33: View of a segment of the lamellar phase {Cs2[Sn3Se7]}n along c (left) [178] and two
strands of the structurally derived one-dimensional selenidostannate(IV) {[BMMIm]4[Sn6Se14]}n
viewed along c (right) [176]. All counterions and co-crystallization solvent molecules have been
omitted. Colour scheme: Sn, grey; Se, red.

Figure 10.34: Extended structure of the anionic framework of {[BMMIm]2[Ge0.83Sn3.17Se9.06]}n viewed
parallel to the [1 0 1] plane (left) and along a (right) [175]. Colour scheme: Sn, grey; disordered
Sn/Ge, dark blue; Se, red.
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The three-dimensional anionic framework {[BMIm]4[Sn9Se20]}n has been
obtained by ionothermal conversion of chalcogenidotetrelate precursors by two
different routes. Treatment of K4[SnSe4] in [BMIm][BF4] at 130 °C for 7 days yields
{[BMIm]4[Sn9Se20]}n [179]. The combination of [Ge4Se10]

4−, SnCl4 · 5H2O and en under
ionothermal conditions also produces this same binary framework and the related
phase {[BMMIm]8[Sn18Se40]}n [175]. The basic building block of the two networks is
the double-defect heterocubane [Sn6Se10] with all Sn atoms surrounded by Se2− in a
trigonal bipyramidal coordination geometry. Bridging [SnSe4] and [Sn2Se6] motifs
connect these units into a contiguous three-dimensional network (Figure 10.35).
{[BMIm]4[Sn9Se20]}n is highly porous, with about 56.8% of the crystal lattice being
comprised of solvent or counterion accessible voids. {[BMMIm]8[Sn18Se40]}n has a
different global connectivity which allows even larger pores (ca. 16.2 × 7.7 Å2 at most)
compared to {[BMIm]4[Sn9Se20]}n.

Ternary M/14/16 precursors have also been applied in the ionothermal synthesis of
novel chalcogenidotetrelate anions. The previously described P1-type cluster [Mn
(μ4-Se)(SnSe4)4]10−with Cs counterions was treated with en in [BMIm][BF4], yielding
a two-dimensional network solid formulated as {[Mn(en)2.5(en-Me)0.5][Sn3Se7]}n
[162]. The anionic substructure is a distorted honeycomb network of defect hetero-
cubanes [Sn3Se4] units linked through two μ-Se bridges per tin atom to three
adjacent units. This composition and distorted hexagonal topology was previously
reported to result from the solvothermal synthesis of {[Mn(peha)2][Sn3Se7]}n (peha =
pentaethylenehexamine) from Sn, Se, and MnCl2 · 4H2O under surfactant-thermal
conditions in triethylenetetramine/glycol [180]. The cavities of the hexagonally
layered sheets are filled by two octahedral Mn2+ amine complexes, where one
ligand is generated through methylation of en by the ionic liquid cation
(Figure 10.36).

Figure 10.35: Extended structure of the anionic framework of {[BMIm]4[Sn9Se20]}n viewed along a
(left) and c (right) [179]. Colour scheme: Sn, grey; Se, red.
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10.3.1.3 Reactions of chalcogenidotetrelates in polar aprotic solvents
Reactions of chalcogenidotetrelates with ligand-stabilized metal complexes in apro-
tic media have produced ternary M/T/E clusters with interesting structural and
electronic features. An exemplary reaction is that of the chalcogenidostannates(III)
A6[Sn2E6] (E = S, Se, Te; A = K, enH) with [Cp*CoCl]2 (Cp* = 1,2,3,4,5-pentamethylcy-
clopentadienyl) in ethereal solvents [181, 182]. The mixed-valence clusters [(Cp*Co)3
(μ3-E)2] result from oxidative decomposition of the chalcogenidostannate(III) precur-
sor with concomitant chalcogen transfer, showing the versatility of chalcogenidote-
trelates for diverse molecular transformations.

Chalcogenidoplumbate(II) reagents [Pb2E3]
2− (E = Se, Te) have been shown to be

effective mildly oxidizing and chalcogenide-donating reagents for cluster self-assem-
bly (Figure 10.37).

Reaction of [K(18-crown-6)]2[Pb2Se3] with [Rh(PPh3)3Cl] in THF results in Se2− transfer
to and oxidation of the rhodium centres, yielding the mixed-valence RhII2Rh

III
4

Figure 10.36: Extended structure of the anionic framework of {[Mn(en)2.5(en-Me)0.5][Sn3Se7]}n viewed
along a with the cationic complexes removed from the channels (left) and along b with the cationic
complexes present (right) [162]. Colour scheme: Sn, grey; Mn, violet; Se, red.

[Rh(PPh3)3CI]
A = K(18-crown-6)

[Rh(PPh3)3Cl]
A = K([2.2.2]crypt)

[Pd(PPh3)2Cl2]

{[K(18-crown-6)][K(en)2]K[Rh3(CN)2(PPh3)4(µ3-Se)2(µ-PbSe)]}2

[K([2.2.2]crypt)][Rh3(PPh3)6(µ3-Se)2]A2[Pb2E3]

[Li4(en)10][Pd6(µ3-Te)8]

[(RhPPh3)6(µ3-Se)8]
+

A = Li(en)2

en

Figure 10.37: Reactions of chalcogenidoplumbates(II) with phosphine-stabilized Rh(I) and Pd(II)
chloride complexes [183, 184].
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selenide cluster [(RhPPh3)6(μ3-Se)8] [183]. The molecular structure is reminiscent of
condensed Chevrel phases, with a Rh6 octahedron face-capped by six μ3-Se2− in a
cubic arrangement (Figure 10.38). Co-crystallizing with this was a ternary Rh(I)/Pb
(II)/Se dimer with unprecedented structural features {[K(18-crown-6)][K(en)2]K[Rh3
(CN)2(PPh3)4(μ3-Se)2(μ-PbSe)]}2 (Figure 10.38) [184]. The monomeric cluster unit is
based on a Rh3Se2 trigonal bipyramid. One equatorial Rh atom is square planar,
ligated by two phosphines and two μ3-bridging Se2− ligands. The other two Rh atoms
have a distorted square pyramidal geometry. The four basal ligands are two μ3-Se2−,
one CN− (generated from en), and one PPh3. The axial positions are occupied by a μ-
bridging PbSe ligand. The local geometry about lead is trigonal pyramidal, consistent
with Pb(II). This was the first instance in which PbSe has been observed as a ligand
and the authors characterized it as a heavy-atom homologue of CO with distinct
electronic and coordination characteristics.

Replacing the cation of [Pb2Se3]
2− with [K([2.2.2]crypt)] in the reaction with [Rh

(PPh3)3Cl] results in the formation of a binary rhodium(I) selenide cluster [K([2.2.2]
crypt)][Rh3(PPh3)6(μ3-Se)2] [184]. All Rh centres are coordinated in a square planar
geometry with two PPh3 and two μ3-Se2−. The difference in the formation of this
cluster and {[K(18-crown-6)][K(en)2]K[Rh3(CN)2(PPh3)4(μ3-Se)2(μ-PbSe)]}2 is clearly
related to both the availability of CN− and is influenced by the macrocyclic ethers
used to extract Pb2Se3 from the solid phase. In this case, the selenidoplumbate(II) has
only acted as a Se2− source. The same can be said of the reaction of [Li(en)]2[Pb2Te3]
with [Pd(PPh3)2Cl2]. This yields the Chevrel-type cluster [Li4(en)10][Pd6(μ3-Te)8], hav-
ing similar geometry to [(RhPPh3)6(μ3-Se)8] without any terminally bound

Figure 10.38:Molecular structures of [(RhPPh3)6(μ3-Se)8] (left) [183] and themonomeric anion [Rh3(CN)2
(PPh3)4(μ3-Se)2(μ-PbSe)]3− (right) [184]. Colour scheme: Rh, turquoise; Pb, black; Se, red; P, grey.
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phosphines [183]. The anion is instead stabilized within a network of {[Li4(en)10]
4+}n

(Figure 10.39). No change in the oxidation state at the metal is observed and the sole
function of the 14–16 reagents is as a source of Te2−.

10.3.2 Organotetrel chalcogenides

10.3.2.1 Synthesis of organotetrel chalcogenide clusters
Binary organotin chalcogenide clusters are accessible via the combination of organotin
(IV) chloride reagents and chalcogenide sources. Traditionally, alkali metal chalco-
genides or H2E were used as E2− sources and this significantly limited the accessibility
of the tellurides [148]. Recently, it has been shown that Te(SiMe3)2 enables access into
the poorly studied Sn/Te system (Figure 10.40) [185]. Reaction of organotin chlorides
(R1SnCl3; R

1 = Me2CH2C(Me)O) with Te(SiMe3)2 in a 4:6 ratio yields the binary Sn/Te
cluster [(R1Sn)4Te6]. The cluster adopts a “double-decker” structure of two [(R1Sn)2Te2]
units bridged at the Sn atoms by two μ-Te2− ligands. Similar structures are well known
for the Sn/S and Sn/Se systems [186]. Varying the ratio of R1SnCl3 to Te(SiMe3)2 gave

Figure 10.39: Extended structure of [Li4(en)10][Pd6(μ3-Te)8] running parallel to [1 0 1] showing one
double layer of anionic and cationic units [183]. Colour scheme: Pd, turquoise; Li, violet; Te, orange.

Te(SiMe3)2, n = 2

2 Te(SiMe3)2, n = 2

6 Te(SiMe3)2, n = 4
n R1SnCl3

[(R1SnCl2)2Te]

[(R1SnCl)2Te2]

[(R1Sn)4Te6]

Figure 10.40: Synthesis of organotin(IV) tellurides from organotin chlorides and bis(trimethylsilyl)
telluride [185].
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mixed organotin chloro-tellurides [(R1SnCl2)2Te] and [(R1SnCl2)2Te2] which displayed
further reactivity towards Sn/Te cluster formation (vide infra).

Organotetrel chalcogenide compounds react under a variety of conditions to yield
new binary 14/16 frameworks. The two common approaches used are (i) direct manip-
ulation of the inorganic core, or (ii) reaction at the organic shell with concomitant
reorganization of the cluster core. A typical example of (i) is the rearrangement of T/E
cores by photolysis. Jurkschat reported an example of an unusually stable organotin
telluride [{R2Sn(Te)}2Te] (R

2 = 2,6-(Me2NCH2)2C6H3), containing two terminally bound
tellurium ligands [187]. Upon photolysis, this binary 14/16 reagent rearranges to the
cluster [(R2Sn)2SnTe4]. Dehnen and co-workers prepared the double-decker-type orga-
nogermanium(IV) selenide [(R1Ge)4Se6], having a keto-functionalized organic shell,
from R1GeCl3 and Na2Se [188]. Crystals of this highly reactive framework were found to
undergo photolysis in the mother liquor to afford the mixed valence anion [(R1GeIV)2
(R1GeIII)(GeIIISe)Se5]

−. The anion has a noradamantane-type structure containing a
GeIII–GeIII single bond generated upon photoreduction of the GeIV precursor.

Organotetrel chalcogenides with reactive surface moieties can undergo post-
synthetic modification at the cluster surface, frequently resulting in changes to the
core structure. This chemistry has been extensively developed for the Sn/S system
[189–191]. Only recently the parallel developments have been made for the heavier
chalcogen-containing systems [185]. One productive methodology is the decoration
of organotin(IV) chalcogenides with keto functionalities which, upon exposure to
hydrazines, form C,N-chelating hydrazone ligands. For example, [(R1SnCl2)2Te2]
reacts with phenylhydrazine to yield the defect heterocubane salt [(R3Sn)3Te4]
[SnCl3] (R

3 = CMe2CH2C(Me)NNHPh). This same precursor reacts with a multidentate
carbohydrazide H2N2C(O)N2H3 to generate a complicated reactionmixture containing
three Sn/Te clusters simply through variation of the surface moieties. The major
product is [(HR4)Sn2TeCl3] (R

4 = {CMe2CH2C(Me)NN}2C(O)) which first crystallizes
from solution. Smaller amounts of [(HR4)(HR5)Sn3TeCl5] (R5 = CMe2CH2CH2C(Me)
NNC(O)NNH2) and [(R1)(HR5)(H2R

5)2Sn7Te8Cl4] crystallize 3 days later. Structurally,
the most interesting of these is [(R1)(HR5)(H2R

5)2Sn7Te8Cl4]. Ignoring the organic
scaffolding, the cluster core can be considered a contiguous chain of two μ-Te bridged
[Sn2Te2] cycles which are capped at either end by organotin chloro-tellurides
(Figure 10.41). Intramolecular self-complementary hydrogen-bonding interactions
force the Sn/Te chain to fold inwards and form a “molecular capsule” which
dimerizes through intermolecular N–H···O hydrogen bonds.

10.3.2.2 Reactions of organotetrel chalcogenides with metal complexes
As was the case with chalcogenidotetrelates, organotetrel chalcogenide reagents
react with ligand-supported metal complexes in organic solvent to yield ternary M/
14/16 systems with unusual structures. For example, rare examples of ternary Sn/Pd/
Se clusters adopting a trigonal bipyramidal structure were recently reported to arise
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from 14/16 precursors [192]. Direct combination of the “double-decker” organotin
selenide cluster [(R1Sn)4Se6] with five equivalents of [Pd(PPh3)2Cl2] resulted in fission
and partial hydrolysis of the Sn/Se framework, yielding [Pd3(PPh3)5(SeH)(μ3-Se)2]
[SnCl3]. The addition of hydrazine hydrate to this reaction mixture gave rise to two
additional clusters [Pd3(PPh3)5(SnCl3)(μ3-Se)2][SbCl3] and [Pd2(PPh3)3Cl{SnR

6Cl2}{μ3-
Se)2] (R

6 = CMe2CH2C(Me)NNH2).
Ternary Ag/Sn/Se clusters have been isolated from the reaction of [Ag(PPh3)3Cl]

with Se(SiMe3)2 and either [(SnR1)3Se4Cl] or [(SnR
1)4Se6] (Figure 10.42) [193]. When

this reaction is conducted in the presence of light, the Ag/Sn/Se cluster [Ag6(μ6-Se)
(Ag8Se12){(R

1Sn)2Se2}6] is isolated. In the absence of light, this reactivity is different,
instead yielding the mixed-valence cluster [(AgPPh3)2(Sn

IICl)2{(R
1SnIV)2Se2}2]. In the

presence of hydrazine hydrate, the keto functionalities in CMe2CH2C(Me)O react to
form the corresponding hydrazones. This change in the coordination environment
about the cluster causes reorganization of the cluster core and the formation of a new
cluster [Ag7(μ7-Se)(Ag7Se12){(R6Sn)2Se2}6] with the C,N-coordinating hydrazone R6 =

Figure 10.41: Core metal–chalcogen structure of [(R1)(HR5)(H2R
5)2Sn7Te8Cl4] (left) and the extended

structure formed via dimerization through hydrogen bonding interactions (right) [185]. Colour
scheme: Sn, grey; Te, orange; Cl, green; O, cyan; N, blue.

light
CH2Cl2

[(R1Sn)4Se6]
+

+
2 [Ag(PPh3)3Cl]

4 Se(SiMe3)2

dark
CH2Cl2

N2H4.H2O
CH2Cl2

[Ag6(µ6-Se)(Ag8Se12){(R1Sn)2Se2}6]

[(AgPPh3)2(SnCl)2{(R1Sn)2Se2}2]

[Ag7(µ7-Se)(Ag7Se12){(R2Sn)2Se2}6]

Figure 10.42: Synthesis of silver(I) selenide clusters stabilized with organotin(IV) selenide moieties
from organotin(IV) selenides under different experimental conditions [193].
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CMe2CH2C(Me)NNH2. The preparation of such clusters is proof of principle for the use
of (RSn)/Se stabilizing units in metal selenide clusters instead of the currently
ubiquitous tertiary phosphines.

[Ag6(μ6-Se)(Ag8Se12){(R1Sn)2Se2}6] is composed of a binary [Ag14Se13] core stabi-
lized by six [(SnR1)2Se2] surface moieties. [Ag14Se13] cores are known from the chem-
istry of silver selenide/selenolate clusters such as [(Ph3PAg)8Ag6(μ6-Se)(SePh)12] (see
Section 10.2.3.1). A central μ6-Se ligand is centred in a nonbonded Ag6 octahedron,
surrounded by an Ag8 cube and finally an Se12 icosahedron (Figure 10.43). The μ3-Se
atoms bridging the edges of the cube are bound to one tin atom from [(R1Sn)2Se2].
Each Ag atom of the octahedron is additionally bound by one selenium atom within
[Sn2Se2]. The structure of [(AgPPh3)2(Sn

IICl)2{(R
1SnIVSe)2Se2}2] has been previously

observed in the sulfur homologues [(MPPh3)2(Sn
IICl)S4{(R

1SnIV)2S2}2] (M = Cu, Ag)
and consists of two [R1Sn(μ-E)(μ3-E)]2 units linked through two [(MPPh3)(SnCl)] [194].
The core of [Ag7(μ7-Se)(Ag7Se12){(R6Sn)2Se2}6] is related to that of [Ag6(μ6-Se)(Ag8Se12)
{(R1Sn)2Se2}6] by structural isomerism induced from changes in the ligand sphere. A
central μ7-bridging selenide is surrounded by a pentagonal star-shaped unit of ten
silver atoms capped by [{(R6Sn)Se}2Se2] units.

Ferrocenyl functionalized Sn/Se and Sn/Te clusters have been prepared from FcSnCl3
and K2E [195]. When E = Se, an adamantane-type [Sn4Se6] unit is stabilized by four Fc
moieties at Sn. Conversely, for E = Te, a five-membered [Sn3Te2] ring with a Sn–Sn
single bond is produced and stabilized by two Fc units per tin atom. The reactivity of
the clusters differs from that of the related ferrocenylchalcogenolate precursors
(Section 10.2.2.5) because they act as sources of “SnFc” and E2− rather than FcE−.
This was illustrated in the synthesis of a ferrocenyl-passivated quaternary

Figure 10.43: Molecular structure of [(AgPPh3)2(Sn
IICl)2{(R

1SnIVSe)2Se2}2] (left) and [Ag6(μ6-Se)
(Ag8Se12){(R

1Sn)2Se2}6] (right) [193]. The organic groups of phosphine ligands are omitted for clarity.
Colour scheme: Ag, blue; Sn, dark grey; Se, red; P, light grey; Cl, green.
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chalcogenide [Cu6Sn2SexS6−xFc2(PPh3)6] (x = 3.25) from [(FcSn)4Se6], Na2S·9H2O, and
[CuCl(PPh3)3]. The core structure consists of the well-known [(R3PM)6E6] subunit [68,
196, 197], capped by two [FcSn] units (Figure 10.44). An analogy between this chem-
istry may be made to the use of functionalized silylchalcogenolate reagents for cluster
formation (Sections 10.2.2.5 and 10.2.3.4).

10.4 Summary

Group 14–16 reagents offer a multitude of opportunities in the preparation of metal
chalcogen polynuclear compounds. Their reactive nature enables the use of mild
reaction conditions and results in selective formation of crystalline products. In
many cases, reaction workup is facile or even unnecessary. A wide range of binary
and multinary chalcogen compounds of the d-block and main group metals with
highly tunable chemical and physical properties have been prepared from 14–16
precursors. Metal chalcogen materials with advanced properties have been obtained
by employing 14–16 reagents derivatized with organic functional groups. In such
syntheses, the intrinsic semiconducting nature of the metal chalcogenide is integrated
as a platform to an active organic surface. Alternatively, the metal chalcogenide phase
may be incorporated into a porous solid through the self-assembly of 14–16 reagents in
solution. The use of these reagents provides a promising avenue for continued dis-
covery and development of metal chalcogenide compounds.

Figure 10.44:Molecular structure of [(FcSn)4Se6] (left) and [Cu6Sn2Se3.25S2.75Fc2(PPh3)6] (right) [195].
The organic groups of phosphine ligands are omitted for clarity. Colour scheme: Cu, brown; Sn, dark
grey; Fe, green; Se/S, red; P, light grey.
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Vimal K. Jain and G. Kedarnath

11 Applications of metal selenium/tellurium
compounds in materials science

Abstract: Metal chalcogenides are technologically important materials. Physical, che-
mical, electrical and mechanical properties of these materials can be fine-tuned by
manipulating their shape, size and composition. Although several methods are
employed for their synthesis, single-source molecular precursor route has emerged as
a versatile strategy for their synthesis and in controlling shape, size and composition of
the material under moderate conditions. This chapter gives a brief coverage on the
design and development of single-source molecular precursors which have been
employed for the preparation of metal selenide/telluride nanocrystals and for deposi-
tion of thin films. The discussion includes synthesis of transition-, main group and
f-block metal chalcogenolate and/or chalcogenide clusters as precursors and their
conversion into metal chalcogenides in the form of thin films and nanostructures.
Precursors for ternary metal chalcogenides are also included.

Keywords:metal chalcogenolate, metal chalcogenide, chalcogenide clusters, seleno-
late, tellurolate, single-source molecular precursor, nanostructure, thin film

11.1 Introduction

Metal complexes of seleno- and telluro-ligands, such as [PtCl2(SeR2)2] (R = Me, Et, Prn,
Ph) [1] and [PtCl2(TeBz2)2] [2], have been known for more than a century, yet the
chemistry of complexes containing M-E (E = Se or Te) bond received scant attention
until early 1990s [3]. There have been obvious reasons for this sluggish progress on
metal complexes with heavier chalcogen ligands. These include non-availability of
suitable synthetic methods for desirable ligands, malodorous reputation of their
compounds, toxicity and also the belief that the chemistry of Se/Te complexes
would be similar to those of sulfur compounds. However, such perceptions could be
defied by the rapid growth of M-E derivatives during the last quarter century as several
organoselenium/tellurium ligands show not only unusual reactivity but also display
structural features which are markedly different from their sulfur counterparts. It is
evident from Figure 11.1 that about 5,500 metal Se/Te-containing compounds have
been structurally characterized till December 2016, whereas X-ray structures of only
130 selenolate and 5 tellurolate complexes were reported till July 1992 [3]. Further
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impetus to the chemistry of the complexes of M-E linkage is received by the utility of
these complexes in catalysis [4–6], biology [7] and materials science.

The last quarter century has also witnessed an exponential growth in the design
and development of numerous inorganic materials. Several synthetic processes to
tailor materials of desired properties have emerged. Metal chalcogenides represent
an important family of inorganic materials. Various chemical, physical, optical and
magnetic properties of metal chalcogenides are greatly influenced by their shape, size
and composition. Among various preparative methods, single-source molecular pre-
cursor strategy has emerged as themost versatile route to prepare delicate structures of
metal chalcogenides and even for isolation of metastable phases. These precursors
have an advantage over the conventional precursors in terms of controlling nanos-
tructure shape and stoichiometry. As the results of bulk decomposition of single-source
molecular precursor quite often differ from film growth experiments and also from
solvothermal preparation of nanocrystals, a single precursor can thus be employed for
the preparation of materials of different compositions and phases. In fact, rapid
development of metal chalcogenolate chemistry and ever-increasing interest in metal
chalcogenide materials in the last two decades have contributed immensely to the
progress of both the areas in a complimentary manner.

In addition to chalcogenolate ligands (RE–), several other anionic organochalcogen
ligands have been used in the design and development of single-source molecular
precursors which are employed for the preparation of metal chalcogenide nanocrystals
and for deposition of thin films. These includeN,N′-dimethylaminoalkylchalcogenolate
(I, II) [8], 2-pyridyl and 2-pyrimidyl chalcogenolate (III) [9], selenocrboxylate (IV) [10],

I M-Se-R2 Seleno ethers
II M-Se-M Bridging and Terminal
III M-Se-R Bridging and Terminal
IV R-Se(M)-Se(M)-R
V M-Te-R2 Telluro ethers
VI M-Te-M Bridging and Terminal
VII M-Te-R Bridging and Terminal
VIII R-Te(M)-Te(M)-R
IX Complexes containing both Se & Te
X Complexes containing both S & Se
XI Complexes containing both S & Te
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Figure 11.1: Pie chart of metal Se and Te compounds structurally characterized. Data based on
CCDC till December 2016 [3].
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diselenocarbamates (V) [11], diselenophosphate/phosphinates (VI) [12], phosphino-
chalcogenic amides (VII) [13] and dichalcogenoimidophosphinates (VIII) [14, 15]
(Figure 11.2).

11.2 Synthesis of chalcogenolate/chalcogenide complexes

A number of reaction routes have been adopted for the synthesis of metal chalcogen-
olate/chalcogenide complexes, the metathesis reactions and oxidative addition of
chalcogenide to low-valent metal precursors which are the most common for their
synthesis. Various preparative methods are briefly described here which are represen-
tative rather than comprehensive.

11.2.1 Reactions of nucleophilic chalcogen reagents with metal salts

Both inorganic (NaEH, Na2E, Na2E2, (Me3Si)2E) and organic (RE–) nucleophiles have
been extensively used for the synthesis of a variety of metal chalcogenide/chalc-
genolate complexes [16]. Organochalcogenolates are readily obtained either by
insertion of chalcogen into a M–C bond or by reductive cleavage of E–E bond of
diorganodichalcogenides (eqs. (11.1)–(11.3)).

RLi + E ! RELi (11:1)

RMgX+E ! REMgX

X=Cl; Br or Ið Þ (11:2)

NMe2

O

E
R2P R2P PR2

N

E EHNHR

C CR

NMe2 X

NE-

Se- Se- Se-

(X = CH or N)

(E = S, Se or Te)

Se RO

RO

P
Se

R2N

(I) (II) (III)

(IV) (V) (VI)

(VII) (VIII)

E- E-

Figure 11.2: Some anionic organochalcogen ligands [8–15].
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RE�ER !Reducing agent
2 RE�

Reducing agent =NaH,NaBH4, LiBEt3H, etc:
(11:3)

Reactions of sodium salt of organochalcogenolate ligands with numerous palla-
dium and platinum precursors have been extensively studied, and complexes with
diverse nuclearity have been isolated and structurally characterized. The reactions
of PtCl2(dppm) with NaEMes in methanol-benzene yield cis-[Pt(EMes)2(dppm)]
(E = Se or Te) [17]. Similarly, treatment of cis-PtCl2(PPh3)2 with NaSeAr initially
yields cis-[Pt(SeAr)2(PPh3)2] which isomerizes to thermodynamically stable trans
isomer in solution [18, 19].

Treatment of [M2Cl2(μ-Cl)2(PR3)2] with NaER′ yields a variety of complexes
depending on the stoichiometry of the reactants and the nature of organic group on
chalcogen atom. When R is the simple organic group, bi- and tri-nuclear complexes
are formed (Figure 11.3) [20, 21]. Internally functionalized R′ groups such as
Me2NCH2CH2 [22–24], Me2NCH2CH2CH2 [25] or 2-pyridyl [26, 27], however, afford
mononuclear complexes of the type IX.

M

E

R3P N

Cl
E   N = Me2NCH2CH2E-; NC5H4E-

(E = Se or Te)

IX

11.2.2 Oxidative addition of dichalcogenides

Two-electron oxidative addition of diorganochalcogenides either on free metal or
on low-valent metal precursors has emerged as a useful strategy to prepare metal

[Pd2(μ-SeR′)2(SeR′)2(PR3)2] [Pd3Cl2(μ-SeR′)4(PR3)2]

[M2Cl2(μ-Cl)2(PR3)2]

[M2Cl2(μ-SeR′)2(PR3)2]

1 N
aSeR′

[M2Cl2(μ-Cl)(μ-SeR′)(PR3)2]

(M = Pd or Pt; R = CH2CH2OH, CH2CH2COOH, CH2CH2COOMe)

4 NaSeR′ 2.7 NaSeR′

2 NaSeR′

Figure 11.3: Treatment of [M2Cl2(μ-Cl)2(PR3)2] with NaER′ [20, 21].
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chalcogenolate complexes [28]. Oxidative addition of diorganodichalcogenides
on elemental mercury in toluene/methanol has been employed for the synthesis
of Hg(ER)2 complexes (eq. (11.4)) [29]. Pyridyl selenolate complexes of copper,
silver and indium have been isolated either by the reaction of metal powder
with dipyridyldiselenide in refluxing toluene [30] or by anodic oxidation of metal
in acetonitrile solution of diselenide [31–33]. A series of lanthanide selenolates
have been isolated by the reaction of dioraganodiselenide either with lanthanum
amalgam (LnHg) or with elemental lanthanum in the presence of catalytic amount
of Hg [34].

Hg +R2E 2 ! Hg ERð Þ2
E = Se or Teð Þ (11:4)

Low-valent metal precursors have been conveniently used in the oxidative addition
reactions of dioganodichalcogenides, leading to the formation of metal chalcogenolate
complexes (eq. (11.5)). The reactions involving ditellurides often result into several
serendipitous products which are formed due to competitive cleavage of both Te–Te
and Te–C bond because of their comparable bond energies [28].

LnM+R2E2 ! LnM ERð Þ2
� �

(11:5)

The reaction of Na2PdCl4 or other Pd(II) precursors with R2E2 (E = S, Se, Te) yields
complexes of composition [PdCl(ER)]n retaining palladium in divalent state [28, 35, 36].
The reaction is intriguing in the sense that how the chalcogenide (E2

2–) is oxidized to
chalcogenolate ion. It has been proposed that initially R2E2 oxidatively adds to Pd

2+ ion
to generate a Pd(IV) species, “Pd(ER)2Cl2” which undergoes reductive elimination of
RECl with concomitant formation of [PdCl(ER)]n [35].

Oxidative addition reactions of dioraganodiselenides with [Pd(PR3)4] in general
afford dinuclear complexes [Pd2(μ-SeR)2(SeR)2(PR3)2] [37–39], whereas reactions with
ditellurides aremore complex giving several products. The reaction of Pd(PPh3)4 with
Ph2Te2/Th2Te2 in dichloromethane yields hexanuclear complexes, [Pd6Cl2Te4(TeAr)2
(PPh3)6] (Ar = Ph or Th) [40, 41]. However, the reaction with Th2Te2 in toluene gives
yet another hexanuclear complex, [Pd6Te4(ThTe)4(PPh3)6] [40].

Unlike reactions of Pd(0)/Pt(0) phosphine complexes with ditellurides contain-
ing simple aryl groups, oxidative addition reactions of N-heterocyclic ditellurides are
more complex resulting into the formation of numerous serendipitous products
(X-XII) [42–45]. For instance, reaction of [Pt(PPh3)4] with (NC5H3R-3)2Te2 (R = H or
Me) in toluene at room temperature, in addition to expected oxidative addition
product, [Pt{TeC5H3(R-3)N}2(PPh3)2], a minor (~ 15%) orange product, [Pt(Te)
{TeC5H3(R-3)N}2(PPh3)] (X) containing formally Te0 as a ligand, is also isolated [42].
The reaction of Pt(PPh3)4 with Th2Te2 in dichloromethane, however, yields a tri-
nuclear complex, [Pt3Te2(Th)(PPh3)5]Cl and trans-[Pt(Cl)(Th)(PPh3)2] [40].
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Reactions of Pt(PPh3)4 or Pt(P∩P)n with diorganodichalcogenides yield [Pt(ER)2
(P∩P)] (P∩P = 2PPh3, dppm, dppe, dppp) [46, 47]. Treatment of [Pt(PPh3)2(CH2 = CH2)]
with Ph2Se2 in benzene yields initially cis-[Pt(SePh)2(PPh3)2] which isomerizes to the
trans product in solution [48, 49]. Similarly, reaction of Pt(dppn)(norbornene) with
Bu2

nTe2 gives [Pt(TeBu
n)2(dppn)], whereas Ar2Te2 affords [Pt(TeAr)(Ar)(dppn)] (Ar = Ph

or Th) [50]. In contrast to platinum(0) phosphine precursor, the platinum(0) olefin
complexes containing chelating diimine ligands, [Pt(N,N-chelate)(olefin)], react with
diorganodichalcogenides or phenylselenyl halides to give five coordinate Pt(II) chal-
cogenolate complexes (Figure 11.4) [51–53].

11.2.3 Ligand-exchange reactions

Ligand-exchange/redistribution reactions have also been employed to some extent
for the synthesis of metal chalcogenolate complexes. Lead and mercury chalcogen-
olates react with allylpalladium chloride at room temperatures to give chalcogen-
olato-bridged palladium derivatives (eqs. (11.6)–(11.8)) [54, 55]. The tellurolate
derivative decomposes in solution at room temperature to give a black powder of
Pd3Te2 [54]. Organotin selenolate has been employed as a mild selenolate-donating
species. Accordingly, the reaction between [(PhSe)3SnCH2CH2]2 and palladium acet-
ate affords a tetranuclear selenolate complex, [Pd(SePh)(OAc)]4 [56]. Redistribution
reactions in main group chalcogenolate complexes are quite facile. For example,

PhSeX
XN N

N

ER

ER

E = Se or Te

PtN Pt

SeR
olefin

X = Cl, Br or I

N

N

Pt olefin olefin

R2E2

Figure 11.4: Five coordinate Pt(II) chalcogenolate complexes [51–53].
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treatment of diorganotin dichlorides with diorganotin bis(selenolates) yields quanti-
tatively [R2SnCl(SeAr)] complexes (eq. (11.8)) [57].

Pd2Cl2 η3 – allyl
� �

2

� �
+Pb SeMesð Þ2 ! Pd2 μ– SeMesð Þ2 η3 – allyl

� �
2

� �
+ PbCl2 (11:6)

Pd2Cl2 η3 –C4H7
� �

2

� �
+Hg TePhð Þ2 ! Pd2 μ– TePhð Þ2 η3 –C4H7

� �
2

� �
+ HgCl2 (11:7)

R2SnCl2 + R2Sn SeC4H 4, 6–Með Þ2N2
� �

2

� �! 2 R2SnCl SeC4H 4, 6–Með Þ2N2
� �� �

(11:8)

Trimethylsilyl chalcogenolates, Me3SiER have been used as a mild ER group transfer
reagent. These compounds react readily with metal halide or acetate precursors to
give metal chalcgenolates and volatile Me3SiX (X = Cl or OAc) (eq. (11.9)) [3].

LnM–X+Me3SiER ! LnM–ER+Me3SiX (11:9)

11.2.4 Chalcogenolysis method

Although this route is very convenient for the preparation of metal chalcogenolates
(eqs. (11.10)–(11.12)) [58–60], due to air sensitivity and unstability of free chalcogenol
(REH), it is less frequently employed and is restricted to selenols/tellurols containing
bulky R groups such as supermesityl (2,4,6-Bu3

tC6H2), C(SiMe3)3, Si(SiMe3)3, etc. The
chalcogenolysis reactions, often carried out in non-polar solvents, proceed under
mild conditions giving pure products in high yields. The required selenol/tellurol
(REH) is usually isolated by protonolysis of the corresponding alkali metal chalco-
genolates [60–63].

Pd OAcð Þ2
� �

3 + 6 PhSeH ! 3 Pd SePhð Þ2
� �

n + 6 AcOH (11:10)

½CdfN SiMe3ð Þ2�2 + 2 MesTeH ! Cd TeMesð Þ2
� �

∞
+ 2 HN SiMe3ð Þ2 (11:11)

½Sn N SiMe3ð Þ2
� �

2�+ 2 HESi SiMe3ð Þ3 ! ½Sn ESi SiMe3ð Þ3
� �

2� + 2 HN SiMe3ð Þ2
E = Se or Te

(11:12)

11.2.5 Insertion of chalcogen into M-C bond

Insertion of chalcogens into M–C bonds of alkali (e. g. organolithium) and alkaline
earth metals (e. g. Grignard reagents) is a well-recognized route for the generation of
organochalcogenolate ions [64, 65]. A number of these compounds have been iso-
lated as adducts and have been structurally characterized. Insertion of chalcogens
into main group, transition metal and f-block element M–C bonds is also reported.
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For instance, reaction of tellurium with AlBut3 yields binuclear tellurolato-bridged
aluminium complex, [But2Al(μ-TeBut)]2 [66]. Although metallic tellurium does not
insert into Mn–C bond, R′3PTe reacts readily with MnR(CO)5 to give phosphine-
substituted octahedral tellurolate complexes, [Mn(TeR)(CO)3(PR′3)2] (R′ = Me, Bz;
R = Me or Et) [67]. Similarly, tellurium insertion into Sc–alkyl bond yields scandium
tellurolate complex (eq. (11.13)) [68].

Cp�2ScR !
Te ½Cp�2Sc TeRð Þ� R=Me; Bz; CH2CH2But; CH2SiMe3

� �
(11:13)

11.3 Transition metal chalcogenolate/chalcogenide clusters

Transition metals, particularly late transition metals, form numerous polynuclear
chalcogenolate and/or chalcogenide clusters which have been isolated both as neutral
and as ionic (cationic and anionic) derivatives. This family of compounds has been
extensively explored by the research groups of Steigerwald in USA and Fenske in
Germany. These compounds are considered as intermediary molecules with distorted
(reconstructed) fragments in route to solid-state chalcogenidematerials. This approach
is referred as “bottom-up,” “retro-synthetic” or “divide and protect” [69] route to
material synthesis. Figure 11.5 depicts progression in particle size from small molecules
through clusters, nanoparticles to colloid and finally bulk material.

Bottom-up approach

Top down approach

Figure 11.5: Progression of particle size from molecules to materials.
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These compounds provide invaluable information about formation, structural
aspects and various physicochemical properties of layered nanocrystals. The proper-
ties of these compounds are usually influenced by the nature of individual cluster
compound, their spatial arrangement and the nature of auxiliary ligand. The metal
centres showM–Mbonding interaction, and the distance between them can be varied
by changing the chalcogen and/or auxiliary ligand and charge on the cluster. For
instance, Co–Co distance in [Co6(μ3-Te)8(PH3)6]

n+ is 3.05, 3.01 and 2.99 for n = 0, 1 and
2, respectively [70]. The chalcogenide ligand in general acts as a triply bridging
ligand and also show E … E interactions. These compounds are usually prepared by
one of the following routes:
i. Oxidative addition of R3PE on low-valent (often zero-valent) metal precursors.
ii. Reactions of metal halides/carboxylates with trimethylsilylated chalcogen com-

pound, (Me3Si)2E and Me3SiER. The latter is employed to introduce surface
chalcogenolate groups and/or chalcogenide via E–C bond cleavage [71].

Homoleptic neutral transitionmetal chalcogenolates of the general formula “[M(ER)2]”
show a wide structural diversity which is governed by the interplay of the steric
demand of the organic group on chalcogen atom versus propensity of metal cluster
to acquire coordination number greater than 2. The nature of chalcogen ligand, how-
ever, has a minor influence on the resulting structures. Less bulky R groups produce
either ring-like oligomeric molecules (e. g. [Pd(Se∩N)2]6 (Se∩N = SeCH2CH2NMe2 [72] or
SeCH2CH2COOMe [20]), [Pd(μ-TePh)2]12.2dmf [73]) or polymeric one-dimensional chains
(e. g.∞

1[Mn(SeMes)2] [74],∞
1[Fe(SeR)2] (R = PhorMes) [75]). The chalcogenolate groups

act as bridging ligands to form a four-membered “M2E2” rings.
A myriad of chalcogenide clusters differing in nuclearity have been isolated and

structurally characterized. These compounds often preserve the primary lattice of the
bulk material, though significant distortion in the structure due to surface passiva-
tion by phosphine ligands is observed. Cubane-like tetranuclear clusters, such as [Fe4
(Te)4(EPh)4]

3+ [76, 77], [Fe4(Te)4(PR3)4] (PR3 = PEt3, PPr
i
3) (Figure 11.6) [78, 79], [Co4

(μ3-Se)4(PPh3)4] [80] and [Mn4(Te)4(PR3)4] (PR3 = PEt3, PPr
i
3, c-Hx3P) [81], are com-

prised of tetrahedral core of metal atoms where each metal centre is coordinated to
E2– and PR3 ligand. Each face of the tetrahedron is capped with a single chalcogen
atom. The neutral cluster, [Fe4(Te)4(PEt3)4], releases PEt3 on heating in evacuated
Pyrex tube at 280 °C to give a mixture of β-FeTe and ε-FeTe (Fe and Te rich phases,
respectively) [78].

The hexanuclear chalcogenide clusters built from “M6E8” units, [M6(μ-E)8
(PR3)6] (M = Cr, Mo, Fe, Co; E = Se or Te; PR3 = PEt3, PBu

n
3 or PPh3) (Figure 11.7),

represent Chevrel phase [80, 82–85]. Themolecular structure of these compounds is
comprised of octahedrally arranged transition metal atoms with all the triangular
faces symmetrically bonded by triply bridging chalcogen atoms. Each metal atom is
coordinated with a phosphine ligand which passivates the surface of the cluster.
The cobalt and chromium telluride clusters, [M6(μ-Te)8(PEt3)6] (M = Co or Cr), are
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viewed as distorted fragment of β-cobalt telluride (β-CoTe) and Cr3Te4 which have
NiAs-type lattice and on thermolysis release phosphine ligands to give β-CoTe [83]
and Cr3Te4 [84].

The molecular structure of the cluster compound is markedly influenced by the
size of the capping ligand. Accordingly compounds of different nuclearities can
readily be isolated by varying the size of the phosphine ligands. For instance,

P1

P1

P1

Fe1

Fe1

Fe1
Fe1

Te1

Te1

Te1

Te

Figure 11.6: Molecular structure of [Fe4(Te)4(PEt3)4] (adapted with permission from ref. [78],
Copyright (1992) American Chemical Society).

P2

Co2

Te2
Te1

Te4i Te3i

Co1i

Co3i

Co2i

P2i
Te3P1

Te2i

Te3i

Co3

Co1
P3

Te4

P3i

P1i

Figure 11.7: Molecular structure of [Co6(μ-Te)8(PEt3)6] (adapted with permission from ref. [83]
Copyright (1991) American Chemical Society).
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reactions of Mn precursors with R3PTe yield cubane-type compounds with bulky
ligands, [Mn4(Te)4(PR3)4] (PR3 = PEt3, PPr

i
3, c-Hx3P), while cylindrical prismane type

of molecules, [Mn6(Te)6(PR3)6] (R = Me or Et), are isolated with smaller ligands (PR3 =
PMe3 or PEt3) [81]. Both cubane and prismane types of compounds could be isolated
with intermediate-size ligand (e. g. PEt3). The cubic [Mn4(Te)4L4] and hexagonal [Mn6
(Te)6L6] compounds have been described as fragments of zinc blend and wurtzite
structures, respectively [81].

Group 10 (Ni, Pd, Pt) chalcogenide compounds have been synthesized by the
reactions of zero-valent metal precursors with R3PTe. The reaction of [Ni(COD)2]
with Et3PTe yields [Ni9(Te)6(PEt3)6] and [Ni20(Te)18(PEt3)12] [86]. The structural
relationship of these compounds with that of bulk NiTe structure has been demon-
strated [87]. The hexanuclear palladium compound, [Pd6(Te)6(PEt3)8], isolated in
10% yield by the reaction of [Pd(PPh3)4] with Et3PTe, is converted readily to bulk
PdTe (NiAs-type structure) by thermolysis (Figure 11.8) [88]. The compound is
thought to be formed by dimerization and substitution of PEt3 ligand by Te2– of a
trinuclear complex, [Pd3(μ-Te)2L6]2+, a well-studied family of derivatives [89, 90].

The chemistry of Groups 11 and 12 chalcogenide and chalcogenolate/chalcogenide
cluster compounds has been extensively explored by Fenske and co-workers and has
been reviewed [71, 91–94]. Reactions of copper(I) salts (CuCl, CuOAc or Cu2O) with
selenol or trimethylsilylated chalcogen compounds ((Me3Si)2E or Me3SiER) in the
presence of tertiary phosphine result into the formation of copper chalcogenide or
copper chalcogenolate/chalcogenide cluster compounds of different nuclearity vary-
ing from binuclear (e. g. [Cu2(μ-SePh)2(PPh3)3] [91]) to as large as Cu146 cluster (e. g.
[Cu146(Se)73(PPh3)30] [95]) (Figure 11.9 [95–102]). The formation of the resulting com-
plex in these reactions is influenced by the reactants, ligands, reaction temperature
as well as the reaction medium. Small- and medium-sized clusters adopt spherical
shapes and possess hexagonal lattices of selenium atoms, while larger clusters
represent the fragments of the bulk solid-state structures in which cubic lattice of

L L

L

L

L L

Te

Pd

L L

L

Pd1

Pd5
Pd4

Pd2

Te2

Te1

Te4

Te3
Te5
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Te

Te

Te
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Pd

Pd
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Figure 11.8: Conversion of [Pd6(Te)6(PEt3)8] to bulk PdTe (Figure 8c is adapted with permission
from ref. [88] Copyright (1990) American Chemical Society).
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selenium is occupied by tetrahedral/trigonal copper atoms [71]. For example, the
structure of [Cu146(Se)73(PPh3)30] can be compared with bulk Cu2Se where the surface
of the fragment is passivated by PPh3 ligands [95]. Thermal behaviours of several of
these clusters have been studied. They cleanly eliminate the coordinated phosphine
ligand to generate nanocrystals of 12–16 nm diameter of Cu2Se [97, 99–102].

Like copper chalcogenide clusters, reactions of silver carboxylates with trimethyl-
silyl chalcogen compounds produce a myriad of silver chalcogenolate/chalcogenide
cluster compounds and cluster as large as [Ag172(Se)40(SeBu

n)92(dppm)4] is isolated
[71, 92, 93]. Silver chalcogenide clusters as well as copper telluride systems tend to
yield non-stoichiometric derivatives owing to similar electronegativities of metal atom
(Ag or Cu) and chalcogen.

Gold forms numerous chalcogenolate protected clusters [94]. These clusters are
comprised of core ofmetal atoms surroundedby a shell which is formedby a number of
ligands (e. g. halide, SR–, SeR, PR3, etc.). Both core and shell have the fixed number of
gold atoms. Recently, selenolate protected gold clusters, such as [Au25(SeR)18]

– (R = Ph
or C12H25) and [Au38(SeC12H25)24], have been described.

Numerous chalcogenolate/chalcogenide clusters of group 12 (Zn, Cd, Hg) have
been reported. They are generally comprised from cubic (adamantoid) and hexagonal
(barrelanoid) units and show clear relationship with the bulk chalcogenide materials
[71]. Both ionic and neutral compounds have been isolated. Trimethylsilylated chalco-
gen compounds are usually employed for their synthesis. The reaction of [CdCl2(PPh3)2]
with PhSeSiMe3 in acetone or diethylether yields [Cd10(Se)4(SePh)12(PPh3)4] which is
composed of four fused adamantoid cages (Figure 11.10) [103, 104]. When this reaction
is carried out in diglyme, another cluster [Cd16(SePh)32(PPh3)2] is formed in which four
adamantoid Cd4Se6 cages are connected through PhSe– ligand [103]. Similarly, reac-
tion of HgCl2 with PhSeSiMe3 in toluene–heptane gives [Hg32(Se)14(SePh)36] which
comprises of 13 fused HgSe adamantane cages, while the barrelanoid HgSe cages fill
the corners of the cluster [104]. The telluro complexes have also been synthesized.
Thus, the reaction between HgCl2 and Te(SiBun3)2 and PhESiMe3 (E = Se or Te) in the

in diglyme in Et2O[CdCl2(PPh3)2]

[Cd10(Se)4(SePh)12(PPh3)4]
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Figure 11.10: [Cd10(Se)4(SePh)12(PPh3)4] is composed of four fused adamantoid cages (crystal
structures adapted with permission from ref. [103] Copyright (1997) Wiley VCH).
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presence of PhPPrn2 in dme (dimethyleneglycol) yields metastable compounds, [Hg10
(Te)4(EPh)12(PhPPr

n
2)4] (E = Se or Te) [105].When the selenolate compound is dissolved

in benzene/toluene at room temperature, orange crystals of a new cluster [Hg34(Te)16
(SePh)36(PhPPr

n
2)4] are isolated (Figure 11.11) [105].

Compounds of composition [M(EPh)2] (M = Cd or Hg; E = Se or Te) have been
conveniently employed for the preparation of nanoclusters using redistribution
reactions [106–108]. Thus, treatment of [Cd(SePh)2] with CdX2 (X = Cl or Br) in the
presence of PPh3 in methanol affords tetranuclear adamantoid cluster [Cd4(SePh)7(X)
(PPh3)] [108] which are isostructural to mercury analogue, [Hg4(SePh)7(Br)(py)] [109].
Reaction of [Hg(SeR)2] with equimolar HgCl2 in pyridine yields tetranuclear com-
plexes, [Hg4(μ-SeR)4Cl2(py)4] (R = Et or But) [110]. However, a similar reaction of [Hg
(EPh)2] with HgX2 in dmso affords trinuclear complexes, [Hg3(μ-EPh)3X3].2dmso (E =
Se or Te; X = Cl, Br, I). Themolecular structure of these complexes is comprised of six-
membered ring of alternating Hg and E atoms in a chair conformation [107]. These
redistribution reactions have been successfully employed for the preparation of
heterometallic clusters which have been used as precursors for ternary chalcogenide
materials [111–113]. Thus, the reactions of [(lut)2Zn(ESiMe3)2] (E = Se or Te; lut = 3,5-
dimethylpyridine) with Cd(OAc)2 in the presence of PhESiMe3 and PPrn3 yield ternary
clusters, [ZnxCd10-x(E)4(EPh)12(PPr

n
3)4] [113]. These compounds on thermolysis in the

solid state generate ZnxCd1–xE [113].

PhSeSiMe3
in toluene

C6H6/ toluene
at 5°C

[Hg32(Se)14(SePh)36] + [Hg(SePh)2]

[Hg10(Te)4(SePh)12(PhPPrn
2)4]

[Hg34(Te)16(SePh)36(PhPPrn
2)4]

+ 6 [Hg(SePh)2] + 12 PhPPrn
2

[Hg10(Te)4(TePh)12(PhPPrn
2)4]

HgCl2
2 PhPPrn

2
+ 1.6 PhTeSiMe3
+ 0.3 Te(SiBun

3)2
in dme at -30°C

2 PhPPrn
2

+ 1.6 PhSeSiMe3
+ 0.3 Te(SiBun

3)2
in dme at -30°C

Figure 11.11: Metastable [Hg10(Te)4(EPh)12(PhPPr
n
2)4] (E = Se or Te) [105].
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11.4 Transition metal chalcogenolate precursors for metal
chalcogenides

With the isolation of graphene by Geim and Novoselov, interest in two-dimensional
inorganic materials has grown exponentially. Many transition metal dichalcogenides
(TMDs, ME2) crystallize in layered structures [114]. Each layer of TMD comprises
hexagonally packed layer of metal atoms which are sandwiched between two layers
of chalcogen atoms. Each layer has a thickness of 6–7 Å and is interconnected by
weak van der Waals interactions [115]. The interlayer interaction energy increases on
moving down the group [116]. The M–E bond in each layer is primarily covalent in
nature, with the metal atom acquiring either trigonal prismatic or octahedral config-
uration. The M–Mdistance varies in the range 3.15–4.03 Å depending on the size of M
and E atoms.

The layered structures of TMDs give rise strong anisotropy in their chemical
and physical (e. g. electrical, thermal and mechanical) properties, which may
range from semiconducting (e. g. WS2), semimetals (e. g. TiSe2), true metals (e. g.
VSe2) through superconductors (e. g. NbSe2) [117]. The coordination environment
of the metal atom and its “d” electron count give rise to an array of electronic and
magnetic properties, whereas such properties are little influenced by the nature of
chalcogen atom [118]. For instance, the band gap of 2H-MoS2, 2H-MoSe2 and 2H-
MoTe2 decreases gradually from 1.3 to 1.0 eV [119]. Among chalcogenide materials,
molecular structures and electronic and physical properties of metal tellurides
often differ from those of metal sulfide and selenides [120]. Several methods
have evolved for the synthesis of TMD thin layer, and chemical vapour deposition
(CVD) route using different precursors has gained momentum during the last
decade [118, 121].

11.4.1 Group 4 (Ti, Zr, Hf) chalcogenides

Both homoleptic, M(ER)4, and metallocene bis(chalcogenolates), Cp2M(ER)2, have
been isolated and characterized by numerous methods. The metallocene derivatives
are generally prepared by the reactions of Cp2MCl2 with lithium chalcogenolates [122–
125], selenol in the presence of Et3N (eq. (11.14)) [126] or by treatment of Cp2MMe2 with
selenium in boiling heptane [127]. The homoleptic derivatives are obtained either by
chalcogenolysis reaction between MR4 (R = Bz, Si(SiMe3)3) and HESi(SiMe3)3 [128,
129]) or by a metathesis reaction [129]. These complexes are brightly coloured crystal-
line solids, sensitive to air and moisture. The metallocene tellurolates react with
neutral donor ligands such as phosphines, pyridine and isocyanides, resulting into
either reduction of the metal centre from M(IV) to M(III) (M = Ti) or elimination of
telluroethers [128, 129].

11.4 Transition metal chalcogenolate precursors for metal chalcogenides 397



Cp2Ti SePhð Þ2
� �  PhSeH;Et3N Cp2MCl2 !2LiER Cp2M ERð Þ2

� �

M = Ti; Zr; Hf; E = Se; Te;

Cp = C5H5; MeC5H4; ButC5H4;

R = Me; But; Mes; Ph; Si SiMe3ð Þ3; SiPh3

(11:14)

Metallocene selenolates, [Cp2M(SeBut)2] (M = Ti, Zr, Hf), have been used as single-
source precursors for deposition ofMSe2 thinfilms on a silica substrate by low-pressure
CVD (LPCVD)method (Figure 11.12) [125]. Good-quality films are deposited at 450 °C for
TiSe2 and at 600 °C for ZrSe2 (dark green) and HfSe2 (dark blue). The films grow as
hexagonal platelets perpendicular to the surface of the substrate and undergo surface
oxidation on exposure to air. The tellurolates, [Cp2M(TeBut)2], however yield grey
elemental tellurium in the temperature range 450–600 °C rather than MTe2 [125].

The selenoether adducts of titanium, [TiCl4(SeR2)2] (SeR2 = SeEt2 [130], SeBu
t
2 [130,

131], ½ o-C6H4(CH2SeMe)2) [132]), obtained by the reaction of TiCl4 with a selenoether,
have been used for deposition of TiSe2 films on glass or silica substrate. Intensely
purple films are deposited in the temperature range 500–600 °C with a regular
morphology comprising of hexagonal platelets which grow perpendicular to the
plane of the substrate. The films are sensitive to areal oxidation.

11.4.2 Group 5 (V, Nb, Ta) chalcogenides

Although metallocene chalcogenolates, such as [CpM(CO)2(μ-ER)]2 (Cp = C5H5 or
C5Me5; M = V or Ta), [Cp2Nb(Te2)H] (Cp = C5H5, Bu

tC5H9, C5Me5), etc., have been
synthesized and investigated [133–136]. They have hardly been employed as precur-
sors for the synthesis of metal chalcogenides. Chalcogenoether complexes have,
however, been used to a limited extent. [VCl3(SeMe2)2], obtained by the reaction of
VCl4 with an excess of SeMe2 in refluxing CH2Cl2, has been used to deposit thin black
films of VSe2 on silica substrate at 600 °C by LPCVD method [137]. Similarly, [NbCl5

(a) (b) (c)

Se1
Se1b

Til

Figure 11.12: (a) Molecular structure of [Cp2Ti(SeBut)2]; (b) SEM micrographs of TiSe2 deposited at
450 °C; (c) PXD pattern of TiSe2 obtained at 600 °C (adapted with permission from ref. [125] Copyright
(2008) American Chemical Society).
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(SeBun2)] has been used to deposit brown-black films of NbSe2 at 650 °C. The films are
formed of hexagonal plate-like microcrystals of 3R phase [138]. The tantalum pen-
tachloride chalcogenoether complexes do not show any deposition under similar
conditions, except [TaCl5(TeBu

n
2)] which deposited tellurium [138].

11.4.3 Group 6 (Cr, Mo, W) chalcogenide materials

Homoleptic and organometallic compounds of group 6 with chalcogen ligands have
been synthesized by chalcogenolysis, oxidative addition of diorganodichalcogenides or
metathesis reactions. Examples of such derivatives are [Cr(SePh)3] [139], [M(SeMes)3]2
(M = Mo or W with M-M bond) [140], [M2(OR)2(SeAr)4] [140], [Cp2M(ER)2] (E = S, Se, Te;
R = Me or Ph) [133], [CpCr(SePh)(CO)3] [141], [CpCr(SePh)(CO)2]2 [141], [η7-C7H7)M(CO)2
(EPh)] (M = Mo or W; E = Se, Te) [142], [Mo(μ-TePh)(CO)4]2 [143], etc. Only a few
complexes have been utilized as precursors. Chromium(II) complexes of di-tert-butyl-
phosphino(chalcogeno) amides, [Cr{EPBut2(NR)}2] (E = Se or Te; R = Pri or c-Hx), have
been prepared by treatment of [Cr{N(SiMe3)2}2(thf)2] with But2P(E)NHR in light petro-
leumat room temperature [13]. The selenolate complexeshave beenused todeposit thin
films of Cr0.68Se at ~400 °C [13]. The chromium cluster complex, [Cr6Te8(PEt3)6], pre-
pared by the reaction between [Cr(C3H5)2(PEt3)2] with Et3PTe or bis(2,4-dimethylpenta-
dienyl)chromiumwith Et3PTe in thepresence of excess PEt3, on heating in an evacuated
Pyrex tube at 315 °C, yields ferromagnetic black Cr3Te4 [84]. The cluster is comprised of
octahedron of six chromium atoms concentric with a cube of eight Te atoms. Each
chromium is also coordinatedwith a PEt3 ligand. The Cr-Cr and Te-Te distances are 2.94
and 3.74 Å, respectively [84].

11.4.4 Group 7 (Mn, Tc, Re) chalcogenides

Chalcogenolysis and oxidative addition reactions, in general, have been used to
prepare group 7 chalcogenolate complexes. Chalcogenolysis of [Mn{N(SiMe3)2}2].
THF with HSe(2,4,6-Pri3C6H2) and HTeSi(SiMe3)3 in the presence of a neutral ligand
yields [Mn{Se(2,4,6-Pri3C6H2)}2(THF)] [144] and [Mn{TeSi(SiMe3)3}2. L] (L = dmpe or
4-ButC5H4N) [145], respectively. Treatment of RM(CO)5 with R′3PTe yields [Mn(TeR)
(CO)3(PR′3)2] (R = Me or Bz; R′ = Me or Et) by insertion of Te into Mn–C bond with
concomitant elimination of CO [67, 146]. The latter complexes can also be obtained by
the reaction of [Mn(μ-TeR)(CO)4]2 (R = Me, Et, Pri, Ph, CH2SiMe3, (SiMe3)3) with a
phosphine ligand [67]. Cyclopentadienyl manganese complexes, [CpMn(μ-TePh)
(CO)2]2 [147] and [(η5-MeC5H4)Mn(EAr)(CO)2] (E = Se or Te; Ar = Pri, tol, Mes) [148],
have also been isolated and characterized. The Mn(II) complexes of chalcogenopho-
sphane ligands, such as [Mn{But2P(E)NR}2] (E = Se or T; R = Pri, c-Hx) [13] and [Mn
{Ph2P(Se)NP(Se)Ph2}2] [149], have been obtained by the reactions of MnCl2 with the
alkali metal salt of the ligands. The latter adopts a slightly distorted octahedral
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configuration with Mn–Se distance of av. 2.55 Å [149]. The oxidative addition of
Ph2Se2 to [Re2Cl4(μ-dppm)2] yields Re–Re bonded (2.656(1) Å) binuclear selenolate,
[Re2Cl4(μ-SePh)2(μ-dppm)2] [150].

Pyrolysis of [Mn(TeBz)(CO)3(PEt3)2] and [Mn(μ-TeR)(CO)4]2 (R =Me or Et) at 300 °C
under a hydrogen stream yields MnTe [67]. In contrast, the complexes [Mn{But2P(Te)
NR}2] (R = Pri; c-Hx) at 350–380 °C/10–6 torr deposit polycrystalline films of MnTe2,
whereas the corresponding seleno derivatives produce films of cubic MnSe [13].

11.4.5 Group 8 (Fe, Ru, Os) chalcogenides

Although a wide variety of chalcogenolate complexes, both classical and organometal-
lic, of group 8metals have been reported, only a few have been used for the preparation
of metal chalcogenide nanocrystals and for deposition of thin films. The iron chalco-
genides, predominantly sulfides, have been investigated due to their remarkable mag-
netic properties. Iron selenide (FeSe (α- and β-phase), FeSe2, Fe3Se4 and Fe7Se8) and
telluride (FeTe, Fe1.25Te and FeTe2) are known in different phases [151], while ruthenium
and osmium chalcognides exist in cubic ME2 (M = Ru or Os; E = S, Se, Te) phase
adopting a chalcopyrite structure [152].

Homoleptic neutral selenolates of iron, both ring-like oligomeric forms [Fe(SePh)2]12
[153] and polymeric ∞

1[Fe(SeAr)2] (Ar = Ph or Mes) [75], have been synthesized. The
latter, which comprises of infinite chains of selenolate-bridged distorted tetrahedral iron
atoms, are obtained in several ways (Figure 11.13) [75]. The ∞

1[Fe(SePh)2] undergoes a
two-step decomposition under vacuum below 175 °C to give iron selenide with the
elimination of SePh2. The sample heated up to 550 °C in vacuum consists of a mixture
of tetragonal Fe1–xSe and hexagonal Fe7Se8 phases [75].

Thermolysis of N,N-diethyl-N′-naphthylselenourea complex of iron(III), [Fe{napC(O)
NC(Se)NEt2}3] (nap = naphthyl) in oleylamine (OA) at different temperatures (190,
240, 290 °C) yields nanocrystals of a mixture of iron selenides [154]. However,
nanocrystals of pure orthorhombic ferroselite FeSe2 phase could be isolated by

FeCl3 + 4 PhSeSiMe3 ∞1 [Fe(SePh)2]

Fe(OAc)2 + 2.5 PhSeSiMe3

FeCl2 + 3 PhSeSiMe3

0.8 Prn
3P, in THF

THF
2 PBun

3

[Fe{N(SiMe3)2}2] + 2 PhSeH

THF THF

Figure 11.13: Preparation of ∞
1[Fe(SeAr)2] (Ar = Ph or Mes) [75].
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thermolysis of tetraorganodiseleno imidophosphinate complex of iron(II), [Fe
{(SePR2)2N}2] (R = Pri or Ph) in OA [155]. Different shapes of nanocrystals, rod like
(at 190 °C), flower like (at 240 °C) and plate like (at 290 °C), have been prepared by
varying the pyrolysis temperature [155]. The complex [Fe{(SePPri2)2N}2] has also been
used for deposition of iron selenide thin films on silicon substrate by aerosol assisted
chemical vapour deposition (AACVD) process in the temperature range 500–600 °C.
The films, in contrast to nanocrystals, are comprised of a mixture of Fe7Se8 and FeSe2
[155]. The phosphinochalcogenoic amidate complexes of iron(II), [Fe{But2P(E)NR}2]
(E = Se or Te; R = Pri or c-Hx), have been used for deposition of thin films of FeSe and
FeTe2 on a glass substrate at 400 °C [13]. Cyclopentadienyliron telluride complexes,
[CpFe(CO)(PEt3)}2(μ-Te)] and [{CpFe(CO)(PEt3)}2(μ-Te2)], prepared by oxidative addi-
tion of Et3PTe on [CpFe(CO)2]2 (Figure 11.14), on pyrolysis in a Pyrex tube in a furnace
(260–290 °C) yield FeTe and FeTe2, respectively [156].

Homoleptic ruthenium(III) selenolates, [Ru(SeC6H4R-4)3]n (R = H or But) on pyrolysis
at 450 °C, yield nanocrystals of RuSe2 of 3–15 nm size [157]. The nano-RuSe2 sup-
ported on graphite has been shown to be an efficient catalyst for chemoselective
reduction of aromatic nitro compounds by hydrazine hydrate in the presence of other
functionalities [157].

Selenolates and tellurolates of organoruthenium and osmiumhave been described.
The reactions of [Cp*RuCl2]2 with Me3SiEAr (E = Se or Te; Ar = Ph or tol) yield [(Cp*Ru)2
(μ-SeAr)3][Cl] and [(Cp*Ru)2(μ-TeAr)2(μ-Te2Ar2)] [158]. Diorganodiselenide oxidatively
adds to triosmium carbonyl clusters giving two isomers of [Os3(CO)10(μ-SeR)2] (R = Me
or Ph) [159].

11.4.6 Group 9 (Co, Rh, Ir) chalcogenides

Group 9 selenolates and tellurolates are scantly investigated. The cobalt complexes with
phosphorus-based selenium ligands, such as [Co{(SePPri2)2N}2] [160], [Co(Se2PPr

i
2)2]

[161] and [Co{But2P(Se)NR}2] (R = Pri or c-Hx) [13], show complex decomposition beha-
viour and invariably yield a mixture of cobalt selenides (e. g. Co3Se4, CoSe2, CoSe, etc.)
on attempting to deposit thin films of cobalt selenide above 400 °C [13, 161]. The
diselenocarbamate complex, [Co(Se2CNEt2)2], however, proved a promising precursor
as it deposited cubic CoSe2 films at 450 °C in the form of bundled fibres [161].
Thermolysis of [Co{But2P(Te)NR}2] at 350 °C yields films of CoTe2 [13].
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Te
Te

Fe FeEt3P
2 Et3PTe Et3P + Et3PTe

PEt3
OC

Cp CO

Cp

Te
Fe FeEt3P PEt3

OC

OC

COC
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O

O

Cp

Cp
Fe Fe

Figure 11.14: Cyclopentadienyliron telluride complexes prepared by oxidative addition of Et3PTe
on [CpFe(CO)2]2 [156].
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11.4.7 Group 10 (Ni, Pd, Pt) chalcogenides

Several neutral and anionic selenolates of nickel with the general formula [Ni(SeAr)2L2]
and [Ni(SeAr)4]

2– have been isolated and structurally characterized [162, 163]. The
bidentate seleno ligands yield discrete monomeric complexes, [Ni{(SePPri2)2N}2] [161],
[Ni(Se2PR2)2] (R = Pri, But, Ph) [161, 164] and [Ni(Se2CNEt2)2] [165], in which square
planar nickel is surrounded by four Se atoms from two chelating ligands. The former
two series of complexes, [Ni{(SePPri2)2N}2] and [Ni(Se2PPr

i
2)2], have been used for

deposition of thin films of nickel selenide (Ni0.85Se) which grow along the (101)
direction [161, 164, 166], but at higher thermolysis temperatures (>400 °C) nickel
phosphide (Ni2P) is deposited [164, 166]. The diselenocarbamate complex, [Ni
(Se2CNEt2)2], deposits cleanly cubic NiSe2 films at 450 °C [161].

There are several phases of binary palladium and platinum chalcogenides [152]
and they find applications, particularly tellurides, as catalysts in a number of organic
transformations [4, 152, 167] as well as in electronic industry [152]. A wide range of
palladium and platinum complexes with selenolate and tellurolate ligands have been
investigated in authors’ group and have been used as precursors for metal chalcogen-
ides. The homoleptic complex, [Pd(SeBz)2]n, undergoes a two-step decomposition. In
the first step of decomposition (~210 °C), a mixture of PdSe2 and Pd17Se15 is formed,
whereas decomposition in the second step yields exclusively Pd17Se15 [18]. The hetero-
leptic mono- (e. g. [PdCl(SeCH2CH2NMe2)(PPh3)] [22], [PdCl{SeCH2CH(Me)NMe2}
(PMePh2)] [168], [Pd(SeCOPh)2(PPr3)2] [169], [Pd(SeCb°Ph)2(PEt3)2] (Cb°Ph = 2-phenyl-
o-carborane) [170], bi- (e. g. [Pd(OAc)(SeCH2CH2CH2NMe2)]2 [25], [Pd2Cl2(μ-SeCH2CH2X)2
(PPrn3)2] (X = OH, COOMe, COOEt) [20, 21] and tri-nuclear (e. g. [PdCl(SeCH2CH2NMe2)]3
[22]) palladium complexes with internally functionalized selenolate ligands usually
undergo a two-step decomposition in the temperature range 200–350 °C to yield single-
phasic Pd17Se15 irrespective of the substituent on selenium. However, the substituent
on selenolate ligand influenced the decomposition temperature. Thermolysis in TBP or
hexadecyl amine (HDA) yields nanocrystals of Pd17Se15 as their X-Ray Diffraction (XRD)
peaks are considerably broadened than those samples obtained by decomposition in a
furnace under an inert atmosphere. The binuclear platinum complex, [Pt2Cl2(μ-
SeCH2CH2COOMe)2(PPr

n
3)2], on pyrolysis yields Pt5Se4 [20].

The allylpalladium and cyclopalladated selenolate complexes on thermolysis
yield different phases of palladium selenides. The allylpalladium complex, [Pd(μ-
SeCH2CH2COOEt)(η3-C3H5)]n (n = 2 or 3), which exists in dimeric (syn and anti forms)
and trimeric species in solution (Figure 11.15), on thermolysis at 180° C in diphenyl
ether and hexadecylamine yields nanocrystals of Pd7Se4, but at higher temperature
(220°C) Pd17Se15 is formed [171]. In contrast to this, the methylallylpalladium seleno-
late complexes, [Pd(μ-SeAr)2(η3-C4H7)2] (Ar = Ph or Mes), on thermolysis either in a
furnace (at 160 °C) or in refluxing xylene give polycrystalline Pd4Se [54, 55].
Selenolato-bridged cyclopalladated complexes, [Pd(μ-SeAr)2(C∩N)2], on thermolysis
yield a mixture of palladium selenides. The thermogravimetric (TG) analysis (TGA) of
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[Pd2(μ-SePh)2(Me2NCH2C6H4-C,N)2] revealed that it undergoes a single-step decom-
position at ~290 °C into a single phasic Pd7Se4. However, decomposition in a furnace
at 200 °C under flowing argon, air or H2 results into Pd4Se as a major product together
with Pd7Se4 [172].

Palladium tellurides have also been synthesized using molecular precursors. The
mononuclear tellurolate complexes, [PdCl{TeC5H3(Me-3)N}(PR3)] (PR3 = PEt3 or PPh3),
undergo a single-step decomposition ~290 °C under an argon atmosphere yielding
aggregates of microcrystalline PdTe (Figure 11.16) [27]. The cyclopalladated complex,
[Pd2(μ-TeMes)2(C10H6N-C,N)2], decomposes in two steps to give Pd7Te3 at 450 °C;
however at lower temperatures (265°C), a mixture of tellurides (Pd9Te4 and Pd2Te) is
formed. Thermolysis in refluxing n-trioctylphoshine oxide (TOPO) (202 °C) yields PdTe2
[173]. Cyclometallated telluroether complex, [PdCl{4-MeOC6H4TeCH2CH2CH2NHCH
(C6H4OH-2)(C6H5)], on thermolysis at 450 °C affords nano-rods of Pd3Te2 [4]. The telluro
ether complex, [PdCl{4-MeOC6H4TeCH2CH2CH2(pzBr-4)}], in contrast, in TOP yields rod-
shaped nanocrystals (217 nm diameter and 2,175 nm length by TEM) of PdTe [174]. The
oxidative addition of Et3PTe to Pd(PPh3)4 in refluxing toluene yields a black powder of
PdTe [88]. The reaction proceeds via the formation of telluride-bridged intermediate
complexes, [Pd2(μ-Te)2(PEt3)4] and [Pd6(μ-Te)6(PEt3)8], which on decomposition results
into polycrystalline PdTe. These intermediates are comprised of four-membered Pd2Te2
ring which can be represented as a fragment of the PdTe solid lattice [88].
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11.4.8 Group 11 (Cu, Ag, Au) chalcogenides

The coinage metal chalcogenides are an interesting family of inorganic materials
exhibiting a wide compositional and stoichiometric versatility. Temperature-depen-
dent phase transitions as well as composition variations are frequently encountered.
For instance, CuSe undergoes phase transition from hexagonal phase at room tem-
perature to orthorhombic phase at 48 °C and back to hexagonal phase at 120 °C. It
disproportionates at higher temperature to Cu2–xSe and Se. Similarly, Cu3Se2 dispro-
portionates into Cu1.8Se and CuSe in the temperature range 120–135 °C. Silver selenide
(Ag2Se) exists in two phases. The high-temperature phase (β-Ag2Se, 133 °C) is a super-
ionic conductor, whereas the low-temperature phase (α-Ag2Se) is a narrow-band gap
material. The former finds applications as a solid electrolyte in photochargeable
batteries, while the latter is widely used as a photosensitizer in photographic films.
The coinage metal chalcogenides find numerous applications such as photovoltaic,
thermoelectric, batteries, photocatalytic, etc. [175].

The chemistry of copper [91, 92, 98, 176], silver [92, 177] and gold [88, 94, 178–180]
chalcogenolate/chalcogenide clusters is fairly well developed and reviewed recently.
Metallophilic interactions are generally encountered in these compounds which
influence a variety of physical and chemical properties such as photoluminescence,
redox behaviour and catalytic activity. Structural diversity in these compounds is
rampant.

Copper(I), silver(I) and gold(I) complexes with pyridyl and pyrimidyl selenolates
have been synthesized and used as precursors for the preparation of metal selenides
[30, 181–184]. Copper pyridylselenolates, [Cu{SeC5H3(3-R)N}]4 (R = H [30], Me [181],
SiMe3 [30]), have been prepared either by the reaction of copper powder with
dipyridyldiselenides in refluxing toluene [30] or by treatment of CuCl with sodium
2-pyridylselenolates in benzene–methanol mixture at room temperature [181].
Pyrolysis of [Cu(Sepy)]4 at 210 °C yields amixture of α-CuSe and Cu2–xSe [30], whereas
[Cu{SeC5H3(3-R)N}]4 (R = Me at 400 °C and SiMe3 at 220 °C) affords cubic Cu2-xSe [30,
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Figure 11.16: Molecular structure of [PdCl{Te(3-MeC5H3N)}(PPh3)], and the XRD pattern of PdTe
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Wiley VCH).

404 11 Applications of metal selenium/tellurium compounds in materials science



181]. Thermolysis of [Cu{SeC5H3(3-Me)N}]4 [181] and [Cu{SeC4H(4,6-Me2)N2}]6 [182] in
coordinating solvents like HDA/TOPO and dodecanethiol (DDT), respectively, yield
cubic phase of Cu7Se4 (Figure 11.17). These precursors have been successfully used for
deposition of thin films of copper selenide by AACVD. The pyridylselenolate complex
has been utilized to deposit films of orthorhombic Cu5Se4 in the temperature range
360–400 °C [181]. In contrast, [Cu{SeC4H(4,6-Me2)N2}]6 produced films of cubic
Cu7Se4 at 400 °C [182]. The films grown on glass substrate had wool-like appearance,
while on silicon substrate they were comprised of high-quality vertically oriented
hexagonal sheets. Silver pyridyl/pyrimidylselenolates either in the solid state or in
DDT solution on thermolysis give orthorhombic Ag2Se (Figure 11.18) [182, 183].

Tetranuclear copper pyridyltellurolate, [Cu{TeC5H3(3-R)N}]4 (R = H or Me) in TOPO at
150 °C, yields spherical nanoparticles of hexagonal Cu2–xTe and tetragonal Cu2.8Te2,
respectively [181]. High-quality films of Cu1.85Te could also be deposited on a glass
substrate at 350 °C using [Cu{TeC5H3(3-Me)N}]4 (Figure 11.19) [181]. Cu2Te nanoparti-
cles have been produced in the channels of MCM-41 when the complex [Cu6(TePh)6
(PEtPh2)5] loaded into the pores of MCM-41 is heated above 550 °C [185].

Unsymmetrical binary selenocarboxylates of copper(I), [Cu2{μ-SeC(O)R}2(PPh3)3]
(R = Me, 4-XC6H4 (X = H, F, Cl, Me, OMe), containing a tetrahedral and a trigonal
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Figure 11.17: (a) Crystal structure of [Cu{SeC4H(Me-4,6)2N2}]6.2H2O; (b) SEM image of Cu7Se4 thin film
obtained by AACVD of [Cu{SeC4H(Me-4,6)2N2}]6; (c) XRD pattern, (d) SEM image and (e) TEM image of
Cu7Se4 nanocrystals obtained by thermolysis of [Cu{SeC4H(Me-4,6)2N2}]6 in DDT at 150ºC (adapted
with permission from ref. [182] Copyright (2011) Royal Society of Chemistry).
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planar copper centres, have been prepared by the reactions of [Cu(NO3)(PPh3)2] with
NaSeCOR in acetonitrile [186]. These compounds on heating in vacuum at 300 °C give
a mixture of Cu2Se and Cu2–xSe. However, thermolysis in TOP and TOPO mixture
yields nanoparticles of Cu2–xSe, with the size ranging from 40 to 100 nm (from TEM)
[186]. The analogous silver complex, [Ag2{SeC(O)Ph}2(PPh3)3], in TOP–HDA mixture
yields monodispersed nanocubes of Ag2Se. The size (20–74 nm) and morphology of
the nanocubes can be controlled by varying the HDA to precursor ratio, heating time
and thermolysis temperature [187].

Both copper(I)/(II) diselenocarbamate complexes have been utilized for the
preparation of copper selenides. The copper(II) complexes, [Cu(Se2CNRR′)2] (R, R′ =
alkyl group) are monomeric derivatives containing chelating diselenocarbamate
ligands [188, 189]. Thermolysis of [Cu(Se2CNEt2)2] in TOPO yields monodispersed
nanoparticles of CuSe [190]. The complexes, [Cu(Se2CNMeR)2] (R = Bun, Hexn), have
been used for deposition of CuSe/Cu2–xSe films on glass substrate in the temperature
range 450–500 °C by LPCVD [11, 189].

Copper(I) diselenocarbamates, [Cu(Se2CNPr
n
2)2], are tetrameric air-sensitive deri-

vatives [191]. The complex, comprising of tetrahedral framework of copper atoms
capped by tri-connective diselenocarbamate ligands, is obtained by the reaction of
[Cu(MeCN)4][PF6] with [PrnNH2][Se2CNPr

n
2]. If LiBH4 is added in the reaction mixture,

octanuclear hydrido-bridged complexes, [Cu4(μ4-H)(μ3-Cu)4(Se2CNR2)6][PF6] (R = Et or
Prn), are isolated. The latter (R = Prn) on heating in a furnace at 200 °C yields hexagonal
CuSe as revealed from XRD pattern [191]. The diselenophosphate, [Cu{Se2P(OPr

i)2}]4,
analogous to diselenocarbamate, has been employed for deposition of Cu2–xSe nano-
wires on silicon substrate at 360 °C [192].

Ditelluroimidodiphosphinatecomplexesofcoinagemetals,suchas[Cu{TePPri2)2N}]3,
[Ag{TePR2)2N}]6 (R = Pri or Ph) and [Au{TePPri2)2N}(PPh3)], have been used for deposition
of metal telluride thin films on glass substrate by AACVD in the temperature range 300–
500 °C [193]. Films showed the formation of mixture of hexagonal tellurium and metal
tellurides (CuTe and Ag7Te4) from copper and silver precursors. However, the gold com-
plex produced amixture of cubic Au andmonoclinic AuTe2 [193].

11.4.9 Group 12 (Zn, Cd, Hg) chalcogenides

Group 12 chalcogenides are technologically important family of semiconductor materi-
als, with CdTe being one of the most studied materials. The shape- and size-dependent
optical properties of these materials make them useful candidates for a wide range of
optoelectronic devices such as light-emitting displays, photovoltaic and biomedical
tagging.

Zinc and cadmium chalcogenolates are polymeric, high melting solids showing
a wide structural diversity. The structures of these complexes are strongly influ-
enced by the nature of organic group on chalcogen atom. Thus, admantoid cages to
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one- (e. g. [M(SeMes)2]∞ [194], [M(TeMes)2]∞ [60, 195] (M = Zn, Cd), two- and three-
dimensional lattice frameworks are formed. However, with very bulky R group, low
nuclearity molecules can be isolated. For example, [Cd(SeC6H2Bu

t
3-2,4,6)2] adopts a

dimeric structure with trigonal planar coordination around Cd in the solid state, but
in solution a monomeric structure persists [61, 194]. Oligomeric compounds dis-
solve in coordinating solvents, such as pyridine, tmeda, to give monomeric
adducts, e. g. [Zn(TeMes)2(py)2] [195], [Zn(SeSiMe3)2(tmeda)] [112]. Mercury chalco-
genolates tend to adopt a two-coordinate linear E-Hg-E arrangement, although
polymeric compounds are also reported, e. g. [Hg(SeMe)2] which forms infinite
one-dimensional chain [110].

Several zinc, cadmium and mercury chalcogenolates, such as [Cd(SePh)2]n [196,
197], [Cd(SeC6H2Bu

t
3-2,4,6)2]2 [61], [M(Sepy)2] (M = Cd or Hg) [198], [M(TeAr)2] (M = Cd or

Hg; Ar = Ph or tol) [199], [Zn(TeMes)2(py)2] [195], [M{TeSi(SiMe3)2]2 (M = Zn or Cd) [200],
on pyrolysis in the solid state yield ME (M = Zn, Cd or Hg; E = Se or Te). When a
trioctylphosphine (TOP) solution of monomeric zinc complexes, [Zn(EPh)2(tmeda)],
obtained by dissolution of oligomeric [Zn(EPh)2]∞ in tmeda [201, 202], is injected in
hot TOPO (when E = Se) or dodecylamine/trioctylamine (when E = Te) monodispersed
quantum dots (QDs) of ZnE are isolated. The size of QDs depends on the growth
temperature [201, 202]. Solution phase photolysis of Hg(TeBun)2 gives nanocrystals of
HgTe [197].

Group 12 metal complexes with internally functionalized chalcogen ligands such as
N,N′-dimethylaminoalkylchalcogenolate and 2-pyridyl/2-pyrimidyl chalcogenolate have
been developed in authors’ group asmolecular precursors for metal selenides/tellurides
[203–210]. The monomeric complexes, [M(Se(CH2)nNMe2)2] (M = Zn, Cd; n = 2 or 3),
obtained by the reactions of metal salts with NaSe(CH2)nNMe2, undergo a one- or two-
(overlapping) step decomposition to give exclusively MSe [203–205]. Both hexagonal
and cubic CdSe could be isolated by pyrolysis of [Cd(SeCH2CH2NMe2)2] in vacuum and
flowing inert gas, respectively [204]. Thermolysis in HDA–TOPO mixture affords HAD-
capped cubic CdSe nanoparticles which display typical band edge absorption [204].
Attempts to prepare analogous mercury complex, [Hg(SeCH2CH2NMe2)2] result into the
formation of a black powder identified as cubic HgSe [204]. In contrast, the complexes
[Hg(TeCH2CH2NMe2)2] [206] and [Hg(SeCH2CH2CH2NMe2)2] [205] could be isolated in
pure form which on pyrolysis under flowing argon in a furnace gives polycrystalline
cubic HgE (E = Se or Te).

Monomeric cadmium [Cd(SeAr)2(tmeda)] and mercury [Hg(SeAr)2]/[Hg(SeAr)2
(tmeda)] (Ar = 2-py, 4,6-Me2C4HN2) have been used for the synthesis of metal selenide
nanocrystals [209, 210]. Thermolysis of cadmium complexes in coordinating solvents
(TOPO, OA or HDA) gives red-coloured hexagonal CdSe nanocrystals (Figure 11.20),
whereas mercury complexes in HDA or OA at 100–145 °C yield cubic HgSe nanopar-
ticles (Figure 11.21) [209, 210].

2-Pyridyl tellurolate complexes [M{TeC5H3(R-3)N}2] (M = Cd or Hg; R = H orMe) on
pyrolysis either in the solid state or in coordinating solvents yield metal tellurides
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[208]. The cadmium complex under an argon atmosphere at 350 °C yields cubic CdTe,
whereas in HDA or TOPO at 160 °C affords red or yellow spherical nanocrystals of
hexagonal CdTe. In contrast, mercury complexes do not show such anomaly and
invariably give cubic HgTe (Figure 11.22) [208].

Besides chalcogenolate derivatives discussed above, several other complexes
containing bidentate chalcogen ligands have been developed as precursors for the
synthesis of metal chalcogenides. The facile cleavage of the C–Se linkage in sele-
nocarboxylates offers an attractive potential for MSe synthesis. Accordingly, zinc
and cadmium complexes, [M(SeCOAr)2(tmeda)], have been synthesized by the
reactions of MCl2(tmeda) with KSeCOAr (Ar = Ph or tol). Similar reaction with
mercury, however, gives a black powder identified as cubic HgSe. The zinc and
cadmium complexes undergo a three-step decomposition (by TGA), leading to the
formation of polycrystalline metal selenide nanocrystals. Pyrolysis of [Cd(SeCOtol)2
(tmeda)] in HDA at 230 °C yields red-coloured cubic CdSe nanoparticles of average
diameter ~15 nm [211].
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Figure 11.20: (a) Molecular structure of [Cd{SeC4H(Me-4,6)2N2}2(tmeda)], (b) XRD pattern, (c) TEM
image and (d) SAED pattern of CdSe obtained by pyrolysis of [Cd{SeC4H(Me-4,6)2N2}2(tmeda)] in OA/
TOPO at 230 °C (adapted with permission from ref. [210] Copyright (2014) Elsevier Publishers).
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Figure 11.21: (a) Crystal structure of [Hg{SeC4H(Me-4,6)2N2}2], (b) XRD pattern, (c) TEM image, (d)
SAED pattern of HgSe obtained by pyrolysis of [Hg{SeC4H(Me-4,6)2N2}2] in OA/OA at 100 °C (adapted
with permission from ref. [210] Copyright (2014) Elsevier Publishers).

20

(a) (b) (c)

(1
11

)
(2

00
)

(2
20

)

(4
00

)

(3
11

)

(1
11

)

(2
20

)

(3
11

)

(4
00

)

30 40 50 60 10

In
te

ns
ity

 (a
.u

)

In
te

ns
ity

 (a
.u

)

20 30 40 50
2θ (Degree)2θ (Degree)

60

100 nm

Figure 11.22: XRD pattern of HgTe obtained by the pyrolysis of (a) [Hg(TepyMe)2] in a furnace at 250 °C
for 1 h, (b) XRD pattern and (c) TEM image of HgTe nanoparticles obtained by the pyrolysis of
[Hg(Tepy)2] in TOPO at 145 °C for 20 min (adapted with permission from ref. [208] Copyright (2009)
Royal Society of Chemistry).
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Organo-zinc and -cadmium diselenocarbamates, [RM(Se2CNR′2)]2 (R = Me, Et,
ButCH2; M = Zn or Cd) [212–215] and bis(diselenocarbamates), [M(Se2CNR′2)2] (M = Zn
or Cd) [216–220], have been used for the preparation ofmetal selenide nanocrystals and
for deposition of MSe films by LP–MOCVDmethod. The complexes [M(Se2CNMeHexn)2]
in TOPO at 200 °C yield TOPO-capped monodispersed MSe nanocrystals [219, 220].
These complexes have also been used for deposition of thin films of MSe on a glass
substrate in the temperature range 400–450 °C [218]. In contrast, [Cd(Se2CNEt2)2] under
similar conditions gives only elemental selenium, although bulk pyrolysis results into
hexagonal CdSe [216]. Unlike [Cd(Se2CNEt2)2], bulk decomposition and MOCVD film
growth experiments employing organometallic derivatives, [RM(Se2CNEt2)]2 (R = Me or
Et), prepared by comproportionation reactions between R2M and [M(Se2CNEt2)2],
results intoMSe [212, 214]. Formation of different phases can, however be encountered.
For instance, pyrolysis of [RZn(Se2CNEt2)]2 (R = Me or Et) in a sealed tube at 285 °C
gives hexagonal ZnSe, whereasfilms grown at 450 °C/10–2 torr consist of cubic phase of
ZnSe [212].

Phosphinochalcogenoic amidated are yet another family of bidentate ligands used
for the synthesis of group 12 complexes, [M{(EPR2)2N}2] (M = Zn, Cd or Hg; E = Se or Te;
R = Pri, c-Hx) [221–226]. These complexes are monomeric containing chelating chalco-
gen ligand, with the metal centre acquiring a distorted tetrahedral configuration [221,
227]. Thermolysis of [Cd{(SePPri2)2N}2] in TOP–TOPO mixture yields monodispersed
TOPO-capped CdSe nanocrystals, size (5.4–6.4 nm) of which depends on the growth
time [223]. Zinc and cadmium complexes, [M{(EPR2)2N}2] (M = Zn or Cd; R = Pri or
Ph), have been employed as precursors for deposition of polycrystalline films of
hexagonal MSe by LP–MOCVD method [222, 224]. The tellurium analogue, [Cd
{(TePPri2)2N}2], has also been successfully used for the deposition of cubic CdTe
films at 425–475 °C [225, 226]. In contrast, the mercury derivative [Hg{(TePPri2)2N}2]
deposits hexagonal tellurium films under similar conditions, which is attributed to
reductive elimination of mercury from the complex at higher temperature [225].

11.5 Main group chalcogenolates as precursors for metal
chalcogenides

11.5.1 Group 13 chalcogenides

Group 13 elements, particularly gallium and indium, form several chalcogenides of
varying compositions and exist in a number of phases [228]. These chalcogenides (ME
and M2E3) find applications in optoelectronic and photovoltaic devices as well as
serve as passivating and dielectric material for III–V (e. g. GaAs) devices. Most of the
precursors have been employed for deposition of metal chalcogenide thin films on
various substrates (e. g. glass, Si(100), GaAs(100)), and only few reports deal with the
preparation of nanocrystals [229].
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The tris-selenolate of indium, [In(SeC5H3(Me-3)N}3], prepared by the reaction of
InCl3 with NaSeC5H3(Me-3)N in benzene–methanol mixture, on thermolysis in HDA,
TOPO or OA at 330 °C yield agglomerated spheres (in HDA), spherical morphology (in
TOPO) and sheet-like structures (in OA) of In2Se3. The average diameter and length of
the rods obtained from HDA are 57–76 nm and 400 nm, respectively (Figure 11.23) [230].
Gallium and indium selenide (MSe) nanoparticles have been prepared by vapour phase
thermolysis of cubane precursors, [ButGaSe]4 and [(EtMe2C)InSe]4 [231]. The average
diameters of gallium and indium selenide nanoparticles are 42 and 88 nm, respectively.

In contrast to the extensively investigated MOCVD of III–Vmaterials, there are only a
few MOCVD approaches for Group 13 chalcogenide materials. Both homoleptic and
organometallic gallium and indium chalcogenolates/chalcogenides have been used
as molecular precursors for deposition of thin films. Homoleptic indium selenolates,
[In(SePh)3] [232], [In{SeC(SiMe3)3}3] [233], have been used for deposition of In2Se3
films. Deposition on GaAs(100) substrate at 470–530 °C from the former precursor
produced highly oriented In2Se3 films, but on Si(100) substrate at 400 °C gave mainly
hexagonal In2Se3 with minor contamination with the cubic phase of InSe [232].
Similarly diselenocarbamate complexes, [In{Se2CNMeR}3] (R = Bun, Hxn), have been
used to grow films of cubic In2Se3 on glass or InP(111) substrate in the temperature
range 450–500 °C [11, 234].
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Figure 11.23: (a) Molecular structure of [In{SeC5H3(Me-3)N}3], (b) XRD pattern, (c) SEM, (d) TEM images
of In2Se3 obtained by thermolysis of [In{SeC5H3(Me-3)N}3] at 330 °C for 10 min in HDA (adapted with
permission from ref. [230] Copyright (2013) Elsevier Publishers).
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Monomeric diorgano-gallium and -indium complexes of selenophosphonylamide,
[Me2Ga{(SePPr

i
2)2N}] and [R2In{(SePPr

i
2)2N}] (R = Me or Et) in a MOCVD process deposit

cubic Ga2Se3 and hexagonal γ-In2Se3 films on a glass substrate in the temperature
range 450–500 °C. The band gap values of these films, determined using UV-vis
spectroscopy, are 2.74 and 1.78 eV for Ga2Se3 and In2Se3, respectively [235]. In
contrast, the complex [Me2In(SePh)]2, prepared by redistribution reaction between
InMe3 and [In(SePh)3], yields films of InSe by spray MOCVD process [232]. The films
grown at 365 °C on GaAs showed cubic phase of InSe and grew in perpendicular
direction to the substrate surface. However, deposition in the temperature range
400–476 °C primarily resulted into hexagonal phase of β-InSe [232].

Barron and co-workers employed cubane clusters of gallium, [RGa(μ3-E)]4 (X),
for deposition of hexagonal GaE films [231, 236], which are polycrystalline in nature
and grew as clusters. The tellurium precursors decompose at lower temperatures
(285–310 °C) than the corresponding selenium compound (325–370 °C). The cyclo-
pentadienyl cluster, [Cp*Ga(μ3-E)]4, yields Ga2Se3 films rather than GaSe [237].
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X

Tellurophosphorylamide complexes, [M(μ-Te){(TePPri)2N}]3 (M = Ga or In), have been
used as molecular precursors for deposition of metal telluride films on glass and
silicon(100) substrates at deposition temperature 325–475 °C [238]. The indium com-
plex deposited pure cubic In2Te3 films, whereas the gallium complex gave a mixture
comprising of cubic Ga2Te3, monoclinic GaTe and hexagonal Te. The grain size of
In2Te3 increases with an increase in deposition temperature.

11.5.2 Group 14 chalcogenides

Group 14 chalcogenide materials have potential applications in infrared detectors,
photovoltaic solar cells and thermoelectric devices, PbTe being an important mid-
range temperature (325–525 °C) thermoelectric material [239]. The ME (M = Ge, Sn or
Pb; E = S, Se or Te) crystallizes in the rock salt (NaCl) structure, with M occupying the
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cation sites and chalcogen forming the anionic lattice. Among group 14 chalcogenide
nanomaterials, lead chalcogenides were the first candidates explored since mid-1980s
[229, 240]. They show strong quantum confinement effect due to large Bohr exciton radii
(20 nm for PbS and 46 nm for PbSe) which is smaller for other classes of semiconductors
such as II–VI and III–V (e. g. CdTe and GaAs) [240]. The large Bohr exciton radii of PbE
allow tailoring band gap energies of nanocrystals. This ease of size tumeability of PbE
nanocrystals helps in device design. However, the toxicity issues associated with lead
has prompted exploration of alternative materials with less toxicity and similar proper-
ties, such as germanium and tin chalcogenides [240]. Germanium chalcogenide nano-
crystals are still under explored, and only recently synthesis of photoresponsive
orthorhombicGeSnanocrystals using [Ge(S2COR)4] as precursors has been reported [241].

A wide variety of germanium, tin and lead chalcogenolate complexes have been
synthesized. Tin compounds have been isolated both in +2 and +4 oxidation states.
The lead derivatives have been obtained in +2 oxidation state in consonance with the
prevalence of the relativistic effects in the sixth period. The chalcogenolate complexes
in +4 oxidation state in general have discrete monomeric structures. In divalent state,
several coordination geometries are possible [242] which are governed by the effect of a
lone pair of electron and the interplay of steric demands of organic groups on chalco-
gen versus the tendency of the metal centre to acquire coordination number greater
than two. Thus, for compounds of general formula [M(ER)2], monomeric (e. g. [Pb
(SeCH2CH2NMe2)2] [243]), dimeric (e.g. [Sn(Sepy)2]2 [244], [Sn{ESi(SiMe3)3}2]2 [59]),
trimeric (e. g. [Sn{SC6H3Pr

i
2-2,6}2]3 [245]) and 1-D polymeric (e. g. 1∞[Sn(EPh)2] (E = S,

Se, Te) [246]), have been isolated.
Tin(II) compounds, [Sn(ER)2], (ER = SePh [246], TePh [246], ESi(SiMe3)3 [59], 2-Sepy

[244]) and lead selenolates [Pb(SeR)2] (R = 2-py [244], Si(SiMe3)3 [59], CH2CH2NMe2
[243], CH2CH2COOMe [243]) undergo a single-step decomposition to yield a black
powder identified asME (M = Sn or Pb; E = Se or Te) by XRD. The tellurolate complexes
decompose at much lower temperatures than the corresponding selenolates. The
decomposition is accompanied by elimination of chalcogeno ethers (R2E) [59, 246].
Thermolysis of [Pb(SeCH2CH2NMe2)2] in HDA at 120 °C results into quantum confined
spherical nanocrystals (av. 15 nmdiameter fromTEM) of cubic PbSe (Figure 11.24) [243].

Different shapes of cubic PbSe have been prepared via a solvothermal process
using lead diselenophosphate, [Pb{Se2P(OPr

i)2}2] [247]. Thermolysis in H2O/polyvi-
nylpyrolidone (10:0.4 ml, at 150 °C), H2O/ethylenediamine (2:8 ml, at 220 °C) and
ethylenediamine (220 °C) in an autoclave gives cubic like, truncated octahedral and
eight-horned rod dendrites, respectively (Figure 11.25) [247]. Dichalcogenido imido-
diphophates, [M{(EPR2)2N}2] (M = Sn or Pb; E = Se or Te; R = Pri or Ph) isolated by salt
elimination reactions [248–250], containing chelating dichalcogenolate ligands, are
yet another promising precursor. The lead tellurolate complex, [Pb{(TePPri2)2N}2],
has been employed as a suspension in TOP for deposition of thin films of cubic PbTe
on a preheated Si/SiO2 (100) substrate at 200–220 °C. The films comprise of wires of
0.2–1.1 μm width and several tens of micrometre length [250]. Poor-quality films are
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produced on a glass substrate at 375–475 °C when a THF/CH2Cl2 solution of the
precursor was used [250]. The X-ray photoelectron spectroscopy (XPS) analysis
revealed highly oxidized surface of PbTe with oxygen contents of 20 wt.%.

Tin(IV) precursors yield tin mono- or di-chalcogenides (SnE and SnE2) on pyroly-
sis. The homoleptic tin selenolate, [Sn(SePh)4], on pyrolysis at 300 °C yields nanocrys-
tals of SnSe [251], whereas analogous pyridine selenolate, [Sn(Sepy)4], decomposes at
this temperature to SnSe2 [244]. The organotin chalcogenides, such as (Ph3Sn)2E (E = S,
Se, Te) [252, 253] and [{(Me2Si)2CH}2Sn(μ-Se)]2 [254], on decomposition give SnE. The
latter has also been employed for deposition of SnSe thin films by LPCVD [254].
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Figure 11.24: (a) Molecular structure of X-ray of [Pb(SeCH2CH2NMe2)2], (b) XRD pattern and (c) TEM
image of PbSe nanocrystals obtained by thermolysis of [Pb(SeCH2CH2NMe2)2] in HDA at 120 °C
(adapted with permission from ref. [243] Copyright (2009) Elsevier Publishers).
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Figure 11.25: SEM images of PbSe (a) cubes fabricated at 150 °C in H2O/PVP, (b) truncated octahedra
at 220 °C using ethylenediamine/H2O (8:2), (c) eight-horned rod dendrite at 220 °C using ethylene-
diamine, by solvothermolysis of [Pb{Se2P(O

iPr)2}2]n (adapted with permission from ref. [247]
Copyright (2010) Royal Society of Chemistry).
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Diorganotin(IV) 2-pyridyl and 2-pyrimidyl selenolates, [R2Sn(SeAr)2] and [R2SnCl
(SeAr)] (R = Me, Et, Bun, But; Ar = 2-C5H4N, 2-C5H3(3-Me)N, 2-C4H(4,6-Me2)N2), have
been synthesized in the authors’ group and have been successfully utilized for the
preparation of tin selenide nanostructures [57, 255]. Different compositions (SnSe
or SnSe2) and morphologies of tin selenides ranging from rectangular bars,
rectangular sheets to hexagonal sheets could be isolated by changing organic
groups on tin/selenium or by concentration of the precursor. Thus, thermolysis of
[R2Sn(Sepy)2] (R = Me or But) in refluxing OA affords orthorhombic phase of SnSe,
whereas [Et2Sn(SeAr)2] (Ar = 2-C5H4N, 2-C5H3(3-Me)N) and [But2Sn{SeC4H(4,6-Me2)
N2}2] under similar conditions give hexagonal phase of SnSe2 (Figure 11.26). The
dilute OA solution of [But2Sn(Sepy)2] at 210 °C yield nanocrystals of hexagonal
SnSe2 rather than SnSe. The complexes, [But2Sn(Sepy)2] [255] and [But2Sn{SeC4H
(4,6-Me2)N2}2] [57], have also been employed for deposition of phase pure orthor-
hombic SnSe (at 490 °C) and hexagonal SnSe2 (at 375 °C), respectively, on p-type
silicon(100) substrate (Figure 11.27). The SnSe films show continuous grain bound-
aries that overlap on the substrate. These films showed photo response on a Si/
SnSe/Au configuration with 20% increase in the current [255].

11.5.3 Group 15 chalcogenides

Antimony and bismuth chalcogenides of compositionM2E3 (M = Sb or Bi; E = Se or Te)
are layered semiconductormaterials that are stacked along the c-axis and find several
applications in room-temperature thermoelectric devices [239]. Schulz has reviewed
the synthesis and structural characterization of antimony and bismuth compounds
(Figure 11.28) with selenium and tellurium ligands and their use as single-source
molecular precursors for the preparation of M2E3 materials [256]. These compounds
generally adopt distorted structures due to the presence of stereochemically active
lone pair of electrons at Sb/Bi [256].

(a) (b)

200 nm

Figure 11.26: (a) SEM and (b) TEM images of SnSe obtained by the thermolysis of [Et2Sn{2-SeC5H3(Me-
3)N}2] in 6 ml of OLA at 215 °C (adapted with permission from ref. [255] Copyright (2012) Royal Society
of Chemistry).
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Tris selenolate complexes of antimony and bismuth have been employed for the
synthesis of antimony and bismuth selenides. The antimony derivatives generally
yield orthorhombic Sb2Se3, while the bismuth compounds give different products
including Bi2Se3 depending on the nature of precursor and thermolysis conditions.
The complexes [M(SeC6H2Bu

t
3-2,4,6)3] (M = Sb or Bi) on pyrolysis at 200 °C yield Sb2Se3

(when M = Sb) elemental bismuth and Bi2Se3 (when M = Bi) with the elimination of the
selenoether, (2,4,6- But3C6H2)2Se [257]. In contrast, the analogous compounds with less
bulky selenolate group, [M(SeC6H2Me3-2,4,6)3], decomposed to elemental Sb/Bi and
diselenide Mes2Se2 [257]. The 2-pyridyl and 2-pyrimidyl selenolates, [M(SeAr)3] (M = Sb
or Bi; Ar = 2-C5H4N, 2-C5H3(Me-3)N, 2-C4H (Me2-4,6)N2), developed in the authors’
group [258, 259], have been successfully employed for the synthesis of M2Se3 nanoma-
terials. Thermolysis of [M{SeC5H3(Me-3)N}3] (in HDA) [258] and [M{SeC4H(Me2-4,6)2N-

2}2] (in OA) [259] at 200 °C under an argon atmosphere affords orthorhombic and
rhombohedral phases of Sb2Se3 and Bi2Se3, respectively. The TEM images of Sb2Se3
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Figure 11.28: Antimony and bismuth compounds with selenium and tellurium ligands [256].
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Figure 11.27: (a) Molecular structure of [But2Sn{SeC4H(Me-4,6)2N2}2], (b) and (c) SEM and TEM images
of SnSe2 nanosheets, (d) SEM image of SnSe2 thin film (adapted with permission from ref. [57]
Copyright (2016) Royal Society of Chemistry).
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showed the formation of nanorods (40–60 nm diameter and 0.6–1.4 μm length),
whereas Bi2Se3 appeared flake-like nanocrystals [258, 259]. Pyrolysis of [M{SeC5H3

(Me-3)N}3] in a furnace at 400 and 450 °C under an argon atmosphere yields orthor-
hombic Sb2Se3 and hexagonal phase of BiSe. The SEM images of Sb2Se3 showed the
formation of monodispersed nanorods, whereas BiSe comprised of uniformly distrib-
uted flower-like structures (Figure 11.29). The antimony complex has also been used for
deposition of thin films of orthorhombic Sb2Se3 on a glass substrate by AACVD in the
temperature range 375–500 °C. The films grew preferentially in (221) direction and
showed nanowire-like structures (240–500 nm diameter and several microns length)
[258]. In contrast, the bismuth complex produced different compositions of bismuth
selenide depending on the substrate temperature, films becoming selenium deficient
with increasing temperature. Thus, films of rhombohedral Bi3Se4 (at 350 °C), hexago-
nal BiSe (at 375–425 °C) and hexagonal Bi3Se2 (at 475 °C) could be deposited [258].

The tris chelates of diseleno ligands, such as diselenocarbamate [260], imino bis
(diorganophophine selenide) [261, 262] and diselenophosphate [263, 264], have
been employed for the preparation of M2Se3. Bismuth tris(diorganoselenocarba-
mate), [Bi(Se2CNRR′)3] (R/R′ = Et/Et; Bun/Bun; Me/Bun; Me/c-Hx), obtained from a
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Figure 11.29: (a) Molecular structure of [Sb{Se-C5H3(Me-3)N}3].1.5H2O, (b) SEM image of Sb2Se3
obtained by pyrolysis of [Sb{Se-C5H3(Me-3)N}3].1.5H2O in a furnace (400 °C), (c) TEM image of Sb2Se3
nanorods obtained in HDA (200 °C) and (d) SEM image of Sb2Se3 film obtained by AACVD of [Sb{Se-
C5H3(Me-3)N}3] at 425 °C (adapted with permission from ref. [258] Copyright (2010) Royal Society of
Chemistry).
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reaction mixture containing primary amine, CSe2 and Bi2O3 in methanol at RT, have
been used for deposition of thin films of rhombohedral Bi2Se3 at 475 °C on a glass
substrate [260]. Different compositions of bismuth selenide films have been
deposited on glass substrate by subtle variation of substituents in (R2PSe)2N ligand
[262]. Accordingly, monophasic Bi2Se3 and BiSe films have been prepared from [Bi
{(SePPri2)2N}3] and [Bi{(SePPh2)2N}3], respectively (Figure 11.30) [262]. Solvothermal
decomposition of a tris chelate, [Sb{Se2P(OPr

i)2}3] in methanol at 100 and 150 °C in
an autoclave affords nanowires of orthorhombic Sb2Se3 which show direct band gap
absorption of 1.49 eV [263]. The nanowires formed at 150 °C are longer (70–80 nm
diameter and 3–5 μm length) than those formed at 100°C (30–50 nmdiameter and 2–3 μm
length) [263]. In contrast, the analogous bismuth complex, [Bi{Se2P(OPr

i)2}3], yields nano-
wires of BiPO4 and Bi2Se3 nanoplates simultaneously [264].

Organoantimony tellurolates and tellurides have been used for the preparation of
Sb2Te3 nanocrystals and thin films. Gupta and Kim [265] synthesized diphenylanti-
mony tellurolates, Ph2SbTeR (R = Et or Ph), as brown liquids by the reaction between
Ph2SbCl and LiTeR in THF. Both the compounds on decomposition in OA at 250 °C
(R = Ph) and 300 °C (R = Et) yield nanoplates of Sb2Te3. The hexagonal shaped
Sb2Te3 nanoparticles have an edge length of 0.4–2.0 μm and thickness of 20–50 nm
[265]. Thermal decomposition of Ph2SbTePh in a closed glass ampule in the
absence of a solvent, however, yields black particles of Sb [265].

Schulz and co-workers isolated hexagonal nanoplates of Sb2Te3 (400 nm dia-
meter and 35 nm thickness) by thermolysis of (Et2Sb)2Te in 1,3-diisopropylbenzene at
180 °C [266]. Cold-pressed nanoplates of Sb2Te3 showed favourable thermoelectric
properties with Seebeck coefficients varying between 145 and 170 μV/K at room
temperature [266]. (Et2Sb)2Te has also been employed for deposition of rhombohedral
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Figure 11.30: (a, c) XRD pattern and SEM image of Bi2Se3 film and (b, d) XRD pattern and SEM image of
thin film of BiSe grown via LP–MOCVD of Bi[(SePR2)2N]3 (R = iPr or Ph) at Tsubs = 475 and Tsubs = 450 °C,
respectively (adapted with permission from ref. [262] Copyright (2004) American Chemical Society).
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Sb2Te3 films on silicon(100) substrate using argon as a carrier gas in a cold-walled
MOCVD reactor at 200–220 °C (Figure 11.31) [267]. Higher deposition temperature
resulted in Sb-rich films. Earlier attempts to prepare Sb2Te3 using H2 as a carrier
gas resulted in hydrogenolysis of the precursor [268]. Phase pure Sb2Te3 films
comprising of hexagonal nanoplates of 100–200 nm diameters have been deposited
using [Sb{(TePPri)2N}3] in the temperature range 375–475 °C by AACVD process
[269]. The nanoplates are randomly oriented with a preferred orientation along
the (003) plane.

11.6 f-block metal chalcogenolates as precursors for metal
chalcogenides

The chemistry of lanthanide [34, 270, 271] and actinide [270, 272] complexes with
chalcogen ligands remained under developed for a long time because of the general
belief that the linkage between the hard metal centre and soft chalcogen atom would
be disfavoured. However, in the last two decades or so, the chemistry of f-block
elements with chalcogen ligands is blossomed and reviewed [34, 270–272].
Lanthanide chalcogenides, particularly monochalcogenides (LnE), are of interest
due to their dilute magnetic semiconducting properties.

Numerous di- and trivalent lanthanide chalcogenolates have been synthesized and
several of them characterized structurally. In order to isolate stable complexes, bulkier
organic groups on the metal centre (e. g. [Sm(TpMe2)2ER] (TpMe2 = tris(3,5-dimethyl-
pyrazolyl)borate; E = O, S, Se, Te [273])/chalcogen atom (e. g. [Ln(EMes)2(THF)n]; Ln =
Sm, Eu, Yb; E = Se or Te [274]) or on both (e. g. [Yb{TeSi(SiMe3)3}2(TMEDA)2]; TMEDA =
Me2NCH2CH2NMe2 [275]) have been employed. Metathesis of halide ligand on metal
centre, chalcogenolysis or oxidative addition reactions of chalcogen/dichalcogenide
have generally been used for the synthesis of chalcogenolate complexes.
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Figure 11.31: SEM image and XRD of Sb2Te3 films deposited on Si(100) substrates at substrate
temperatures of 200 °C using (Et2Sb)2Te (adapted with permission from ref. [266] Copyright (2012)
American Chemical Society).
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Metathesis of halide ligand of divalent lanthanide complexes with KEAr in
THF yields lanthanide chalcogenolates (eq. (11.15)) [274]. Arnold and co-workers
used chalcogenolysis reactions for the synthesis of both lanthanide(II)/(III)
chalcogenolates [275, 276]. Thus, the reactions between [Ln{N(SiMe3)2}2.2THF]
(Ln = Sm, Eu, Yb) and HESi(SiMe3)3 (E = Se or Te) in diethylether in the
presence of TMEDA or DMPE give Ln(II) complexes, [Ln{ESi(SiMe3)3}2(TMEDA)2]
and [Ln{ESi(SiMe3)3}2(DMPE)2(μ-DMPE)] (TMEDA = Me2NCH2CH2NMe2; DMPE =
Me2PCH2CH2PMe2) (eq. (11.16)) [275], whereas the reactions between [Ln{N
(SiMe3)2}3] and HTeSi(SiMe3)3 in hexane yield an unstable tellurolate, [Ln{TeSi
(SiMe3)3}3], which converts to a pentanuclear cluster [M5Te3{TeSi(SiMe3)3}9] at 20
°C but in the presence of DMPE gives a stable adduct [Ln{TeSi(SiMe3)3}3(DMPE)2]
(Ln = La and Ce) [276].

LnX2 THFð Þn + 2 KEMes !THFDME
Ln EMesð Þ2 THFð Þn
� �

Ln= Sm; Eu; Yb; E = Se or Teð Þ (11:15)

Ln N SiMe3ð Þ2
� �

2.2THF+ 2 HESi SiMe3ð Þ3 !TMEDA, Et2O Ln ESi SiMe3ð Þ3
� �

2 TMEDAð Þ2
� �

(11:16)

Oxidative addition of chalcogen (such as Ph3PSe, Bu
n
3PTe or Te) on divalent penta-

methylcyclopentadienyl lanthanide, [Cp*2Yb(OEt2)], yields chalcogen-bridged para-
magnetic binuclear complexes, [(Cp*2Yb)2(μ-E)] (E = Se or Te) [277]. Oxidative
addition of diaryldiselenides/ditellurides on Yb(II) benzamidinates, [{RC6H4C
(NSiMe3)2}2Yb.2THF] (R = H or OMe) affords Yb(III) chalcogenolates, [{RC6H4C
(NSiMe3)2}2Yb(ER′)THF] (E = Se or Te; R′ = Ph or Mes) [278].

The divalent tellurolate complexes, [Yb(TeMes)2(THF)n], either in refluxing toluene
or heating (250–300 °C) in vacuum yield YbTe with the elimination of telluroether,
TeMes2 [274]. Similarly pyrolysis (150–200 °C) of [Yb{ESi(SiMe3)3}2(TMEDA)2] in
vacuum gives YbE (E = Se or Te) [275]. The trivalent tellurolate complexes, [M{TeSi
(SiMe3)3}3(DMPE)2] and [M5Te3{TeSi(SiMe3)3}9], on pyrolysis (500–600 °C) under
vacuum yield M2Te3 (M = La or Ce) with the elimination of telluroether [276].

11.7 Ternary metal chalcogenides

Ternary chalcogenides can be constructed from binary systems either through sub-
stitution of cation (e. g. Mo1-xWxSe2 or Cu2SnSe3) or anion (e. g. Cu2SexS1-x, MoSe2(1-x)
S2x) retaining tetrahedral coordination around the chalcogen atom as well as charge
neutrality around both the cation and anion [279, 280]. Among ternary chalcogenides,
I–III–VI2 nanocrystals have attracted considerable attention due to their remarkable
photovoltaic and thermoelectric properties [281]. The optical band gaps of their QDs
cover a wide wavelength ranging from ultraviolet to near infrared [281, 282]. Although
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several methods for the synthesis of ternary chalcogenides have been reported [283],
the molecular precursor route for their preparation is still underexplored and only a
few reports are available. Metal selenolates and selenocarboxylates have been
employed for the synthesis of ternary metal chalcogenides.

Selenolate complexes, [(PPh3)2CuIn(SeR)4] (R = Et [284], Ph [285, 286]), have been
synthesized by the reactions of [Cu(PPh3)2(MeCN)]+ with [In(SeR)4]

– (eq. (11.17)). A
ligand-exchange reaction has also been employed for their synthesis. Thus, the
reaction of [(PPh3)2CuIn(SEt)4] with four equivalents of PhSeH in benzene at room
temperature affords the corresponding phenylselenolate derivative in 97% yield
[287]. The X-ray structural analysis of [(PPh3)2CuIn(SeEt)4] revealed that both copper
and indium are tetrahedrally coordinated with a planar “CuIn(SeEt)4” core [284]. The
TGA shows that these complexes undergo a single-step decomposition to CuInSe2
[284]. Thermolysis of [(PPh3)2CuIn(SePh)4] in dioctylphthalate at 300°C yields nano-
crystalline tetragonal CuInSe2 [285], whereas coordinating solvents like TOP and
oleic acid mixture in the presence of a catalyst give high yield of CuInSe2 nanowires
(33 ± 10 nm diameter and several micrometre length) [286].

Cu PPh3ð Þ2 MeCNð Þ� �
PF6½ �+M In SeRð Þ4

� �! PPh3ð Þ2Cu μ� SeRð Þ2In SeRð Þ2
� �

þMPF6 R = Et or Ph; M = Na or Kð Þ (11:17)

Organogallium/indium chacogenolate/selenide complexes of copper have also been
synthesized [288, 289]. Treatment of trialkylphosphine-stabilized copper chalcogen-
olate with [Me2Ga(EPh)]n results in the formation of ternary copper-dimethylgallium
chalocgenolate complexes (XI) which depending on the nature of the phosphine
ligands are isolated as ionic and neutral derivatives [288]. The XI reacts with free
PhEH to give monomethylgallium complexes (XII) (Figure 11.32) [288]. Several of these
complexes have been structurally characterized, and metal atoms (both Cu and Ga) in
all of them acquire a tetrahedral configuration [288]. Trimethylsilylchalcogenolate

[(PR3)mCu(EPh)n]

Me3Ga, 2 PhEH
(-2 CH4)

[(PR3)nCunMeGa(EPh)n+2]PhEH
(-CH4)

[(PR3)mCunMe2Ga(EPh)n+1]

[Me2GaEPh]n
1/n

[(Me3P)4Cu][Me2Ga(SePh)2)] [(Me3P)4Cu][MeGa(EPh)3)]
[(PR3)3Cu4(EPh)6GaMe]
[(Pri

3PCu2(SePh)4GaMe]
(E = Se or Te)

e.g.e.g.
[(But

3PCu)2Me2Ga(SePh)3)]

XI XII

Figure 11.32: Treatment of trialkylphosphine-stabilized copper chalcogenolate with [Me2Ga(EPh)]n
and Me3Ga [288].

422 11 Applications of metal selenium/tellurium compounds in materials science



complexes of copper and dimethylgallium/indium have been used for construction of
ternary organometallic derivatives [289]. Thus, the reactions of either [(Me2M)6Se
(SeSiMe3)4] with cuprous acetate in the presence of tertiary phosphine in methanol
or in situ generated [(PEt3)3CuSeSiMe3] with Me3M in methanol afford [(R3PCu)4(μ-E)6
(MMe)4] (M = Ga or In; E = Se or Te; PR3 = PEt3, PPr

i
3, PEt2Pr

i). The structures of these
complexes are comprised of a cube of metal atoms (Cu and Ga/In) with all the faces
capped by selenide ions (Figure 11.33) [289]. These organometallic derivatives turned
out to be poor precursors in the sense they give impure CuME2 on decomposition [288,
289]. For instance, ionic complexes [(PMe3)4Cu][Me2Ga(SePh)2] and [(Me3P)4Cu][MeGa
(EPh)3] (E = Se or Te) undergo a single-step decomposition to give a mixture of CuGaE2
and Cu2–xE [288]. The complexes, [(R3PCu)4(μ-Se)6(MMe)4], decompose below 300°C
yielding tetragonal phase of CuMSe2 in addition to small amounts of binary copper
selenide or CuM (M = Ga/In) alloys [289].

Selenocarboxylates of the type [(PPh3)2MIn(SeCOAr)4] (M = Cu or Ag; Ar = Ph or p-tol)
have been used as single-source molecular precursors for MInSe2 [290–292]. The
structures of Cu and Ag selenocarboxylate complexes [(PPh3)2MIn(SeCOPh)4] [291]
are isoelectronic containing two bridging selenocarboxylate ligands binding through
Se atom and forming a four-membered “MInSe2” core, while the indiummetal centre
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Cu2

Se1
Se3bSe3

Ga2b

P2b

Se2 P1

Cu2b

Se1b

P1b

Figure 11.33: Molecular structure of [(Et2
iPrPCu)4-(MeGa)4Se6] (adapted with permission from ref.

[289] Copyright (2014) Wiley VCH).
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is six coordinated (Figure 11.23) [291]. Pyrolysis of these precursors at ~300°C yields
tetragonal phase of bulk MInSe2 [290–292]. Pyrolysis of copper complexes in reflux-
ing ethylene glycol (196° C) gives nanorods (17–29 × 10 nm) of CuInSe2 [230], whereas
the silver complex (Ar = Ph) in 1:1 mixture of OA and dodecanethiol at 185°C affords
nanorods (50.3 ± 5.0 × 14.5 ± 1.8 nm) of metastable orthorhombic phase of AgInSe2
(Figure 11.34) [290].

Pyrolysis of a mixture of dual selenolate precursors, which are individually known to
give binary selenides, has been successfully employed for the synthesis of ternary
derivatives. Accordingly, thermolysis of a 1:1 mixture of [Cu{SeC5H3(Me-3)N}]4 and [In
{SeC5H3(Me-3)N}3] in HDA, TOPO or OA at 300°C yields nearly spherical particles (400
nm diameter) of tetragonal CuInSe2 (Figure 11.35) [230]. Similarly, thermolysis of a 1:2
molar ratio of [Cu{SeC5H3(Me-3)N}]4 and [Me2Sn{SeC5H3(Me-3)N}2] in OA at 300°C yields
nanostructures (11 ± 1 nm) of phase pure cubic Cu2SnSe3which showphoto response in a
photoelectrochemical cell with power conversion efficiency of 1.7% (Figure 11.36) [293].

Molecular precursors for anion-substituted ternary systems are scanty. Pyrolysis
of a mixture of trinuclear dibenzyltin sulfide and selenide, [Bz2SnE]3 (E = S or Se), in
3:1, 1:1 and 1:3molar ratio under nitrogen in a tube furnace at 450°C, yields ternary tin
chalcogenides, SnS0.75Se0.25, SnS0.5Se0.5 and SnS0.25Se0.75, respectively, as plate-
shaped (~4 μm) nanocrystals [294]. Single-source molecular precursors for ternary
tin selenides have also been reported. Oxidation of organotin(II) sulfide/selenide,
(RSn)2S with chalcogen affords (RSnE)2S (R = 2,6-(Me2NCH2)2C6H3

–; E = S, Se, Te)
(Figure 11.37) [295]. Similarly, oxidation of (RSn)2Se with tellurium yields (RSnE)2Se
(E = Se, Te) [295, 296]. The structural analyses of these compounds with the general
formula, R2Sn2E2X (E = S, Se, Te; X = S or Se), revealed that they contain two terminal
Sn = E bonds and are considered as “formal” diseleno-/ditelluro-thio(seleno)stannoic
acid anhydrides [295]. These compounds undergo a multi-step thermal decomposi-
tion, leading to the formation of tin chalcogenides. The compound, (RSnSe)2S, on
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Figure 11.34: Molecular structure of [(PPh3)2AgIn(SeC{O}Ph)4] and AgInSe2 nanocrystals (adapted
with permission from ref. [10] Copyright (2006) American Chemical Society).
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Figure 11.35: (a) XRD pattern, (b) SEM image, (c) TEM image and (d) SAED pattern of CuInSe2 obtained
by thermolysis of [Cu{SeC5H3(Me-3)N}]4 and [In{SeC5H3(Me-3)N}3] in TOPO at 330°C for 10 min
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Figure 11.36: Current versus time plot of Cu2SnSe3 nanostructures obtained by thermolysis of
[Me2Sn(2-SeC5H3(Me-3)N)2] and [Cu{SeC5H3(Me-3)N}]4 [293].
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decomposition gives SnS0.5Se0.5 (by XRD), whereas (RSnTe)2E (E = S or Se) yields only
SnTe as a primary product. The SnSSe material has been used for deposition of
semiconducting thin films using spin-coating method at different spinning speeds.
The films deposited at 1,500 rpm are amorphous with composition of Sn42S41Se17 and
show optical band gap energy of 1.79 eV [295]. Recently, authors’ group has synthe-
sized cyclopalladated complexes with xanthates, [Pd{MesSeC6H2(Me2)CH2}(S2COR)]
(R = Me, Et, Prn, Pri) by the reaction of [Pd2(μ-Cl)2{MesSeC6H2(Me2)CH2}2] with sodium
xanthate in dichloromethane-methanol [297]. The complexes are discrete monomers
(Figure 11.38). These complexes undergo a two-step decomposition (TGA) with the
weight loss corresponding to PdSeS. The XRD analysis revealed that there is a partial
substitution by S at Se sites in a cubic Pd17Se15 structure [297].
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Figure 11.37: Oxidation of organotin(II) sulfide/selenide, (RSn)2X with chalcogen (R = 2,6-
(Me2NCH2)2C6H3

–; E = S, Se, Te) [295].
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Abbreviations

CVD Chemical vapour deposition
LPCVD Low-pressure chemical vapour deposition
AACVD Aerosol assisted chemical vapour deposition
HDA Hexadecyl amine
TOPO n-Trioctylphoshine oxide
OA Oleylamine
dppm bis(diphenylphosphino)methane
dppe 1,2-bis(diphenylphosphino)ethane
dppp 1,3-bis(diphenylphosphino)propane
dppn 1,2-bis(diphenylphosphino)naphthalene
Th 2-thienyl
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Formula Index of Selenium and Tellurium Reactants

(1.5,9-TeCl2)(CH2)9 47
(2-Me2NCH2C6H4)2Te 48
(2-Me2NCH2C6H4)2TeF2 48
(2-Me2NCH2C6H4)TeF3 44
(2-O2NC6H4)SeOH 77
(2,4,6-iPr3C6H2)2TeO 107
(2,4,6-iPr3C6H2)2TeO2 107
(3-FC6H4)2Se2 64
(3-Me-4-HOC6H4)2TeO 105
(4-HOC6H4)2TeO 105
(4-MeOC6H4)(4-Me2NC6H4)TeO 105
(4-MeOC6H4)2Se 78
(4-MeOC6H4)2Te 103, 105, 108
(4-MeOC6H4)2Te(OAc)2 103
(4-MeOC6H4)2Te(OTs)2 103
(4-MeOC6H4)2TeO 99, 100, 103, 107, 108
(4-MeOC6H4)2TeO2 107, 108
(AdN)2Se 136, 138
(ArNCH)2CSe 225
(BzSnSe)3 424
(C10H6O)2P(Se)Cl 161, 163
(C3H6O)2Te 98
(C6H5)2SeF2 28
(CH2)3Se(O)O 73
(DippNCH)2CSe 230
(Et2NH2)[R2PSe2] 169
(Et2Sb)2Te 419
(Et3HN)[(Me)2C(CH2O)2P(S)Se] 164
(EtNCH2)2CTe 236
(HO)2C4H6Se(O) 83
(Me2N)2SeO 139
(Me2N)3PTe 165
(Me3N)2[Cd(SePh)4] 346
(Me3Si)2Se 333, 334, 335, 337, 345, 346, 347,

348, 349, 350, 351, 352, 368, 385, 391, 393
(Me3Si)2SeS 335
(Me3Si)2Te 155, 333, 334, 337, 345, 347, 348,

349, 352, 367, 385, 391, 393
(Me3Si)3CTeSiMe3 341
(Me3Si)3SiTeSiMe3 341
(Me3SiN)2Se 30, 32, 126, 132, 133, 135, 136
(Me3SiNSN)2Se 134
(Me3Sn)2Se 154
(Me3Sn)2Te 154
(Me4N)4[Ge4Se10] 356
(MeCNiPr)2CSe 221
(MeN)2Te 140

(MeNCH)2CSe 222, 223, 226, 227, 228, 229,
232, 233, 235

(Mes*)2Te2 44
(Mes*)TeCl3 46
(NC5H3R-3)2Te2 387
(NsN)2Se 135
(P)C6H4Te(O)(4-MeOC6H4) 101
(P)C6H4Te(O)OH 97
(Ph3Sn)2Se 415
(Ph3Sn)2Te 415
(PhP)2Se4 (Woollins’ reagent) 173, 174, 175, 176,

177, 178, 179, 180, 181, 182, 183, 184, 185,
307, 308

(PhP)4(MeN)2Se2 155
(PhSe)[SbCl6] 49
(RN)2Se 126, 136, 137
(RNH)2CSe 215
(RSe)2InX 319
(RSn)2Se 424
(RSn)4Se6 368
(RSnCl2)2Te 367
(RSnCl2)2Te2 367
(RSnSe)2S 424
(RSnSe)2Se 424
(RSnTe)2Se 424, 426
(Se3N2)

2- 28
(tBuN)2Se 134, 135, 136, 137
(tBuN)2Te 136
(tmtu)TeCl2 43
(TsN)2Se 135

[(2-naphthyl)Te(O)]2O 93
[(3-Me-4-HOC6H4)Te(O)]2 93
[(4-MeOC6H4)Te(O)]2O 93, 94, 98
[(4-ROC6H4)Te(O)]2O 93
[(CH2CH2Ph)2PSe2]

– 168
[(CuPR3)4(μ-Se)6(MMe)4] 423
[(Dipp2BIAN)TeI2] 43
[(EtMe2C)InSe]4 412
[(iPr3P)3(CuSePh)4] 342
[(iPr3P)4(CuSePh)6] 342
[(iPr3PCu)2SeC2H4Se)]2 354
[(Me2M)6Se(SeSiMe3)4] 352
[(Me3Si)2N]2Se 132, 133
[(Me3Si)2N]2Te 140
[(Me3Si)

tBuN]2Se 133
[(PhSe)3SnCH2CH2]2 388
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[(SeCl))2N][SbCl6] 128
[(SeCl2)2N][AsF6] 128
[(tBu2PhSiTe)2Pb]2 341
[(tBu2PhSiTe)2Sn]2 341
[(TiCp*2)2Te 165
[{(ArTeO)2O}2(Ar2TeO2)2] 108
[{(Me2Si)2CH}2Sn(μ-Se)]2 415
[{FeCp(CO)(PEt3)}2(μ-Te2)] 401
[1-(8-Me2NC10H6)]2TeO 101, 105, 107
[1-(8-Me2NC10H6)]2TeO2 108
[2-((Me2NCH2)C6H4](PhCH2)SeO 81
[2-(TfO)C6H4]Se(O)OH 71
[2-{(S)-Me(MeS)CH}C6H4]2Se2 67
[2-{(S)-Me(MeS)CH}C6H4]SeOSO3H 67
[2-{(S)-Me(MeS)CH}C6H4]SeOTf 66
[Ag{(TePR2)2N}]6 407
[Ag180Se54(SeCH2CH2O{O}CFe(C5H5)(C5H4)72

(PPh3)14] 350
[Ag2{SeC(O)Ph}2(PPh3)3] 407
[ArTe(O)]2O 92, 93, 94
[Au{TePiPr2)2N}(PPh3)] 407
[Bi(Se2CNRR’)3] 418
[Bi{(SePiPr2)2N}3] 419
[Bi{(SePPh2)2N}3] 419
[Bi{Se2P(O

iPr)2}3] 419
[C6H3Me2-2,6]2Te2 221
[Cd(S2CNMenHex)2] 171
[Cd(Se2CNEt2)2] 411
[Cd(Se2P

iPr2)2] 171
[Cd(SeC6H2

tBu3-2,4,6)2]2 408
[Cd(SeCH2CH2NMe2)2] 408
[Cd(SeCOtol)2(tmeda)] 409
[Cd(SePh)2]n 408
[Cd{(SePiPr2)2N}2] 411
[Cl2Te(μ-NtBu)2TeCl2]2 130
[ClSe2SN2]

+ 131
[Co(Se2CNEt2)2] 401
[Co(Se2P

iPr2)2] 401
[Co(Se2PR2)2] 171
[Co{(SePiPr2)2N}2] 401
[Co{tBu2P(Se)NR}2] 401
[Co{tBu2P(Te)NR}2] 401
[Cp*Ga(μ3-Se)]4 413
[Cr6Te8(PEt3)6] 399
[Cu(PEt3)3SeSiMe3] 423
[Cu(PiPr)2TeSiMe3] 352
[Cu(PiPr3)2SeSiMe3] 352
[Cu(PMe)4][GaMe(SePh)3] 423
[Cu(PMe3)4][GaMe(TePh)3] 423

[Cu(PMe3)4][GaMe2(SePh)2] 423
[Cu(PPh3)2In(SePh)4] 422
[Cu(Se2CNEt2)2] 407
[Cu(Se2CNMeR)2] 407
[Cu(SeC5H3(R-3)N]4 404
[Cu(Sepy)]4 404
[Cu{Se(SiMe3)2}] 394
[Cu{Se2P(O

iPr)2}]4 407
[Cu{SeC4H(Me2-4,6)N2}]6 405
[Cu{SeC5H3(Me-3)N}]4 405, 424
[Cu{TePiPr2)2N}]3 407
[Cu4(μ4-H)(μ3-Cu)4(Se2CNR2)6][PF6] 407
[Cu6(TePh)6(PEtPh2)5] 405
[Et2NH2][(CH2CH2Ph)2PSe2] 168
[Et2Sn(SeAr)2] 416
[Eu(Se2PPh2)2] 171
[Fe(C5H5)(C5H4)C(O)CH2CH2SeSiMe3] 350
[Fe(C5H5)(C5H4)C(O)SeSiMe3] 344
[Fe(C5H5)(C5H4)SnSe6] 370
[Fe{(SePiPr2)2N}2] 401
[Fe{(SePR2)2N}2] 401
[Fe{napC(O)NC(Se)NEt2}3] 400
[Fe{tBu2P(Se)NR}2] 401
[Fe{tBu2P(TeNR}2] 401
[Fe4(Te)4(PEt3)4] 391
[FeCp(CO)(PEt3)}2(μ-Te)] 401
[Ge4Te10]

4- 357
[Hg(SeCH2CH2CH2NMe2)2] 408
[Hg(SePh)2] 396
[Hg(SeR)2] 396
[Hg(TeCH2CH2NMe2)2] 408
[Hg(TenBu)2] 408
[Hg(TePh)2] 396
[Hg{(TePiPr2)2N}2] 411
[In{SeC5H3(Me-3)N}3] 412
[In(SePh)3] 412, 413
[In{Se2CNMeR}3] 412
[In{SeC(SiMe3)3}3] 412
[In{SeC5H3(Me-3)N}3] 424
[iPr2P(Te)NHP(Te)

iPr2] 188
[K([2.2.2]crypt)]2[Pb2Se3] 365
[K(18-crown-6)]2[Pb2Se3] 364
[K4(OH2)3][Ge4Se10] 360
[KSe2PPh2)]2 168, 169
[Li(en)]2[Pb2Te3] 365
[Li(TMEDA)]2[

tBuN(Te)P(μ-NtBu)2P(Te)N
tBu]

193, 195
[M(L)n(TeR)m] 341
[M(Ln)(SeSiMe3)]m 351, 352

446 Formula Index of Selenium and Tellurium Reactants



[M(Ln)(TeSiMe3)]m 351, 352
[M(PPh3)2In(SeCOAr)4] 423
[M(PPh3)2In(SeCOPh)4] 423
[M(Se(CH2)nNMe2)2] 408
[M(Se2CNMenHex)2] 411
[M(Se2CNR2)2] 411
[M(SeAr)3] 417
[M(SeC6H2

tBu3-2,4,6)3] 417
[M(Sepy)2] 408
[M(SeSiMe3)(PR3)n] 355
[M(TeAr)2] 408
[M(TeSiMe3)(PR3)n] 355
[M(μ-Te){(TePiPr)2N}]3 413
[M{(SePR2)2N}2] 414
[M{(TePR2)2N}2] 414
[M{SeC4H(Me2-4,6)2N2}2] 417
[M{SeC5H3(Me-3)N}3] 417, 418
[M{TeC5H3(R-3)N}2] 408
[M{TeSi(SiMe3)2}]2 408
[M{TeSi(SiMe3)3}3(DMPE)2] 421
[M5Te3{TeSi(SiMe3)3}9] 421
[MCp2(Te

tBu)2] 398
[Me2Ga(SePh)]n 422
[Me2Ga(TePh)]n 422
[Me2Ga{(SeP

iPr2)2N}] 413
[Me2NC(O)]2Te2 309
[Me2Sn{SeC5H3(Me-3)N}2] 424
[MeN2C2H2C(Se)]2(CH2) 227, 230, 231, 234
[MeN2C2H2C(Se)]2(CH2)n 219, 231, 234
[Mn(SePh)2]n 346, 347
[Mn(TeBz)(CO)3(PEt3)2] 400
[Mn(μ-TeR)(CO)4]2 399, 400
[Mn{tBu2P(Te)NR}2] 400
[N(PtBu2Se)2]

– 189
[N(PtBu2Te)2]

– 189
[Na(TMEDA)2]2[Te2(μ-NtBuP)2(N

tBu)2] 193, 194
[NbCl5(Se

nBu2)] 398
[nBuN(CH)2NMe]CSe 233
[Ni(Se2CNEt2)2] 402
[Ni(Se2PR2)2] 171, 402
[Ni{(SePiPr2)2N}2] 402
[nPrNH2][Se2CN

nPr2] 407
[Pb(SeCH2CH2NMe2)2] 414
[Pb(SeR)2] 414
[Pb{(TePiPr2)2N}2] 414
[Pb{Se2P(O

iPr)2}2] 414
[Pd(OAc)(SeCH2CH2CH2NMe2)]2 402
[Pd(SeBz)2]n 402
[Pd(SeCb°Ph)2(PEt3)2] 402

[Pd(SeCOPh)2(P
nPr3)2] 402

[Pd(μ-SeAr)2(C∩N)2] 402
[Pd(μ-SeAr)2(η3-C4H7)2] 402
[Pd(μ-SeCH2CH2COOEt)(η3-C3H5)]n 402
[Pd2(μ-Cl)2{MesSeC6H2(Me2)CH2}2] 426
[Pd2(μ-SePh)2(Me2NCH2C6H4-C,N)2] 403
[Pd2(μ-TeMes)2(C10H6N-C,N)2] 403
[Pd2Cl2(μ-SeCH2CH2X)2(P

nPr3)2] 402
[PdCl(SeCH2CH2NMe2)(PPh3)] 402
[PdCl(SeCH2CH2NMe2)]3 402
[PdCl{4-MeOC6H4TeCH2CH2CH2(pzBr-4)}] 403
[PdCl{4-MeOC6H4TeCH2CH2CH2NHCH(C6H4OH-2)

(C6H4)] 403
[PdCl{SeCH2CH(Me)NMe2}(PMePh2)] 402
[PdCl{TeC5H3(Me-3)N}(PR3)] 403
[Ph2P(Se)NHP(Se)Ph2] 188
[Ph4As][TeCN] 164
[PhTe(O)]2O 91, 92, 94
[PhTe(O)X] 94, 95
[Pt(Se2N2)(PR3)2] 127
[Pt2Cl2(μ-SeCH2CH2COOMe)2(P

nPr3)2] 402
[pyrenyl(CH2)n](2-NO2C6H4)Se 77
[pyrenyl(CH2)n](2-NO2C6H4)SeO 77
[R2In{(SeP

iPr2)2N}] 413
[R2Sn(SeAr)2] 416
[R2Sn(Sepy)2] 416
[R2SnCl(SeAr)] 416
[RGa(μ3-Se)]4 413
[RGa(μ3-Te)]4 413
[RhCl(C8H12)(OSePh2)] 80
[RM(Se2CNR2)]2 411
[RN(Se)P(μ-NR)2P(Se)NR]2- 190
[RN(Te)P(μ-NR)2P(Te)NR]2- 190
[RR’SeOH]+ 81
[RSn(Te)2]2Te 367
[Ru(SeC6H4R-4)3]n 401
[RZn(Se2CNEt2)]2 411
[S(Se)P(μ-NtBu)]2

2- 192
[Sb{(TePiPr)2N}3] 420
[Sb{Se2P(O

iPr)2}3] 419
[Se4][AsF6] 124
[SeCl3][AsF6] 128
[Sn(SePh)4] 415
[Sn(Sepy)4] 415
[Sn(SeR)2] 414
[tBu2Sn(Sepy)2] 416
[tBu2Sn{SeC4H(Me2-4,6)N2}2] 416
[tBuGaSe]4 412
[tBuNTe(μ-NtBu)2TeN

tBu]]2 39
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[Te(NMe2)2] 140
[TiCl4(SeR2)2] 398
[TiCp2(μ-Se2)2TiCp2] 4, 5
[TiCp2Se5] 4, 5, 8
[TiCp2SexS5-x] 5
[Yb(TeMes)2(thf)n] 421
[Yb{SeSi(SiMe3)3}2(TMEDA)2] 421
[Yb{TeSi(SiMe3)3}2(TMEDA)2] 421
[Zn(lut)2(SeSiMe3)2] 396
[Zn(lut)2(TeSiMe3)2] 396
[Zn(N,N′-tmeda)(SntBu2)2Se3] 354
[Zn(N,N′-tmeda)(SSeSiMe3)2] 354
[Zn(SePh)2(tmeda)] 408
[Zn(SePh)2]∞ 408
[Zn(TeMes)2(py)2] 408
[Zn(TePh)2(tmeda)] 408
[Zn(TePh)2]∞ 408

{(Me3Si)3C}2Te2 50
{[(MeN)(CH)2C(Se)N]2-1,3-C6H4} 232
{[(MesN)(CH)2C(Se)NCH2]2-2,6}2C6H3Br 233
{[BMIm]2[Ge4Se9]}n 361
{A2[MSn4Se10]}n 358

∞
1[Fe(SeAr)2] 400

∞
1[Fe(SePh)2] 400

1,5-Ph4P2N4Se2 141
1,5-Ph4P2N4Se2R2 142
1,5-Te2(CH2)6 47
2-CH2COOH-4-Ar[2,4-N2(CH)2]CSe 222, 223
2-Me-4-R-(2,4-N2C2H2)SeR 214
2-Me2NCH2C6H4SeCl 50
2,4,6-iPr3C6H2TeI 50
4-FC6H4Se(O)OH 69
4-MeC6H4Se(O)OH 69

A(SeSiMe3) 352
A(TeSiMe3) 352
A2[Pb2Se3] 364, 365
A2[Pb2Te3] 364
A4[SnSe4] 357, 363
A4[SnTe4] 357
A6[Sn2Se6] 364
A6[Sn2Te6] 364
Al2Se3 302
Al2Te3 301
Ar(CH2SeSiMe3)n 343
Ar(OH)CH(CH2)4SePh 91

Ar2Se 79
Ar2Se2 49, 64, 65, 69, 259, 260, 264, 270, 272, 318
Ar2SeO 79
Ar2Te 108, 109, 288
Ar2Te2 44, 48, 49, 97, 98
Ar2TeCl2 48
Ar2TeO 99, 100, 101, 103, 105, 108
ArNSe 134
ArSe(O)OOH 69
ArSe(O)OSe(O)Ar 69
ArSeCC(H)SeAr 78
ArSeCl 49
ArSeN3 49
ArSeOC(O)R 67
ArSeOH 64
ArSeOTf 65
ArSeX 77, 283
ArSeZnSeAr 318, 320
ArSiMe3 49
ArTe(O)OH 92, 97
ArTe(O)OOH 97
Arte(O)X 92, 93
ArTeCl3 46, 47
ArTenBu 285, 286, 287
ArTeO2 105
ArTeZnTeAr 320
ArX2TeAr 51

Bu2Te2 387
BuN(CH)2N(C5H4N)CSe 224, 225

C2H3Se(O)2Ph 85, 86, 87, 89, 90
C6H4(BnN)(NCH2SePh)C(Se) 234, 235
C6H4(N

nBu)2CSeI2 219, 220
C6H4(NR)2CSe 224
C6H4(N

tBu)2CSeX2 221
C6H4[SeN(Ph)C(O)-1,2] 141
C6H7(O)SeAr 76
CdSe 171
CH2(TeCl3)2 44
cis-[Pt(SeAr)2(PPh3)3] 386
Cl2Te(NSO)2 131, 132
Cl2Te(µ-Cl)(µ-Cl)(µ-NSN)TeCl2 131
ClSe[N(tBu)Se]nCl 31, 129, 130
CSe2 419
Cu3Se2 404

Et2P(Se)Cl 162, 168
Et2Te2 44
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Et3PTe 165, 393, 399, 403
Et3PTeCl2 165

GaSeX 36

H2Se 301, 302, 303, 366
H2Te 301, 302, 366
HSe(2,4,6-iPr3C6H2) 399
HSeSi(SiMe3)3 421
HTeSi(SiMe3)3 399, 421

In(SeR)4
- 422

iPr3PTe 165, 399

K2[Te(NH)3] 127
K2Se 13, 369
K2Te 13, 369
K4(SnSe4) 363
K4[Ge2Se6] 358
K4[Ge4Se10] 361, 362
KSeAr 421
KSeCN 156, 157, 163
KSeCOAR 409
KTeAr 421

Li(TeR) 385
Li[HC(PPh2Se)2] 43
Li[SeSIMe3] 344, 352
Li[SSeSiMe3] 335
Li2Se2 173
LIALHSeH 305
LiTeR 419
LTeX2 43

M(Se2PR2) 170
M(SePh)2 396
M(TePh)2 396
M[Se2P(OR)2] 170
M[tBu2P(Te)NR]2 186
Me2NC(O)TeH 309
Me2Se 398
Me2Se2 44
Me3PTe 165
Me3SiSe(C6H4)SMe 346
Me3SiSeAr 401
Me3SiSeR 388, 391, 393
Me3SiTeAr 401
Me3SiTeR 388, 391, 393
MePhTeO 105

Mes2Te 50, 103
Mes2TeO 100
MesTeI 50
MeTeC(O)Ph 92
MeTeCHMePh 92

Na(Se2
tBuPh) 172

Na2Se 154, 168, 170, 171, 174, 212, 367
Na2Se2 210, 212, 213, 385
Na2Te 14, 156, 304
Na2Te2 153, 168, 210, 212, 385
NaSe(CH2)nNMe2 408
NaSeC5H3(Me-3)N 412
NaSeCOR 407
NaSeH 162, 168, 215, 303, 304, 308, 385
NaSeMes 386
NaSeR 386
NaTeH 14, 303, 304, 308, 309, 385
NaTeMes 386
NaTeR 386
NaxSey 168
nBu2Se2 265
nBu2Te2 388
nBu3PTe 165, 421
NH4[Se2PPh2] 168
nPrSeI 220

P2Se5 152, 153
P4Se3 152
Ph2P(Se)Cl 159, 160
Ph2SbTePh 419
Ph2SbTeR 419
Ph2Se2 44, 48, 64, 67, 68, 244, 246, 247, 252,

253, 258, 259, 261, 264, 271, 273, 275, 276,
277, 279, 280, 281, 317, 319, 320, 322, 388

Ph2SeF2 47
Ph2SeO 80
Ph2SeO2 80
Ph2Te 103
Ph2Te2 48, 51, 91, 97, 320, 322, 387
Ph3PSe 421
Ph3PTe 164
Ph4Se 47
Ph5TeLi 38
PhPSe2 173
PhSe(O)Cl 71
PhSe(O)OH 69, 70
PhSe(O)OOH 70, 75
PhSeBr 48, 49, 246, 324
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PhSeCl 48, 49, 141, 142, 246, 268, 269, 274, 324
PhSeH 305, 306, 307, 316, 322, 389, 422
PhSeI 246, 247, 249
PhSeOC(O)Ph 67
PhSeOH 64, 69, 75
PhSeOSO3H 67, 68
PhSeOTf 65, 67, 92
PhSeR 64
PhSeSiMe3 337, 338, 339, 342, 345, 349,

395, 396
PhSeZnBr 324, 325
PhSeZnCl (Santi’s reagent) 324, 325, 326
PhSO2SeCl 31, 134
PhTe(O)O(O)CCF3 95, 96
PhTe(O)OAc 94
PhTe(O)OH 97
PhTe(O)OTf 95
PhTeH 306
PhTeNiPr2 140
PhTeOAc 91
PhTeOTf 91
PhTeSiMe3 306, 338, 342, 395, 396
PhTeTe(Ph)Br2 92
POCH2C4H5Se[O2C(Me)2] 82
Py2Se2 74
PySeOH 74

R2P(Se)Cl 168
R2P(Se)H 167
R2PTe

– 172
R2PTe2

- 172
R2Se2 68, 248, 249, 250, 254, 255, 256, 262,

263, 266, 267, 268, 269, 271, 316, 317, 318,
321, 387, 400

R2SeO 98
R2Te 47
R2Te2 51, 155, 387
R2TeI2 48
R2TeO 48, 98
R3PTe 390, 393, 399
RC(O)SeH 308
RC2H2Se(O)2Ph 88, 89
RfNSeCl2 130
RHN(Se)P(μ-NtBu)2P(Se)NHR 190, 192
RMeC3HTeN 309
RNCSe 215
RR’(C3HNTe(O) 102
RR’CHCH2SePy 74
RR’GeSe4 9

RR’Se(OH)(OOH) 80
RR’SeO 81
RR’Te(OH)2 105
RR’Te(X)OH 107
RSe- 316, 385
RSeCl 273
RSeH 347, 389
RSeSiMe3 345, 348, 389, 391, 393
RSeX 317
RSeX3 44
RSeZnSeR 317, 318, 319
RtBuP(Se)Cl 159
RTeCl2Bu 284, 285
RTeH 306, 347, 389
RTeNa 306
RTeSiMe3 345, 348, 389, 391, 393
RTeX3 44

Se 2, 3, 4, 5, 6, 8, 9, 10, 11, 13, 16, 18, 19, 31, 140,
154, 158, 159, 161, 163, 166, 167, 168, 173,
174, 185, 186, 187, 209, 210, 211, 212, 213,
214, 316, 343, 397

Se(NSO)2 131, 132
Se(NtBu)3

2- 138
Se2Br2 34, 35, 36
Se2Cl2 4, 5, 34, 35, 36, 37, 125, 126, 132, 133, 193
Se2NCl3 129
Se2NCl5 129
Se4N4 124, 125, 127
SeBr2 31, 32, 33, 34
SeBr4 29, 31, 124, 129
SeCl2 4, 31, 32, 33, 34, 36, 37, 131, 134, 136, 265
SeCl4 28, 29, 31, 35, 36, 37, 124, 127, 131, 133, 135
Sen

2- 4, 13
SeOCl2 29, 30, 36, 132, 139
SePPh2(CH2)nPh2PSe 50

TbtB(SeMe)2 10, 11
tBu2PhSiTeSiMe3 341
tBu2Se 398
tBu3PTe 165
tBuHN(Se)P(μ-NtBu)2P(Se)NH

tBu] 190, 191
tBuNTe(µ-NtBu)2TeN

tBu 137, 138
tBuPhP(Se)Cl 171
tBuPhP(Se)SeR 162
tBuPhP(Se)TeR 162
Te 6, 9, 12, 13, 14, 15, 16, 17, 18, 19, 43, 47,

153, 165, 172, 173, 185, 186, 187, 209, 210,
343, 421
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Te(bipy)Cl2 42
Te(NSO)2 131
Te(NtBu)3

2- 138, 139
Te(PEt3)I2 43
Te(PEt3)X2 43
Te(S2CNEt2)2 156
Te(SCF3)2 131
Te(SinBu3) 395, 396
Te2X2 43
TeBr2 41, 42, 131
TeBr4 14, 36, 38, 40, 41, 43, 131
TeCl2 41, 42, 131
TeCl2.TMTU 193

TeCl4 14, 15, 36, 37, 38, 39, 40, 41, 43, 45,
131, 135

TeF4 40
TeF6 37
TeI2 42
TeI2.(SePPh2CH2Ph2PSe) 39
TeI4 39
Ten

2- 13
Th2Te2 387
TPPSe 157

Zn(SePh)2 322, 323
Zn(SePh)2-(TMDEA) 322, 323
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