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a b s t r a c t

A survey of the crystallographic literature of tellurium(II)/(IV) 1,1-dithiolates (dithiocarbamate, xanthate,
dithiophosphate, or dithiophosphinate) is presented. Coordination numbers range from a low of three in
some organotellurium(II) 1,1-dithiolates to a high of eight in the binary tellurium(IV) dithiocarbamates.
The coordination geometries are rich and varied due to the stereochemical influence exerted by up to
two lone pairs of electrons and the penchant of tellurium to increase its coordination number by forming
secondary Te· · ·X interactions, where X = sulphur, halide, tellurium, oxygen, and, in one case, a � sys-
tem defined by a four-membered TeS2C chelate. Stereochemical roles of the lone pairs of electrons are
Supramolecular association
Secondary bonding

always evident in the tellurium(II) structures. By contrast, a stereochemical position is not always evi-
dent for the lone pair of electrons in the tellurium(IV) derivatives, in particular in circumstances where
the tellurium centre has a high coordination number. Supramolecular aggregation mediated by Te· · ·X
secondary interactions often leads to the formation of dimeric aggregates but sometimes to supramolec-
ular polymers, and rarely three-dimensional networks. Comparisons between closely related structures
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clearly indicate that the dithiocarbamate ligand is a more effective chelating ligand compared with the
other 1,1-dithiolate ligands covered in this survey. This difference in coordinating ability is clearly corre-
lated with the observation that non-dithiocarbamate structures are more likely to form high-dimensional

res.
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ever present. The criterion used to determine the “significance” of a
Te· · ·X interaction is simply based on the sum of the van der Waals
radii, as tabulated by Bondi [59], e.g. 2.06A for tellurium, 1.80A for
sulphur, etc.
supramolecular architectu

. Introduction

Metal 1,1-dithiolate compounds continue to attract signif-
cant attention owing to their many and varied applications
anging from agriculture, to medicine, and organic synthesis;
ee Fig. 1 for chemical structures of selected examples of 1,1-
ithiolate anions relevant to the present review. In agriculture,

prominent example is the continued use of the pesticide
ancozeb®, an ethylenebis(dithiocarbamate) containing man-

anese and zinc [1–3]. In medicine, the aldehyde dehydrogenase
nhibitor tetraethylthiuram disulfide (Disulfiram, Antabuse®), an
xidation product of the diethyldithiocarbamate anion, is still used
s a treatment for chronic alcoholism and, when co-administered
ith metals, as an anti-cancer agent [4–6]. In addition, there is an

ver increasing number of metal compounds being evaluated for
iological activity with gold [7–9] and bismuth [10] dithiocarba-
ates, in particular, attracting attention as potential anti-tumour

gents. The 1,1-dithiolate anions themselves may be used in organic
ynthesis [11–13]. Many of their metal compounds serve as highly
fficient precursors for metal sulphide nanoparticle generation
14–18]. The 1,1-dithiolate ligands are relatively easy to prepare
nd once made, many of their metal complexes are stable [19]. As
uch, and given the practical importance of metal 1,1-dithiolates,
rystallographic studies are a favoured mode of structural charac-
erisation [20–23]. Consequently, the relative ease of crystallisation
f metal dithiolate complexes has resulted in their being exploited
n the rapidly emerging field of crystal engineering, i.e. in the realm
f both transition metal [24–27] and main group element chemistry
28–33]. In a related theme and as an example of “data min-
ng”, the availability of a relatively large number of structures has
llowed structural correlations to be made whereby different types
f intermolecular interactions are investigated in closely related
tructures. Specifically, the prevalence of secondary bonding inter-
ctions operating in the crystal structures of main group element
ompounds has been investigated [34–37]. Secondary interactions
ave been long recognized as important in stabilising crystal struc-
ures, see the seminal discussions of Alcock [38,39], and in their
implest form may be regarded as solid-state Lewis acid (metal
entre)· · ·Lewis base (sulphur or other donor atom) interactions.
he aforementioned systematic surveys have shown that it is pos-
ible to control the formation of secondary interactions by varying
he steric bulk of organic groups, either/or in a remote substituent of
ligand or directly bound to the metal centre, as in organometal-

ic derivatives [34–37]. It is the determination of the prevalence
nd, when formed, the persistence of Te· · ·S secondary interactions
perating in the crystal structures of tellurium 1,1-dithiolates that
s one of two major motivations for the present survey of their
rystallographically determined structures.

In addition to comments on structural aspects of tellurium com-
ounds in the aforementioned reviews focussing on 1,1-dithiolate

igands [20–23], more generally, the structural chemistry of tel-
urium has been reviewed periodically over the years by Abel et al.
40], Sudha and Singh [41], with the latest comprehensive survey,
ppearing in 1994, by Haiduc et al. [42].

The complementary focus of this survey of tellurium 1,1-

ithiolate structures is a systematic investigation of the coordina-
ion environments in these molecules which may be influenced
y two lone pairs of electrons in the tellurium(II) structures or
ne lone pair in the case of tellurium(IV) species. The pivotal role
© 2009 Elsevier B.V. All rights reserved.

of stereochemically active lone pairs of electrons in rationalising
geometries is readily appreciated by the wide applicability of the
Valence Shell Electron Pair Repulsion (VSEPR) model for organic
molecules [43,44]. Stereochemically active lone pairs are also well
known to influence coordination geometries in main group ele-
ment compounds but in certain examples containing the heavier
atoms, it is well known that the lone pair can be stereochemically
inert [45–47]. This comes about as often greater coordination num-
bers are found in compounds of the heavier elements, meaning a
diminishing contribution of the s-orbital to the overall bonding.
An additional consequence of crowded coordination geometries is
that it can sometimes be difficult to definitely detect the influence
of a putative lone pair of electrons upon the molecular structure. A
useful concept relating to the detection of lone pairs in high coor-
dinate molecules involves considering the topological distribution
of donor atoms about the central atom [48]. Here, a holodirected
arrangement shows the ligand donor atoms to be distributed uni-
formly on the surface of sphere about the central donor which
contrasts a hemidirected distribution whereby an obvious gap is
apparent on the sphere that is ascribed to the presence of a lone
pair of electrons [48]. Systematic studies of the heavier main group
element compounds examining the influence of the lone pair of
electrons are probably most developed for lead(II) compounds
[49–51] with less attention been directed towards antimony(III)
[35,52–54] and bismuth [55,56]. The role of lone pairs of electrons
obviously has attracted considerable attention in tellurium struc-
tures [20–23,40–42] with the classic example of “stereochemical
inertness” for tellurium(IV) compounds found in the [TeCl6]2− salts
[57,58].

With varying oxidation states, chemical compositions, and the
putative influence of stereochemically active lone pairs, it is no sur-
prise that a wide variety of coordination geometries are possible
in the structures described herein. Table 1 summarises the more
frequently encountered coordination geometries, and their desig-
nations. Coordination geometries are analysed in terms of formal
covalent bonds along with the secondary Te· · ·X interactions, when-
Fig. 1. (I) Chemical structures for the (I) N,N′-dialkyl(aryl)dithiocarbamate
anion; (II) O-alkly(aryl)dithiocarbonate (xanthate) anion; (III) O,O′-
dialkyl(aryl)dithiophosphate anion; (IV) dialkyl(aryl)dithiophosphinate
anion.
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Table 1
Coordination geometries encountered in tellurium 1,1-dithiolate structures, and
their abbreviations.

Description Donor
atoms

Lone
pairs

Symbol

Distorted pseudo-tetrahedral 2 2 d �-t
Pseudo-trigonal bipyramid 3 2 �-trbp
Pseudo-trapezoidal bipyramid 4 2 �-tbp
Trapezoidal bipyramid 6 0 tbp
Distorted trapezoidal bipyramid 6 0 d tbp
Distorted pseudo-trapezoidal bipyramid 4 2 d �-tbp

Capped pseudo-trapezoidal bipyramida 5 2 c �-tbp
6 1

Pseudo-pentagonal bipyramida 5 2 �-pbp
6 1 �-pbp

Distorted pseudo-pentagonal bipyramida 5 2 d �-pbp
6 1

Highly distorted pseudo-pentagonal
bipyramida

5 2 hd �-pbp

Pentagonal bipyramid 7 0 pbp
Distorted pentagonal bipyramid 7 0 d pbp
Axially distorted pentagonal bipyramid 7 0 ad pbp
Bicapped pseudo-trapezoidal bipyramid 6 2 bc �-tbp
Capped pseudo-pentagonal bipyramid 7 1 c �-pbp
Capped pentagonal bipyramid 8 0 c pbp
Capped distorted pentagonal bipyramid 8 0 c d pbp

a The three coordination geometries are distinguished in the following manner:
i
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f one of the atoms deviates by less than 10◦ from the plane formed by the other four
onor atoms, then it is considered �-pbp, if the deviation is between 10◦ and 20◦ ,
he coordination geometry then is considered d �-pbp, if the deviation is greater
han 20◦ , it is considered hd �-pbp.

In this survey, the structural chemistry of the tellurium(II)
,1-dithiolates are described first followed by those of tel-

urium(IV). Within each division, binary compounds are discussed
rst, followed by ternary derivatives, usually containing one
r more halide (pseudo-halide) donors. Finally, organotel-
urium compounds are described in order of increasing number
f tellurium-bound organic substituents. All structural data
ere extracted from the Cambridge Crystallographic Data
entre [60]. Particularly relevant to the present survey are
he 1,1-dithiolate ligands shown in Fig. 1, namely (I) N,N′-
ialkyl(aryl)dithiocarbamate; (II) O-alkly(aryl)dithiocarbonate
xanthate); (III) O,O′-dialkyl(aryl)dithiophosphate; and (IV)
ialkyl(aryl)dithiophosphinate, as all of these form compounds
ith tellurium(II)/(IV) that have been crystallographically deter-
ined. Within each of the specified categories, the structures are

escribed in order of those containing (I), the most numerous, (II),
III) and finally, (IV), the least represented. When applicable, mixed
,1-dithiolate ligand structures are discussed at the conclusion of
ach category. All crystallographic illustrations are original and
ere drawn with the aid of DIAMOND programme [61] using

rbitrary spheres; hydrogen atoms are not illustrated to aid clarity.

. Tellurium(II) compounds

Tellurium(II) 1,1-dithiolates are less numerous that their tel-
urium(IV) counterparts but, arguably display a greater diversity of
oordination geometries and more varied supramolecular associ-
tion patterns. An obvious explanation for the greater disparity in
heir coordination environments is explained in terms of the pres-
nce of two lone pairs of electrons around the tellurium(II) centre
ather than one pair as for the tellurium(IV) structures.
.1. Binary tellurium(II) 1,1-dithiolates

Key structural features for the binary tellurium 1,1-dithiolate
ompounds (1)–(21) [48–65] are collected in Table 2; see
ion Chemistry Reviews 254 (2010) 46–76

Supplementary Table S1 for a compilation of selected geometric
parameters.

In the structures of the known binary dithiocarbamates, the
immediate geometry about the tellurium(II) centre is defined by
two asymmetrically coordinating ligands: the Te–S bond distances
fall into two well-separated ranges, i.e. Te–Sshort of 2.50–2.56 Å
and Te–Slong of 2.79–2.90 Å. The angles subtended at the central
tellurium atom by the more tightly held sulphur atoms of approx-
imately 80◦ are significantly narrower than 145◦, defined by the
two more loosely attached sulphur atoms. As the longer distances
lie to one side of the essentially planar TeS4 arrangement, the
coordination geometry may to a first approximation be described
as planar trapezoidal (pt). When the lone pairs above and below
the TeS4 plane are considered, the geometry is best described as
pseudo-trapezoidal bipyramidal (�-tbp), with the lone pairs ori-
entated over the weaker Te–Slong bonds. It turns out that this
isolated �-tbp geometry occurs in only one example, namely for
Te[S2CNCy2]2 (8) [69], illustrated in Fig. 2a, as the other examples
form secondary interactions to increase the coordination around
the tellurium atom.

Most of the binary tellurium(II) dithiocarbamates, i.e. six out
of the eight available structures, adopt a dimeric motif in their
solid-state structures, as illustrated for Te[S2CN(i-Pr)2]2 (7) [68]
in Fig. 2b. Dimers are held together by a pair of secondary Te· · ·S
contacts, 3.50–3.68 Å, which occur between centrosymmetrically
related molecules. The close approach of a neighbouring sulphur
atom increases the coordination number and leads to an essen-
tially planar TeS5 arrangement. When included in the coordination
sphere, the coordination geometry is based on a pentagonal bipyra-
mid, with the lone pairs of electrons normal to, and above and
below the TeS5 pentagonal plane, and is designated �-pbp (Table 1).
Variations in the assigned coordination geometry for these sys-
tems relate to the relative disposition of the molecules comprising
the dimer. Whereas in Fig. 2b, the two molecules lie in the same
plane, as also occurs in (3) [64] and (7) [68], in the crystal struc-
tures of (4)–(6) [65–67], this is not so as seen from Fig. 2c for
Te[S2CN(CH2)5]2 (5) [66]. Accordingly, the coordination geometry
found in (4)–(6) is defined as highly distorted pseudo-pentagonal
bipyramid (hd �-pbp); see footnote to Table 1 for quantification
of “degrees of distortion”. The remaining binary dithiocarbamate
structure, Te[S2CN(CH2CH2OH)2]2 (3) [64], while having similar
coordination geometry to the majority of structures in this cate-
gory, i.e. d �-pbp, associates into a supramolecular chain generated
by a crystallographic 21 screw axis, Fig. 2d. When viewed down
the 21 axis, Fig. 2e, the polymeric chain has the appearance of the
dimeric motif, Fig. 2b, but this is deceptive as successive molecules
in the chain are, from symmetry, approximately orthogonal.

While the lack of association in the structure of (8) [69] is corre-
lated with the steric bulk of the nitrogen-bound cyclohexyl groups
which preclude the close approach of neighbouring sulphur atoms,
as discussed for related 1,1-dithiolate systems [34–37], the reason
for the adoption of the observed motif for (3) [64] is not readily
apparent. The n-propyl derivative (6) [67], also with three non-
hydrogen atoms in each nitrogen-bound substituent, adopts the
common dimeric motif. While it might be supposed that the pres-
ence of hydrogen-bonding functionality in the terminal CH2CH2OH
groups is responsible for the different supramolecular motif, sub-
sequent structures to be described herein do not reveal a similar
influence.

In the binary tellurium(II) xanthates, monomeric structures and
geometric features akin to that illustrated in Fig. 2a are found for

(13) [74] and (16) [69], an observation correlated with the steric
bulk of the R groups [34–37], and dimeric motifs similar to that
seen in Fig. 2b are adopted by (9) [70] as well as for each of
polymorphic (10) [71] and (11) [72]. The three remaining struc-
tures adopt chain motifs, with that found for (12) [73] resembling
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Table 2
Key structural data for binary(II) 1,1-dithiolate structures.

No. Compound Motif CN geometrya Ref. No. Compound Motif CN geometrya Ref.

Dithiocarbamate Xanthate
(1) Te(S2CNEt2)2 Dimer (0-D) �-pbp [62] (9) Te(S2COMe)2 Dimer (0-D) d �-pbp [70]
(2) Te[S2CN(CH2)4]2

b Dimer (0-D) hd �-pbp [63] (10) Te(S2COEt)2
e Dimer (0-D) �-pbp [71]

(3) Te[S2CN(CH2CH2OH)2]2 1-D d �-pbp [64] (11) Te(S2COEt)2
f ,g Dimer (0-D) �-pbp [72]

(4) Te[S2CN(CH2CH2)2O]2
c Dimer (0-D) hd �-pbp [65] (12) Te[S2CO(n-Pr)2]2 1-D d �-pbp [73]

(5) Te[S2CN(CH2)5]2
d Dimer (0-D) hd �-pbp [66] (13) Te[S2CO(i-Pr)2]2

g 1-D �-tbp [74]
(6) Te[S2CN(n-Pr)2]2 Dimer (0-D) hd �-pbp [67] (14) Te[S2CO(i-Bu)]2 1-D d �-pbp [69]
(7) Te[S2CN(i-Pr)2]2 Dimer (0-D) �-pbp [68] (15) Te(S2COCH2CH2CMe3)2 1-D bc �-tbp [73]
(8) Te(S2CNCy2)2 0-D �-tbp [69] (16) Te(S2COCH2Ph)2 0-D �-tbp [69]

Dithiophosphate Dithiophosphinate
(17) Te[S2P(OMe)2]2

h 2-D �-tbp [75] (19) Te(S2PPh2)2
g 1-D �-tbp [77]

(18) Te[S2P(OEt)2]2
i 3-D �-tbp [76] (20) Te(S2PPh2)2

g, j 1-D �-tbp [78]

Mixed dithiocarbamate/xanthate
(21) Te(S2CNEt2)(S2COEt) Dimer (0-D) �-tbp [79]

a See Table 1 for the abbreviations of the coordination geometries.
b The ligand is tetramethylenedithiocarbamate.
c The ligand is morpholinedithiocarbamate.
d The ligand is pentamethylenedithiocarbamate.
e Monoclinic form.
f Triclinic form.
g Two independent molecules in the asymmetric unit with the same CN geometry.
h
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The molecule has 2-fold symmetry.
i Three independent molecules with the same CN geometry.
j Benzene solvate.

ithiocarbamate (3) [64], Fig. 2d and e. The supramolecular chain
ound in (15) [73] is a variation of dithiocarbamate (3) [64] and
anthate (12) [73] in that that there are two secondary Te· · ·S
nteractions linking molecules, rather than one, Fig. 3a and b. A vari-
tion on the former occurs in (14) [69], Fig. 3c, whereby successive
olecules are inclined by approximately 30◦ as emphasised in the

iew down the polymer backbone, Fig. 3d. In terms of coordination
eometries, the xanthate structures resemble their dithiocarba-
ate analogues, with the exception of (15) [73] which features a

icapped �-tbp arrangement whereby the intermolecularly asso-
iated sulphur atoms occupy capping positions. However, in (15)
73], each of the Te· · ·S interactions are weaker and at the limits
f the van der Waals radii compared with those observed in the
ther binary xanthate structures, Table S1, again correlated with
he relative large size of the R substituents on the xanthate ligand
34–37].

There are two examples each of binary tellurium(II) dithio-
hosphates, i.e. (17) [75] and (18) [76], and dithiophosphinates
19) [77] and (20) [78]: all four structures display significant
upramolecular association in the solid-state owing to the propen-
ity of these 1,1-dithiolate ligands to bridge tellurium centres rather
han chelate a single atom. The immediate coordination geometry
n Te[S2P(OMe)2]2 (17) [75] is bent as both dithiophosphate lig-
nds are monodentate, Fig. 4a. However, each non-coordinating
ulphur atoms forms a bridge to a neighbouring tellurium centre
o as to form a two-dimensional grid comprising 16-membered
· · ·S–P–S–Te]4 rings. A more complicated situation is found in the
thyl derivative, Te[S2P(OEt)2]2 (18) [76], where three independent
olecules comprise the crystallographic asymmetric unit. In this

tructure, a similar bridging coordination mode as just described
or Te[S2P(OMe)2]2 is found for three of the six dithiophosphate
igands. Two ligands are strictly monodentate and for the sixth
ndependent ligand, one of the non-coordinating sulphur atoms
ridges two tellurium atoms (Table S1). A layer arrangement, as
llustrated in Fig. 4b is found but additional Te· · ·S interactions
onnect the layers into a three-dimensional array, Fig. 4c. The coor-
ination geometries for the tellurium atoms in the aforementioned
tructures is �-tbp, with the lone pairs of electrons projected to
ie over the weaker Te· · ·S interactions, Table 2. In summary, two-
and three-dimensional supramolecular aggregation patterns are
evident in (17) [75] and (18) [76] despite the fact that the only
chemical difference between the structures is found in the nature
of the oxygen-bound R groups, i.e. R = Me (17) and R = Et (18). Such
structural variations have precedents in the literature [34–37].

The supramolecular chains found in each of Te(S2PPh2)2 (19)
[77] and its 1:1 benzene solvate (20) [78] are quite distinct owing
to the prevalence of Te· · ·S secondary interactions in (19) [77] and
Te· · ·Te interactions in (20) [78]. In these structures, ditellurium
entities (see Table S1 for Te–Te bond distances) are linked by
two bidentate but asymmetrically coordinating dithiophosphinate
ligands with the coordination environment about each tellurium
atom in (19) [77] completed by an intermolecular Te· · ·S interac-
tion, resulting in a �-tbp geometry. The supramolecular chain thus
formed in (19) results from Te· · ·S interactions derived from both
dithiophosphinate ligands, Fig. 5a, see Fig. 5b for an end-on view.
By contrast, in (20) [78], the intermolecular interactions are of the
type Te· · ·Te (3.67 Å), see Fig. 5c. The supramolecular chain formed
in (20) is reinforced by Te· · ·S contacts of 3.79 and 3.88 Å, i.e. at the
margin of significance. The different modes of association between
the molecules in (19) [77] and (20) [78] results in significant kinking
in the chain formed in (20), Fig. 5d.

The structure of (20) [78] is the first example encountered
herein of a supramolecular structure stabilised by Te· · ·Te interac-
tions. While not nearly as frequent as Te· · ·S secondary interactions,
these are, Te–Te contacts feature in several more structures to
be described herein. According to the van der Waals criterion,
Te· · ·Te separations less than 2 × 2.06 Å need to be considered as
being significant [59]. However, often Te· · ·Te contacts less than
4.12 Å appear to occur as a consequence of one or more prominent
Te· · ·S secondary interactions. The literature contains relatively
few reports of Te· · ·Te interactions [80,81]. Separations of approx-
imately 2.75 Å indicate a Te–Te single bond while separations
less than 3.7 Å probably represent “significant” Te· · ·Te secondary

interactions. The nature of this type of interaction have been inves-
tigated theoretically and dispersion forces appear to dominate
[82,83].

The structures of (19) [77] and (20) [78] can be regarded as
supramolecular isomers [84] in that different modes of associa-
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Fig. 2. (a) Molecular structure of monomeric Te[S2CNCy2]2 (8) [69]; (b) supramolecular dimer mediated by two Te· · ·S contacts in the crystal structure of Te[S2CN(i-Pr)2]2
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7) [68]; (c) supramolecular dimer for Te[S2CN(CH2)5]2 (5) [66] viewed side-on show
ediated by Te· · ·S contacts leading to a chain in the crystal structure of Te[S2CN(

hown in (d) which deceptively resembles the dimeric aggregate observed in (b) bu

ion are found in the supramolecular aggregation patterns for the
ame chemical compositions; the benzene molecules in (20) do not
irectly participate in the formation of the supramolecular chains.
he important conclusion made from the observed structures of
19) [77] and (20) [78] is that Te· · ·S contacts may be subsumed by
e· · ·Te contacts and vice versa in that the supramolecular chain can
e sustained by either type of supramolecular synthon, and there-
ore, provide similar energies of stabilisation to their respective
rystal structures.

The final structure to be described in this category is that of the
ixed dithiocarbamate species, Te(S2CNEt2)(S2COEt) (21) [79]. The

olecular structure resembles those of the Te(S2CNEt2)2 (1) [62]

nd polymorphic Te(S2COEt)2 (10 [71] and 11 [72]) compounds in
erms of coordination geometry but adopts a distinct pattern of
upramolecular association, Fig. 6, i.e. a chain most closely resem-
ling that formed in the structure of Te[S2CN(CH2CH2OH)2]2 (3)
he off-set disposition of the interacting molecules; (d) supramolecular aggregation
2OH)2]2 (3) [64] and (e) projection down the axis of the supramolecular polymer

act represents molecules arranged orthogonally along the axis.

[64], Fig. 2d. It is salutary to compare the geometric parameters
for (21) [79] with those of (1) [62] and (10 [71] and 11 [72]),
Table S1. The Te–S bond distances formed by the dithiocarbamate
ligand contract in the mixed ligand compound and the Te–Sshort
distance formed by the xanthate ligand are elongated. It is also
noteworthy that it is a dithiocarbamate-sulphur atom that forms
the intermolecular Te· · ·S interaction. These results point to the
greater coordination potential of the dithiocarbamate ligand com-
pared with the xanthate ligand.

2.2. Mixed ligand tellurium(II) 1,1-dithiolates
Structure information for the mixed ligand tellurium(II)
1,1-dithiolates described herein are collated in Table 3. The
first two structures to be described in this category are
adducts, namely {[Te(S2CNEt2)2]2(4,4′-bipyridine)} (22) [85] and
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ig. 3. (a) Supramolecular chains in binary tellurium(II) xanthates mediated by Te
n average by two Te· · ·S interactions; (b) end-on view of the chain in (a); (c) somew
he chain in (c) showing the inclination of successive molecules.
Te(S2COEt2)2(4,4′-bipyridine)} (23) [86], with the former shown
n Fig. 7. Comparing the geometric parameters in these structures,
able S2, with those observed in the respective parent compounds,
.e. (1) [62] and (10 [71] and 11 [72]), shows a general elongation of

able 3
ey structural data for neutral mixed ligand tellurium(II) 1,1-dithiolate structures.

No. Compound Motif CN geometrya

Simple adducts
(22) {[Te(S2CNEt2)2]2 (4,4′-bipyridine)} Dimer (0-D) �-pbp
(23) {Te(S2COEt2)2 (4,4′-bipyridine)} Dimer (0-D) �-pbp

Adduct
(28) {[Te(S2CNEt2)2] [Te(S2CNEt2)SCN]} Dimer (0-D) �-pbp

a See Table 1 for the abbreviations of the coordination geometries.
ntacts: (a) in Te(S2COCH2CH2CMe3)2 (15) [73] in which molecules are connected
attened supramolecular chain in Te[S2CO(i-Bu)]2 (14) [69]; and (d) end-on view of
the Te–Sshort bond distances in the 4,4′-bipyridine adducts accom-
panied by a reduction in the Te–Slong bond distances. The TeNS4
coordination environments in (22) [85] and (23) [86] resemble the
�-pbp TeS5 geometries observed in the parent compounds in which

Ref. No. Compound Motif CN geometrya Ref.

Te(1,1-dithiolate)X
[85] (24) {Te(S2CNEt2)Cl}n 1-D �-pbp [87]
[86] (25) {Te(S2CNEt2)Br}n 1-D �-pbp [87]

(26) {Te(S2CNEt2)I}n 1-D �-pbp [88]
(27) {Te(S2COEt)Br}n 1-D �-pbp [89]

[90]
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he pyridine–nitrogen atom simply substitutes for the intramolec-
larly coordinated sulphur atom.

There are four structures available, (24)–(27) [87–89], where the
ubstitution of a 1,1-dithiolate by a halide has been accomplished,
.e. structures of general formula Te(1,1-dithiolate)X. Selected geo-

etric parameters are collected in Table S2 and a representative
tructure, namely {Te(S2CNEt2)I}n (26) [88], is shown in Fig. 8. In
ach structure, the halide atoms bridge tellurium centres form-
ng asymmetric Te–X distances, and the resulting polymeric chains
ach have a helical topology. For the homologous series of struc-
ures {Te(S2CNEt2)X}n, there is the expected elongation of the Te–X
istances, for X = Cl, Br and I. The degree of asymmetry in the bridg-

ng Te–X distances decreases in the same order, i.e. 0.42, 0.30 and
.17 Å. A search of the Cambridge Structure Database [60] was con-

ucted for structures containing Te–X bonds for X = Cl, Br and I, and
he average Te–X distances, Te–Xintra, calculated. These distances
ere compared with average intermolecular Te· · ·X separations

ess than the sum of the respective van der Waals radii, Te· · ·Xinter.

ig. 4. (a) Supramolecular association in binary tellurium(II) dithiophosphates media
· · ·S–P–S–Te]4 rings are connected into a two-dimensional array; (b) two-dimensional
b) to form a three-dimensional network with the layer shown in (b) highlighted. In (a) a
ion Chemistry Reviews 254 (2010) 46–76

The differences computed for [Te–Xintra − Te· · ·Xinter] calculated to
1.01, 0.95 and 0.82 Å for X = Cl, Br and I, respectively, in line with
the observations for (24)–(26) [87–89], Table S2. This trend is con-
sistent with the decreasing electronegativity differences between
tellurium and the respective halide. The coordination geometries
in (24)–(27) conform to �-pbp.

The final structure included in this category is an adduct
formed between Te(S2CNEt2)2 and Te(S2CNEt2)SCN, i.e.
{[Te(S2CNEt2)2][Te(S2CNEt2)SCN]} (28) [90], Fig. 9 and Table S2.
The dimeric aggregate is sustained by Te· · ·Te (3.22 Å) and Te· · ·S
interactions (Table S2). The Te–S bond distances within the
Te(S2CNEt2)2 component of (28) [90] are close to those found in
the parent compound (1), Table S1. The coordination geometry for
this atom is �-pbp based on the assumption that one lone pair

of electrons resides in the pentagonal plane. One of the apical
positions is occupied by the loosely associated tellurium atom with
the second lone pair of electrons being trans to this. The tellurium
coordination geometry in Te(S2CNEt2)SCN is distorted pentagonal

ted by Te· · ·S contacts: (a) in Te[S2P(OMe)2]2 (17) [75] in which 16-membered
array in Te[S2P(OEt)2]2 (18) [76]; and (c) connections between layers shown in

nd (b) the alkoxyl groups have been removed for reasons of clarity.
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Fig. 4.

ipyramidal (d �pbp) based on an approximately planar S4Te
onor set, with the lone pairs of electrons above and below the
entagonal plane.

.3. Ionic tellurium(II) 1,1-dithiolates

There is a series (29)–(35) [91–94] of charged species involving
ellurium(II) centres: these are described below and summarised
n Table 4; selected geometric parameters for these are collected in
able S3.

A regular planar TeS5 pentagon is found for the anion in
NEt4][Te(S2COEt)3] (29) [91] defined by two asymmetrically
helating xanthate ligands and a monodentate ligand. The anion
as a �-pbp coordination environment with the lone pairs above
nd below the TeS5 plane, and is illustrated in Fig. 10.

Binary species comprising dimeric and trimeric
ggregates are found in the structures of (a) dimeric

[Te(S2CNEt2)2][Te(S2CNEt2)3]}[ClO4] (30) [92] and (b) trimeric
[Te(S2CNEt2)2][Te(S2CNEt2)3]2}[PF6]2 (31) [92]. In (30), the
e(S2CNEt2)2 molecule has an immediate environment and com-
arable Te–S bond distances as found for the parent Te(S2CNEt2)2
ompound (1) [62], Table S1. The tellurium(IV) centre in the

able 4
ey structural data for ionic tellurium(II) 1,1-dithiolate structures.

No. Compound Motif CN geometrya Ref. N

Binary anions M
(29) [Te(S2COEt)3]−b 0-D �-pbp [91] (3
(30) {[Te(S2CNEt2)2][Te(S2CNEt2)3]}[ClO4] [92] (3

[Te(S2CNEt2)2] Dimer (0-D) �-pbp (3
[Te(S2CNEt2)3]+ c d pbp (3

(31) {[Te(S2CNEt2)2][Te(S2CNEt2)3]2}[PF6]2
c [92]

[Te(S2CNEt2)2] Trimer (0-D) �-pbp
[Te(S2CNEt2)3]+ Dimer (0-D) c d pbp

a See Table 1 for the abbreviations of the coordination geometries.
b The cation is tetraethylammonium.
c This trimeric structure has crystallographic 2-fold symmetry.
d The cation is 1,10-phenanthrolinium.
inued ).

[Te(S2CNEt2)3]+ cation is coordinated by six sulphur atoms that
define a distorted pentagonal pyramid. There is one Te· · ·S inter-
action linking these species and the connection between them is
reinforced by a significant Te· · ·Te contact of 3.35 Å, Fig. 11a. Taking
into consideration these additional interactions, the tellurium(II)
centre has a coordination environment, �-pbp, whereby one lone
pair of electrons occupies a position in the pentagonal plane
and the other a position opposite the Te· · ·Te interaction. The
tellurium(IV) centre is in a capped distorted pentagonal bipyra-
midal geometry (c d pbp) with the capping position occupied
by the sulphur derived from the tellurium(II) moiety. From the
foregoing, it is concluded that the lone pair of electrons on the
tellurium(IV) centre in (30) [92] does not occupy a well defined
position. The trimeric species (31) [92] has crystallographically
imposed 2-fold symmetry in which a Te(S2CNEt2)2 molecule is
sandwiched between two [Te(S2CNEt2)3]+ cations. As for (30)
[92], the Te(S2CNEt2)2 molecule in (31) [92] is essentially as

for (1) [62]. In the same way, the immediate geometries for the
[Te(S2CNEt2)3]+ cations are very similar in (30) and (31). There
is a single Te· · ·S secondary interaction between the neutral and
charged species, and this is reinforced by a Te· · ·Te contact of
3.39 Å, Fig. 11b. With these additional interactions, the coordina-

o. Compound Motif CN geometrya Ref.

ixed ligand salts
2) [Te(S2CNEt2)Br2]−d 0-D �-tbp [93]
3) [Te(S2CNEt2)I2]−b 0-D �-tbp [93]
4) [Te(S2CNEt2)I2]−d 0-D �-tbp [93]
5) {Te[S2CN(i-Pr)2]2I}[I]{Te[S2CN(i-Pr2)2]I} [94]

{Te[S2CN(i-Pr2)2]I} 1-D �-tbp
{Te[S2CN(i-Pr)2]2I}+ Dimer (0-D) �-pbp
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ion geometry for the central Te(S2CNEt2)2 molecule is �-pbp with
he Te–Te interactions above and below the trapezoidal plane. In
his description, the lone pairs of electrons occupy the relatively
arge void bordered by the Te–Te interactions and weaker Te–S
onds. The coordination geometry for the tellurium(IV) centre in
31) [92] is c d pbp with the capping position occupied by the by
he sulphur derived from the tellurium(II) moiety as described for
30) [92].

The next three structures have the general formula
M][Te(S2CNEt2)X2], (32)–(34) [93], with a representative exam-
le, i.e. [1,10-Phenanthrolinium][Te(S2CNEt2)Br2] (32) shown in
ig. 12; the structures of (33) and (34) closely resemble (32) [93].
he anion is four-coordinate, distorted trapezoidal, defined by a
helating dithiocarbamate ligand and two halides, with the lone
airs lying over the Te–X bonds. In each of the structures, the
horter Te–S bond distance is opposite the longer Te–X bond,

able S3. In terms of supramolecular interactions involving the
ellurium(II) centre, the anions may be considered as isolated,
here being no Te· · ·X interactions of note.

ig. 5. (a) Supramolecular chains in binary tellurium(II) dithiophosphinates mediated b
howing the inclination of successive molecules; (c) in Te(S2PPh2)2, characterised as a benz
y one dithiophosphinate ligand only; and (d) end-on view of the chain in (c).
ion Chemistry Reviews 254 (2010) 46–76

The next structure to be described, {Te[S2CN(i-
Pr)2]2I}[I]{Te[S2CN(i-Pr2)2]I} (35) [94], involves the interaction
between a neutral Te[S2CN(i-Pr2)2]I molecule, a cationic tel-
lurium(IV) species {Te[S2CN(i-Pr)2]2I}+ and iodide, Fig. 13. The
Te[S2CN(i-Pr2)2]I molecule forms a relatively longer bond with
iodide, i.e. 3.34 Å, which if included in the immediate environment
gives an TeS2I2 arrangement closely resembling the structures
of (32)–(34) [93]. However, there is a close Te· · ·Te contact of
3.54 Å to consider, giving rise to a �-pbp geometry akin to that
seen for the tellurium(II) centre in (30) [92]. The iodide also
forms a contact with the {Te[S2CN(i-Pr)2]2I}+ cation at 3.37 Å,
and therefore, structure (35) [94] is best represented with the
iodide as loosely bridging the tellurium-containing species. The
immediate geometry about the {Te[S2CN(i-Pr)2]2I}+ cation is
defined by two symmetrically chelating dithiocarbamate ligands
and an iodide. When the aforementioned Te· · ·I interaction along

with the Te· · ·Te contact are taken into account, the geometry
is described as pbp, with the lone pair being stereochemically
inert.

y Te· · ·S contacts: (a) in Te(S2PPh2)2 (19) [77]; (b) end-on view of the chain in (a)
ene solvate (20) [78], showing connections between successive molecules mediated
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dination geometry is based on �-tbp. In the sole example where
the organic substituent does not carry an additional donor atom,
i.e. (naphthyl)Te[S2CN(CH2)4] (40) [99], a distinct supramolecu-
lar aggregation pattern is observed. There are two independent
molecules comprising the asymmetric unit in (40) [99], each with
ig. 6. Supramolecular chain mediated by Te· · ·S contacts involving the dithiocar-
amate ligand in the crystal structure of Te(S2CNEt2)(S2COEt) (21) [79]. An analysis
f geometric parameters shows the dithiocarbamate ligand to be a more effective
igand than the xanthate in this compound.

.4. Organotellurium(II) 1,1-dithiolates

There is a fair representation of different supramolecular motifs
anging from monomeric, to a chain and up to a 2-D array, amongst
he 19 organotellurium(II) 1,1-dithiolates, (36)–(54) [63,95–106],
vailable for review. Key structural descriptors are collected in
able 5 and selected geometric parameters for these structures are

resented in Table S4.

Each of the four neutral organotellurium dithiocarbamates,
36)–(39) [95–98], features a nitrogen donor atom within the
rganic substituent and this forms a significant interaction to

ig. 7. Dimeric structure of {[Te(S2CNEt2)2]2(4,4′-bipyridine)} (22) [85]. The anal-
gous xanthate adopts a similar motif.
Fig. 8. Helical chain constructed about –Te–I–Te–I– bridges found in the structure
of {Te(S2CNEt2)I}n (26) [88], being representative of Te(1,1-dithiolate)X structures.

tellurium in each case. A representative structure, i.e. [2-(2-
pyridyl)phenyl]Te(S2CNMe2) (36) [95], is shown in Fig. 14a. The
tellurium atom is tri-coordinated by an asymmetrically coordi-
nating dithiocarbamate ligand, and effectively chelated by the
carbon- and nitrogen- atoms of the organic substituent. The coor-
Fig. 9. Dimeric aggregate mediated by Te· · ·S and Te· · ·Te interactions in the struc-
ture of {[Te(S2CNEt2)2][Te(S2CNEt2)SCN]} (28) [90].
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Table 5
Key structural data for organotellurium(II) 1,1-dithiolate structures.

No. Compound Motif CN geometrya Ref. No. Compound Motif CN geometrya Ref.

RTe(1,1-dithiolate)
Dithiocarbamate Xanthate
(36) R1Te(S2CNMe2)b 0-D �-tbp [95] (41) (p-EtOC6H4)Te(S2COMe) Double-chain (1-D) c �-tbp [100]
(37) R2Te(S2CNMe2)c 0-D �-tbp [96] (42) (p-MeOC6H4)Te(S2COEt) Double-chain (1-D) c �-tbp [101]
(38) R3Te(S2CNMe2)d,e 0-D �-tbp [97]
(39) R4Te(S2CNMe2)f 0-D �-tbp [98]
(40) (naphthyl)Te[S2CN(CH2)4]g Dimer (0-D) d �-tbp [99]

Dithiophosphate Dithiophosphinate
(43) R5Te[S2P(O-i-Pr)2]h 0-D �-trbp [102] (47) PhTe(S2PPh2)i 1-D �-trbp [105]
(44) (Mesityl)Te[S2P(O-i-Pr)2] 1-D �-trbp [103] (48) PhTe(S2PPh2)j 1-D �-trbp [106]
(45) (p-MeOC6H4)Te[S2P(OMe)2]e 2-D �-tbp [104] (49) (mesityl)Te(S2PPh2) 0-D d �-t [103]
(46) (p-EtOC6H4)Te[S2P(OMe)2] 2-D �-tbp [101] (50) R5Te(S2PMe2)h 0-D �-tbp [102]

(51) R5Te(S2PPh2)h 0-D �-trbp [101]

Ionic dithiocarbamates
(52) [caesium bis(15-crown-5)] {(CF3)Te[S2CN(CH2)4]2} 0-D �-pbp [63]
(53) Ph3P N PPh3]{(CF3)Te[S2CN(CH2)4]2} 0-D �-pbp [63]
(54) [Ph3P N PPh3]{(CF3)Te[S2CN(CH2)4]Cl} 0-D �-tbp [63]

a See Table 1 for the abbreviations of the coordination geometries.
b The R1 group is derived from 2-(2-pyridyl)phenyl.
c The R2 group is derived from 2-phenylazophenyl.
d The R3 group is derived from 2-(2-quinolinyl)phenyl.
e Two independent molecules in the asymmetric unit with the same CN geometry.
f The R4 group is derived from (N,N-dimethylamino)naphthyl.
g The compound crystallises as a hemi dichloromethane solvate.
h The R5 group is derived from 2-(dimethylaminomethyl)phenyl.
i Red form.
j Yellow form.
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Fig. 11. Supramolecular association via Te· · ·S and Te· · ·Te interac-

a similar arrangement is found for the ethoxy derivative, (46)
ig. 10. Molecular structure of the anion in the structure of [NEt4][Te(S2COEt)3]
29) [91], showing the pentagonal arrangement of five sulphur atoms around the
ellurium(II) centre.

distinct pattern of bonding interactions. The immediate geome-
ry in (40) is defined as for (36)–(39) [95–98] but in the absence
f Te· · ·N contacts, Te· · ·S interactions are noted in (40). For each
ellurium atom, a weak intramolecular Te· · ·S contact is formed to
omplete a pseudo-chelate. However, one of these weakly asso-
iated sulphur atoms also forms a rather strong Te–S interaction
3.04 Å) with a neighbouring tellurium centre to form a dimer
ggregate, Fig. 14b. Centrosymmetrically related dimeric associate
ia further Te· · ·S interactions (3.27 Å) to form a tetrameric aggre-
ate as illustrated in Fig. 14b. The coordination geometries for
oth independent tellurium atoms conform to a distorted pseudo-
rapezoidal bipyramid, d �-tbp, arrangement. By contrast to the
ero-dimensional structures observed for the organotellurium(II)
ithiocarbamates, the two known organotellurium(II) xanthates
ach adopt supramolecular chain motifs.

In (p-MeOC6H4)Te(S2COMe) (41) [100] and the ethyl analogue
42) [101], shown in Fig. 15, the xanthate ligand forms a bond to the
ellurium atom but forms a weaker bridge to a symmetry related
tom to form a one-dimensional chain. These chains are connected
nto a double-chain by secondary Te· · ·S interactions consolidated
y four-membered {· · ·Te· · ·S}2 synthons. In each of (40) [100] and
41) [101], weak Te· · ·O interactions are also noted, i.e. 3.25 and
.24 Å, respectively. When the Te· · ·O contact is included in the
oordination geometry, the arrangement is c �-tbp with the cap-
ing position occupied by the oxygen atoms and the lone pairs lying
ver the weakly bound sulphur atoms.

The greatest variety of structures in this category is
xhibited by the organotellurium(II) dithiophosphates,
43)–(46) [101–104]. A non-aggregated structure occurs in
2-(dimethylaminomethyl)phenyl]Te[S2P(O-i-Pr)2] (43) [102],
ig. 16a, where the tellurium(II) centre is coordinated by a mon-
dentate dithiophosphate ligand, and is chelated by the carbon and
itrogen atoms of the organic substituent. By contrast to the dithio-
arbamate structures, (36)–(40) [95–99], the non-coordinating
ulphur atom is directed away from the tellurium(II) centre so that
he coordination geometry is based on a T-shaped CNS donor set
ith the carbon being normal to the sulphur and nitrogen donor

toms within a distorted trigonal bipyramidal, �-trbp, arrange-
ent of electron pairs. Removing the potential donor atom from

he organic ligand releases a coordination site so that the once
endent sulphur atom in (43) [102], now bridges a neighbouring
ellurium atom as in the structure of (mesityl)Te[S2P(O-i-Pr)2]
44) [103], Fig. 16b. The donor set for each of the two independent
olecules is approximately T-shaped based on a CS2 donor set
ithin a �-trbp arrangement. The next two structures display

dditional secondary bonding in their structures to generate
wo-dimensional arrays, an observation that is correlated with
tions formed between neutral tellurium(II) Te(S2CNEt2)2 species and
tellurium(IV) [Te(S2CNEt2)3]+ cations in the structures of (a) dimeric
{[Te(S2CNEt2)2][Te(S2CNEt2)3]}[ClO4] (30) [92], which has crystallographic
2-fold symmetry; and (b) trimeric {[Te(S2CNEt2)2][Te(S2CNEt2)3]2}[PF6]2 (31) [92].

the reduced steric bulk associated with the tellurium-bound
organic group. In (p-MeOC6H4)Te[S2P(OMe)2] (45) [104], Fig. 16c,
the supramolecular chains described for (43) [102] are further
connected by Te· · ·O secondary interactions into a layer structure;
[101]. The coordination geometry is �-tbp.
There are five organotellurium(II) dithiophosphinate struc-

tures, (47)–(51) [101–103,105,106] and these vary from zero- to
one-dimensional. In each of the red (47) [105] and yellow (48)
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Fig. 14. (a) Molecular structure of [2-(2-pyridyl)phenyl]Te(S2CNMe2) (36) [95]
ig. 12. Molecular structure of the anion in the structure of [1,10-
henanthrolinium][Te(S2CNEt2)Br2] (32) [93], showing the trapezoidal Br2S2

rrangement and being representative of other [Te(S2CNEt2)X2]− structures.

106] (low-temperature) forms of PhTe(S2PPh2), supramolecular
hains are present in their crystal structures. These structures
xhibit thermochromism, are virtually identical and feature
ridges between tellurium(II) centres provided by only one of
he dithiophosphinate-sulphur atoms as shown in Fig. 17a for
hTe(S2PPh2) (47) [105]. Such a coordination pattern imparts a
ig-zag topology in the chain as opposed to the effectively linear
hains observed for related structures (see above). The coordina-
ion geometry is �-trbp in each case. When the steric profile of the
ellurium-bound organic substituent is increased by the inclusion
f mesityl, i.e. as in (mesityl)Te(S2PPh2) (49) [103], supramolecu-
ar association is precluded and a monomeric structure is observed

ith a bent geometry about tellurium, based on a distorted pseudo-
etrahedral arrangement, d �-t, of electron pairs. The remaining
wo structures, (50) [102] and (51) [101], carry nitrogen donor
toms in their tellurium-bound organic substituent which, akin to
he dithiocarbamate analogues, precludes intermolecular aggrega-
ion.

The remaining three tellurium(II) structures, (52)–(54) [63],
ach with dithiocarbamate ligands, are anionic species. Two struc-
ures are formulated as {(CF3)Te[S2CN(CH2)4]2}− anions, i.e. (52)
nd (53) [63], and each feature pentagonal planar CS4 donor set
eading to a �-pbp geometry, as illustrated in Fig. 18a for (52).

o supramolecular aggregation involving tellurium is noted in

hese structures. In (54) [63], one dithiocarbamate ligand has been
eplaced by a chloride, i.e. {(CF3)Te[S2CN(CH2)4]Cl}− shown in
ig. 18b, leading to a �-tbp geometry; no evidence for secondary
nteractions was found. The lack of supramolecular aggregation in

ig. 13. Supramolecular association via Te· · ·Te and Te· · ·I interactions
ormed between neutral tellurium(II) {Te[S2CN(i-Pr)2]2I}, the tellurium(IV)
Te(S2CNEt2)2I]+ cation and iodide in the structure of {Te[S2CN(i-
r)2]2I}[I]{Te[S2CN(i-Pr2)2]I} (35) [94].
showing the additional coordination provided by the heteroatom in the organic
substituent; this is representative of the other RTe(S2CNR2) structures where the
R group carries a nitrogen donor atom; (b) Supramolecular aggregation via Te· · ·S
interactions in (napthyl)Te[S2CN(CH2)4] (40) [99].

these species is readily correlated with the combined presence of
tellurium-bound organic substituents and chelating dithiocarba-
mate ligands giving rise to coordinative saturation.

3. Tellurium(IV) compounds

Tellurium(IV) is a reducing centre and 1,1-dithiolate ligands
can be readily oxidised, e.g. −S2CNEt2 to disulfiram, Et2NC( S)SSC
( S)NEt2, −S2COEt to dixanthogen, EtOC( S)SSC( S)COEt, and
−S2P(OEt)2 to (EtO)2P( S)SSP( S)(OEt)2, etc. [19]. Under these cir-
cumstances, the only binary 1,1-dithiolate compounds to have been
characterised with tellurium(IV) are those containing dithiocarba-
mate ligands which are renowned for their ability to stabilise high
oxidation states. Mixed ligand compounds, for example contain-
ing halides, are also restricted to dithiocarbamates although some
other 1,1-dithiolate ligands appear in mixed 1,1-dithiolate com-
pounds. The situation changes somewhat when organotellurium
compounds are considered where all 1,1-dithiolate ligands are
featured. More so than for the tellurium(II) examples, the stere-
ochemical activity of the lone pair of electrons is more problematic
in these systems.

3.1. Binary tellurium(IV) dithiocarbamates

A summary of the structural data for the binary tellurium(IV)

dithiocarbamates, (55)–(61) [63,107–112] is given in Table 6 and
selected geometric parameters are collected in Table S5; no other
binary tellurium(IV) 1,1-dithiolates have been structurally charac-
terised (see above). All structures, (55)–(61), conform to the same
basic structural motif as illustrated in Fig. 19 for (58) [110]. Two
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ig. 15. Supramolecular association via Te· · ·S interactions leading to a double-
hain in the structure of (p-EtOC6H4)Te(S2COMe) (41) [100]. Intramolecular Te· · ·O
nteractions are not shown for reasons of clarity.

f the structures have crystallographic 4̄ symmetry, i.e. (59) [63]
nd (60) [111], the tetragonal polymorph of Te(S2CNEt2)4 (56)
108] has 2-fold symmetry, whereas the orthorhombic polymorph
55) [107] features two independent molecules on the asymmet-
ic unit. In each structure, the dithiocarbamate ligands bind the
ellurium atom forming almost equidistant Te–S interactions (the
ange of Te–S in the seven independent molecules is 2.63–2.86 Å)
o that the tellurium centre is eight-coordinate. The coordination
eometry is highly distorted and does not conform to an easily
ecognisable geometry. While some authors have described the

eometry as being based on a square anti-prism, the two puta-
ive square faces in this description are highly buckled in each of
55)–(61) [63,107–112] to render this designation inappropriate.
sing the molecular structures of the binary tellurium(II) dithiocar-
amates as a starting point, a facile description of the coordination

able 6
ey structural data for binary tellurium(IV) dithiocarbamate structuresa.

No. Compound Motif Ref.

(55) Te(S2CNEt2)4
b,c 0-D [107]

(57) Te[S2CN(i-Pr)2]4 0-D [109]
(59) Te[S2CN(CH2Ph)2]4

f 0-D [63]
(61) Te[S2CN(CH2CH2)2O]4 0-D [112]

a Structures are described as two trapezoidal planar S4 units connected at the tellurium
he two TeS4 planes.

b Orthorhombic form.
c Two independent molecules in the asymmetric unit.
d Tetragonal form.
e The molecule has crystallographic 2-fold symmetry.
f The molecule has crystallographic 4-fold symmetry.
ion Chemistry Reviews 254 (2010) 46–76 59

geometries in (55)–(61) is one based on two trapezoidal planar S4
arrangements pivoted at the tellurium atom and inclined orthogo-
nally; this description is highlighted in the view shown in Fig. 19.
Whatever the ultimate designation of the coordination geometry,
it is concluded that the lone pair of electrons is stereochemically
inert in these eight-coordinate structures.

3.2. Mixed ligand tellurium(IV) dithiocarbamates

The structures under this heading each feature at least one
dithiocarbamate ligand and are separated into four categories
depending on the number of X = halide/pseudo-halide ligands
present. Table 7 summarises salient structural data and selected
geometric parameters are collected in Table S6.

The majority of structures in this section (62)–(69)
[111,113–119] have the general formula Te(dithiocarbamate)3X
and conform to the same structural motif based on a pentagonal
bipyramid of varying degrees of distortion as indicated in Table 7.
A representative structure for (62)–(68), namely Te(S2CNMe2)3Cl
(62) [113] is shown in Fig. 20a. The pentagonal plane is defined
by two symmetrically chelating dithiocarbamate ligands and a
sulphur atom of a dithiocarbamate ligand that spans both equa-
torial and axial positions. This latter ligand forms quite disparate
Te–S bond distances and forms the shortest and generally the
longest Te–S bond distances within each structure, see Table S6
for geometric parameters. The seventh position is occupied by
the halide/pseudo-halide donor atom. A variation on this theme
is seen in the structure of [Te(S2CNEt2)3][ClO4] (69) [119], shown
in Fig. 20b. The perchlorate anion in (69) forms two Te· · ·O
interactions, one a little shorter at 2.88 Å compared to 3.12 Å;
the coordination geometry is described as capped pentagonal
bipyramidal (c pbp). The distortion in (66) [117] is additionally
labelled with an “a” as the distortion occurs in the axial position
compared with the other structures where the distortion is in the
equatorial plane. In the foregoing descriptions of coordination
geometries, no stereochemical position is assigned to the lone
pair of electrons, consistent with the situation for the binary
tellurium(IV) dithiocarbamates.

Four structures conform to the general formula
Te(dithiocarbamate)2X2, i.e. (70)–(73) [120–123], and these
adopt two distinct motifs, Table 7. In each of (70) [120] and (71)
[121], represented in Fig. 21a, the pseudo-pentagonal bipyra-
midal coordination geometry is based on a S4X2 donor set with
the dithiocarbamate ligands coordinating symmetrically. The
pentagonal plane is defined by two sulphur atoms of a chelating
dithiocarbamate ligand, one sulphur atom of a dithiocarbamate

ligand that spans both equatorial and axial positions, a chloride,
and the lone pair of electrons. The axial positions are occupied
by a sulphur atom and the remaining chloride atom. Reducing
the steric bulk in (71) [121] by substituting the nitrogen-bound
iso-propyl groups by ethyl, allows the close approach of molecules

No. Compound Motif Ref.

(56) Te(S2CNEt2)4
d,e 0-D [108]

(58) Te[S2CN(CH2CH2OH)2]4 0-D [110]
(60) Te[S2CN(CH2CH2OH)Me]4

f 0-D [111]

atom and orientated orthogonally, the angle represents the dihedral angle between
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Fig. 16. Varying degrees of supramolecular association in organotellurium(II) dithiophosphate structures: (a) zero-dimensional [2-(dimethylaminomethyl)phenyl]Te[S2P(O-
i-Pr)2] (43) [102]; (b) one-dimensional in (mesityl)Te[S2P(O-i-Pr)2] (44) [103]; and (c) two-dimensional in (p-MeOC6H4)Te[S2P(OMe)2] (45) [104]. Supramolecular association
leading to chains in (44) and (45) is mediated by Te· · ·S secondary bonding. Additional Te· · ·O interactions in (45) lead to a layer structure.

Table 7
Key structural data for tellurium(IV) dithiocarbamate halide/pseudo-halide structures.

No. Compound Motif CN geometrya Ref. No. Compound Motif CN geometrya Ref.

Te(dithiocarbamate)3X Te(dithiocarbamate)X3

(62) Te(S2CNMe2)3Cl 0-D pbp [113] (74) Te(S2CNEt2)I3 1-D pbp [124]
(63) Te(S2CNEt2)3Cl 0-D pbp [114]
(64) Te[S2CN(CH2CH2OH)2]3Cl 0-D d pbp [115] [Te(dithiocarbamate)X4]−

(65) Te[S2CN(CH2CH2OH)2]3SCN 0-D d pbp [116] (75) [NEt4][Te(S2CNEt2)I4] 0-D �-pbp [125]
(66) Te[S2CN(CH2)5]3I 0-D ad pbp [117] (76) [Te(S2CNEt2)2Br][Te(S2CNEt2)Br4] [126]
(67) Te[S2CN(CH2CH2OH)Me]3Cl 0-D d pbp [118] [Te(S2CNEt2)2Br] Dimer

(0-D)
pbp

(68) Te[S2CN(CH2CH2OH)Me]3Br 0-D d pbp [111] [Te(S2CNEt2)Br4] �-pbp
(69) [Te(S2CNEt2)3][ClO4] 0-D c pbp [119]

Te(dithiocarbamate)2X2

(70) Te(S2CNEt2)2Cl2 0-D d �-pbp [120]
(71) Te[S2CN(i-Pr2)2]I2 0-D d �-pbp [121]
(72) [Te(S2CNEt2)2I2]2 Dimer

(0-D)
pbp [122]

(73) Te[S2CN(CH2CH2OH)2]2I2 Dimer
(0-D)

pbp [123]

a See Table 1 for the abbreviations of the coordination geometries.
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Fig. 17. Supramolecular association mediated by Te· · ·S secondary bonding in the
1-dimensional chain of PhTe(S2PPh2) (47) [105].

Fig. 18. Monomeric molecular structures of the anionic species in (a)
[caesium bis(15-crown-5)]{(CF3)Te[S2CN(CH2)4]2} (52) [63]; and (b)
[Ph3P N PPh3]{(CF3)Te[S2CN(CH2)4]Cl} (54) [63].
Fig. 19. Monomeric molecular structure of Te[S2CN(CH2CH2OH)2]4 (58) [110]; this
is representative of the binary tellurium(IV) dithiocarbamates.

and therefore self-association into centrosymmetric aggregates
via Te· · ·I secondary interactions in the structure of (72) [122],
Fig. 21b; a similar centrosymmetric dimer is found for (73) [123].
The coordination geometry is based on a pentagonal bipyramid
with sulphur atoms and the weakly associated iodide atom defin-
ing the pentagonal plane; the covalently bound iodide atoms
occupy axial positions.

There is only one example of a structure with the gen-
eral formula Te(dithiocarbamate)X3, i.e. Te(S2CNEt2)I3 (74) [124].
The reduction in the number of chelating ligands results in a
relatively coordinatively unsaturated tellurium centre that com-
pensates by forming two secondary Te· · ·I interactions resulting
in a supramolecular chain as shown in Fig. 22. The coordination
geometry is based on a pentagonal bipyramid with the chelat-
ing dithiocarbamate ligand, a covalently bound iodide and two
symmetry related iodide atoms defining the pentagonal plane.
The two remaining covalently bound iodide atoms occupy axial
positions. In this description, there is no obvious stereochemical
role for the lone pair of electrons, as concluded for the previous
two categories of Te(dithiocarbamate)4 and Te(dithiocarbamate)3X
structures described above.

There are two structures of the general formula
[Te(dithiocarbamate)X4]−, i.e. [NEt4][Te(S2CNEt2)I4] (75) [125]
and [Te(S2CNEt2)2Br][Te(S2CNEt2)Br4] (76) [126]. In (75) [125],
Fig. 23a, the anion is discrete and is coordinated symmetrically by
the dithiocarbamate ligand. The coordination geometry is pseudo-
pentagonal bipyramidal with the two sulphur atoms, two iodide
atoms and the lone pair occupying positions in the pentagonal
plane; the two remaining iodide atoms define the axial positions.

An almost identical geometry is found for the [Te(S2CNEt2)Br4]−

anion in (76) [126]. The cation, [Te(S2CNEt2)2Br]+, sees the tel-
lurium atom chelated by two dithiocarbamate ligands and its
immediate coordination geometry completed by the bromide
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is coordinated by three dithiocarbamate ligands as well as the
ig. 20. Monomeric molecular structures of representative Te(dithiocarbamate)3X
ompounds: (a) Te(S2CNMe2)3Cl (62) [113]; and (b) [Te(S2CNEt2)3][ClO4] (69) [119].

tom. The tellurium atom in the cation, associates with the anion
ia two secondary Te· · ·Br interactions, as illustrated in Fig. 23b,
o that the tellurium atom is surrounded by seven donor atoms
hat define a pentagonal bipyramid with no obvious role for the
one pair of electrons. The pentagonal plane is defined by two
ulphur atoms derived from one dithiocarbamate ligand, one
ithiocarbamate ligand derived from the sulphur atom spanning
quatorial and axial positions, and the two loosely associated
romide atoms; the axial positions are occupied by the sulphur
tom and the covalently bound bromide atom.

Despite the varying compositions of the tellurium(IV) dithio-
arbamates, there is significant homogeneity in their coordination
eometries. With the exception of the binary tellurium(IV) struc-
ures which uniformly adopt eight-coordinate geometries and for
hich the lone pair of electrons does not play an obvious stereo-

hemical role, the remaining structures, with only two exceptions,
.e. (70) [119] and (71) [121], adopt distorted pentagonal bipyra-

idal geometries. This is attained through the presence of seven
onor atoms, either intramolecularly or through a combination of

ntra- and inter-molecularly coordination. In these cases the lone
air of electrons is not ascribed a stereochemical position. Alterna-
ively, when there are not seven donors, the distorted pentagonal
ipyramidal arrangement is attained by six donor atoms, by some
ombination of intra- and inter-molecular coordination, and the
one pair of electrons occupies a stereochemical position, more

ften than not in the pentagonal plane. The emerging observa-
ion is that when there are seven or more donor atoms presented
o the tellurium centre, steric crowding presumably precludes the
one pair of electrons from exerting a stereochemical role. In cases
Fig. 21. Structural motifs for Te(dithiocarbamate)2X2 compounds: (a) monomeric
Te[S2CN(i-Pr2)2]I2 (71) [121]; and (b) dimeric [Te(S2CNEt2)2I2]2 (72) [122], mediated
by Te· · ·I secondary interactions.

where the formal coordination number is six or less, the lone pair
of electrons is stereochemically active.

3.3. Organotellurium(IV) 1,1-dithiolates

A full range or mono-, di-, and tri-organotellurium(IV)
1,1-thiolates are available in the literature with significant repre-
sentation from the 1,1-dithiolate ligands not represented in the
non-organotellurium(IV) structures. Unlike the former structures,
significant supramolecular aggregation leading to extended archi-
tectures is evident in many of the structures to be described in this
section. Intriguingly, a competition between the formation of Te· · ·S
secondary interactions versus Te· · ·halide interactions is apparent,
in particular when X = iodide.

3.3.1. Mono-organotellurium(IV) 1,1-dithiolates
Structural data for the mono-organotellurium 1,1-dithiolates

are summarised in Table 8 and geometric data are collated in
Table S7. There are four organotellurium(IV) dithiocarbamate
structures, i.e. (77)–(80) [127–129], and they have a similar struc-
tural motif as shown in Fig. 24 for (79) [129]. The tellurium atom
carbon atom of the organo substituent. While two of the dithio-
carbamate ligands chelate the tellurium centre forming almost
equivalent Te–S bond distances, the other is more asymmetric in
its mode of coordination, an observation correlated with this lig-
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Table 8
Key structural data for monoorganotellurium(IV) 1,1-dithiolate structures.

No. Compound Motif CN geometrya Ref. No. Compound Motif CN geometrya Ref.

RTe(dithiocarbamate)3 RTe(dithiocarbamate)2X
(77) PhTe(S2CNEt2)3

b,c 0-D c �-pbp [127] (83) MeTe(S2CNEt2)2I 0-D �-pbp [131]
(78) PhTe(S2CNEt2)3

d 0-D c �-pbp [128] (84) MeTe[S2CN(CH2)5]2I Dimer (0-D) c �-pbp [66]
(79) (p-MeOC6H4)Te(S2CNMe2)3 0-D c �-pbp [129] (85) PhTe(S2CNEt2)2Ic Dimer (0-D) c �-pbp [132]
(80) (p-MeOC6H4)Te(S2CNEt2)3 0-D c �-pbp [127] (86) (p-MeOC6H4)Te(S2CNEt2)2Br Dimer (0-D) pbp [133]
RTe(dithiophosphate)3 (87) (p-MeOC6H4)Te(S2CNEt2)2I Dimer (0-D) pbp [134]
(81) PhTe[S2P(OPh)2]3 0-D c �-pbp [130] (88) (p-MeOC6H4)Te(S2CNEt2)2I/Bre Dimer (0-D) pbp [134]
RTe(dithiocarbamate)2(dithiophosphate) (89) (p-MeOC6H4)Te(S2CNMe2)2Brf Dimer (0-D) �-pbp [135]
(82) PhTe(S2CNEt2)2[S2P(OEt)2] 0-D c �-pbp [131] (90) (p-EtOC6H4)Te(S2CNEt2)2Clc Dimer (0-D) c �-pbp [140]

(91) [(p-MeOC6H4)Te(S2CNMe2)2][ClO4] Dimer (0-D) pbp [141]

RTe(dithiocarbamate)X2 RTe(dithiophosphate)X2

(92) PhTe(S2CNEt2)I2
g 0-D �-tbp [142] (94) (p-MeOC6H4)Te[S2P(OMe)2]Br2 Dimer (0-D) d tbp [143]

(93) (p-MeOC6H4)Te(S2CNEt2)I2 Dimer
(0-D)

tbp [142]

a See Table 1 for the abbreviations of the coordination geometries.
b Triclinic form.
c Two independent molecules in the asymmetric unit with the same CN geometry.
d Monoclinic form.
e

-tbp a

a
fi
T
s
s
(
f

F
s

The iodide site is partially occupied by bromide (41%).
f Crystal characterised as a dichloromethane solvate.
g Three independent molecules in the asymmetric unit, two with CN geometry �

nd spanning both equatorial (short Te–S bond) and axial sites. The
ve more tightly held sulphur atoms define the pentagonal plane
able S7. The weakly bound sulphur atom and the organo sub-

tituent occupy axial positions. Thus, to a first approximation, the
tructure just described matches those found for Te(S2CNMe2)3X,
62)–(68) [111,113–118]. However, there are some important dif-
erences, most notably the axial angle is significantly distorted

ig. 22. Supramolecular chain mediated by Te· · ·I secondary interactions in the
tructure of Te(S2CNEt2)I3 (74) [124].
nd Motif 0-D and the third one involving the I atom has tbp and dimer (0-D).

from 180◦ in the organotellurium structures and the axial Te–S
bond distance is very long, Table S7. As indicated from the view
in Fig. 24, there is a rather large gap in the coordination environ-
ment and it is proposed that this is occupied by the lone pair of
electrons. In this scenario, the coordination geometry is capped
pentagonal bipyramidal with the lone pair occupying the cap-
ping position. There are two crystal forms of PhTe(S2CNEt2)3, one
triclinic with two molecules in the asymmetric unit (77) [127]
and the other monoclinic (78) [128]. The coordination geome-
tries are in close agreement, Tables 8 and S7, and the differences
between the molecules arise as a result of the different orienta-
tions of the nitrogen-bound ethyl groups. In the monoclinic form
(78) and in one of the independent molecules of the triclinic
form (77), two of the NEt2 adopt the most common arrangement,
i.e. one terminal methyl group lying to either side of the NC2
plane, and the third NEt2 moiety has both methyl groups lying
to the same side of the NC2 plane. In the second independent
molecule of the triclinic polymorph (77), the ratio is reversed. A
similar structural motif to that just described is found for each of
PhTe[S2P(OPh)2]3 (81) [130] and the mixed 1,1-dithiolate ligand
compound, PhTe(S2CNEt2)2[S2P(OEt)2] (82) [131]. The five sulphur
atoms forming the stronger Te–S interactions occupy the pentag-
onal plane. From the tabulated geometric parameters in Table S7,
in particular those for the ligands forming the shorter Te–S dis-
tances, it may be concluded that the dithiocarbamate ligand is a
more potent coordinating agent for tellurium compared with the
dithiophosphate ligand.

The replacement of one dithiocarbamate ligand in RTe(S2CNR2)3
leading to RTe(S2CNMe2)2X, where X = halide, gives rise to five
distinct structural motifs amongst the nine structures conforming
to this formulation (83)–(91) [66,131–135,140,141]; see Table S7
for selected bond distances. A monomeric structure is found for
MeTe(S2CNEt2)2I (83) [131], illustrated in Fig. 25a. The molecular
geometry is based on a pseudo-pentagonal bipyramidal arrange-
ment in which the methyl group and lone pair of electrons occupy
axial positions normal to the pentagonal plane defined by the two
symmetrically chelating dithiocarbamate ligands and the iodide

atom. While each of the remaining RTe(S2CNR2)2X molecules,
(84)–(91) [66,132–135,140,141], display supramolecular aggrega-
tion leading to loosely associated dimers in their crystals structures,
there is no apparent pattern in the mode of association between
them.
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molecules in (92) [142] also associate into a dimer but the clos-
est Te· · ·I contact between them is 4.19 Å and therefore these are
probably more correctly assigned as monomeric. The coordination
geometry for each of the monomeric species is pseudo-trapezoidal
ig. 23. Structures containing the [Te(dithiocarbamate)X4]− anion: (a) monomeric
Te(S2CNEt2)I4]− in (75) [125]; and (b) dimeric [Te(S2CNEt2)2Br][Te(S2CNEt2)Br4]
76) [126] held together by Te· · ·Br secondary interactions.

The dimeric aggregate of MeTe[S2CN(CH2)5]2I (84) [66] is medi-
ted by Te· · ·S secondary interactions, Fig. 25b, and similar, at least
o a first approximation, aggregation is found in each (85) [132]
nd (90) [140]. The presence of the additional sulphur atom in
he coordination geometry leads to a capped pseudo-pentagonal
ipyramid (c �-pbp) arrangement as the weakly associated sul-
hur atom clearly deviates from the ideal axial position leaving
ufficient room for the lone pair of electrons to reside; similar depic-
ions of the coordination geometries apply for (85) [132] and (90)
140]. Secondary Te· · ·Br rather than Te· · ·S interactions consolidate
he dimeric unit in the structure of (p-MeOC6H4)Te(S2CNEt2)2Br

86) [133], Fig. 25c. In this structure, as for (87) [134] and (88)
134], which are sustained by Te· · ·I interactions, the coordina-
ion geometries reveal no capacity for the incorporation of the
one pair of electrons: the axial C–Te· · ·X angles approach lin-
arity. Accordingly, the coordination geometries are described
ion Chemistry Reviews 254 (2010) 46–76

as distorted pentagonal bipyramidal. In the crystal structure
of (p-MeOC6H4)Te(S2CNMe2)2Br (89) [135], neither Te· · ·S nor
Te· · ·Br interactions are found. Instead, and, it is worth high-
lighting, as noted by the authors in the original publication, the
dimeric unit is sustained by Te· · ·� interactions where the �-
system is defined by the TeS2C chelate ring. Metal· · ·� interactions
[136–138] are attracting increasing attention in supramolecular
chemistry and complement lone pair· · ·� interactions found in the
realm of organic crystal engineering [139]. It turns out that the
Te· · ·�(TeS2C) interaction found in (89) [135] is the only such con-
tact amongst the structures surveyed herein suggesting that this
is not a prevalent form of association in tellurium 1,1-dithiolate
compounds. The final RTe(S2CNMe2)2X structure to be described
features a non-coordinating anion, i.e. perchlorate (91) [141]. As
illustrated in Fig. 25e, two cations associate via Te· · ·S interactions
that are about the same order of magnitude observed in the other
dimeric aggregates featuring Te· · ·S interactions, Table S7.

The lack of a systematic series of RTe(S2CNMe2)2X structures
precludes rationalisation of why one supramolecular synthon
forms over another – it is well established that even very minor
changes in chemical composition can have major ramifications
upon supramolecular aggregation [34–37] – an observation that
emphasises the desirability of comprehensive structural analyses.
Thus, the substitution of a dithiocarbamate-bound ethyl group in
(p-MeOC6H4)Te(S2CNEt2)2Br (86) [133] for a methyl group in (p-
MeOC6H4)Te(S2CNMe2)2Br (89) [135] might just be sufficient to
turn off Te· · ·Br interactions in favour of Te· · ·�(TeS2C) interactions,
remembering that these interactions are by their very nature, weak.

There are three examples of molecules of the general for-
mula RTe(1,1-dithiolate)X2, (92)–(94) [142,143]. The asymmetric
unit in PhTe(S2CNEt2)I2 (92) [142] comprises three independent
molecules. Two of these molecules exist as monomers, Fig. 26a.
The third independent molecule self-associates into a dimeric motif
via Te· · ·I interactions, Fig. 26b. While the Te· · ·I distance in the
latter is rather long at 3.90 Å, this distance falls within the sum
of the van der Waals radii for these atoms [59]. The original two
Fig. 24. Molecular structure of monomeric (p-MeOC6H4)Te(S2CNMe2)3 (79) [129];
this is representative of the RTe(1,1-dithiolate)3 structures.
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Fig. 25. Structural motifs for RTe(1,1-dithiolate)2X compounds: (a) monomeric MeTe(S2CNEt2)2I (83) [131]; (b) dimeric MeTe[S2CN(CH2)5]2I (84) [66] mediated by Te· · ·S
secondary interactions; (c) dimeric (p-MeOC6H4)Te(S2CNEt2)2Br (86) [133] mediated by Te· · ·Br interactions; (d) dimeric (p-MeOC6H4)Te(S2CNMe2)2Br (89) [135] mediated
by lone pair· · ·� (TeS2C) interactions; and (e) pairs of cations associated via Te· · ·S interactions in the crystal structure of [(p-MeOC6H4)Te(S2CNMe2)2][ClO4] (91) [141].



66 E.R.T. Tiekink, J. Zukerman-Schpector / Coordinat

Fig. 26. Structural motifs for RTe(1,1-dithiolate)X2 compounds: (a) monomeric
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hTe(S2CNEt2)I2 (92) [142]; and (b) dimeric PhTe(S2CNEt2)I2 (92) [142], mediated
y Te· · ·I interactions. Both motifs are observed within the one crystal structure, see
ext [142].

ipyramidal with the lone pair of electrons projected to occupy an
xial position. With the additional iodide atom in its coordination
phere, the geometry for the tellurium atom in the third molecule
f PhTe(S2CNEt2)I2 (92) [142] has a CI3S2 donor set. Whereas in pre-
ious examples the lone pair of electrons occupied a position in the
asal plane, here, the angles range 70.3◦ (chelate angle) to 113.4◦

I–Te–I) and so it seems likely that the lone pair of electrons does not
ccupy a stereochemical position. An analogous dimer to that illus-
rated in Fig. 26b occurs in (p-MeOC6H4)Te(S2CNEt2)I2 (93) [142].
he only non-dithiocarbamate monoorganotellurium structure
vailable for description is that of (p-MeOC6H4)Te[S2P(OMe)2]Br2
94) [143] and this is also dimeric in the solid-state. A simi-
ar trapezoidal bipyramidal environment as found for the third

olecule of (92) [142] is seen in each of (93) [142] and (94)
143], with some distortion in the axial angle in the latter
tructure.

.3.2. Diorganotellurium(IV) 1,1-dithiolates
There are a large number of structures, (95)–(124)

143–158,160], falling in this category. The structural details
or the diorganotellurium(IV) 1,1-dithiolate structures of the
eneral formula R2Te(1,1-dithiolate)2 are collected in Table 9 and
elected geometric parameters may be found in Table S8. Despite
he large number of structures that have been determined for

2Te(1,1-dithiolate)2, the homogeneity of the molecular geome-
ries and supramolecular aggregation for each 1,1-dithiolate ligand
s remarkable.

There are no less than 13 structures of the general formula
2Te(S2CNR′

2)2, i.e. (95)–(107) [144–151], and these adopt one
ion Chemistry Reviews 254 (2010) 46–76

of three structural motifs in the solid-state. The majority of the
structures, i.e. nine, adopt a monomeric motif as illustrated for
Me2Te[S2CN(CH2)5]2 (97) [145] in Fig. 27a, a result correlated with
the strong chelating ability of the dithiocarbamate ligand. The
coordination geometries are based on capped pseudo-trapezoidal
bipyramidal geometry (c �-tbp) where the trapezoidal plane is
defined by a chelating dithiocarbamate ligand, one of the tellurium-
bound organic groups, and one sulphur atom of the second
dithiocarbamate ligand. The axial positions are occupied by the sec-
ond organic group as well as the lone pair of electrons with the
remaining second sulphur atom occupying a capping position. This
assignment is supported by the C–Te–S angles listed in Table S8 and
comes about as the two dithiocarbamate ligands are approximately
orthogonal. Subtle differences in terms of forming secondary Te· · ·S
or Te· · ·Te secondary interactions are found in the remaining struc-
tures.

The structure of Me2Te(S2CNMe2)2 (95) [144] is particularly
interesting as the asymmetric unit comprises two independent
molecules. The first molecule self-associates into a centrosymmet-
ric dimer via Te· · ·S interactions. While the Te· · ·S separations are
long, i.e. 3.84 Å, evidence in support of the significance of these
interactions in found in the rearrangement of the ligand donor
set. The most profound change is seen in the relative orientation
of the dithiocarbamate ligands which are now coplanar, Fig. 27b.
These plus one of the tellurium-bound organic substituents define
a pentagonal plane with the second organic group and lone pair
of electrons in the axial position; the weakly associated sulphur
atom occupies a capping role in the capped pseudo-pentagonal
bipyramidal (c �-pbp) coordination geometry. The second indepen-
dent molecule in Me2Te(S2CNMe2)2 (95) [144] adopts essentially
the same c �-pbp coordination geometry but the capping position
is occupied by a symmetry related tellurium atom, Fig. 27c. The
structural results for (95) [144] provides additional evidence that
Te· · ·S and Te· · ·Te interactions can provide equivalent energies of
stabilisation in supramolecular aggregation.

The dimeric structure of (p-H2CC6H4CH2)Te[S2CN(CH2)5]2
(106) [151] mimics the Te· · ·S mediated dimer shown in Fig. 27b.
The lone pair of electrons appears not to occupy a stereochemical
position in the coordination geometry around the tellurium atom
in Me2Te[S2CN(CH2)4][S2CN(CH2)5] (107) [145] as evidenced by
the C–Te–S axial angle of 171.3◦ and hence, the geometry is classi-
fied as pbp. The supramolecular structure of Me2Te[S2CN(CH2)4]2
(96) [145] is quite distinct from the other R2Te(S2CNR′

2)2 struc-
tures, being a linear chain, Fig. 27d. Again, as with some of the
previous structures, the Te· · ·S interactions are close to the lim-
its of the established van der Waals criteria but the change in
coordination environment dictates that these must be considered
significant.

Dimeric units mediated by Te· · ·S secondary bonding are found
in the four diorganotellurium bis(xanthate) structures (108)–(111)
[150,152,153]. The same coordination geometries as described for
the analogous dithiocarbamate structures are found in three of
these structures. Thus, the structures of (108) [152] and (109)
[153] have c �-pbp geometries, resembling Me2Te(S2CNMe2)2 (95)
[144] shown in Fig. 27b. The structure of (111) [150], resem-
bling Me2Te[S2CN(CH2)4][S2CN(CH2)5] (107) [145], has a pbp
coordination geometry whereby the lone pair does not occupy a
stereochemical position, an observation consistent with the rel-
atively close approach of the symmetry related sulphur atom,
i.e. 3.48 Å, which crowds the tellurium centre. The exceptional
coordination geometry is found for Ph2Te(S2COEt)2 (110) [153].

Although designated as c �-pbp, this molecule has the xanthate
ligands approximately orthogonal, Fig. 28a, indicating that the rel-
ative orientation of the 1,1-dithiolate ligands is not a criterion for
dimerization via Te· · ·S secondary interactions in the structures of
R2Te(1,1-dithiolate)2.
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Table 9
Key structural data for diorganotellurium(IV) bis(1,1-dithiolate) structures.

No. Compound Motif CN geometrya Ref. No. Compound Motif CN geometrya Ref.

R2Te(dithiocarbamate)2 R2Te(dithiophosphate)2

(95) Me2Te(S2CNMe2)2
b Dimer (0-D) c �-pbp [144] (112) Me2Te[S2P(OC(Me2)C(Me2)O)]2 0-D c �-tbp [154]

(96) Me2Te[S2CN(CH2)4]2 1-D c �-pbp [145] (113) Me2Te[S2P(OCH2C(Et2)CH2O)]2 0-D c �-tbp [154]
(97) Me2Te[S2CN(CH2)5]2 0-D c �-tbp [145] (114) Ph2Te[S2P(OMe)2]2 0-D c �-tbp [143]
(98) Ph2Te(S2CNMe2)2 0-D c �-tbp [146] (115) Ph2Te[S2P(OEt)2]2 0-D c �-tbp [147]
(99) Ph2Te(S2CNEt2)2

c 0-D c �-tbp [147] (116) Ph2Te[S2P(OC(Me2)C(Me2)O)]2 0-D c �-tbp [155]
(100) Ph2Te(S2CNEt2)2

d 0-D c �-tbp [147] (117) [(CH2)4]Te{S2P[OCH2C(Me)(n-Pr)CH2O]}2 0-D c �-tbp [156]
(101) Ph2Te[S2CN(n-Bu)2]2 0-D c �-tbp [148] (118) [(CH2)2O(CH2)2]Te{S2P[OCH2C(Et2)CH2O]}2 0-D c �-tbp [156]
(102) Ph2Te(S2CNPh2)2

e 0-D c �-tbp [149] (119) (p-H2CC6H4CH2)Te[S2P(OEt)2]2 1-D c �-pbp [150]
(103) Ph2Te[S2CN(Et)Ph]2 0-D c �-tbp [149] R2Te(dithiophosphinate)2

(104) (p-MeOC6H4)2Te(S2CNMe2)2 0-D c �-tbp [144] (120) Ph2Te(S2PPh2)2 0-D c �-tbp [157]
(105) (p-H2CC6H4CH2)Te(S2CNEt2)2 0-D c �-tbp [150] R2Te(dithiocarbamate)(1,1-dithiolate)g

(106) (p-H2CC6H4CH2)Te[S2CN(CH2)5]2 Dimer (0-D) c �-pbp [151] (121) Me2Te(S2CNEt2)(S2COMe) (Dimer) 0-D pbp [158]
(107) Me2Te[S2CN(CH2)4][S2CN(CH2)5]f Dimer (0-D) pbp [145] (122) Me2Te(S2CNMe2)(S2COEt) (Dimer) 0-D pbp [158]
R2Te(xanthate)2 (123) (p-H2CC6H4CH2)Te(S2CNEt2)[S2P(OEt)2] 0-D c �-tbp [160]
(108) Me2Te(S2COMe)2 Dimer (0-D) c �-pbp [152] R2Te(dithiophosphate)X adduct
(109) Me2Te(S2COEt)2 Dimer (0-D) c �-pbp [153] (124) Ph2Te{S2P[OCH2C(Me2)CH2O]}2[Ph2TeCl2] Dinuclear pbp [155]
(110) Ph2Te(S2COEt)2 Dimer (0-D) c �-pbp [153]
(111) (p-H2CC6H4CH2)Te(S2COEt)2 Dimer (0-D) pbp [150]

a See Table 1 for the abbreviations of the coordination geometries.
b Two independent molecules in the asymmetric unit.
c Molecule has 2-fold symmetry.
d Monoclinic form (P21).
e Monoclinic form (C2/c).
f Toluene solvate.
g Molecule crystallised as a CHCl3 solvate.
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Fig. 27. Structural motifs for R2Te(1,1-dithiolate)2 compounds: (a) monomeric Me2Te[S2CN(CH2)5]2 (9) [145]; (b) dimeric Me2Te(S2CNMe2)2 (95) [144], first independent
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olecule, mediated by Te· · ·S interactions; (c) dimeric Me2Te(S2CNMe2)2 (95) [144]
hain mediated by Te· · ·S secondary interactions in Me2Te[S2CN(CH2)4]2 (96) [145]

The dithiophosphate analogues (112)–(118) [143,147,154–156]
dopt monomeric structures and coordination geometries as
epresented for Me2Te[S2CN(CH2)5]2 (97) [145] in Fig. 27a.
he exceptional structure of this series is found for (p-
2CC6H4CH2)Te[S2P(OEt)2]2 (119) [150] which crystallises as a

upramolecular chain, Fig. 28b, in which the tellurium centre has a
�-pbp geometry as for the other linear chain motif, (96) [145]. The
ole example of a dithiophosphinate structure in this category, i.e.
h2Te(S2PPh2)2 (120) [157], adopts the common monomeric motif
nd geometry, see Fig. 27a. The final structures in this category
o be described are mixed ligand structures containing different
,1-dithiolate ligands.

The first of three mixed ligand structures, Me2Te(S2CNEt2)
S2COMe) (121) [158], is dimeric as seen in the xanthate deriva-

ive, Me2Te(S2COMe)2 (108) [152]; the “parent” Me2Te(S2CNEt2)2
ompound is not available for comparison. The pbp coordination
eometry in (121) [158] is different than that observed in (108)
152], i.e. c �-pbp, as the lone pair does not occupy an apparent
osition in the coordination geometry, Fig. 29a. The presence of
d independent molecule, mediated by Te· · ·Te interactions; (d) the supramolecular

the strongly coordinating dithiocarbamate ligand results in a more
significant intermolecular Te· · ·S interaction and the straightening
of axial C–Te–S angle to 169.5◦. Evidence for the better coordinating
ability of the −S2CNEt2 ligand versus the −S2COMe anion is found in
the shorter Te–S bond distances (Table S8) formed by the dithiocar-
bamate ligand, the apparent lengthening of the Te–S bond distances
formed by the −S2COMe ligand compared to those in (108) [152],
and the fact that it is the dithiocarbamate ligand that provides the
sulphur atom for intermolecular association.

The closely related mixed ligand structure Me2Te(S2CNMe2)
(S2COEt) (122) [158] sees a change in the mode of coordination
of one of the xanthate ligands, Fig. 29b. The exceptional xanthate
ligand coordinates via one of the sulphur atoms as well as the oxy-
gen atom. Similar coordination modes have been observed in other

xanthate structures [23]; including a triorganotellurium xanthate
derivative, see below. In a systematic experimental and theoret-
ical analysis of S,S versus S,O coordination modes in dimethyltin
bis(xanthate) structures, R2Sn(S2COR)2, it was concluded that the
coordination modes were adopted so as to meet the dictates
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ig. 28. Structural motifs for R2Te(1,1-dithiolate)2 compounds: (a) dimeric Ph2Te
re almost orthogonal in contrast to the majority of related dimers; and (b) supr
nteractions.

f crystal packing [159]. It is pertinent to recall that in these
ompounds, formally, the second bond formed by the xanthate
igand is a dative (coordinate) bond and hence, expected to be

eaker than the primary covalent Sn–S interaction. Thus, it is
easible to imagine a scenario where S,S-coordination versus S,O-
oordination can be found. Often, S,S-coordination for xanthate
igands is favoured as there is delocalization in the resulting four-

embered chelate, e.g. in transition metal complexes. However,
n main group elements, this is not always the case, especially

hen the central atom to sulphur bond distances are disparate, and
hus, S,O-coordination modes may be found. The difference in coor-
ination mode notwithstanding, the supramolecular aggregation
attern and coordination geometry in (122) [158] is similar to that
escribed for (108) [152]. The next structure to be described in this
ategory is of monomeric (p-H2CC6H4CH2)Te(S2CNEt2)[S2P(OEt)2]
123) [160], Fig. 29c, with a coordination geometry akin to
hat illustrated in Fig. 27a for Me2Te[S2CN(CH2)5]2 (97) [145].
he examination of Te–S bond distances, Table S8, clearly
emonstrates the greater coordinating ability of the dithio-
arbamate ligand over the dithiophosphate ligand in (123)
160].

The last structure in this category is in fact an 1:1 adduct
ormed between Ph2Te{S2P[OCH2C(Me2)CH2O]}2 and Ph2TeCl2

124) [155], see Fig. 29d The tellurium atom in the dithiophos-
hate associates with the Ph2TeCl2 molecule via Te· · ·S and Te· · ·Cl
ontacts. The resultant seven coordinate geometry is pentagonal
ipyramidal with no obvious position occupied by the lone pair of
lectrons, as noted in several examples above.
Et)2 (110) [153] mediated by Te· · ·S interactions and where the xanthate ligands
cular structure in (p-H2CC6H4CH2)Te[S2P(OEt)2]2 (119) [150] mediated by Te· · ·S

3.3.3. Mixed ligand diorganotellurium(IV) 1,1-dithiolates
There are 35 structures of the general formula R2Te(S2CNR′

2)X,
(125)–(149) [66,145,146,148,151,161–169], and they are remark-
able in terms of adopting one basic coordination geometry across
the series with the only exception being for the structure of
Me2Te(S2CNEt2)I (127) [161]. Table 10 summarises important
structural characteristics for (125)–(149), and listings of geometric
parameters are available in Table S9. The coordination geometries
for the majority of structures are based on a pseudo-pentagonal
bipyramid with the lone pair of electrons occupying a position
in the pentagonal plane along with a chelating dithiocarbamate
ligand, the X substituent and one of the tellurium-bound organic
groups. In this description, the second tellurium-bound organic
group and the, normally, intermolecularly coordinated atom define
the axis. The homogeneity observed for the coordination geome-
tries does not extend to the observed supramolecular aggregation
patterns.

Six of the structures are monomeric and the common feature
of (138)–(140) [163] and (142)–(144) [164] is the presence of the
chelating −SP(Ph2) N+ P(Ph2)S− ligand as “X”, see Fig. 30a. The
tellurium atom is coordinatively saturated owing to the chelat-
ing X ligand and therefore, does not participate in intermolecular
aggregation. The remaining structures aggregate into dimers or

supramolecular chains: dimerisation occurs in 14 of the struc-
tures with the remaining five aggregating to form supramolecular
chains.

In the dimeric aggregates, association occurs via Te· · ·S sec-
ondary interactions in the majority of the structures, i.e. nine,
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Table 10
Key structural data for mixed ligand diorganotellurium(IV) 1,1-dithiolate structures.

No. Compound Motif CN geometrya Ref. No. Compound Motif CN geometrya Ref.

R2Te(dithiocarbamate)X
(125) Me2Te(S2CNEt2)Cl Dimer (0-D) �-pbp [161] (138) [(CH2)4]Te(S2CNEt2)[SP(Ph2) N P(Ph2)S] 0-D �-pbp [163]
(126) Me2Te(S2CNEt2)Br Dimer (0-D) �-pbp [161] (139) [(CH2)4]Te[S2CN(CH2)5][SP(Ph2) N P(Ph2)S] 0-D �-pbp [163]
(127) Me2Te(S2CNEt2)I Dimer (0-D) c �-tbp [161] (140) [(CH2)4]Te[S2CN(CH2CH2SCH2CH2)][SP(Ph2) N P(Ph2)S] 0-D �-pbp [163]
(128) Me2Te[S2CN(CH2)4]Cl 1-D �-pbp [145] (141) [(CH2)5]Te[S2CN(CH2CH2)2O]I Dimer (0-D) �-pbp [66]
(129) Me2Te[S2CN(CH2)4]Br 1-D �-pbp [145] (142) (o-H2CC6H4CH2)Te(S2CNEt2)[SP(Ph2) N P(Ph2)S]d 0-D �-pbp [164]
(130) Me2Te[S2CN(CH2)4]I Dimer (0-D) �-pbp [145] (143) (o-H2CC6H4CH2)Te[S2CN(CH2)5][SP(Ph2) N P(Ph2)S] 0-D �-pbp [164]
(131) Me2Te[S2CN(CH2)5]Cl Dimer (0-D) �-pbp [145] (144) (o-H2CC6H4CH2)Te[S2CN(CH2CH2)2S][SP(Ph2) N P(Ph2)S] 0-D �-pbp [164]
(132) Me2Te[S2CN(CH2)5]I 1-D �-pbp [145] (145) (p-H2CC6H4CH2)Te(S2CNEt2)I Dimer (0-D) �-pbp [165]
(133) Ph2Te(S2CNEt2)Clb Dimer (0-D) �-pbp [146] (146) [C6H4OC6H4]Te[S2CN(CHC(H) C(H)CH2)]Cle Dimer (0-D) �-pbp [166]
(134) Ph2Te(S2CNEt2)Brb,c Dimer (0-D) �-pbp [148] (147) [CH2Si(Me2)OSi(Me2)CH2]Te[S2CN(CH2)4]I Dimer (0-D) �-pbp [167]
(135) Ph2Te[S2CN(i-Pr)2]Cl 1-D �-pbp [146] (148) [CH2Si(Me2)OSi(Me2)CH2]Te Dimer (0-D) �-pbp [167]

[S2CN(CH2CH2)2O]I
(136) [(CH2)4]Te(S2CNEt2)I 1-D �-pbp [162] (149) [CH2Si(Me2)OSi(Me2)CH2]Te[S2CN(CH2CH2)2S]I Dimer (0-D) �-pbp [167]
(137) [(CH2)4]Te[S2CN(CHC(H) C(H)CH2)]I Dimer (0-D) �-pbp [162]

R2Te(xanthate)X R2Te(dithiophosphinate)X
(150) Me2Te(S2COMe)Br 1-D �-pbp [161] (156) [(CH2)4]Te(S2PMe2)I 1-D �-pbp [162]
(151) Me2Te(S2COEt)Clb 1-D �-pbp [168] (157) [(CH2)4]Te(S2PEt2)I 1-D �-pbp [162]
(152) Me2Te(S2CO-i-Pr)I 1-D �-pbp [168] (158) (o-H2CC6H4CH2)Te(S2PMe2)I 1-D �-pbp [151]

R2Te(dithiophosphate)X (159) (o-H2CC6H4CH2)Te(S2PEt2)I Dimer (0-D) �-pbp [151]
(153) Me2Te{S2P[OC(Me2)C(Me2)O}]Clb 1-D �-pbp [161]
(154) Me2Te{S2P[OC(Me2)C(Me2)O]}]I 0-D �-tbp [161]
(155) {(o-H2CC6H4CH2)Te[S2P(OEt)2]O}6Tef 0-D �-pbp [169]

a See Table 1 for the abbreviations of the coordination geometries.
b Two independent molecules in the asymmetric unit.
c Structure crystallised as a hemi carbondisulphide solvate.
d Structure crystallised as a monohydrate.
e Structure crystallised as a chloroform solvate.
f Three independent Te[S2P(OEt)2]O units in the asymmetric unit, each with the same coordination geometry.
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Fig. 29. Structural motifs for mixed ligand R2Te(1,1-dithiolate)2 compounds: (a) dimeric Me2Te(S2CNEt2)(S2COMe) (121) [158] mediated by Te· · ·S interactions; (b) dimeric
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e2Te(S2CNMe2)(S2COEt) (122) [158] showing the unusual S,O-coordination mode o
123) [160]; and (d) dinuclear structure of the adduct Ph2Te{S2P[OCH2C(Me2)CH2O

s illustrated for [CH2Si(Me2)OSi(Me2)CH2]Te[S2CN(CH2CH2)2S]I
149) [167] in Fig. 30b. Interestingly, five of the dimers are

ediated by Te· · ·halide interactions, as shown in Fig. 30c for
e2Te(S2CNEt2)Cl (125) [161]. While it is not immediately obvi-

us as to why some of the dimeric aggregates associate via Te· · ·X
ather than Te· · ·S interactions, all the Te· · ·X mediated dimers fea-
ure dimethyltellurium centres, i.e. (125)–(127) [161] and (131)
145], and the closely related p-phenylenedimethyltellurium cen-
re, i.e. (145) [165], and that the organic groups in these examples
re classified as electropositive. However, the relatively electropos-
tive character of the tellurium atom is not the sole explanation
or this mode of association as a Te· · ·S mediated dimer occurs
n the dimethyltellurium species, i.e. Me2Te[S2CN(CH2)4]I (130)
145]. Qualitatively, there appears to be a fine balance between
upramolecular association patterns dictated by Te· · ·S or Te· · ·I
nteractions in these systems, indicating that systematic stud-
es are obviously required to resolve this matter. Additional
nterest in the structure of Me2Te(S2CNEt2)I (127) [161] arises
rom its exceptional coordination geometry. The capped pseudo-
rapezoidal bipyramidal (c �-tbp) geometry in (127) [161] arises

s the nominal axial C–Te· · ·S angle is 144.3◦, leaving an unob-
tructed region available for occupancy by the lone pair of electrons,
ig. 30d. The trapezoidal plane is defined by the chelating dithio-
arbamate ligand, one of the tellurium-bound methyl groups and
he iodide atom. The maximum angle in the trapezoidal plane
anthate ligand; (c) monomeric structure of (p-H2CC6H4CH2)Te(S2CNEt2)[S2P(OEt)2]
h2TeCl2] (124) [155].

of 114.0◦ clearly precludes occupancy by a lone pair of elec-
trons.

The situation in terms of the interactions responsible for
the formation of the five supramolecular chains, i.e. Te· · ·S
in Me2Te[S2CN(CH2)4]Cl (128) [145], Me2Te[S2CN(CH2)4]Br
(129) [145], and [(CH2)4]Te(S2CNEt2)I (136) [162] versus
Te· · ·Cl in Ph2Te[S2CN(i-Pr)2]Cl (135) [146] versus Te· · ·I in
Me2Te[S2CN(CH2)5]I (132) [145], is as perplexing as is the forma-
tion of dimeric aggregates, with no hint of systematic trends. Two
distinct topologies are observed for the chains mediated by Te· · ·S
interactions, i.e. zig-zag in (127) [161] and (129) [145], Fig. 31a,
and linear in (136) [162], Fig. 31b. Zig-zag chains are seen each
of the Te· · ·X mediated supramolecular chains, (132) [145], for
Fig. 31c, and (134) [148].

Judging from the foregoing, it is evident the subtle factors are at
play when determining supramolecular aggregation patterns. This
is also true for the three Me2Te(S2COR)X structures (150)–(152)
[161,168]. In Me2Te(S2COMe)Br (150) [161], a zig-zag chain medi-
ated by Te· · ·S interactions resembling that in Fig. 31a is found.
Secondary Te· · ·S interactions are also found in Me2Te(S2COEt)Cl

(151) [168] where two independent molecules comprise the asym-
metric unit. Each of these self-associates to form a chain, one with a
zig-zag topology and the other with a distinctly more linear topol-
ogy. The third xanthate derivative, Me2Te(S2CO-i-Pr)I (152) [168],
is dimeric in the solid-state, associating via Te· · ·I interactions,
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Fig. 30. Structural motifs for zero-dimensional mixed ligand R2Te(dithiocarbamate)X compounds: (a) monomeric [(CH2)4]Te(S2CNEt2)[SP(Ph2) N P(Ph2)S] (138) [163];
(b) [CH2Si(Me2)OSi(Me2)CH2]Te[S2CN(CH2CH2)2S]I (149) [167]; (c) Me2Te(S2CNEt2)Cl (125) [161]; and (d) the exceptional capped pseudo-trapezoidal bipyramidal (c �-tbp)
coordination geometry observed in the Me2Te(S2CNEt2)I (127) [161].

Fig. 31. Structural motifs for mixed ligand R2Te(dithiocarbamate)X compounds forming supramolecular chains: (a) zig-zag Me2Te[S2CN(CH2)4]Br (129) [145] mediated by
Te· · ·S secondary interactions; (b) linear [(CH2)4]Te(S2CNEt2)I in (136) [162] mediated by Te· · ·S interactions; and (c) zig-zag Me2Te[S2CN(CH2)5]I (132) [146] mediated by
Te· · ·I secondary interactions.
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Table 11
Key structural data for triorganotellurium(IV) 1,1-dithiolate structures.

No. Compound Motif CN geometrya Ref.

R3Te(dithiocarbamate)
(160) Ph3Te(S2CNEt2)b Dimer (0-D) c �-pbp [170]
(161) Ph3Te[S2CN(i-Pr)2]b Dimer (0-D) c �-pbp [171]

R3Te(xanthate)
(162) Ph3Te(S2COMe)c Dimer (0-D) c �-pbp�-pbp [172]
(163) Ph3Te(S2COEt)c Dimer (0-D) �-pbpc �-pbp [173]
(164) Ph3Te(S2CO-i-Pr)b Dimer (0-D) �-pbp [172]

R3Te(dithiophosphate)
(165) Ph Te[S P(OEt) ] 0-D �-tbp [174]
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a See Table 1 for the abbreviations of the coordination geometries.
b The dimer is centrosymmetric.
c Two Te atoms with different polyhedra.

esembling Me2Te(S2CNEt2)Cl (125) [161] shown in Fig. 30c. Each
f the xanthate molecules features a �-pbp coordination geome-
ry.

The coordination geometry (�-pbp) and zig-zag topology
f the resultant supramolecular chain mediated by Te· · ·S
econdary interactions in the dithiophosphate derivative
e2Te{S2P[OC(Me2)C(Me2)O}]Cl (153) [161] mimic the structure

f (129) [145], Fig. 31a. In Me2Te{S2P[OC(Me2)C(Me2)O]}]I (154)
161], there are no Te· · ·S nor Te· · ·I interactions less than 4.0 Å
nd so in accord with the establish distance criteria, the structure
hould be classified as zero-dimensional with a pseudo-trapezoidal
ipyramidal (�-tbp) coordination geometry. However, the pres-
nce of a Te· · ·S interaction at 4.03 Å and the appearance of a �-pbp
oordination geometry suggests that the structure could in fact
e classified as dimer. The third dithiophosphate structure, {(o-
2CC6H4CH2)Te[S2P(OEt)2]O}6Te (155) [169], is unusual in several
ays. First and foremost, in the context of the present discussion,

he X donor atom in R2Te(S2CNR′
2)X is an oxygen atom rather

han the usual sulphur or halide donor. The structure contains a
entral tellurium atom coordinated in an octahedral fashion by six
xygen atoms derived from six (o-H2CC6H4CH2)Te[S2P(OEt)2]O
ragments, Fig. 32a, and is in the +VI oxidation state, Fig. 32b.
he tellurium atom in the R2Te(dithiophosphate)X moiety exists
ithin a �-pbp coordination geometry.

Zig-zag supramolecular chains mediated by Te· · ·S secondary
nteractions are found in the dithiophosphinate species (156)–
158) [151,161]. The fourth structure, (o-H2CC6H4CH2)Te(S2PEt2)I
159) [151], also features X = iodide, as for (156)–(158) [151,161],
ut this crystallises as a dimer mediated by Te· · ·I contacts. Never-
heless, the coordination geometry for tellurium in each of the four
ompounds is �-pbp.

.3.4. Triorganotellurium(IV) 1,1-dithiolates
Structural features for the limited number, i.e. six, structures

onforming to the general formula R3Te(1,1-dithiolate) are given
n Table 11, and selected geometric data are collated in Table S10.
f the six structures, two are dithiocarbamates (160) and (161)

170,171], three are xanthates (162)–(164) [172,173], and there
s a sole example of a dithiophosphate (165) [174]. The different
oordinating abilities of the dithiocarbamate and xanthate lig-
nds are plainly exhibited in these structures which feature two
h3Te units weakly bridged by two 1,1-dithiolate ligands; the most
rominent Te· · ·S interactions are indicated by dashed bonds in
he views of Fig. 33. Four of the structures conform to the motif
hown in Fig. 33a for Ph3Te(S2CNEt2) (160) [170] and Fig. 33b

or Ph3Te(S2COMe) (162) [172]; the structures of (163) [173] and
165) [174] are exceptional. From the geometric data collected in
able S10, the dithiocarbamate ligands form shorter Te· · ·S interac-
ions and display a greater tendency towards chelation compared
ith the xanthate ligands. The structure of Ph3Te(S2COEt) (163)
Fig. 32. Structural features of {(o-H2CC6H4CH2)Te[S2P(OEt)2]O}6Te (155) [169]: (a)
the “R2Te(dithiophosphate)X” fragment; and (b) complete molecule.

[173] represents a variation where one of the xanthate ligand coor-
dinates utilising the oxygen atom as well as the sulphur atoms;
the weak nature of these interactions notwithstanding, Fig. 33c.
This is a rare example of such a coordination mode observed
in tellurium xanthates, the other example being found in the
structure of Me2Te(S2CNMe2)(S2COEt) (122) [158]. The final struc-
ture, Ph3Te[S2P(OEt)2] (165) [174], is shown in Fig. 33d and is
monomeric, there being no significant supramolecular association
involving the tellurium atom.

The weak association between the tellurium centres and the 1,1-
dithiolate ligands notwithstanding, the coordination geometries
are capped pseudo-pentagonal bipyramidal for the dithiocarba-
mate structures (160) [170] and (161) [171] and for one tellurium
atom in each of (162) [172] and (163) [173]. In this description the
pentagonal plane being defined by a “chelating” 1,1-dithiolate lig-

and, two phenyl groups and the lone pair of electrons. The axial
positions are occupied by one sulphur atom of the dithiocarbamate
ligand formally associated with the second tellurium atom as well
as the third phenyl group. The capping position is occupied by the
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Fig. 33. Structural variations in the R3Te(1,1-dithiolate) structures: (a) Ph3Te(S2CNEt2) (160) [170] showing all Te· · ·S interactions; (b) dinuclear Ph3Te(S2COMe) (162) [172]
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ighlighting the bridging xanthate ligands and omitting the weaker Te· · ·S interacti
anthate ligand; and (d) the monomeric structure of Ph3Te[S2P(OEt)2] (165) [174].

econd sulphur atom of the last mentioned dithiocarbamate ligand.
eflecting the poorer coordinating ability of the xanthate ligand,
he assigned coordination geometry for the remaining tellurium
toms in (162) [172] and (163) [173] and for the tellurium atom in
164) [172] is pseudo-pentagonal bipyramidal, �-pbp, i.e. there is
o capping sulphur atom. A pseudo-trapezoidal bipyramidal geom-
try occurs in the dithiophosphate structure (165) [174] where the
xial positions are occupied by a phenyl group and the lone pair of
lectrons.

. Summary and conclusions

The foregoing description of the structural chemistry of crys-
allographically characterised tellurium 1,1-dithiolate compounds
as focussed upon coordination geometries and supramolecular
ggregation patterns. In terms of the former, significant influence
xerted by lone pairs of electrons is evident. In the tellurium(II)
pecies, the presence of two lone pairs of electrons is indicated
n all coordination geometries. By contrast, often the lone pair of
lectrons in the tellurium(IV) structures does not exert an obvious

tereochemical influence. This difference in behaviour is correlated
ith steric congestion evident in some tellurium(IV) structures,

.g. the binary tellurium(IV) dithiocarbamates in which the central
tom is eight coordinate. When the formal coordination number is
ower, e.g. six, the lone pair clearly exerts a stereochemical influ-
c) dinuclear Ph3Te(S2COEt) (163) [173] showing a S,S,O-coordination mode for the

ence. Organotellurium(IV) species tend to behave differently in that
even in the formally seven coordinate RTe(1,1-dithiolate)3 species,
a position ascribed to the lone pair of electrons is apparent. For tel-
lurium(II) species coordination numbers range from a low of two
to a high of six, when coupled with the two stereochemically active
lone pairs of electron, give d �-t and bc �-tbp coordination geome-
tries, respectively. For tellurium(IV) species, coordination numbers
range from a low of six to a high of eight to give �-pbp (inclusive
of the lone pair of electrons) and cd pbp coordination geome-
tries, respectively. As indicated in Table 1, a total of 19 distinct
coordination geometries are exhibited by tellurium 1,1-dithiolate
structures, with the complexity due to the presence of secondary
Te· · ·X interactions, where X = sulphur, halide, oxygen or tellurium.

Extensive supramolecular association is observed in many of
the structures described herein, in particular for the tellurium(II)
derivatives. When present, supramolecular aggregation leads to
dimeric aggregates or supramolecular polymers, with rare exam-
ples of three-dimensional networks. Generally, supramolecular
association occurs via Te· · ·S secondary interactions. However,
examples exist where association is mediated by secondary Te· · ·Te

interactions, sometimes complementing Te· · ·S interactions. It
appears that a Te· · ·Te interaction can afford approximately the
same energy of stabilisation to a crystal structure as does a
Te· · ·S contact. However, steric reasons would favour the forma-
tion of Te· · ·S interactions in most cases. While Te· · ·S secondary
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nteractions tend to predominate, the other often observed
upramolecular synthon are Te· · ·X interactions, where X = halide.

hile Te· · ·O secondary interactions complement Te· · ·S contacts in
ome structures, these are relatively rare. An interesting example
f a Te· · ·� interaction, where the �-system is defined by the four-
embered TeS2C chelate system, is found in only one structure of

he 165 structures surveyed.
The coordinating ability of the dithiocarbamate ligand is greater

han that exhibited by the xanthate ligand which in turn is more
ffective than dithiophosphate and dithiophosphinate. This obser-
ation has a very important ramification in terms of supramolecular
ggregation patterns in that dithiocarbamate derivatives are less
ikely to form high-dimensional architectures whereas dithiophos-
hate and dithiophosphinate derivatives are more likely to do so.

From the foregoing, it is evident that a rich diversity of coor-
ination geometries are found in tellurium 1,1-dithiolates, often
wing to the influence of lone pairs of electrons and the propen-
ity of tellurium to increase its coordination number via secondary
nteractions that usually involve sulphur.
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