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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 current main 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 in multiple 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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VI —— Preface

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 us many insights for the form and content of
this book. Several people in Walther 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 and materials 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

https://doi.org/10.1515/9783110529340-001



2 —— 1 Introduction of selenium and tellurium into reaction systems

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
(p-Se),P(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
N Se-Se N
B ge B
N R
. Se-Se . N Se 2
Dip Dip X
Dip = 2,6-diisopropylphenyl "LiAIHSeH”
Bu
N Se @) M.S
Ph . . [COUNG) 258,
N Si N(SiMe,), i) (iii) (M = alkali metal)
t
B X
! RSe" W  ge @ Se,Cl,
(ix) U]
wi) Se,Bry,
SePR, (vii) SeBr,
Se,2*,Se 2+ SeX,
Se,Sq.p (Xx=Cl,Br)

Figure 1.1: Some reactions of elemental selenium. (i) M/NH5(l) (M = Li, Na, K), Na[BH,], or Li[AlEtsH],
(ii) Li[AlH,], (iii) M,Se (M = alkali metal), (iv) SeCly, (v) Br,, (vi) SO,X,/THF (X = Cl, Br), (vii) Sg, (viii)
AsF5/S0,()) or SbCls/S0,(D), (ix) PRs (R = alkyl or aryl), (x) RMgBr/THF or RLi/THF (R = alkyl or aryl), (xi)
PhC(N'Bu),Si[N(SiMes),]/THF, (xii) {[N(Dip)]o(CH),CB},/CsHe.



1.2 Elemental selenium = 3

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
by mixing 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 Bergstrém [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 Miiller etal. [18],
Bjorgvinsson and Schrobilgen [19], and Colombara etal. [20]. Thiele etal. [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(NH;)s]
Ses, [Mn(NH3)g]Se,, [M(NH;)g]Seq (M = Mn, Fe) and disordered phases [Mn(NH,Me)]
(5)0.15(5€2.4351.57)0.85 and [Mn(NH;)e](Se;20S,.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 Se® and Se,* 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 selenium with
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 “’Se NMR (nuclear magentic resonance) spectroscopy. Since HSe™ and Se”
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co-exist in fast equilibrium, there is no NMR evidence for the presence of Se”.
Similarly, no resonance attributable to Se,” has been observed. By contrast, the
presence of polyselenide anions Se,” (x = 3-6) is clearly evident in solution, as
indicated in Figure 1.2 by the ’Se NMR spectrum of a reaction mixture recorded in
DMF (dimethylformamide) [30]. These observations are consistent with the detailed
’7Se NMR study of Bjérgvinsson 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].
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Figure 1.2: 7”Se NMR resonances of (a) Se;> and Se,>
and (b) Ses®> and Se¢?". All spectra have been recorded
in DMF [30]. Adapted from Cusick J, Dance I. The
characterization of [HSe]  and [Se,]* ions by 7"Se
NMR. Polyhedron 1991, 10, 2629-2640. Copyright
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Klayman and Griffin [28] and Marques de Oliveira etal. [31] have shown that the
treatment of Se,”> solutions with organyl halogenides with careful control of the
reaction stoichiometry produces organyl selenides and diselenides in high purity.
The solvothermal synthesis of CulnSe, also involves Se,%, which has been produced
by the reduction of selenium with NaBH, [33].

The reduction of selenium by lithium triethylhydridoborate (“superhydride”)
also results in the formation of a mixture of polyselenides Se,> [29]. The distribution
of polyselenide anions is dependent on the molar ratio of selenium and the reducing
agent. The treatment of the anions with [TiCp,Cl,] affords [TiCp.,Ses] [34-36] or
dinuclear [TiCp,(p-Se;),TiCp,] [Cp = cyclopentadienyl ligand CsHs or its alkyl-sub-
stituted derivatives] [37].

Both [TiCp,Ses] and [TiCp,(p-Se,),TiCp,] are useful reagents for the prepara-
tion of homo- and heterocyclic chalcogen rings by the reaction with Se,Cl, or
SeCl, [38, 39] [see eqgs. (1.1) and (1.2)]. These reactions are similar to those of
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[TiCp,Ss] and S,Cl,, which afford a large number of homocyclic sulfur ring
molecules S,.s (for reviews, see Refs. [40—42]). The hybrid reactions of [TiCp,Ss]
or [TiCp,(u-S,),TiCp,]l (n = 2, 3) with Se,Cl, [37] and those of [TiCp,Ses] or [TiCp,
(u-Se,),TiCp,] with S,Cl, (n = 1, 2) [37, 43, 44] afford heterocyclic selenium sulfides,
as do the reactions of [TiCp,Se,Ss.,] mixtures with sulfur or selenium chlorides [44,
45].

[TiCp,Ses] + Se,Cl, — Ses,n + [TiCp,ClLy] (1.1
[TiCp,((u — Se),TiCp,] +2 Sen,Cl, — Sesram + 2 [TiCp,Cly] (n= 1, 2) (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.

@%

new amide bond
s ——= s

\@'N3 SELI @< N }—@L @+N2+Se

= carbohydrate =aryl, alkyl

-

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, Liidtke DS. Synthesis of glycosylamides using selenocarboxylates as
traceless reagents for amide bond formation.] Org Chem 2016, 81, 5464-5473. Copyright 2016
American Chemical Society.

Elemental selenium can also be reduced to Se® in aqueous alkaline solution [47],
though it was reported that the yield of the Se® 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 CuSO, 5H,0,
bulk CusSe, could be precipitated from the solution [48].
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3X + 6 MOH — 2MX + M;XO3+ 3 H,0 (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].
NiSe, 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 FeE, (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 Ag,Se
nanowires [52].

1.2.3 Selenium halogenides

Elemental selenium can conveniently be converted into Se,Cl, or Se,Br, by
mixing the element with SeCl, or Br,, respectively, in a suitable stoichiometric
ratio [53, 54]. The reaction with SO,X, (X = Cl, Br) in THF affords SeX, [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 Se,Ss., can be produced by melting
the elements in vacuo, quenching the molten mixtures, and extracting the quenched
melt with CS, followed by crystallization [41]. The composition of the products has
been established by 7’Se NMR spectroscopy [56] (see Figure 1.4).

It was deduced that the main components in the CS, solutions of the crystalline
phases extracted from quenched molten mixtures of sulfur and selenium are
sulfur-rich SeS; and 1,2-Se,S¢ ring molecules even in mixtures of high initial
selenium content [56]. Other identified main species are 1,2,3-Se5Ss, 1,2,3,4-Se,S.,
1,2,3,4,5-SesS5, 1,2,3,4,5,6-SeS,, and Seg, in which the number of homonuclear
bonds is maximized.
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Figure 1.4: 77Se NMR spectrum of the CS, 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 Se,Ss.,,
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 Il, 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 SO, [1, 58]. Suitable oxidizing agents are AlCl;, AsFs,
Sh(Cl;, BiCls;, and transition metal halogenides OsF¢, IrFg, PtFg, VClg, ZrClg, HfClg,
NbClg, TaClg, and WX¢, ReX¢ (X = F, Cl). In addition, VOCl;, NbOCl;, and WOCl, 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 Se,**, Seg>*, and Se;o>*, 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 R;PSe. The reaction with phosphines is often used for abstracting selenium
atoms from a polyselenium chain, as exemplified by the formation of [TiCp,(p-
Se,),TiCp,] from [TiCp,Ses] [37] [eq. (1.4)].

2 [TiCp,Ses] + 6 PhsP — [TiCp,(u — Se,),TiCp,] + 6 Ph;PSe (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) [egs (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(IIl) [63,
64] [eq. (1.7)].

2Se + 2 RMgBr — 2 RSe™ + 2 Mg?* + 2 Br~ (1.5)
Se + RLi — RSe™ + Li"* (1.6)

2RSe” + 2 [Fe(CN),]’~ — RSeSeR + 2 [Fe(CN)¢]"" (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(CsHs)(C;H;] [67] or [Fe(CsHs),] [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).

@
Li ELi E E
v BuLi/THF v E v E v v
(b)
i i E
BuLi/THF L E ELi E
Fe Fe Fe Fe E
Li ELi E

Figure 1.5: Elemental chalcogens as soft oxidants (E =S, Se, Te). Preparation of (a) [{V(C;H,)(CsH,E)},]
[67] and (b) [Fe(CsH,LE),E] [68].

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’GeSe, with triphenylphosphine [70]. 1,2,3,4,5-
Tetraselenagermolane can be prepared by lithiation of RR’GeBr, 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*(SSiMe5’) [71].
When treated with selenium, the oxidative addition was followed by a virtually
quantitative condensation step (see Figure 1.8). By contrast, when Li*(SSiMe;’)
was substituted by Li*(0SiR;) (R = Me, Ph), only a clean single-stage oxidative
addition took place [72].
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Figure 1.6: Synthesis of (a) PhC(N'Bu),Si(Se)N(SiMes), [68] and (b) (Tbt)(Tip)GeSe [69].
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Figure 1.7: Oxidative addition of selenium to the Ge(ll) centre [71, 72]. (i) 2 Li*(SSiMe3) THF/hexane
0 °C, (ii) Se/THF r.t., (iii) Li*(OSiR3")/toluene r.t. (R = Me, Ph), (iv) Se/THF r.t.

1.2.9 Selenium-boron chemistry

Organic diborylenes RB=BR can be stabilized by bulky substituents such as Tht
{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 ThtB(SeMe),, but it has been postulated that upon irradiation the
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Figure 1.8: Reactions of boron—boron multiple bonds with elemental selenium. (a) Ref. [73]. (b) Ref.
[74]. (c) Ref. [75].

reactive component is the borylene Tht-B:, which is formed upon elimination of
Me,Se, from TbtB(SeMe),. 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(u-Se,),(1u-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.

Tht
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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™) than those involving
selenium (192 k] mol ™) or sulfur (266 kJ mol™). 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 o(Te-X) and o*(Te-X) orbitals and stronger n(X)-> 0*(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 ¢-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 shows more
diverse polyanion chemistry than sulfur and selenium. Polytellurides can therefore
exhibit charges that deviate from —2.

In addition to selenide and polyselenide anions, Bjorgvinsson 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 *Te and ”’Se 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 Te,*
(n =1-4) and HTe was inferred. The synthesis of stable salts of HE (E = Se, Te) in ionic
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Figure 1.9: Illustrative examples on the reactivity of elemental tellurium. (i) M/NHs(l) (M = Li,
Na, K), NaBH,/THF or Li[AlEtsH], (ii) ‘Bu,AlH/toluene, (iii) [Ti(CsMes),H]/toluene, (iv) Te, Ir, and
TeCl,/250°C, (v) molten mixtures of tellurium, selenium, and sulfur, (vi) SbF5/S0,(l), (vii) PRs (R
= alkyl), (viii) RMgX/THF (X = Cl, Br) or RLi/THF, (ix) Ge(Tbt)RGe(Ph,C,)/benzene, (x) [MnCp(CO),
{EB(‘BU)(C[NMe],C,H)}.

liquids using large counter-cations has also recently been reported [90]. Their use in
syntheses has been discussed in Chapter 8.

2 K+nTe — K,Te, (1.9)

Polytelluride and polyselenide anions could also be prepared from the stoichiometric
amounts of K,E 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 TeSe,” and Te,Se,..”, as well as
pyramidal TeSes”, has been reported [91].

KE+nE — KEq g (1.10)

The mixing of Te,” and Se,”, which have been prepared upon reduction by metallic
lithium in liquid ammonia, yielded in addition to open-chain Te,Se,” and pyramidal
TeSe;> anions also the spirocyclic anion TeSe;,> and extended anionic networks
(TesSeq),>™ and (TesSe,)*™ [92].
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Basmadijan et al. [83] have shown that the distribution of the reduction products
HTe', Te*, and Te,* upon treating elemental tellurium with sodium tetrahydridobo-
rate NaBH, 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
Te,” with trialkylsilyl chloride affords bis(trialkylsilyl)tellurides (R;Si),Te [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
MesSiCl is slow and the yield is only moderate. However, a better result can be
obtained if ‘BuMe,SiCl is utilized instead of Me5SiCl [88].

1/xTe,®” + 2 R3SiCl — (R3Si),Te + 2 Cl~ (1.11)

The reduction of tellurium by lithium triethylhydridoaluminate in THF followed by
treatment with TeX, (X = Cl, Br) [eq. (1.12)] affords Te,X, [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-Te,S; and 1,2-Te,Se; by reactions with [Ti(CsHs),Es] (E = S, Se) [eq. (1.13)].

Te,®™ + xTeX; — xTe;X, + XX~ (X = Cl, Br) (1.12)

[TI(C5H5)2E5] + TEZXZ — 1,2—T92E5 + [TI(C5H5)2X2] (113)

Na,Te 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 Se,,Sg_,,
molecules, the eight-membered rings TeS; and 1,2-, 1,3-, and 1,4-Te,S¢ are formed in
the binary melt [101], while the ternary species 1,2-, 1,3-, 1,4-, and 1,5-TeSeS¢ are
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observed in sulfur-rich, sulfur—selenium-tellurium melts, as indicated by the 125T¢
NMR spectrum of a molten mixture of sulfur (97 mol%), selenium (1,5 mol%), and
tellurium (1.5 mol%) shown in Figure 1.10.

TeS,

1,4-TeSeS, 1,4-TeSeS,
or or

Polymeric material 1,5-TeSeS 1,5-TeSeSg

A
- N 1,2-TeSeS¢

,3-TeSeSy

I I I I I I I I
1800 1600 1400 1200  ppm

Figure 1.10: *>Te NMR spectrum of ternary sulfur-selenium—tellurium melt containing ””Se-enriched
selenium (1.5 mol%) and ***Te-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.

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. Te,**, Teg?*, Teg*", Teg®", Teg*, 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
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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.

Me;Si . i
3 SiMes Me,Si SiMes
. E
Si: Si E
hexane
Me,si  SiMes Mesi SiMes
E=Teor Se

Figure 1.11: Preparation of silanechalcogenones [112].

Tokitoh et al. [113] carried out a direct telluration of germylene Tbt(R)Ge: containing
very bulky substituents on germanium (Tht = 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
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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].

complex [Mn{=B(‘Bu)C[(MeN),(CH,)],}(CsHs)(CO),], as shown in Figure 1.13. Lighter
chalcogens react in a similar fashion.

An excess of elemental tellurium in refluxing toluene reacts with M(‘Bu); (M = Al,
Ga) to form the cubane [M('Bu)(us-Te)], and ‘BuTeTe'Bu [115, 116] (see Figure 1.14).
The structure of the tetrameric cage molecule was deduced by comparison of the
spectroscopic propetties with those of [M('Bu)(us-Se)], and [M(‘Bu)(us-S)],. The crys-
tal structure of [Ga(*Bu)(us-S)], is known [117].

Elemental tellurium and selenium also react with diisobutylaluminium hydride
Bu,AlH in toluene at 120-130 °C [118]. Mass spectrometric and NMR spectroscopic
information indicated the formation a mixture of the dimer (‘Bu,AlE), and the
oligomer (‘Bu,AlE), 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 1.14: The reaction of M(*Bu); (M = Al, Ga) with an excess of tellurium [115].
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Figure 1.15: The reaction of tellurium and selenium with diisobutylaluminium hydride and amides (E =
Te, Se; R, R’, R” = organyl groups) [118].

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].

Te . Te Te
Ti H i Te Ti Ti
Te

Figure 1.16: The reaction of [Ti(CsMes),H] with tellurium [119].

While both tellurium and selenium react with [Ti(C;Mes),H], the reaction proceeds
more smoothly in the case of tellurium, if tributylphosphine telluride is used as a
tellurium source [119, 120]. Interestingly, [Ti(CsMes),Te,] is mononuclear, while the
related complex, which involves the methylcyclopentadienyl ligand coordinated to
titanium, is dinuclear [Ti(CsH,Me),(u-Te,),Ti(CsH,Me),] [92]. This appears to be due to
steric effects.
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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(TeX,)(TeXs5)},
(Teyo)] and [{M(Tel,)(Tel,)}.(Tel,)(Te,l,)(Tep)] (M = Rh, Ir; X = Cl, Br), as well
as [{Ru(Tel,)(Tel,)}»(Teio)], which all contain a neutral tellurium cage molecule
Teyo [121, 122]. The same methodology involving tellurium, suitable metals, and
tellurium tetrahalogenides yields [Ru(Teo)][InCl,], and [Ru(Teg)]Cl, [123], [M(Teg)]
X5 (M = Rh, Ir; X = Cl, Br, I), and [Ruy(Teg)(TeBrs),(TeBr,),] [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 °C afforded [(AgI),(Tes)] or the isomorphous selenium analogue [(Agl),
(Seq)] [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 SeX, and TeX, (X = Cl, Br, I), the less-stable reagents,
such as SeCl, or SeBr,, need to be prepared and used in situ. This can conveniently be
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accomplished by the treatment of elemental selenium with sulfuryl chloride or bromide
in THF. Both dihalides are stabilized in coordinating solvents. Tellurium dihalogenides
cannot be prepared by the same route. Elemental selenium and tellurium also 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, EX, (E = Se, Te; X = Cl, Br) and
E,X, (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, R,EX, and REX (R = alkyl, aryl;
E = Se, Te; X = F, Cl, Br, I); mixed-valent (IV/II) compounds of the type RTeX,TeR 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 EX,, OEX,, EX, and E,X,. This
chapter will begin with a survey of the reactions of tetrahalides E(IV)X,. The latter
are generally more easily handled than the halides in which the chalcogen is in a
lower oxidation state, E(II)X, and E(I),X,, which are discussed subsequently. In
keeping with this sequence, the reactions of organochalcogen halides will be treated
in the order, RE(IV)X5, R,E(IV)X,, mixed-valent RTe(IV)X,Te(II)R compounds and,
finally, RTe(IX (R = alkyl, aryl) reagents. Triorganochalcogen monohalides, which
exist as chalcogenonium salts [R;E(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 SeF,, which is sometimes preferred over the
heavier tetrahalides SeX, (X = Cl, Br), e. g. in the low-temperature (-50°C) synthesis of
the binary selenium azide Se(Ns), in liquid SO, [eq. (2.1)] [3]. The formation of the very
strong Si-F bond in volatile Me;SiF provides a powerful driving force in reactions of
binary and organochalcogen fluorides with trimethylsilyl reagents (vide infra).

SeF, + 4Me;SiN; — Se(Ns), + 4MesSiF 2.1

The reactions of organolithium reagents with selenium tetrahalides are not a fruitful
source of selenenuranes R,Se. Consequently, recent investigations of the preparation
and stability of (C¢Hs),Se have used (C¢Hs),SeF, 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 RNH, (R = ‘Bu [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 SeCl, with MesNHLi does effect
reduction to afford the selenium(II) diamide Se[N(H)Mes], [6]b. A series of tetraalk-
oxyselenuranes Se(OR), (R = Me, Et, 'Pr, neo-pentyl, CF;CH,) has been prepared by
the reaction of the appropriate alcohol with SeCl, 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 SeCl, in liquid ammonia act as an in situ source of
binary selenium-nitrogen anions, e.g. [Se,N,|%, for the preparation of metal com-
plexes [8] (see Chapter 4, Section 4.2.3).

Selenium tetrahalides also exhibit a propensity for reduction in reactions with Lewis
bases (two-electron ligands) as illustrated by the examples depicted in Figure 2.1[9]. An
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Figure 2.1: Reactions of SeX, (X = Cl, Br) with Lewis bases: (i) tetrahydrothiophene; (ii) MeS
(CH,),SMe; 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.

early example of this behaviour is the formation of base-stabilized SeCl,etmtu from
treatment of SeCl, with tetramethylthiourea (tmtu) [10]. More, recently, it has been
shown that thioether ligands also engender the formation of adducts of Se(I)X, either
as the monomer trans-[SeX,(tht),] (X = Cl, Br; tht = tetrahydrothiophene) or as halo-
bridged polymers [SeX,(SMe,)] (X = Cl, Br), whereas bidentate sulfur-centred ligands
form cis-[SeBr,(MeS(CH,),SMe)] [11]. A 1:1 adduct of SeCl, is also produced from the
reaction of SeCl, with the carbene 2,5-diisopropylimidazole-2-ylidene in tetrahydrofuran
(THF) [12]a. Treatment of SeX,, (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 X, to give 1,2,5-selenadiazolium cations as
[SeX¢]* salts [12]b. Triphenylphosphine reacts with SeX,, (X = Cl, Br) to form the [Ph;PX]*
cation accompanied by the Se(I)-centred anion [SeX;]™ [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 SeOCl, 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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Se0, + 2Me;SiCl — SeOCl, + (MesSi),0 2.2

Reactions of SeOCl, with secondary amines, e.g. 'Pr,NH, in a nonpolar solvent
(pentane) can be stopped at the monosubstituted stage to give Pr,NSe(0)Cl as a
white solid in 65 % yield. The use of an excess of 'Pr,NH in diethyl ether results in
reduction of Se(IV) to Se(Il) to give (‘Pr,N),Se [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
SeOCl, with Pr,NSiMe; in a 1:1 molar ratio is an alternative route to ‘Pr,NSe(0)Cl
(68 % yield) and the volatile by-product Me;SiCl is easily removed [eq. (2.3)] [14].
However, the reactions of SeOCl, with MesSi-N reagents may involve formation of
(Me5Si),0 rather than Me;SiCl, as shown by the synthesis of (Ph;P=N),SeCl,
[eq. (2.4)], which is also obtained from treatment of SeCl, with two equivalents of
Ph;P=NSiMe; [15].

iPr,NSiMe; + SeOCl, — Pr,NSe (0)Cl + MesSiCl (2.3)
2Ph3P=NSiMe3 + SeOCIZ — (Ph3P=N)2SeC12 + (Me351)20 (24)

The reaction of the primary amine ‘BuNH, with SeOCL, in a 3:1 molar ratio in
diethyl ether at —10 °C produced the first selenenylamine ‘BuNSeO as a brown-orange
0il (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 SeOCl, 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].

Me NH, Me N
toluene
SeOCl, + Se
105 °C
Me NH, Me N

Figure 2.2: Synthesis of a selenophene using SeOCl,,

The potentially useful reagent Me;SiNSeNSiMe; is generated by the reaction of SeOCl,
with LiN(SiMe;), 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 P,N;Se heterocycle (Chapter 4,
Section 5) [17].
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2.2.3 Selenium dihalides

The strong tendency of selenium dihalides SeX, (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].

3SQC12 — Se2C12 + SeCL, (25)
2SeBr, < Se,Br, + Br, (2.6)

The reduction of SeCl, with an equimolar amount SbPh; has been employed success-
fully to generate SeCl, in situ for the synthesis of Se-N heterocycles [19], but the
separation of Ph3SbCl, from the desired product can be difficult. The use of PhS0,SeCl
as a synthetic equivalent of SeCl, 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 SeCl, is readily obtained by treatment
of elemental selenium with an equimolar amount of SO,CL, [eq. (2.7)] in THF; such
solutions are stable towards disproportionation for 1 day at 23°C as determined by
7Se NMR spectroscopy [21]. Similarly, the facile preparation of solutions of pure
selenium dibromide is achieved by treatment of grey selenium with bromine (Br,) ina
chlorocarbon solvent such as CHCl; or CCl, [eq. (2.8)] [22, 23]

Se + 802C12 — SEC12 +502 (27)

Se + Br, — SeBr; (2.8)

THF solutions of SeCl, prepared according to eq. (2.7) have been widely used for the
preparation of inorganic selenium-nitrogen heterocycles. The reactions of SeCl, 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 CISe[N(*Bu)Se],,Cl (n = 1-3)
via the initial intermediate '‘BuN(H)SeCl, which serves as a source of ‘BuNSe units in
the build-up of longer chains (Figure 2.3) [25-27]. Cyclocondensation reactions or
reduction of the bifunctional dichlorides C1Se[N(‘Bu)Se],,Cl with an excess of ‘BuNH,
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 SeCl, with an equimolar
amount of (Me;Si),NMe at —10°C affords the eight-membered ring 1,3,5,7-Se,(NMe),
exclusively in 90 % vyield [eq. (2.9)] [28]. The reagent SeCl, also plays a key role in the
stepwise generation of the cage molecule 1,5-Se,S;N,. In the first step, the reaction of
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Figure 2.3: Formation of imidoselenium(ll) dichlorides 'C1Se[N(*Bu)Se],Cl (7 = 1-3) from reactions of
SeCl, with '‘BuNH,.

SeCl, with two molar equivalents of the sulfur(IV) diimide Me;SiNSNSiMe; produces
yellow crystals of (Me3;SiNSN),Se (65 % yield), which undergoes cyclocondensation
with SeCl, to dark-red 1,5-Se,S,N, (73 %) [eq. (2.10)] [29].

(Me;Si),NMe + SeCl, — 1/4 Se4(NMe), + 2Me;SiCl (2.9)
(Me3SiNSN),Se + SeCl, — 1,5-Se;S;N, + 2MesSiCl (2.10)

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

o (00)5Fe Fe(CO);
. SeCl,
[MgBr]* RTe C RTe Se TeR
(00);Fe Fe(CO); (00);Fe  Fe(CO),

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

In the past 15 years, solutions of SeCl, or SeBr, (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
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Figure 2.5: Preparation of selenium-containing heterocycles using SeX, reagents (X = Cl, Br):
(i) (HC=0),SiMe,, (ii) cis, cis-1,5-cyclooctadiene, (jii) E(CH=CH,), (E =S, Se), (iv) 0,S(CH=CH,), (X = Cl),
(v) PhC=CPh (X = Br) and (vi) 2,3-dimethoxy-1,3-butadiene.

illustrated in Figure 2.5. An early report revealed the formation of selenasilafulvenes
from the reactions of SeX, (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 SeX, to cis,cis-1,5-cyclooctadiene takes place
chemo- and regioselectively to give 2,6-dihalo-9-selenobicyclo[3.3.1Jnonanes in high
yields [23]. The reactions of SeX, 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 O,S
(CH=CH,),, 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 SeCl, 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 SeCl, with 2,3-dimethoxy-1,3-butadiene gives
3,4-dimethoxyselenophene in 41% yield [37].

Annulation reactions are observed in the reactions of SeX, (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 SeBr,
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with diphenylacetylene in diethyl ether at room temperature (Figure 2.5) [40].
Annulation is also observed in the reactions of SeX, with thiophenenyl-substituted
alkynes [41] and with unsaturated ethers [42, 43]. The electrophilic addition of SeX, 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 SeCl, is also a versatile source of diaryl selenides Ar,E 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-MeOCgH,),Se is obtained in 91 % yield
from the reaction of SeCl, 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 SeCl, in diethyl ether with 2-naphthol in a 1:2 molar
ratio, in the presence of a catalytic amount of AlCl;, yields the selenide
(2-HOC;pHg),Se in 56 % yield [50]. A promising application of SeCl, 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].

OR OR
RO Se OR
S
s S
Et,0
SeCl, + Se Se
s s
RO OR
RO Se OR
OR OR

Figure 2.6: Synthesis of selenacalix[4]thiophenes from SeCl, with 3,4-dialkoxythiophenes
(R = methyl, hexyl).

2.2.4 Diselenium dihalides

Diselenium dihalides Se,X, 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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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 ”’Se
NMR spectra, diselenium dihalides Se,X, exist in equilibrium with small amounts
selenium(II) dihalides SeX, and Se, X, (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 C¢FsLi with Se,Cl, affords the monoselenide (C¢Fs),Se in 60 %
yield [53]. For comparison, SeCl, is reduced by C¢FsLi to give (C¢Fs),Se in only 20 %
yield [53].

3Se + SeCl, — 2Se,Cl, (2.11)

2Se + Br, — Se,Br, (2.12)

Diselenium dichloride also reacts effectively as SeCl, for the synthesis of the mono-
selenides Se[N(SiMe;)R], (R = SiMe; [54], “Bu [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 (Me;Si),NH with Se,Cl, in dichloromethane at 0°C produces a
mixture of polyselenides Se,[N(SiMes),], (n = 2,3,4) from which the predominant
triselenide (n = 3) cannot be separated in pure form [56].

2Li[N(SiMe;)R] + Se,Cl, — Se[N(SiMe3)R], + Se (2.13)

The outcome of the reaction with Me;SiNPPh; is another example of Se,Cl, behaving
as SeCl,. In acetonitrile solution, the ion-separated salt [SeCI(NPPh;),]"SeCl;™, in
which selenium(II) is present in both the cation and anion, is formed together with
elemental selenium [eq. (2.14)] [57].

3Se,Cl, + 2Me;SiNPPh; — [SeCI(NPPhs),] * SeCl; = + 4Se + 2CISiMe;  (2.14)

The reaction of Se,Cl, with trimethylsilyl azide in dichloromethane produces an
insoluble black powder with the composition SesN,Cl,, which incorporates the five-
membered Se;N,Cl* cation with one Se(IV) and two Se(II) centres (a better synthesis
of SesN,Cl, is described in Section 2.2.5) [58, 59]. The dimeric selenium-nitrogen
chloride (SesN,Cl), is isolated as an explosive dark brown powder in 75 % yield from
the reaction of equimolar amounts Se,Cl, with the cage molecule Se,N, [59].

Diselenium dichloride has also been utilized to generate cyclic selenium allo-
tropes. Thus, the reaction of titanocene pentaselenide with Se,Cl, in CS, at 20°C
produces dark-red cyclo-Se; in 75% yield [eq. (2.15)] [60]. Unpredictably, heating
RhCl;¢4H,0 with an excess of Se,Cl, yields the complex Rh,SeyClg in which the nine-
membered cyclo-Se is sandwiched between two Rh(III) centres [61].

[(CsHs)ﬂTiSe5 + SEZC12 — Se7 + [(C5H5)2]TIC12 (215)
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The reactions of gallium metal with Se,X, (X = Cl, Br) are the most convenient
preparation of ternary gallium(IIl) selenide halides GaSeX, which are soluble in
pyridine to give the six-membered rings [GaSeXePy]; [62].

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

XNCIZ + Se2C12 — XN=SEC12 + SeCl4
(X = SFs, CF3, C;Fs) (2.16)

The passage of acetylene gas through a solution of Se,Cl, in CCl, 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].

s
A TN, se .17)

Se,Cl, + HC=CH —

2.2.5 Mixtures of selenium halides

A mixture 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 SeOCl, with SeCl, produces the four-membered ring ‘BuN=Se(u-N'Bu),Se=0 with
terminal Se=NR and Se=0 functionalities [26], whereas the use of SeCl, in combina-
tion with SeOCl, generates the acyclic compound ClSeN(‘Bu)Se(0)Cl with Se(II) and
Se(IV) centres [66]. The reaction of LiN(SiMes), with a mixture of Se,Cl, and SeCl, in a
1:4 molar ratio (designed to mimic “SeCl;”) produces pure Se,N, in 66 % yield [67],
whereas the “SeCl;” reagent reacts with the monoselenide Se[N(SiMe;),], to give the
five-membered ring [Se;N,CI]Cl (95 % yield) [58, 59].

2.2.6 Tellurium tetrahalides

Tetrahalides of tellurium TeX, 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 TeO, 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, TeF,
is preferred over TeCl, for the preparation of the extremely explosive binary azide, Te
(N3)4, by reaction with trimethylsilyl azide in CFCl; at 0 °C [cf. eq. (2.1)]; the use of TeCl,



2.2 Binary chalcogen-halogen reagents =— 37

BuN tBu 0
® N
SeCl, + Se0Cl, Se N Se
Bu
By
0 o
SeCl, + Se0Cl, Se Se
Cl Cl
Se Se
(ii) NN NN
Se,Cl, + 4 SeCl, (iii) Se Se
cl
Se —Se
@ Cl ©
N N
Se

Figure 2.7: Preparation of selenium—nitrogen compounds from mixtures of selenium halides:
(i) "'BuNHS, (ii) LiN(SiMes), and (iii) Se[N(SiMes),l,.

results in only partial metathesis to give TeCl,_,(Ns),, (n = 1,2) [70]a. The reaction of the
hexafluoride TeF¢ with trimethylsilyl azide in MeCN also produces Te(N3), [70]b.
Tellurium tetrafluoride has also been used to prepare Te(CN), 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 from ArLi and TeCl, by
salt metathesis in 70 % and 52 % vyields, respectively, and it was shown that phenyl
radicals are not involved in the formation of biphenyls [72]. The perfluoro derivative
(C6F5),Teis obtained in 75 % yield from the reaction of the Grignard reagent C;FsMgBr
and TeCl, at 30 °C in diethyl ether or in “good yields” from AgC¢Fs and TeCl, in EtCN
at —78 °C [73]. Tetraalkyl-tellurium(IV) derivatives R,Te (R = Me, "Bu, Me;SiCH,,
CH,=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 TeCl, have also been used to generate
hypervalent tellurium compounds. Thus, the one-pot reaction of TeCl, with LiAr (Ar =
4-CF3C¢H,) in a 1:4 molar ratio in diethyl ether at room temperature produces the
hexaaryl compound TeArg 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 TeArg;
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however, the reaction of five equivalents of PhLi with TeX, (X = Cl, Br) generates
PhsTeLi, which is converted to pentaphenyltellurium halides PhsTeX (X = Cl, Br) by
treatment with SO,Cl, or Br, in a one-pot reaction [78].

TeCl, + 4ArLi — TeArg + Ar3TeCl + TeAr, (2.18)

In an early report, several tetraalkoxytelluranes Te(OR), were prepared in unspeci-
fied yields by reactions of TeCl, with the corresponding alcohol (R = Me, Et, 'Pr,
neopentyl) or sodium alkoxide (R = CF;CH,, (CF;),CH) in a 1:4 molar ratio [7]. A
subsequent investigation of the sodium alkoxide-TeCl, system achieved isolated
yields of 58 % (R = Me) or 64 % (R = CF5CH,) [79]. An unexpected transformation is
observed in the reaction of TeCl, with ethane-1,2-diol in a 1:1 molar ratio in acetoni-
trile at reflux. The ammonium salt [NH,]*[(OCH,CH,0)TeCl5]~, which exhibits immu-
nomodulatory activity, is obtained in 79 % yield; the solvent CHsCN is the apparent
source of nitrogen in the NH," 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(Il), as exemplified by the
formation of the tellurides Te[N(SiMe3)R], (50 %, R = SiMe; [54]; 35 %, ‘Bu [55]) from
salt metathesis of TeCl, with the corresponding lithium reagents. Similarly, the
polymeric tellurium(II) complex [Te(NMe,),].. is isolated as a yellow, moisture-sen-
sitive solid (74 % yield) from the reaction of LiNMe, with TeCl, in a 4:1 molar ratio in
THF-Et,0 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 TeCl, with lithium amides, e.g. LiNiPrz, followed by treatment with terminal
alkynes [82]. However, dialkynyl tellurides Te(C=CR), (R = Me, Et, "Pr, ‘Bu, Me;Si,
Ph) can also be prepared in 42-69 % vyields by the reactions of TeCl, with four
equivalents of the corresponding alkynyl-lithium reagent [83].

Te[N(SiMe3)R],

Cl
Te®
ClsTeN NTeCls (Te(NMe.).]
T o . e €5)5o
ae (i) ® (ii)
TeCl,
) (iii)
(iv) [Cl,Te(NPR3),]n
PhB(u-N'Bu),TeCl, n=1;R=Ph
n=2;R=Me

Cl,Te(NEPh,),

Figure 2.8: Reactions of TeCl, with N-centred nucleophiles: (i) Li[N(SiMe3)R], (ii) LiNMe,,
(iii) Me5SiNPR; (R = Me, Ph), (iv) Me5SiNEPh, (E = C, S), (v) Li,[PhB(N'Bu),] and (vi) (Me5Si);N.
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The use of Me;Si-N derivatives and/or a chelating ligand reduces the tendency
towards reduction as exemplified by the syntheses of the tellurium(IV) derivatives
[TeCL,(NPR;),],, (n = 1: R = Ph [84]; n = 2: R = Me [85]), [TeCLL,(NEPh,),] (E = C, S) [86],
PhC(NSiMe;),TeCl; [87] and PhB(u-N'Bu),TeCl, [88] (Figure 2.8). Moreovet, the reac-
tion of TeCl, with one equivalent of dilithium meso-tetra-p-tolylporphyrin, Li,(ttp), in
hexane at reflux yields the dark green tellurium(IV) porphyrin complex [Te(ttp)Cl,] in
which only three nitrogen atoms of the porphyrin ligand are coordinated to tellurium
[89]. However, the reaction of TeCl, with the multifunctional reagent N(SiMes); in a
2:1 molar ratio produces a dimer of the hypothetical tellurium(IV) imide [Cl;Te-
N=TeCl]" [90] (Figure 2.8). The tellurium(IV) imide ‘BuN=TeCl, is obtained as a trimer
from the redistribution reaction of TeCl, with the tellurium(IV) dimide dimer ['BuNTe
(u-N'Bu),TeN'Bul, [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 TeCl, with the appropriate phenylenedia-
mine in pyridine followed by the addition of triethylamine. Yields of pure benzo-2,1,3-
telluradiazoles, after removal [Et;NH]CI, 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 TeX, (X = Cl, Br) in the presence of pyridine and triethylamine gives a
product that is contaminated with [Et;NH]Cl and pyridine. Pure dicyano-1,2,5-telluradia-
zole is obtained in 57 % vyield 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 Tel, with a 1,2-bis
(arylimino)acenaphthene [95]a; however, similar reactions with TeX, (X = Cl, Br)
result in C-H activation of an isopropyl group in the ligand to give a N,N,C-bound TeX;
complex [95]a,b. The reaction of Tel, 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 Tel, (66 % yield) via reductive elimination of I, from the initially formed Tel,
adduct [96]. The 1:1 adduct of Tel, with the Se,Se’-chelating ligand SePPh,CH,Ph,PSe
has been prepared in 85% yield from a combination of elemental tellurium and I,
with an equimolar amount of the ligand in CH,Cl, for 4 days at room temperature [97].

In contrast to the behaviour of SeX, (Figure 2.1), the tellurium tetrahalides TeX,
(X =Cl, Br) form 1:1 adducts with 1,4-di-tert-butyl-1,3-diazabutadiene (Figure 2.9) and
Tel, does not react at room temperature with this N,N’-chelating ligand [11]. The
reactions of TeX,, (X = Cl, Br) with 2,2-bipyridine (bipy) also produce 1:1 adducts in the
ionic form [Te(bipy)X5]X, which for X = Cl can be reduced by SbPh; in dichloro-
methane to give the tellurium(II) complex [Te(bipy)Cl,] (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 TeCl, [99]. Recently, the reactions of
TeX, (X = F, Cl, Br, I) with chalcogen-centered ligands, including phosphine
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Figure 2.9: Reactions of TeX, (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 = OPR; (R = Me, Ph), X = Cl, Br; (v) Ph,P(Se)CH,P(Se)PPh, and

(vi) RSCH,CH,SR (R = Me, Pr), X = Cl, Br.

chalcogenides and thio- or seleno-ethers, have been investigated extensively [100,
101]. In the case of phosphine oxides OPR; (R = Me, Ph), the adduct obtained is
dependent upon the nature of the halogen. Thus, TeF, forms the square-pyramidal 1:1
complexes [TeF,(OPR5)] [100], whereas the heavier tetrahalides give distorted cis-
octahedral 1:2 complexes [TeX,(OPR3),] (X = Cl, Br; R = Me, Ph) (Figure 2.9) [101]a.
Chelating thioether ligands also give cis-octahedral 1:2 complexes [TeX,(RS(CH,),SR]
(X = Cl, Br; R = Me, 'Pr), whereas the monodentate thioether dimethyl sulfide
generates 1:1 complexes, which exist as halo-bridged dimers [{X3(Me,S)Te},(u-X),]
[101]b. Soft selenoether ligands form 2:1 trans-octahedral complexes of the type [TeX,
(SeMe,)] (X = F, CL. Br) and chelating selenium ligands, e. g. 0-CcH,(SeMe),, produce
cis-octahedral 1:1 complexes [101]a. However, reduction of the tellurium centre does
occur in the reaction of TeBr, with a chelating phosphine selenide to give [TeBr,(Ph,P
(Se)CH,P(Se)Ph,] (Figure 2.9) [100].

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

2Ph;P + 2TeCly — [Ph3PCl],[TeCls] + Te (219)



2.2 Binary chalcogen-halogen reagents =— 41

Surprisingly, tellurium tetrachloride also acts as a Lewis acid upon treatment
with the nucleophile [Mn(CO);]™ in THF at —15 °C to give the six-coordinate adduct
[Mn(CO)5(TeCl,)]” as a PPN* salt [102]. Alternatively, tellurium tetrahalides may act as
sources of the TeX; 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 [RhCI(TeF5)(CO)(PEt;),][TeFs] [103] and the octahedral iridium(III) complex [IrCl,
(CO)(PPh3),(TeCls)] [104]. However, TeCl, may also behave as a mild chlorinating
agent rather than an electrophile with other metal carbonyl complexes, e.g. the
formation of [FeCl,(CO)sL,] from reactions with [Fe(CO);L,] (L = CO, PPhs) [104].

There have been extensive investigations of the addition of TeCl, to unsaturated
organic compounds, which are covered in the earlier review literature. A recent
example involves reactions of TeX, (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 RTeCl;
(Section 2.3.1) and R,TeCl, derivatives, respectively, and they are readily reduced to
either ditellurides or monotellurides (Figure 2.10) in high yields using either aqueous
sodium metabisulfite in CCl, or aqueous NaBH, sodium borohydride in THF [105].

cl R Cl R R cl
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R TeCly R Te Te R
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R Te R R Te R
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Figure 2.10: Addition of TeCl, to alkynes RC=CR (R = Et, Pr).

2.2.7 Tellurium dihalides and ditellurium dihalides

In an early work, tellurium dihalides TeX, (X = Cl, Br) were prepared by the reaction of
molten tellurium with CF,Cl, or CF5Br, respectively [106]a, [106]b. These dihalides
disproportionate readily in ether solvents to give TeX, and elemental tellurium.
However, the reaction of TeCl, with liquid bromine was reported to give TeCl,Br, as
a yellow solid [106]a. The isolation of TeCl, in 60 % yield from the reaction of TeCl,
with an equimolar quantity of hexamethyldisilane at reflux has been claimed and
Me;SiCl was identified as a by-product [107]. This source of in situ TeCl, has been used
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to prepare the silane or germane tellones [(Tbt)(Dip)M=Te] (M = Si, Ge) by reaction
with [(Tbt)(Dip)MLi,] (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 TeCl, (vide
infra) may be used to generate a tellurophene ring via Zr/Te transmetallation
[Figure 2.11(b)] [110].
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Figure 2.11: Synthesis of tellurophenes using (a) in situ TeCl, and (b) the Lewis base adduct (bipy)
Teclz.

In fact, Lewis base adducts of TeX, (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 TeX, include the 1:1 adduct with tmtu, which has
been known for many years [111] and the more recent discoveries of [Te(bipy)Cl,]
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(Section 2.2.6) [97] and [Te(PEt5)X,] (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)Cl,
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 2:1adduct Te(‘Pr,IM),CL, [9]. Treatment of [(Dipp,BIAN)Tel,] with
2.5 equivalents of silver triflate in CH,Cl, rapidly generates the corresponding bis-
triflate, which acts as a source of a tellurium-centred dication upon reaction with two
equivalents of 'Pr,IM [113]. The metathetical reaction of (tmtu)TeCl, with 2.5 equiva-
lents of Li[HC(PPh,Se),] results in disproportionation to give elemental tellurium and
an unusual tellurium(IV) complex (Figure 2.12) [114].

R,Te
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Te
cl Te
ArN NAr
(iv) (i) ) )
LTeX, iPrN NiPr
(iii)
Se Se
PPh, Ph,P
Se Te Se
Ph,P Se Se PPh,

Figure 2.12: Synthesis of tellurium compounds from Lewis base adducts of TeX,: (a) RMgCl (R = Ph,
CH,Ph), L = bipy, X = Cl, (i) ‘PrIM, L = bipy, X = Cl, (iii) Li[HC(PPh,Se),], L = tmtu, X = Cl and (iv)
2.5AgOTf, L = Dipp,BIAN, X = I.

Ditellurium dihalides Te,X, (X = Cl, Br) are prepared by reducing elemental tellurium
with the superhydride Li[BHEt;] and treating the resulting telluride with the appro-
priate tellurium tetrahalide TeX, [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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chalcogen rings 1,2-Te,Es (E = S, Se) via metathesis with titanocene pentachalcogen-
ides [eq. (2.20)] [115].

Cp,TiEs + Te,Cl, — 1,2-Te;Es + Cp,TiCly (2.20)

2.3 Organochalcogen—halogen reagents

A wide variety of organochalcogen(IV)-halogen reagents of the type REX; and R,EX,
(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-XC¢H,SeBr; (X = H, Br, Cl, CH;) 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 Br,. Aryl or alkyl-
selenium trichlorides are prepared similarly, e.g. by chlorination of PhSeSePh or
MeSeSeMe with Cl, gas in methylene dichloride [120]a,b; PhSeCl; is isolated as hygro-
scopic, pale yellow crystals [120]a. These organoselenium(IV) trichlorides form 1:1
adducts with ShCls, which are formulated as ionic salts [RSeCl,*][SbCls ] [120]a.

In an early work, a series of arylselenium trifluorides ArSeF; (Ar = C¢Hs, 4-
CH5CgH,, 4-FCgH,, 2-C,H5CgH,, 2-NO,CgH,) 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, PhSeF; was obtained from the reaction
of PhSeSePh with an excess of AgF, in boiling CF,CICCLF (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 ArSeO,H upon exposure to
moisture [121]a. More recently, the use of XeF, in CH,Cl, at O °C as fluorinating
agent in perfluoroalkoxy-copolymer vessels has extended the range of known
RSeF; derivatives to alkyl (R = Me, 'Pr) or bulky aryl derivatives [R = 2,4,6-R’5C¢H,
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(R’ = Me, 'Pr, ‘Bu)], as well as the R = 2-Me,NCH,C¢H,, 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 CH,Cl, at —50 °C to give the
corresponding triazides, which have even lower thermal stability [121]b.

RSeSeR + 3XeF, — 2ArSeF; + 3Xe (2.21)

In contrast to the formation of TeCl, from the reaction of TeCl, with hot Me;SiSiMe;
(Section 2.2.7), when combined in CS, these reagents generate a polymeric methyl-
tellurium trichloride (MeTeCls).., as very moisture-sensitive, brownish crystals in 43 %
yield [122]. The ethyl derivative EtTeCl; is obtained in 75% yield by chlorination of
EtTeTeEt with Cl, gas in cold (—20 °C) methylene dichloride [120]. The bis-substituted
derivative, CH,(TeCls),, is a an interesting example of an organotellurium trichloride,
which is obtained as a white crystalline solid from the reaction of acetic anhydride
with TeCl, in a 1:3 molar ratio at reflux for ca. 1 day [123]. Reduction of CH,(TeCls),
with aqueous sodium metabisulfite (Na,S,05) produces an almost quantitative yield of
the grey polymer (CH,TeTe), [123].

Halogenation of ditellurides with an excess of Cl, (or SO,Cl,), Br, or I, is a
common route to aryl derivatives ArTeX; which are also accessible from reactions
of TeX, with arylmercury halides or via Friedel-Crafts reactions of TeCl, with arenes
[124]. Supermesityltellurium trichloride Mes*TeCl; (Mes* = 2,4,6-BusC¢H,) is
obtained as bright yellow crystals in 96 % yield by chlorination of Mes*TeTeMes*
with SO,Cl, in a molar 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
group with the formation of a Te-C bond occurs in the solid state at room temperature.
On the other hand, an equilibrium exists between Mes*TeCl; 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)CI, [125].

The stabilizing influence of intramolecular heteroatom interactions on organo-
tellurium(IV) trihalides is exemplified by 2-dimethylaminomethylphenyl derivatives
ArTeX; (Ar = 2-Me,NCH,CcH,), which are prepared by halogenation of the corre-
sponding ditelluride ArTeTeAr with SO,CI, (X = Cl) or Br, (X = Br) [118]a, [126]. More
recently, fluorination of this ditelluride with XeF, in dichloromethane at room tem-
perature was shown to produce almost quantitative yields of the colourless trifluoride
(2-Me,NCH,C¢H,)TeF3, which reacts with trimethylsilyl azide to give the thermally
unstable triazide (2-Me,NCH,C¢H,)Te(N5); [127].

Similar to the behaviour of TeCl, (Section 2.2.6), reactions of aryltellurium
trichlorides with Me;Si-N derivatives take place without reduction of the tellurium
centre. Examples of aryltellurium(IV) compounds prepared in this manner include
Ph;P=NTe(Ar)Cl,, Me,S(O)NTe(Ar)Cl,, Me;SiN=S=NTe(Ar)Cl, (Ar=4-MeOCcH,) [84],
and Ar(R’,N)TeCl, (Ar = C¢Hs, 4-MeOCgH,, 4-C¢HsOCcH,; R’, = Et,, C,Hg) [128].
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Figure 2.13: Decomposition pathways of ArTeCl; (Ar = 2,4,6-'BusC¢H>).

The base hydrolysis of aryltellurium trichlorides provides a general route to aryltel-
lurinic acids [ArTe(O)OH],, 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)CI, Figure 2.13) [125]. In the case of ArTeCl; (Ar = 2,6-Mes,C¢Hs), the controlled
base hydrolysis proceeds in two steps to give the aryltellurinic chloride [ArTe(O)Cl],
and, subsequently, the aryltellurinic acid [ArTe(O)OH],, both of which are
dimeric (Figure 2.14) [130]. The hydrolysis of the intramolecularly coordinated
ArTeCl; (Ar = 8-Me,NC;oH¢) 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 R,SeX, (R = Me, Ph; X = Cl, Br) are
obtained as monomeric solids from halogenation of the corresponding selenide R,Se
with an equivalent amount of Cl, or Br, [132]. By contrast, the difluorides are liquids
(R = Me, Et, "Pr, 'Pr) or low-melting solids (R = (CH,),, Ph) that are generated by
treatment of R,Se with AgF, [133]. Alternatively, XeF, in CH,Cl, can be used as the
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Figure 2.14: Hydrolysis of ArTeCls (Ar = 2,6-Mes,CgHs).

fluorinating agent to prepare R,SeF, (R = Me, Et, iPr, Ph, Mes, Mes*, 2,4,6-iPr3C6H2, 2-
Me,NCH,CcH,) [127]. Ph,SeF, is obtained as a dark purple crystalline solid, which
reacts with two equivalents of PhLi in diethyl ether to produce the explosive tetra-
phenylselenurane Ph,Se (Section 2.2.1) [4].

Diorganotellurium dihalides are accessible in a number of ways: (a) condensation
reactions with aromatic compounds such as ROC¢H; or R,NC¢Hs, (b) arylation of TeCl,
with ArHgCl, (c) halogenation of tellurides R,Te with Cl, (or SO,Cl,), Br,, I, and (d)
reactions of elemental tellurium with alkyl halides [124]. As a recent example of method
(c), the diorganotellurium diiodides Tel,(CH,SiMes),, Tel,Th(CH,SiMes), Tel,Ph
(CH,SiMej3) and Tel,Th, (Th = 2-thienyl) are obtained as air-stable orange or red crystals
in >90 % vyields by treatment of the appropriate telluride with I, 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 (PhCOCH,),TeX,
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 Cl, or I, [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 Clg[12]aneTes,
which exhibits redox behaviour upon treatment with six equivalents of PhSH in dimethyl
sulfoxide (DMSO) at 50 °C to give a cyclic tritelluride in 90 % yield (Figure 2.15) [136]b.

Cl Cl
Te Te

T T () « Te Te x (i) (iii)
¢ ¢ e e a Te Te Te Te

Figure 2.15: Halogenation of 1,5-ditelluracyclooctane and subsequent ring expansion upon thermo-
lysis: (i) Cl, or I, in benzene at RT, (i) DMF, 160 °C, X = Cl, (iii) 6PhSH, NEt;, DMSO, 50°C.

Diaryltellurium difluorides (4-ROC¢H,),TeF, (R = Me, Et) are obtained as colourless
crystals in low yields by fluorination of the corresponding dichlorides with AgF, in
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boiling toluene [124]b. Similar to the preparation of aryltellurium trifluorides (vide
supra), the reaction of XeF, in dichloromethane at room temperature with the mono-
telluride (2-Me,NCH,C¢H,)-Te produces the colourless difluoride (2-Me,NCH,CcH,),TeF,,
which reacts with trimethylsilyl azide to give the thermally unstable diazide
(2-Me,NCH,CeH,),Te(N5), [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), (R,Te0),, as crystalline solids [129]. Incomplete hydrolysis using water
gives rise to either diaryltellurium hydroxyhalides R,Te(OH)X or their condensation
products XR,TeOTeR,X. A better route to the latter class of ditelluroxane is the
redistribution reaction between R,TeO and R,TeX,, e.g. R = 4-MeOCcH,, X =1 [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 Ar,TeCl, (Ar = 4-MeOC¢H,) with 1,1°-ferroce-
nedicarboxylic acid in the presence of NEt; 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 Te,P,0 ring [139].

2.3.3 Mixed-valent state compounds RTeX,TeR

Tellurium can form an unusual class of mixed-valent [Te(IV)/Te(I)] 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 Br, produces red-brown
PhTeBr,TePh in almost quantitative yield [140]. Derivatives with a bulky aryl group
ArTeX,TeAr (Ar = 2,6-Mes,C¢Hs; X = Cl, Br) are obtained in a similar manner from
ArTeTeAr and SO,Cl, or Br, [140] and a mixed-valent difluoride BbtTeF,TeBbt is
prepared as air-stable, red-brown crystals in 64 % yield by treatment of the ditelluride
with XeF, in dichloromethane at -78 °C (Figure 2.16) [141].

The applications of ditelluride dihalides RTeX,TeR 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 PhSeSePh with one equivalent of SO,Cl, or Cl,
in hexane or Br, in THF. By contrast, the treatment of PhSeSePh with [, produces the
1:1 complex Ph,Seel, [142]. However, the presence of a bulky aryl group causes Se—Se
bond cleavage to give the black selenenyl iodide ArSel (Ar = Mes*) in almost
quantitative yield [143]. A bulky alkyl group also stabilizes the Se-I functionality in
(Me3Si);CSel [144]. The complex Ph,Seel, is commercially available and behaves as



2.3 Organochalcogen-halogen reagents = 49

ArTeTeAr

SocCl

or Brz2 Xef,
ArTeX,TeAr ArTeF,TeAr

SiMey SiMey
Ar=Ph, X=Br Mesi Sie,
Ar = 2,6-Mes,C¢Hs, X = Cl, Br Ar = Bbt=
Me,si SiMe,

Me,si

Figure 2.16: Synthesis of a mixed-valent aryltellurenyl halides ArX,TeTeAr.

the reagent “PhSel” 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 ArSeSiMe; with XeF, in dichloromethane at low temperatures in perfluor-
oethylene-perfluorovinyl ether copolymer (PFA) vessels [145]. They were identified by
low-temperature °F and "’Se 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: Ph,Se,/XeF,/2SbFs,
Ph,Se,/Br,/AgSbF¢, Ph,Se,/2NOSbF¢ and PhSeCl/SbCl; [146]. The latter reagent
reacts with alkynes RC= CR in dichloromethane at —40 °C to give selenirenium
cations as SbCl¢~ salts which, in the case of R = ‘Bu, Ad, can be isolated as stable
crystalline solids (Figure 2.17) [146].

(PhSe*)[SbClg] + RC=CR [SbCl4]
Se®

(R = 'Bu, Ad) Ph

Figure 2.17: Preparation of selenirenium ions from PhSeCl/SbCls; and alkynes.
The reactions of arylselenium chlorides ArSeCl with trimethylsilyl azide produce

the corresponding azides ArSeNs;, which decompose with loss of N, to give
diselenides ArSeSeAr even for very bulky aryl derivatives. However, the strategy
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of intramolecular heteroatom stabilization produces 2-Me,NCH,C¢H,SeN; as pale
yellow crystals in 88% vyields from the reaction of 2-Me,NCH,C¢H,SeCl with
sodium azide in acetone; for prolonged safekeeping, this azide must be stored
at 0 °C [147].

Similar to binary tellurium(Il) halides, TeX, (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 (Me;Si);CTeX (X = Cl, Br, I)
are obtained quantitatively as blue-black crystals by halogenation of the ditelluride
(Me;Si);CTeTeC(SiMes); with one molar equivalent of SO,Cl,, Br, or I, in THF at room
temperature [148]a. Reactions of the iodide with organolithium reagents give the
corresponding methyl and phenyl derivatives (Me;Si);CTeR as yellow needles in 85 %
(R =Me) and 80 % (R = Ph) yields [148]b. The iodide has also been used in metathetical
reactions with silver or potassium salts of pseudo-halides or pseudo-chalcogenides
to generate (Me5Si);CTeX (X = CN, SCN, SeCN, NCO, N5) and (Me;Si);CTeYTeC(SiMes);
(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-R5C¢H,TeX (R = iPr, ‘Buy X = Br, 1), which are prepared by reactions of the
corresponding ditellurides with equimolar amounts of Br, or I,; the iodides are
thermally more stable than the bromides [149]. Stabilization can also be achieved
by intramolecular heteroatom—tellurium interaction as in 2-Me,NCH,C¢H,Tel [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-R;C¢H,TeN;
(R = Pr, 'Bu) and 2-Me,NCH,C¢H,TeNs, 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 TeMes, (Figure 2.18). For example, the green iodide
2,4,6-Pr;C¢H,Tel forms the stable, red adduct [Et,N][2,4,6-Pr;C¢H,Tel,] upon treat-
ment with [Et,N]I [149]. The bifunctional phosphine selenides SePPh,(CH,),Ph,PSe
(n=1,2) react with MesTel in dichloromethane to give 1:2 complexes in ca. 75 % yields
[97]. In related behaviour, attempts to recrystallize MesTel always produced the 1:1
adduct Mes(I)Te(TeMes.) [151]

@ (b) ()
Ph (CH,), Ph l Mes

Se P@ @P Se Mes Te Te

Te
Ar ( © ph Ph O | Mes Mes

I Te |~ Mes

Figure 2.18: Adducts of ArTel with (a) iodide ion (Ar = 2,4,6-Pr;C4¢H,), (b) SePPh,(CH,),Ph,PSe
(n =1,2) (Ar = Mes) and (c) TeMes, (Ar = Mes).
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Halogenation reactions of a ditelluride with bulky aryl substituents RTeTeR (R =
Bbt = 2,4,6-[(Me5Si),CH]5;C¢H,) have also been investigated using different molar
ratios of the reagents [152]. With one molar equivalent of SO,Cl,, Br, or I, in CH,Cl,,
the thermally stable monohalides BbtTeX were isolated in 82-959% yields as red-
purple, blue and green crystals, respectively. Changing the molar ratio to 3:1 pro-
duced the trihalides BbtTeX; (X = Cl, yellow crystals, 93 %; X = Br, red crystals, 99 %),
but only the monoiodide BbtTel when three equivalents of I, 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
I, [153]. When this reaction is carried out in a 1:1 molar ratio in dichloromethane
at —10 °C the mixed-valent compound RTeTel,R is isolated in very high yields. At
room temperature the tellurenyl iodide is formed, but it reacts further with an
additional molar equivalent of I, to give the adduct RTe(I)I, [153].

The reaction of PhTeTePh with one equivalent of I, in diethyl ether produces
black crystals of stoichiometry “PhTel” 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 Ph,Te,I, with a
four-membered Te, ring [154]. However, the tetrameric structure is easily disrupted
upon addition of PPh; to give the 1:1 adduct PhsPTe(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. PPh; or NHC, can be generated from mixed-valent ditellur-
ium dihalides ArX,TeAr (Section 2.3.3) as illustrated in Figure 2.19 [155, 156].

g
Ar PPh; Ar " A N®
. Me,SiA, PPh, e T
‘@ n-hexane X € € THF Te
FS; X Ar Ar N
A = OTF, NT,’ A = ArTeX,’
X=F X =Cl, F

Figure 2.19: Synthesis of phosphine and carbene adducts of PhTe™: Ar = Bbt (left-hand reaction);
2,6-Mes,CgHs (right-hand reaction).

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)X, (E = Se, Te; X = Cl, Br) enables their applications in inorganic and
organic synthesis. Although lower-valent dihalides E(IV)X, (E = Se, Te; X = Cl, Br)
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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.
SeCl,, SeOCl,, SeCl, and Se,Cl,, 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(ID)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(I)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 REX;5 and R,TeX, (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)X,Te(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=0 (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, SeO, was mentioned as reagent in allylic hydroxylations and in oxida-
tion of ketones to a-diketones [6]a—g, and more recently the I,/SeO, system was
reported as an efficient catalyst for the selective synthesis of mono- and bis-sulfeny-
lindoles, the selectivity being controlled by the SeO, amount [6]h. The role of tell-
urium and TeO, 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 and more 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=0 or the Te-0 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=0 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.

R E OH R E OR' R E E R
0
A B C
organoselenenic acid organoselenenic ester organoselenenic anhydride
organotellurenic acid organotellurenic ester organotellurenic anhydride
0 0
0 0
R E R E R E E R
OH OR' 0
D E F
organoseleninic acid organoseleninic ester organoseleninic anhydride
organotellurinic acid organotellurinic ester organotellurinic anhydride
0 R
R Se(OR)3 R Se E O
0 OH R
G H |
organoselenurane organoperseleninic acid diorganoselenoxide

diorganotelluroxide

R OH R 0] R 0]
Te E Se
R OH R 0 HO 0]
) K L
diorganoselenodioxide diorganoselenonic acid
diorganotellurium diorganotellurodioxide
dihydroxide
E=Se, Te

Figure 3.1: Organochalcogen compounds with E-0 and/or E=0 bonds (E=Se, Te).

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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Figure 3.2: Organoselenium species with 0->Se intramolecular coordination.

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(ll) 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,
Ar,Se,, or diorganoselenides of type Ph(R)Se (R='Pr, Et, c-C¢H;;) and H,0,, 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-FC¢H,),Se, or Ph,Se, as pre-catalysts and it was observed that
the yields in nitriles are influenced by the Ar,Se,/H,0, molar ratio and the organic
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Figure 3.3: ArSeOH as catalyst in aldoxime dehydration reaction.

group in the starting aldoxime. The proposed reaction mechanism 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),0 (3), with the corresponding aldoxime.

3.2.1.2 Organoselenium(ll) triflates and sulfates

Organoselenium(Il) 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., y-lactones are obtained by addition of PhSeOTf (5) to y,6-
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;

B-phenylselenoazide was prepared by the stereospecific trans addition of NaN5 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., Et;N-3HF), depending on the
type of the initial alkyne. Further hydrolysis of the PhSe-substituted alkenes led
easily to ketones;
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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 a-selenoxyamines;

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

— intramolecular nucleophilic deselenenylation results in various substituted
heterocycles;

- a-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}C¢H,]
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
selenium have 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).

SeAr [0}
<A,
Ph _ArSeOTf () 'E\/ph
~0OH
Ph* 0
(+) Alkenol (+)-Alkenol
FyC— § 0—Se SMe
ArSe0Tf = 0
6

Figure 3.4: ArSeOQTf as selenenylating agent of alkenols.

The organoselenium(Il) triflates 7-9, with aromatic substituents bearing one or two
pendant arms with oxygen donor atoms, were used for the asymmetric selenenylation



3.2 Organoselenium compounds =— 67

SeAr PhsSnH
OEt  ArSeOTf AIBN OEt
OE
Ph MeOH Ph t Ph
OMe OMe

Et

Et Et OMOM
OH
ArSe = OMOM Se
Se Se

OMOM

7 8 Et

9

Figure 3.5: Hypercoordinated ArSeOTf in the asymmetric selenenylation of (E)-ethoxystyrene.

of (E)-ethoxystyrene, which was transformed in the corresponding chiral acetal with 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 PhSeOSOsH (10), generated in situ by
oxidation of a catalytic amount of Ph,Se, with an excess of ammonium persulfate in
MeCN/H,0 mixture, following the mechanism proposed in Figure 3.6, path a [21]. The
use of the chiral diselenide [2-{(S)-Me(MeS)CH}C¢H,].Se, in a similar reaction gener-
ated in situ the intermediate [2-{(S)-Me(MeS)CH}C¢H,]SeOSOsH (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 (NH,),S,05 and Ph,Se, (Figure 3.6, path b) [22].

3.2.1.3 Organoselenium(ll) 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-R', and
terminal, R—-C=C-H, alkynes. While the reaction between internal alkynes and a
binary system of benzoyl peroxide and Ph,Se,, which generates in situ the efficient
PhSeOC(0)Ph (13) reagent, proceeds via addition to the triple bond and the formation
of B-(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 3.6: PhSeOSOsH in the synthesis of 1,2-diols (path a) and 1,2-dicarbonyl derivatives (path b).
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Figure 3.7: PhSeOC(0)Ph as intermediate in selenation of alkynes.

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, R,Se, (R=4-MeOCg¢H,, 4-CIC¢H,, 4-CF5C¢H,, "Bu) 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(0)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 H,0, 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(0)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(0)0Se(0O)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 and milder than the Ar,Se,/H,0, systems and more 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, ‘Bu, thiophene or
pyridyl groups. Almost quantitative yields were obtained for the dehydration of
aldoximes bearing 4-MeOCgH, (98 %) and 1-C;oH; (99 %) groups. The process can
be described by a mechanism similar to that one based on the Ar,Se,/H,0, system
(Figure 3.3). In the initial stage of such a process the pre-catalyst PhSe(0)OH (14) is
reduced, in two steps, to diphenyl diselenide by the aldoxime used as an organic
substrate and the Ph,Se, 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-
FCcH,Se(O)OH (17), showed good catalytic activity and a low content of the aldehyde
by-product, while electron-enriched catalysts, e.g., 4-MeC¢H,Se(O)OH (18), showed a
poor catalytic activity. Based on the cheaper PhSe(O)OH pre-catalyst, a solvent free
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Figure 3.8: PhSe(O)OH as pre-catalyst for dehydration of aldoximes.

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 H,0, (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(0)OOH (19) species. The
advantages of the flow protocol reside in the use of green solvents (H,O/acetone and
EtOAc), the lack of wastes and the possibilities to recover and reuse starting materials
and solvents, as well as the short time (about 1 h) for a similar or even a higher
conversion compared to the classic procedure.

OH
H,0,, cat 0
0 OH 0 OH 0 0
H,0,
cat: PhSe(0)OH PhSe(0)OOH
14 19

Figure 3.9: PhSe(O)OH as pre-catalyst in the synthesis of hydroxy lactones.
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2-Trifluoromethansulfonylbenzeneseleninic acid, [2-(TfO)C¢H,]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.

oTf
CH
Se(0)OH 0 OH
NaOH agq.

NaOH aq. Br

CHO
20

R R R R

Figure 3.10: Oxidation of 4-formylpyrazole with [2-(TfO)C¢H,]Se(O)OH (20).

Dehydrogenation reactions

PhSe(0)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].

NO, 0 NO, 0

o OMe 4 KIN(SiMe,),] o

2.PhSe(0)CI (21)

OMe

Figure 3.11: PhSe(0)Cl in dehydrogenation of nitroalkenes.

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 H,0,, 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 a-
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 3.12: Heterocyclic seleninate esters and spirodioxyselenuranes used as catalysts in

H,0,-based oxidation processes.
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Figure 3.13: Oxidation reactions catalyzed by the heterocyclic compound 23f.

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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Figure 3.14: Catalytic mechanism in the oxidation of thiols to disulfides with compounds
22 or 26 as catalysts.

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 H,0,. 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(lV) 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 f-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’
CHCH,SePy with Dess—Martin periodinane (i.e. intermediates 28 and 29), followed by
PySeOH (30) elimination (Figure 3.15) [40].

(PySe), R R
R PMe;” R DMP OAc  aq. NaHCO, R

R OH R Sepy R SePy R'  SePy _pySeOH

R
AcO 0 30

28 29

Figure 3.15: Dehydration of primary alcohols to alkenes, based on the oxidation of 2-pyridylseleno
derivatives.

Franck and Outurquin investigated the oxidation of several selenenylated dihydro-
pyrans with H,0, in a two-steps process, in mild conditions (H,0, 35 % in water and
CH,Cl, 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).

R = Et, "Bu, 'Bu o O or
R!= Me, Ph, RZ=H

RZ 0 OR RZ O 1
H,0, OR H,0, R o
PhSe PhSe R=Et,R'=Ph, g O Qft 0
R! o R R? = Me + Me
31 Rl Rl

Figure 3.16: Oxidation of selenenylated dihydropyrans via ring contraction.

0 Ph (0] Ph HOOC Ph
H,0, H,0,
PhSe PhSe HOOC
Me 0 Me Me
32

Figure 3.17: Oxidation of selenenylated dihydropyrans via C=C bond cleavage.
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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 R? substituent makes the difference between mechanisms A
and B (Figure 3.18). For R?>=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.

2
R 0 OR o R 0 OR o HO O OR HO O OR
0 5 HO
= -PhSeOH
Phse 31 Phse R Phse 2 R
0 R! 0 R o R H,0, R!
R’=Me PhSeOOH Baeyer-
R'=Ph,R=Et 31b 19 Villiger
mechanism B ® 0]
© 0o Of . Ho
Me 0 ot ) R!=H, Me, Ph, 4-Me0-C4H, OR
PhSe Me R3 R=Et, "Bu, 'Bu 0
o PhSe mechanism A o
Ph 0 Ph R!
-elim. -
B Ph;eOH HCOOH
) 0
)
0 0 ®
OFt 0
Me Me o O or_ 0 O or 0 OR
-EtOH
Ph Ph " " "

Figure 3.18: Proposed mechanisms based on ring contraction for the oxidation of selenenylated
dihydropyrans.

For R>=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 S-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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Figure 3.19: Proposed mechanism based on C=C bond cleavage in the oxidation of selenenylated
dihydropyrans.
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Figure 3.20: Arylselenium(ll)-substituted derivatives of condensed polycyclic systems.

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.

Ar 0

©
0 o 9 o *
SeAr DSeAr Se
oxidation ’ \‘\O
- -ArSeOH
H |
33

34
Ar = Ph, 4-CF5CgH,, 4-MeCgH,, 4-MeOCH,

Figure 3.21: Mechanism of oxidative elimination of arylselenenic acid.

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-CF;C¢H,) stabilize aryl selenides towards oxi-
dation and electron-donating groups (4-MeOCg¢H,) 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(CH,),](2-NO,CcH,)Se with H,0, led to fluorescent
formyl- (n = 1) and vinyl- (n = 2) pyrene, respectively, by successive formation of
[pyrenyl(CH,),](CcH,NO,-2)Se=0 (35) and (2-O,NC¢H,)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].

0
Rl R3 Arse R3 Arse R i R
) R4 H.O R4 R4
4 + ArSeX Nu R 2 R!
R Nu Nu - ArSeOH Nu
R? R? R? R?
37

Figure 3.22: Arylselenium moiety oxidation and syn-elimination reactions resulting in optically active
species.

Hard nucleophiles such as piperidine and phenol were added to the electron-poor
double bond in a-(phenylseleninyl)sulfinyl and -sulfonyl alkenes [48]. The nucleo-
phile addition of piperidine to a racemic mixture of a-(phenylseleninyl)sulfinyl
alkenes resulted in diastereomeric mixture of unstable a-(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 0->Se interaction (Figure 3.23) [50]. (2)-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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Figure 3.23: Diorganoselenoxides in the synthesis of (alkynyl)(aryl)selenides.

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 CFsS hydroxylation of 1,1-multisubstitued
alkenes (Figure 3.24).

0 o SCF,
S OH
N N SCF cat., 0, / MeNO, / H,0
Ph Me 3 Ph Me
0

cat. = (4-MeOC¢H,),Se

Figure 3.24: Catalytic procedure for the synthesis of trifluoromethylthiolated tertiary alcohols
by hydroxylation of alkenes.



3.2 Organoselenium compounds =— 79

These types of transformations were performed with moderate to very high yields
in catalytic conditions based on a diaryl selenide/0,/MeNO, system which is involved
in a reversible redox cycle between Ar,Se and Ar,Se=0 (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].
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HZO/MENOZ H Me + Ph Me
SCF, H @ SCF,Tf0®
OH Se
-Ph Me Ar Ar
-TfOH

Figure 3.25: Proposed mechanism for the catalytic synthesis of trifluoromethylthiolated tertiary
alcohols.

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].

S SCF,

cat., 0,/MeNO R! Nu
Rl o NuH o+ N SCF, o 2 2
R? n
n=0,1 0 cat. = (4-MeOC¢H,),Se

n = 0; R'=H; R? = Ph; NuH = COOH, COOMe
n = 0; R! = CH,CH,Ph; R? = H; NuH = COOH
n=1; R'=H, R? = Ph; NuH = OH, NHTs

n =1; R' = CH,CH,Ph; R? = H; NuH = COOH

Figure 3.26: Intramolecular cyclization reactions.
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Hydroformylation reactions

Recently diarylselenoxides were used by Bérner 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)CI], complex
[53]. It was observed that Ph,Se=0 (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.

0
CO/H,, cat.
n n H
Cl
Ph Rh
cat. = Se=0
Ph 44

Figure 3.27: Ph,SeO as ligand in a rhodium catalyst for hydroformylation of olefins.

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, Ph,Se0,
(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 H,O, for oxidation of bromide to HOBr and Br, [54]. They
reported the homogeneous bromination of various organic substrates in a two
phase system (CH,Cl,/ phosphate buffer pH 6) with NaBr and H,0,, i.e. 4-pente-
noic acid and 2,2-diphenyl-4-pentenoic acid to the corresponding 4-bromomethyl
y-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 3.28: Diorganoselenoxides in oxidative bromination of organic substrates.

Various selenoxides of type RR’Se=0 (46), having no -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-(Me,NCH,)C¢H,](PhCH,)Se=0 (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 H,0, 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
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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].

Se Se Se
PO PO PO

49
P = Protecting group; B = Nucleoside base

Figure 3.29: Heterocyclic selenoxides in the synthesis of selenonucleosides.

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-2,3-0-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 S-stereoselectivity [58]a.

The selenosugar 50 led to a mixture of R and S diastereomers of the selenoxide
51in a 3:2 molar ratio, regardless which oxidizing reagent was used (nCPBA, ozone
or NalOQ,) and the two diastereomers could not be separated. Further treatment
of this mixture with trimethylsilyl trifluoromethanesulfonate and Et;N 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 CDCl;
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 3.30: Heterocyclic selenoxides in the synthesis of selenouridine.
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Figure 3.31: Heterocyclic selenoxides in the synthesis of the corresponding heterocyclic aldehydes.

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.

HO
OH
0
Se Se Se
SH s s ., + MO
OH
SH HO OH SH s HO OH
54 55 56

Figure 3.32: Redox behavior of the dihydroxyselenolane oxide 54 in the oxidation of thiols to disulfides.
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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.

Se Se Se

®.©
HO . OH NHP® NH,C,Hopyy & CI

Figure 3.33: Heterocyclic functionalized selenides evaluated as GPx mimics.

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 hiological 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].
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Figure 3.34: Diorganoselenodioxide 58 in functionalization reactions.

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

S~ @
SN« COOR

)

Ph
N__COOMe Z g7 cat, Hy)0

Ar
Se0,Ph

60

Figure 3.35: (Phenyl)(vinyl)selenone in the synthesis of 60.

Michael adducts based on (aryl)(vinyl)selenone and a-alkyl-a-nitroacetates were used
for the synthesis of a,a-disubstituted a-nitroacetates and quaternary a-amino acids
[65], while those based on methyl 2-isocyano-2-(4-methoxy-2-nitrophenyl)acetate were
employed in the synthesis of (z)-Trigonoliimine A and (z)-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 Cé’ 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][BF,] or [bdmim]
[BF,], offered good enantioselectivities, but only low yields, while in [bpy][NOs] the
addition proceeded with a 87 % vyield, but only 9% ee. Best results, i.e. high to
excellent yields (80-91%) and enantioselectivities (91-95%), were obtained in
[bpyl[BF,]. The enantioselectivity was enhanced also by the bifunctional chiral
organocatalyst which is capable to stereocontrol the final product in the reaction
with the activated a,B-unsaturated selenone [66].

PhO,Se
R R
Rl Ph Rl
0 + Se cat., rt 0
N 0 o [bpyl(BF,] N
Boc 57 61 Boc
RZ
N CF;
cat. = HS
N
N N H CF3

R = alkyl, aryl; R? = H, Me; R? = H, OH, OMe

Figure 3.36: Michael addition to (phenyl)(vinyl)selenone in the synthesis of 61.

y-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 3.37: Michael addition to (phenyl)(vinyl)selenone in the synthesis of 62.

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
a-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 a-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 3.38: Synthesis of functionalized cyclopropane via Michael addition to (phenyl)(2-substituted-
vinyl)selenone.

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].

0 0 [0} O H H (0] 0 0 O H H R!
Se R'NH,, H,0 Se o se . H0 se o
Ph Ph H Ph Ph
1 1 H R
63 R R " N R1 R NHR R N Hzo
R PhSe(0)OH
R = Ph, CH;3(CH,)s; R = alkyl, aryl 14

Figure 3.39: Synthesis of aziridines via Michael addition to (phenyl)(2-substituted-vinyl)selenones.

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 Brgnsted base-catalyzed Michael
addition of a-substituted a-isocyanoacetates to (phenyl)(vinyl)selenone and subsequent
Brgnsted 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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Figure 3.40: Reaction of (phenyl)(2-substituted-vinyl)selenones and 1,2-diols.

H OH 0 H
CN CO,Me, g, Ph base CN COaMe p+ o N COMe HN CO,Me
R 00 R R R
57
66 SeO,Ph 67 S€0sPh Se0,Ph
H,0
o o (PhSe0),0 THZO 2 PhSe(0)OH
Se 15 (Ar = Ph) 2 14
H
0 0 HO © 0
HN HN H*, H,0 N
¢8 R COMe R CO,Me R CO,Me
X -H,0 PhSeSePh H*
+
IPSROR 1h0  PhSelO)OH 4 MeOH
0 o MeO O MeO O
HN N HN
R CO,Me R CO,Me R CO,Me

Figure 3.41: Proposed mechanism for the synthesis of 1,3-oxazinan-2-ones.

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 Na,COs (yield 71%) (Figure 3.42) [77].

Indanone-based tert-butyl S-ketoesters with various substituents afforded the
desired products in shorter reaction times, with high yields and enantioselectivities,
while S-ketoesters with a cyclohexanone core could not be successfully used in such
transformations. The ‘Bu 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 S-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 a,-aminoester
motif, with adjacent tertiary and quaternary stereocenters (Figure 3.43) [78, 79].
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Figure 3.42: Catalytic Michael addition to (phenyl)(vinyl)selenone in the synthesis of spirolactones.
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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:

a,a-disubstituted y-lactams and spirolactams, starting from S-ketoamides, mal-
onylamides, or f-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(0)
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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Figure 3.44: Diorganoselenodioxide 70 as intermediate in the synthesis of 2-substituted
tetrahydropyrans.

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 a,B-carbo-difunctionalized piperidine and azepane derivatives by a regioselective
functionalization of a-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(ll) compounds

There are quite few studies related to the direct use of organotellurium(Il) com-
pounds containing a Te-0 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(0)],0 (72) in boiling acetic acid [86], while PhTeOSO,CcH,NO>-4 (73),
obtained in situ from Ph,Te, 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].

Ph,Te, + (4-0,NC4H,S0,),0,
PhTe HO

HO
[PhTe0S0,C4H,NO,-4] ! PhTe
0 73

Figure 3.45: Tellurocyclization of unsaturated carboxylic acids or alcohols by in situ prepared
PhTe0S0,C¢H,NO,-4 (73).

The phenyltellurium(Il) triflate, PhTeOTf (74), was reported as an efficient telluro-
philic activator for various organotellurium derivatives which, in the presence of
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aromatic compounds, afford the corresponding Friedel-Crafts reaction products [88].
Compound 74 was generated in situ from PhTeTe(Ph)Br, 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.

OMe 0O OMe
0 PhTeOTf
74 ph

.
Ph o TeMe vioo OMe MeO OMe

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.

The same effect was exhibited by compound 74 when used with other alkyltellur-
ium(II) substrates (e.g., MeTeCHMePh, ‘BuTePh) and nucleophiles (e.g., MeOC¢Hs,
1,3-Me,C¢H, 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(lV) 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(0)],0
(76), or mixed anhydrides, ArTe(0O)X [77, e.g., X=0OAc, O(0)CCF;3, 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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3.3.2.1.1 Reagents in organic synthesis

Oxidation reactions

Aryltellurinic anhydrides, [ArTe(0)],0 (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-ROC¢H,)Te(0)],0 [R=Me (78),"Bu (79), Ph (80)] and [(2-
naphthyl)Te(0)],0 (81). It was shown that, while the phenols as 2,5-‘Bu,C¢H;0H
and 3,5-'Bu,C¢H;0H were not oxidized in refluxing acetic acid, hydroquinones and
thiophenols were readily oxidized to the corresponding quinones (e.g., 2,5-'Bu,-1,4-
benzoquinone or 1,4-naphthoquinone) and disulfides [e.g., Ph,S, or (4-'Bu-2-
MeC¢Hs),S,]. 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-MeOC¢H,)Te(0)],0 (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-HOC¢H,)Te(0)],0
(82) and [(3-Me-4-HOC¢H,)Te(0)],0 (83), was reported. The research was focused
on the conversion of benzoin to benzil, PhC(0)C(O)Ph, 4-substituted benzyl alcohols
to corresponding benzaldehydes, PhSH to Ph,S,, triphenylphosphine to Ph;P=0 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].

(4-H,NCgH,),S,

PhC N Ph;P=0
4-H,NC4H,SH
PhC(S)NH, PhsP
MeO OMe
Ph,NC(S)NH 0
Ph,NC N NCSINH, Te =~ Te MeCHOHC(O)OMe . come
) 0 00
78
(PhNH),CS PhCH(OH)C(0)Ph
PhC(S)OMe 4-MeOCH,CH,OH
PhN=C=NPh 642 PhC CPh
00
PhC(0)OMe 4-MeOC¢H,CHO

Figure 3.47: Oxidation reactions using the aryltellurinic anhydride [(4-MeOCg¢H,)Te(0)],0 (78) as
stoichiometric oxidizing agent.

Although [(4-MeOCg¢H,)Te(0)],0 (78) does not generally react with the internal
alkynes, RC=CR’, the 1,2-diphenylethyne, PhC=CPh, was oxidized to benzil, PhC(0)
C(0)Ph, by equimolar amount of 78 and catalytic amount of H,SO, [94].
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Olefins were reported to be oxidized by [PhTe(0)],0 (72) in AcOH, under the
catalysis of H,SO,, 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(0)],0 (76) (vide supra), the
related mixed anhydrides PhTe(0)X [X=0Ac (84), O(0O)CCF; (85), OTf (86)] were
reported to act as mild oxidizing agents towards similar substrates, e.g., PhSH,
Ph;P, PhCH(OH)C(O)Ph, PhCH(OH)CO,Me, 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(0)],0 (76), and the mixed anhydrides, ArTe(0)X (77), were

also reported as versatile electrophiles useful in various organic transformations [3]c,

[3]1d, [90-92], as followings:

— acetoxytellurinylation of alkenes and cyclofunctionalization of hydroxyalkenes [97,
98]. [4-MeOC¢H,Te(0)],0 (78) reacted with allylbenzene, PhCH,CH=CH,, in boil-
ing acetic acid, to produce PhCH,CH(OAc)CH,Te(OAc),(C¢H,OMe-4) (87) rather
than vic-diacetate, the mixed anhydride 4-MeOCgH,Te(0O)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(0)],0 [Ar=4-MeOC¢H, (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 CHCl;, at room temperature,
using BF3-OEt; 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].

OAC  PhCH,CH=CH, / HO L~y

| AcOH Ar_ 0 Ar AcOH _
PhCH,CHCH,Te—Ar - AOH Te T|<|?/ O\/Te Ar
|
OAc  OAc 0 0 0
87 76

Figure 3.48: Acetoxytellurinylation of alkenes and cyclofunctionalization of hydroxyalkenes using
aryltellurinic anhydrides, [ArTe(0)],0 (76).

— 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=0Ac (84), O(0O)CCF; (85), OTf (86)], in CH,CI,
or CHCl;, in presence of excess of ethyl carbamate, H,NCO,Et, as a nucleophile.
The use of 84 or 85 required additional BF5-OEt,, while the reaction with 86
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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 % vyields) (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].

PhTe(0)X (84-86) / NHCO,Et NHCO,Et

X H,NCO,Et | N>H,-H,0 |
(@ ©/\ 22 PhCHCH,TePh —2 2 . PhCHCH,TePh

(b)

(o

90 O

1. PhTe(0)0(0)CCF; (85) / BF5-OEL, /
in refluxing CHCl3 O\/TePh
2. NoHy -H,0
N NHCO,E 0
CO,Et

PhTe(0)O(0)CCF; (85) / H,NCO,EL /

@ BF3-0Et, / CICH,CH,Cl, at reflux, 20 h <:I: >:
0

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.

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)
0(O)CCF; (85), in the presence of BF5-OEt,, 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 Brgnsted acid,
i. e. H,SO,. When terminal alkynes were used, the resulting addition products (E-
91 isomers) were found to isomerize thermally to the corresponding [(Z)-B-
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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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.

- one-pot conversion of allylsilanes to allylamines [105]. Different allylsilanes were
treated with PhTe(0)O(0)CCF; (85) in presence of BF5-OEt,, 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, y-substituted allylsilanes gave y-substi-
tuted allylamines with an arylamine, but generally a-substituted allylamines
with an alkylamine (Figure 3.51).

PhTe(0)O(0)CCF , (85) / BF;. 0,/ R AMNHy b CHeCH-CH NHAT
R-CH=CH-CH,SiMe, CICH,CH,CL, rt Te
Ph 0 AlkNH, R-CH-CH=CH,
92 NHAIK

Figure 3.51: Conversion of allylsilanes to allylamines via phenyltellurinylation.

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. CcHsCH,CH,Te(O)OH (94) and 4-MeOCcH,Te(O)OH (95), no
epoxidation being observed [106].



3.3 Organotellurium compounds =— 97

H,0,, cat. /
dioxane or ‘BuOH

cat.= p Te(O)OH
93

Figure 3.52: Copolymer-supported tellurinic acid (93) as catalyst for selective epoxidation of olefins
with H,0,.

Recently, several diaryl ditellurides (Figure 3.53), in catalytic amounts, were
reported to accelerate the oxidation of NaBr with H,0, to electrophilic bromine species
(HOBI/Br»), in buffered aqueous solution. The resulting “Br*” species prepared in situ
were trapped by a series of alkenoic acids and activated aryl compounds [107].

Me,N NMe,
( Te), ( Te),
x Te),
X =H, Cl, Me, F3C Me
OMe, NMe,
( Te), (Me Te),
FyC Me

Figure 3.53: Diaryl ditellurides used as additives in catalytic amounts for activation of H,0,.

The active catalysts were proved to be in fact the corresponding aryltellurinic acids,
ArTe(O)OH (75), generated in situ by the reaction of Ar,Te, with H,0, (Figure 3.54)
[107]. The unsubstituted phenyltellurinic acid, PhTe(O)OH (96), was found to be the
best catalyst (e.g., addition of Ph,Te, in 0.20 mol % relative to substrate promoted a
240-fold increase in the rate of oxidation of NaBr with H,0,, 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 Ar,Te; to the tellurinic
acid, ArTe(O)OH (75), (ii) the rate of reaction of H,O, and NaBr with the tellurinic acid,
and (iii) the rate of oxidation of the tellurinic acid 75 to the telluronic acid, ArTe(O),
(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].
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H,0 0 H,0 0 H.0 0

ATe, 27 Ar Te A Te 2 Ar Te OH
0
95 OH 98 OOH 97
Ar = 4-MeOC¢H,
Br® Bre
Organic Organic
substrate substrate

OH " NaBr / H,0, / ArTe(0)OH (75)
0 0 o

Br

Figure 3.54: Proposed mechanism for the diarylditelluride/aryltellurinic acid-catalyzed oxidation
of halides salts with H,0,.

The tellurinic anhydride [(4-MeOCgH,)Te(0)],0 (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-MeOCgH,)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.

0 0
Te H,0 0 0 (0]
0 Te 272 Te Te
0 0 00 0
99 100 101

Figure 3.55: Heterocyclic organotellurium(lV) compounds evaluated as GPx mimetics.

3.3.2.3 Diorganotelluroxides

The reactivity of diorganotelluroxides, R,TeO, differs considerably from that of the
lighter congeners R,SeO due to a higher polarity of the Te=0 double bond compared
to the corresponding Se=0 double bond.
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3.3.2.3.1 Reagents in organic synthesis

Diaryltelluroxides, Ar,TeO (102) (e.g., Ar=Ph, 4-MeOC¢H,, 4-Me,NC¢H,, 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-MeOCgH,),TeO (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% vyield, 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].

t =
0 Bu,C=0 ﬂ 0 0
Ph
OR' tBu,C=S RC(SINHR' H,N  NH,
E=S.5¢  pnc(por
(H,N),C=S
MeO OMe
O Phe)sR PhCH(OH)CH(OH)Ph 0
Ph OH Te Ph
SR 0 H
0
RO OH PhNHOH RsP=0
SMe 0 RSH
PhNO

RS-SR
0

Figure 3.56: Oxidation reactions using the telluroxide (4-MeOCgxH,),TeO (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 Ph,TeO
(104) but in 94 and 96 % yields by Mes,TeO (105) and Tip,TeO (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).

¥
RR'CHOH 0y
Ar,Te=0 ArpTe R H,o ArTe +RRC=0
102 0 &
107

Figure 3.57: Proposed mechanism for oxidation of alcohols to carbonyl compounds using diaryltel-
luroxides 102.

The bulky telluroxide Mes,TeO (105) converted 77 % of triphenylphosphine into
triphenylphosphine oxide after 2 h, in CHCl; at room temperature, while for
(4-MeOCg¢H,4),TeO (103) only 13 % vyield 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-MeOCgH,),TeO (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
CH.Cl,, CHC]; 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 (CH,Cl,,
CHCl;) thioamides and 1,3-diphenylthiourea were desulfurated to give nitriles or the



3.3 Organotellurium compounds — 101

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].

S
non-acidic non-acidic 0
ArC N solvent S PhHN  NHPh, solvent PhHN  NHPh
Ar NH, S

Ar acidic P Te OMe acidic  ppuN Ph
N solvent 0 PhHN  NH,,solvent

N 108 N

Ar s S NH

Figure 3.58: Solvent-dependent transformations of thioamides, 1,3-diphenylthiourea or 1-phe-
nylthiourea using polystyrene-bound (4-MeOC4H,),TeO (108).

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-Me,NC;oHg)],TeO (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-Me,NC;oHg)],TeNC(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-
Me,NC;0Hg)},Te(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 Ar,TeO (102) (Ar=Ph, 4-MeOC¢H,, 4-Me,NC¢H,, Mes)
seems to prevent similar reactions of these diaryltelluroxides with nitriles [115].

®
Te— Te N- ( ~Te(OH) o
_*+MeCEN HCL i c® + MeC(O)NH,
NMez NMez O NMe,

111

Figure 3.59: Conversion of acetonitrile into acetamide following its reaction with the hypervalent
telluroxide [1-(8-Me,;NCyoHe)],TeO (109).

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

Me Me
Me Me - Me Me -
PFg PFg
+ +
Me,N Te NMe, N Te NMe,
0 0
112 113

Figure 3.60: Examples of fluorescent tellurorosamine telluroxides.

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 CH,Cl, solution even at room temperature.
When unsymmetrical acetylenic dienophiles bearing an electron-withdrawing
group (EWG) (R*><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.

R3
0 R2
R2 * Te R2
R4 R3 R3
Te N
RN O R R RN R
14 115
Rl =Me; RZ="Bu, Ph
Rl=R2=Ph

Figure 3.61: Synthesis of polysubstituted pyridines from isotellurazole Te-oxides (114) and acetylenic
dienophiles.
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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-MeOCg¢H,),TeO (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 Ar,TeBr,
being then hydrolyzed to the telluroxide in the presence of aqueous base, thus
closing the catalytic cycle. The telluroxide 103, generated electrochemically from
(4-MeOCgH,),Te 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-MeOCg¢H,),Te reacted with the support-
ing electrolytes, i. e. [Bu,N]OAc or [Et,N]OTs, to give (4-MeOCg¢H,),Te(OAc), (116) and
(4-MeOC¢H,),Te(OTs), (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, Ar,TeO (102) (Ar=Ph, 4-
MeOC¢H,, 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 4045 °C in acetonitrile [122]. Best results for the oxidation of silanes to silanols
were achieved using the system Mes,Te / 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-
MeOC¢H,),Te and Ph,Te as a catalyst failed to afford acceptable yields of silanols [123].

1/230, Ar,Te0 A = (ArO)3P, R;SiH
hv 102
sensitizer
1/210, Ar,Te B = (Ar0);P=0, R;SiOH

Figure 3.62: Proposed catalytic cycle for aerobic Ar,Te-catalyzed oxidation of phosphite esters
to phosphates and of triorganosilanes to triorganosilanols, respectively.

The activation of H,0, in various oxidation processes of organic substrates, including
the oxidation of X~ (X = halogen) to X, or HOX [124], and thiols to disulfides [38]d,
[118, 125], was performed with diorganotellurides as pre-catalysts. The oxidation
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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 H,0,/*BuOOH, via the inter-
mediary formation of diorganotelluroxide [125]d. The antioxidant activity of the new
spirodiazatellurane (118) was evaluated in the transformation of PhCH,SH to
(PhCH,),S, 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.

0
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+PhCH,SH 0 18
-(PhCH,),S,
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H H
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H
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Figure 3.63: Proposed catalytic mechanism for the reduction of H,0, 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-MeOCgH,),Te [126] or the 9-mesityl-3,6-bis(dimethylamino)telluroxanthylium
hexafluorophosphate, a Te-thodamine-based chromophore [118]. In the first case the
active species was the telluroxide (4-MeOCgH,),TeO (103) in aprotic solvents, while in
organic solvents the oxidation occurred both through Ar,TeO and Ar,TeO, species (vide
infra subchapter 3.3) [126]. The bulky tellurorhodamine oxide 113 was the effective
species in the latter process [118].

The telluroxide (4-MeOC¢H,),TeO (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)
a,f-unsaturated ketones and 2,4-alkadienones through Claisen-Schmidt condensa-
tion [128]a, (ii) a,B-unsaturated nitriles through condensation of benzaldehydes and
activated nitriles [128]b, and (iii) a-cyano-a,B-unsaturated sulfones by condensation
of phenylsulfonylacetonitrile with aromatic aldehydes [128]c. In addition to 103,
several other diorganotelluroxides, i.e. Ar,TeO (Ar=Ph, Mes, 3-MeOCg¢H,,
4-Me,NCcH,) as well as the mixed-substituent species (4-MeOCgH,)(4-Me,NC¢H,)
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-HOC¢H,),TeO (121) and (3-Me-4-HOC¢H,),TeO
(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-MeOCgH,),TeO (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),
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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 H,0, 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.

OH o}
MeO OMe MeO OMe
H,0,, cat.
N NH 22 N N
X X X X
X = OMe, NMe,
tBu tBu
OH B
cat.= Y* C C C Te PF ¢
H H H OH
tBu t
Y=5,5e,Te Bu
123

Figure 3.64: Oxidation of leucodyes with H,0, using a dihydroxytellurane derivative as catalyst.

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 reported mechanism (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 3.65: Proposed catalytic cycle for diorganotelluride-catalyzed oxidation of halide salts with H,0,,

3.3.3 Organotellurium(Vl) compounds

Bis(4-methoxyphenyl)tellurone, (4-MeOCgH,),TeO, (124), was firstly used as a
mild oxidizing reagent by Cava and Engman to convert benzenethiol to diphenyl
disulfide (97 % vyield), hydroquinone to p-benzoquinone (39 % vyield) and ben-
zoin to benzil (89% vyield) [112]. In contrast to the related telluroxide
(4-MeOCgH,)>TeO (103), which was reported to be inert towards alcohols [110],
several benzylic alcohols were oxidized by tellurone 124 to the corresponding
aldehydes (70-80% vyield) [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-'PrsC¢H,),Te0, (125) [137]. This species was successfully employed in the
oxidation of various primary alcohols, including benzyl- and benzyl-substituted
alcohols, trans-PhCH=CHCH,OH, trans-2-dodecenol, PhCH,CH,CH,OH 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)CO,Me, 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-'Pr;0C¢H,),TeO (126) could not oxidize non-activated alcohols, even at
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high temperature [137]. Under similar conditions, the intramolecularly coordi-
nated tellurone [1-(8-Me,NC;0Hg)],TeO, (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 PhsP to PhsPO in refluxing CDCls,
with recovery of the corresponding telluride [137]. The oxidant behavior of the
1:1 adduct formed in the reaction of the aryltellurinic anhydride [(ArTe0),0],
and the diaryltellurone Ar,TeO,, i.e. [{(ArTeO),0},(Ar,Te0,),] (128, Ar=2,6-
diethylphenyl), was also evidenced by converting PhsP to Phs;PO, in CDCls at
room temperature, along with quantitative formation of Ar,Te, and Ar,Te,
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 Ar,TeO (100 % product for Ar=Ph,
4-MeOCgH,, Mes) or Ar,TeO / Ar,TeO, mixtures (Ar=2,4,6-Pr;C¢H,, 2,6-Et,CoHs,
2,6-Pr,C¢Hs, 2,6-Ph,C¢H;) 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, [Ar,Te*O07] [140]. The aerobic oxidation of thiols to disulfides was
successfully realized by using various diaryltellurides, Ar,Te (Ar=Ph, 4-MeOCgH,,
Mes, 2,4,6-Pr;C¢H,) 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-MeOC¢H,),Te and TPP or rose Bengal as sensitizers
(Figure 3.66).

Ar,Te / O,, hv, TPP S s
HS  (CHy, SH ° 10,

n=2,3 (CHy,

Figure 3.66: Aerobic oxidation of aliphatic dithiols to cyclic disulfides.

Detailed experimental studies based on (4-MeOCgH,),Te suggested that in aprotic
solvents the telluride is oxidized under photosensitized conditions to tellurone
(4-MeOCg¢H,),TeO, (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-MeOCgH,),TeO
(103) (Figure 3.67).
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0,, hv, TPP
Ar,Te Ar,Te0O,

2 RSH

R,S, + H,0 K

R,S, + H,0
2 RSH Ar,TeO

Ar = 4-MeOC¢H,, Mes, Tip
R = alkyl, aryl
(i) in protic solvent

Figure 3.67: Proposed catalytic cycle for aerobic Ar,Te-catalyzed oxidation of thiols to disulfides.

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-0O, E=0 (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,
‘BuOOH, H,0, or the 0,/MeNO, 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
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towards a green and sustainable chemistry, by using non-toxic solvents (water,
ionic liquids) and oxidizing agents (H,0,, O,), 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-Me,NC;oHg),TeO [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

"Bu normal-butyl

‘Bu tert-butyl

cat. catalyst

mCPBA meta-chloroperoxybenzoic acid
DHS®* dihydroxyselenolane oxide
DHS"™d 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 lonic Liquids
TBDPS tert-butyldiphenylsilyl

TIP 2,4,6-triisopropylphenyl

TIPDS 1,1,3,3-tetraisopropyldisiloxane
™S 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—N bond cleavage.
These aspects of Se—N and Te—-N chemistry will be illustrated with examples from the
reactions of the binary selenium nitride Se,N,, selenium—nitrogen halides [N(SeCl,),]"
(n = 1, 2), the synthons E(NSO), (E = Se, Te), chalcogen—nitrogen-silicon reagents,
chalcogen(IV) diimides RN=E=NR, the triimidotellurite dianion [Te(N‘Bu);]*>", chalco-
gen(II) amides and diamides E(NR,), (E = Se, Te; R = alkyl, SiMes), 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
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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 overview will start with a discussion of the applications of inorganic selenium—
nitrogen reagents commencing with binary selenium nitrides, notably Se,N,, followed
by sections on selenium- and tellurium—nitrogen halides, E(NSO), 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);]*" (E = Se, Te) and chalcogen diamides
E(NR,), (E = Se, Te; R = alkyl, SiMes).

4.2 Binary selenium-nitrogen and tellurium-nitrogen reagents

4.2.1 Neutral species

The quintessential sulfur—nitrogen cage molecule S,N, is a rich source of novel
sulfur—nitrogen chemistry [1, 8]. The selenium analogue Se,N, may be prepared in
several ways. One of these involves the reaction of (CH3CH,0),SeO with gaseous
ammonia in benzene; this procedure has been adapted for the preparation of
>N-enriched Se,”N,, by using stoichiometric amounts of >NHj; [12]. A second method
employs the treatment of selenium tetrahalides SeX, (X = Cl or Br) with ammonia at
elevated temperatures [13, 14]. A more convenient procedure involves the reaction of
(Me5Si),NLi with a mixture of selenium chlorides [eq. (4.1)]. Pure Se,N, 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(MesSi),NLi + 2Se,Cl, + 8SeCl, — 2Se,N, +24Me;SiCl + 12LiCl (4.1)

Caution: Dry Se,N, is an extremely dangerous material, which can explode at the
slightest provocation, e.g. when touched with a metal 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 (<500 mg) of Se,N,, and to wear appropriate protective
clothing [14, 15].

Despite its hazardous nature Se,N, 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 Se,N, with WClg in boiling
dichloromethane, which generates a complex of the monomeric chloroselenonitrene
(NSeCl) ligand, viz. dimeric [Cl,W(NSeCl)], [16]; the analogous molybdenum complex
is obtained from treatment of Se,N, with MoCl; [17]. The oxidation of Se,N,, with [Se,]
[AsFg], produces [SesN,|,[AsF¢], in high yield as an orange solid that can be
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[WCL,(NSeCD],

[Pd,Clg(-N,Se,)] ) (Se3N,)[AsFg],
V) ) (i)

Se,N,

(vi) ()]
(iii)
(AlBr3),(1-N,Se,) (SesN,)[AsFgl,

(SesN,Cly),

Figure 4.1: Preparation of Se—N compounds from Se,N,: (i) [Se,][AsFg],, (i) AsFs, (iii) Se,Cl,, (iv) AlBrs,
(v) [PPh,]5[Pd,Clg] and (vi) WCl,

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 [SesN,]**. The corresponding dication [SesN,**
is produced upon treatment of Se,N, with AsFs. The chlorinated dimer [Se;N-Cl], is
formed as an explosive, insoluble dark brown powder from the reaction of Se,Cl, with
Se,N, in dichloromethane [19].

A major goal in investigations of selenium—-nitrogen compounds has been the
generation of polymeric (SeN), [20], the selenium analogue of the well-known
polysulfur nitride (SN),. The latter is a conducting polymer with metallic proper-
ties, which is generated by the polymerization of S,N, formed by heating S,N, [1].
By contrast, the pyrolysis of Se,N, under vacuum at temperatures up to 220 °C
results in decomposition to elemental selenium and N, gas [20]. Although the
binary selenium nitride Se,N, has not been isolated, the reaction of Se,N, with
AlBr; in dibromomethane at room temperature generates the adduct [(AlBrs),(p-
Se,N,)], incorporating a bridging Se,N, ligand, as an air-sensitive yellow solid [21]
(Figure 4.1). Transition-metal complexes of Se,N, are found in the dianion [Pd,Clg
(1-Se;N,)]* formed in the high-temperature reaction of Se,N, with [Pd,Cl¢]* salts
in dichloromethane [22].

The reactions of Se,N, with transition-metal reagents have also been employed
to generate complexes of the chelating binary selenium-nitrogen anions, e.g. SesN-,
Se,N,>™ and its protonated derivative Se,N,H", via oxidative-addition reactions (Figure
4.2) [4]. For example, the combination of Se,N, with [PtCl,(PMe,Ph)], in boiling chloro-
form produces a mixture of [PtCl(Se;N)(PMe,Ph)] and [PtCI(Se,N,H)(PMe,Ph)]Cl, which
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Cl Se N PMe,Ph
Pt cr + Pt

Se
PhMe,P N se Se a

(0]
Se Se

N N N N

Se Se
(i)
Se N

Ph,P N
3 Se Ph,P N
Pt + Pt Pt

Se
PhsP Se Se N PPh,

Se

Figure 4.2: Oxidative-addition reactions of Se,N, with (i) [PtCl,(PMe,Ph)], in boiling CH,Cl, and
(i) Pt(PPhs)3 in CH,CL, at 23 °C.

were separated (in low yields) by chromatography [23, 24] (Figure 4.2). Complexes of the
N,Se chelating Se,N,>" dianion are also formed via the oxidative-addition of Se,N, to the
zerovalent platinum complex Pt(PPhjs); in dichloromethane. The monomeric com-
plex [Pt(Se,N,)(PPhs),] was characterized in solution by 3P NMR spectroscopy
while the solid-state structure of the dimer [Pt(Se,N,)(PPhs)],.CH,Cl,, which was
isolated in 30% yield, was determined by X-ray crystallography [25].

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

Unlike Se,N, (and S,N,) the only known tellurium nitride has the composition
TesN,, as expected for a tellurium(IV) nitride. A highly explosive yellow powder
identified as “TesN,” is obtained from the treatment of potassium triimidotellurite
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K,[Te(NH);] with an excess of ammonium nitrate in liquid ammonia [29]. The structure
of “TesN,” may involve a ps-nitrido bridging three tellurium(IV) centers of a TesN; ring
[30]. Support for this suggestion comes from the identification of this structural motif
in the tetra-adduct TegNg(TeCl,), in which the central feature is a dimer of TesN, [31].
The highly explosive nature of “TesN,” precludes synthetic applications.

4.2.2 Cations

The simple binary cations NS* and NS," are important reagents in sulfur—nitrogen
chemistry [1]. The selenium analogues NSe* and NSe," are unknown as isolated species.
However, the latter may be generated in situ from the acyclic cation N(SeCl)," upon
reduction with SnCl, (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 Se,N, in liquid ammonia behave as an in situ source of such anions.
Thus, Se,N, dissolves in liquid ammonia at high pressure (ca. 50 atm.) and reacts
with PtCl,(PMe,Ph), to give Pt(Se,N,)(PMe,Ph), [33]. It was observed, however, that
the ®N-labeled material Se,°N, can be recovered unchanged from such solutions
implying that Se,N, does not react with liquid ammonia. By contrast, liquid ammonia
solutions of SN, have been shown to contain binary S—-N anions such as cyclic S3N3~
and S,N5~ by N NMR spectroscopy [34].

Solutions of SeCl, in liquid ammonia provide a safer route to metal complexes of
the Se,N,” dianion than the reactions of Se,N, described in Section 4.1, as illustrated
by the example shown in eq. (4.2); the orange platinum complex [Pt(Se,N,)(DPPE)]
(DPPE = Ph,PCH,CH,PPh,) is isolated in 74% yield [35]. Presumably the Cl, 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(Se,N,)(PRs)-]
react with halogens to regenerate Se,N, [36].

[PtCl,(DPPE)] + 2SeCl, + 8NH; — [Pt(Se,N,)(DPPE)] +2CL, + 6NH,Cl  (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 [C1,SeNSeCl,]"
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
[SeCl5][AsF¢] with N(SiMe;);. When this reaction is carried out in CFCl; solution at 0 °C
the orange solid [(SeCl,),N][AsF] is produced in 83% yield [eq. (4.3)] [37]. The use of the
hexachloroantimonate [SeCls][SbCl¢] rather than the hexafluoroarsenate salt results in
loss of Cl, from the initial product to generate the [C1SeNSeCl]* cation as the orange
ShClg™ salt in 89% vield [38] [eq. (4.4)].

6(SeCl;][AsF¢] + 5N(SiMes); — 3[(SeCl,),N| [AsF¢] + 9MesSiF + 6Me;SiCl +3AsF; + N,
(4.3)

2[SeCls][SbClg) + N(SiMes); — [(SeCl),N][SbClg] + SbCls + Cl, +3MesSiCl  (4.4)

The reaction of [(SeCl),N][SbCls] with CF5C=CCF; and SnCl, in liquid SO, produces the
five-membered cationic ring CF;CSeNSeCCF;" as the colorless ShClg~ salt [39, 40]
(Figure 4.3) This transformation probably occurs via the intermediate formation of
NSe," (Section 4.2.2), which undergoes cycloaddition with the alkyne. The reduction of
the cyclic CF5CSeNSeCCF;" cation with sodium dithionite in liquid SO, occurs with the
loss of nitrogen to produce the cyclic diselenide CF;CSeSeCCFj; 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 7m-electron
radical CF;CSNSCCF; as a black-green liquid via a one-electron reduction [41].

N
0 Se Se
[N(SeCl),],[SbCly]
C C
FsC CF,
(i)
F3C Se  Se CF; Se Se
c c (iii)
C C
C C
FsC CF,
F3C Se Se CFs

Figure 4.3: Oxidative-addition of in situ-generated “NSe,*” to an alkyne: (i) excess SnCl,, CF3C=CCFs,
(ii) Na,S,0, and (iii) 0 °C, 7 d.
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Red crystals of the selenium-nitrogen chloride Se,NCl; 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
CH,(CI, the chlorine-rich product Se,NCl; is obtained as a pale pink powder in 94% yield
[43]. Under similar conditions the reaction of SeBr, with N(SiMe;); generates the explo-
sive bromo derivative Se,NBr; [43].

Reaction of Se,NCl; with the chloride-ion acceptor GaCl; produces the acyclic
[C1SeNSeCl]" cation (Figure 4.4(a)). The cyclic cation [SesN,Cl]* is formed as the ShClg~
salt upon treatment of Se,NCl; with antimony(III) chloride in CH,Cl, (Figure 4.4(b)); this
cation is also obtained, as the GaCl, salt in 50% yield, upon reduction of [C1SeNSeCl]*
with triphenylantimony in dichloromethane [44, 45].

@
N
c
S S Se Se
€ N e +GaCly [GaCl,]
cl c a dl
(b)
ol
cl
CH,Cl, Se Se
2 Se Se +2ShClg [SbClg] + (SeCl3™) [SbClgT]
Cl N Cl N N
Cl cl
Se

Figure 4.4: Formation of (a) acyclic [CISeNSeCl]* and (b) cyclic [SesN,Cl]* cations from selenium—
nitrogen chlorides and Lewis acids.

There are no tellurium analogues of the selenium-nitrogen halides Se,NCl, (x = 3, 5).
Instead the reaction of N(SiMes); with tellurium tetrachloride in a 1:2 molar ratio in
CH,Cl, followed by treatment of the white precipitate with AsFs produces the Te,N,Clg**
dication as the AsF4~ salt [45]. This dication is formally a dimer of the hypothetical
tellurium(IV) imide [Cl;Te-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(‘Bu)Se],Cl (n = 1-3) have been isolated from the cyclocondensation reac-
tions of tert-butylamine with SeCl, 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
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(Figure 4.5). The bifunctional reagents ClSe[N(*Bu)Se],Cl (n = 1-3) are potential syn-
thons for the incorporation of other main-group elements into Se—N rings.

‘Bu Se Bu
N N
ce S +2 (‘BuNH;)Cl
®
Bu Se Bu N
N N ¢
+3'BuNH, Bu
Se Se (i
c c ) Bu Se Bu
N
+2 (‘BuNH5)Cl + 1/2 'BUN=N'Bu
Se Se

Figure 4.5: Formation of cyclic selenium imides from reactions of ClSe[N("Bu)Se],Cl with 'BuNH,via
(i) nucleophilic substitution or (ii) reduction.

Imidoselenium(IV) dihalides of the type RNSeCl, are either unknown (R = alkyl, aryl)
or thermally unstable yellow liquids RgNSeCl, (Rg = CF; or C,F5); the latter decompose
at ambient temperature with the formation of the diazene RgN = NRr and a mixture of
selenium chlorides [47]. By contrast, the tellurium analogues ‘BuNTeX, (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 ‘BuNTe(pu-N'Bu),TeN‘Bu
in THF at 23 °C [eq. (4.5)] [48]. The halide exchange between [CL,Te(u-N'Bu),TeCL],
and trimethylsilyl bromide provides a cleaner route to the corresponding bromide.

‘BuNTe (i -~ N‘Bu),TeN‘Bu + 2TeX; — 4/n[X;Te(u—N'Bu),TeX,|, (X = Cl, Br)
(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[ClTe(u - N'Bu),TeCl,],+ 4KO'Bu — (‘BuO),Te(u—N'Bu),Te(0'Bu), + 4KCl
(4.6)

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

Bis(sulfinylamino)chalcogenanes E(NSO), (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),
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is 69% when the reaction is conducted in CH,Cl, [49, 50]. Although SeCl,, 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].

2Me;SiNSO + Se,Cl, — Se(NSO), + 1/8Seg + 2Me;SiCl 4.7)

There are a number of synthetic routes to the tellurium analogue Te(NSO),. The
recommended procedure involves the reaction of Te(SCF5), with Hg(NSO), in CS, at
50 °C for 5 days in the absence of light [eq. (4.8)] [52]. The sparingly soluble solid is
isolated in 60% vyield after sublimation. The unusual use of photolytically sensitive
Te(SCF;), as a source of tellurium(II) in this synthesis probably reflects the instability
of tellurium(II) dihalides TeX, (X = Cl, Br).

Te(SCF;), + Hg(NSO), — Te(NSO), + Hg(SCF3), (4.8)

Bis(sulfinylamino)chalcogenanes E(NSO), (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 SO, to give the corresponding
acyclic sulfur(IV) diimide RN = S = NR [1]. In the case of Se(NSO),, this process gives
rise to heterocyclic compounds containing different chalcogens. For example, the
reaction of Se(NSO), with TiCl, produces the highly insoluble yellow adduct
SeSN,eTiCl, (Figure 4.6), which is assumed to have a polymeric structure with
bridging four-membered SeSN, rings [50]. By contrast, reactions with the oxidizing
Lewis acids MFs (M = As, Sb) produce the dimeric cation [Se;SN,],** as [MFg]™ salts
[50]. A different type of behavior is observed with SeCl,, which yields the cations
[C1Se,SN,]* as the chloride salt [50]. The corresponding reactions with tellurium
tetrahalides TeX, (X = Cl, Br) generate X,TeSeSN,, a five-membered ring that
contains all three heavy chalcogens (Figure 4.6) [55].

In contrast to the behavior of Se(NSO),, the oxidation of the tellurium analogue
Te(NSO), with Cl, in CS, produces high yields of the tellurium(IV) derivative Cl,Te
(NSO),, which can also be obtained quantitatively by treatment of elemental tell-
urium with CINSO in CS, at 0 °C for 48 h [52]. C1,Te(NSO), undergoes SO, elimination
upon reaction with Cl, to form the dinuclear complex Cl,Te(p-Cl)(p-Cl)(u-NSN)TeCl,
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 Me;SiNSeNSiMe; (Section 4.7) has lim-
ited the application of this reagent. It can be prepared by the reaction of (Me;Si),NLi with
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Figure 4.6: Formation of mixed-chalcogen heterocycles from Se(NSO), and Lewis acids: (i) TiCl,,
(i) MF5 (M = As, Sb), (iii) SeCl, and (iv) TeX, (X = Cl, Br).
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Figure 4.7: SO, elimination reactions of Cl,Te(NS0Q),: (i) Excess Cl,, CS, and (ii) 95 °C, 12 h.

SeOCl, in pentane [56] or diethyl ether [57]. Reaction of in situ-generated
Me;SiNSeNSiMe; with acyclic [(NPPh,C1),|Cl produces the six-membered ring (Ph,PN),
(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),NSeN(SiMes), is thermally more stable and, hence, represents a more useful
reagent in Se-N chemistry. The reaction of LiN(SiMes), with Se,Cl, in a 2:1 molar ratio in
n-hexane at -78 °C produces this monoselenide as yellow crystals in 75% yield [eq. (4.9)]
[58]. In a subsequent investigation of the same reaction, the diselenide (Me;Si),NSeSeN
(SiMes), was isolated as a yellow oil in 19% yield, in addition to the monoselenide
(Me5Si),NSeN(SiMe;), (64%) [59]. The triselenide (Me;Si),NSeSeSeN(SiMes), is the major
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Figure 4.8: Generation of a P,N3;Se heterocycle from Me;SiNSeNSiMes,

product of the reaction of (Me;Si),NH with Se,Cl, in a 2:1 molar ratio in CH,Cl, at 0°C;
however, the triselenide could not be separated in pure form from the co-formed di- and
tetra-selenides [59]

2LiN(SiMe;s), + Se;Cl, — Se[N(SiMes),], + 1/8Seg+ 2LiCl (4.9)

The easily handled reagent (Me;Si),NSeN(SiMes), reacts with SeCl, to produce pure
Se,N, in 71% yield [15], but the method depicted in eq. (4.1) is the preferred route to this
explosive material. An extension of this methodology to the reaction of (Me;Si),NSeN
(SiMej3), with a mixture of SCl, and SO,Cl, in a 1:1:1 molar ratio produced good yields of
the mixed-chalcogen cage 1,5-Se,S,N,, as an insoluble red-brown powder accompanied
by small amounts of red selenium [60]. By contrast, a mixture of six-membered rings,
predominantly SeS;N,, is produced in the reaction of (Me;Si),NSN(SiMes), with a 3:1:1
mixture of S,Cl,, Se,Cl, and SeCl, [61].

The explosive black selenium-nitrogen chloride Se;N,Cl, is obtained in 95% or
89% vyields, respectively, by reaction of (Me;Si),NSeN(SiMes), with (a) a mixture of
SeCl, and Se,Cl, in a 4:1 molar ratio [eq. (4.10)] or (b) SeOCl, [19]; these reactions are
carried out in CH,Cl, at =78 °C. The related dimeric selenium-nitrogen chloride
(SesN,Cl), 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(SiMes), ], +4SeCl, + Se,Cl; — SesN,Cl, + 12Me;SiCl (4.10)
2Se[N(SiMes),], +2SeCl, + Se,Cl, — (SesN,Cl), + 8Me;SiCl (4.11)

The unsymmetrically substituted monoselenide (Me5Si)'BuNSeN‘Bu(SiMes) 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 Se,Cl, in n-hexane [62]. Treatment
of this monoselenide with SnCl, in a 1:2 molar ratio in dichloromethane pro