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The investigation of coinage metal molecular clusters
bridged by chalcogen atoms represents an area of ever in-
creasing activity in recent chemical and material science re-
search. This is largely due to the relatively high ionic and
even higher electric conductivity of binary coinage metal
chalcogenides, which leads to properties intermediate be-
tween those of semiconducting and metallic phases. In addi-
tion, the size-dependency of the chemical, physical, and
structural properties of substances on going from small mole-
cules to bulk materials is of general interest. Approaches to-
wards the synthesis and investigation of such clusters have
included the study of colloidal nanoparticles with a narrow

crystalline cluster compounds amenable to structural deter-
mination by single-crystal X-ray diffraction analysis. Irre-
spective of the chosen synthesis route, the molecules have to
be kinetically protected from decomposition to the thermo-
dynamically favored binary phases by a suitable ligand
sphere, often consisting of tertiary phosphane molecules, or
a combination of phosphanes and organic groups. In this re-
port, we concentrate on the syntheses and structural as well
as physical properties of ligand-stabilized, chalcogen-
bridged copper clusters, which have been comprehensively
studied by means of experimental and quantum chemical
investigations.

size distribution, as well as the formation and isolation of

1. Introduction
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The synthesis of chalcogen-bridged molecular clusters of
the coinage metal elements represents an area of ever in-
creasing activity in recent chemical and material science re-
search. This can be mainly ascribed to two aspects. Firstly,
binary coinage metal chalcogenides exhibit relatively high
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ionicl!l and even higher electric!?! conductivity in the solid
state, leading to properties intermediate between those of
semiconducting and metallic phases. Secondly, the size-de-
pendence of the chemical, physical, and structural proper-
ties of substances on going from small molecules to bulk
materials is of general interest.’] Several research groups
have concentrated on the synthesis and properties of colloid
nanoparticles with narrow cluster size distributions.! An-
other approach is the formation and isolation of crystalline
cluster compounds suitable for single-crystal X-ray diffrac-
tion analysis. In both cases, the molecules have to be kin-
etically protected from further reaction to the thermodyn-
amically favored binary phases. Therefore, a ligand sphere
coordinating to the outer metal or chalcogen atoms is
necessary; in most cases this consists of tertiary phosphane
molecules or a combination of phosphanes and organic
groups.

In this paper, we focus on ligand-stabilized, chalcogen-
bridged copper clusters, which have hitherto been the most
frequently studied. Experimental® 31 and quantum
chemical®~37 investigations have been undertaken during
the last decade in order to study the transition from the
definitely non-metallic Cu,E monomer (E = S, Se, Te) to
the bulk Cu,E.’84 From a synthetic point of view, the
most important result was the elucidation of the close rela-
tionship between the chosen reaction conditions and the
formation of the desired products, together with the use of
this knowledge in the synthesis of different cluster
types.” 731 Furthermore, the great number of isolated and
structurally characterized cluster compounds and the com-
prehensive computational work® 37! in this area has al-
lowed the delineation and rationalization of size-dependent
structure principles for these molecules. Last but not least,
various calculations and measurements have been carried
out to obtain insights into the physical properties of the
cluster materials.*2-331

2. General Synthetic Routes

The compounds are — with some exceptions — highly
air- and moisture-sensitive. Therefore, all reaction steps
have to be carried out under strict exclusion of air and
moisture in a high purity dried nitrogen atmosphere by em-
ploying standard Schlenk-line techniques on a double-
manifold vacuum line. All solvents must be dried and
freshly distilled prior to use.

Most chalcogen-bridged copper compounds have been
synthesized according to the following general reaction
pathway and possess one of the given formulae (Scheme 1).

The CuX-to-phosphane ratio, the counterion X of the
copper salt, and especially the nature of the phosphane
used, are very important. In the first step, the phosphane
complexes the copper salt to generate a reactive species, the
reactivity of which can be subtly regulated by the choice of
X and PR,R’. Furthermore, the driving force of the reac-
tions is the formation of thermodynamically stable SiMe;X
and can thus be controlled by the choice of X according to
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+ PR,R’ + E(SiMe3),
or or
+ dppR + RESiMe;
CuX —— = [CuX(PR;R)], _——
organic solvent or — SiMe;X
[CuX(dppR),], — byproducts
------ —=>  [CuzEl(PR:R’),)
or
[Cus,EA(dppR),]
or
[CHZnEnfa(ER)Za(PRZR,)m]
or
[CuZnEnw(ER)Za(dppR)m]
X =Cl, OAc (Ac = OCCHjy)
R,R’ = organic group
dppR = bis(diphenylphosphanyl)-alkane, -alkene, or -arene

E =8, Se, Te
main byproducts are Cu,E, EPRR’, (Me;Si),, (RE),

Scheme 1. General synthetic route for the formation of phosphane-
ligated chalcogen-bridged copper clusters

the bond strength of the Si—X bond.[*!! Finally, the steric
demand of the PR,R’ molecules on the cluster surface —
as measured by Tolman’s cone angle 011 (see Table 1) — is
related, although not linearly, to the final size and shape of
the copper chalcogenide core.

Table 1. Values of Tolman’s cone angle 6 for phosphanes PR,R’
used in the syntheses of copper chalcogenide clusters (ref.[*?)

PR,R’ 0[°]
PMe,Ph 127
PEt; 132
PnPr; 132
PEt,Ph 136
PPhnPr, 136
PEtPh, 141
PPh,nPr 141
PPh; 145
PMeiPr, 146
PCyPh, 153
PiPr; 160
PtBu,Me 161
PrnBurBu, 165
PCy; 170
P1Bu; 182

In addition, other reaction conditions such as the chosen
solvent, the reaction temperature, or the temperature pro-
gram strongly influence the course of the synthesis. It has
been shown that, under similar reaction conditions, the use
of derivatives RE(SiMes) (R = organic group) leads to the
formation of completely different structures to those reac-
tions employing Se(SiMes),. The reason for this is the dif-
ferent reactivity of the reactants as well as partly incomplete
Se—C bond cleavage. Thus, some RE™ fragments are bound
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at the periphery of the cluster framework, acting as ter-
minal ligands in addition to the phosphane groups.

Regarding the given general formula of the products, the
copper atoms can be assigned a formal charge of 1+ while
the chalcogen ligands are formally viewed as E>~ or RE™~
groups. However, some of the selenium-bridged species and
many copper telluride clusters form non-stoichiometric
compounds that display mixed-valence metal centers, lead-
ing either to an overall electron deficiency or an electron
excess. This corresponds to observations made for the bin-
ary phases Cu,S, Cu,_,Se, and Cu,_, Te.38401

Even though most ligated copper chalcogenide clusters
have been prepared as described herein, it should be men-
tioned that other synthetic routes to ligated or “naked”
[Cu,,E,] cluster compounds have been studied. Besides syn-
theses in solvent environments!®~3!l that led to the forma-
tion of, for example, [PhMe;As]y[Cug{S,Co(CN),}¢],l!
(Me4N),[Cus(SPh);],1 (PhyP)4[Cu;5Ss].1™! or [Cug{Se(2,4.6-
iPr3;C¢H>)} 6], ligand-free particles have been obtained and
characterized by means of laser ablation techniques in com-
bination with mass spectrometry.[3?]

3. Synthesis Details, Molecular Structures, and
Stabilities

3.1. Sulfur-Bridged Copper Clusters

3.1.1. Syntheses

The reactions yielding the phosphane-ligated, sulfur-
bridged copper clusters that have been isolated and struc-
turally characterized to date are summarized in Scheme 2,
in order of increasing cluster size.

Sulfur-bridged clusters could not be obtained by reac-
tions starting from copper halides. The reason for this is
the lower reactivity of primary copper acetate-phosphane
complexes compared to the analogous halide complexes, as
a result of the chelating acetate ligands that can be dis-
placed in a double-step substitution of selenium ligands for
oxygen.[*3] Reactants of higher reactivity lead directly to the
formation and precipitation of Cu,S, even at low temper-
atures. The kinetic restrictions at the beginning of the syn-
thesis are in addition to those at the end of the cluster
growth. The phosphane molecules have to provide a certain
minimum steric demand and it has not yet proved possible
to generate sulfur-bridged copper clusters with PMes li-
gands.

3.1.2. Structures and Stabilities

Half of the total number of known copper sulfide clusters
have the general formula [Cu;,S¢(PR,R")g], which repres-
ents the smallest known copper chalcogenide [Cu,,E,] clus-
ter core (1—5).[1315181 The respective molecular structures
correspond to one of two possible isomers that can both be
derived from a highly symmetric polyhedron of metal and
chalcogen atoms. The highly symmetrical conformation is
the reason for the strong preference for “Cu;,” species. An
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R=R’=Et -

[Cu13Se(PEts)s] 103

R=Et R’ =Ph -
[CulZS(,(PEtzPh)g] 2

R=Ph, R =Et -
[Cu(>S«(PEtPh,)s] 3

R=R’=#uPr s
[CuSe(PrPrs)s] 4

R=Ph, R’ = nPr -

CuOAc |4 [Cu2Se(PPhynPr)s] 5l
a

+ T R=R’=Ph -

R [P [CusS1o(PPhs)s] 6

R =Bu, R’ = nBu

[CugpS o(PrBu/Bu, )] 7015]

R=iPr,R’=Me

[CuySi(PMeiPry)o] 8l

R=/Bu, R’ =Me

[CuysS14(PBu;Me);5) 9l17]

R=7Bu, R’ = Me

[CuspS25(PBu;Me) 6] 10M7

[a]:  + S(SiMe3), |b]: — SiMe;0Ac
Et,O (6: THF) warming up to
—80°C -25°C(1, 5-10)

or to room tcmp. (2, 3)

Scheme 2. Survey of the synthesis of sulfur-bridged copper clusters
protected by terminal phosphane ligands

Se¢ octahedron is penetrated by a Cu;, cubooctahedron.
However, the latter is distorted as a result of the coordina-
tion of the phosphane ligands, as there is only enough space
for eight rather than twelve phosphane molecules at the
cluster surface within a reasonable Cu—P bond length. Dif-
ferent distributions of the terminal ligands with respect to
the cubooctahedron atoms lead to the formation of isomers
I or II, respectively. Both cluster structures, as well as a
computed hypothetical “naked”, undistorted [Cu;,Sg]
core,1* are shown in Figure 1.

In the “Cu;,” clusters, two coordination modes of the
copper atoms can be observed. The four copper atoms that
are not bound by phosphane ligands are almost linearly
coordinated by sulfur atoms and are positioned either in
the equatorial Cuy ring of the cubooctahedron (I) or two
each reside in the top and bottom Cuy planes (II). The eight
remaining copper atoms bound by the PR,R’ groups are
surrounded in an almost trigonal-planar manner by two
sulfur neighbors and one phosphorus atom. The phosphane
molecules can be thought of as “pulling” their respective
metal atoms out of the basic Cu;, polyhedron, whereas the
“naked” copper atoms are slightly displaced towards the
cluster center. All the sulfur ligands act as py-bridges be-
tween copper atoms. In molecules of type I, the eight phos-
phorus atoms are arranged around the cluster surface so as
to form an approximate cube, whereas in the other isomer,
if the phosphorus atoms are formally linked, a Pg A-dodeca-
hedron is obtained. Both arrangements are among the most
stable polyhedra of eight points on the surface of a sphere.
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2 (isomer I)

[Cuy, 5]

Figure 1. Molecular structures of [Cu;>S¢(PEt,Ph)s] (2) and
[Cuy,S(PnPr3)g] (4) (without organic groups) and of a calculated
“naked” [Cu;,S¢] core

Quantum chemical investigations with the program sys-
tem TURBOMOLE,##] employing MP2[4°] and DFTI47]
methods, were carried out assigning the highest possible
symmetry in order to explain the obvious experimental
preference for type I clusters over those of type I1.1*®! For
model ligands PH3; (MP2 and DFT; highest possible sym-
metry: Dy, for type I or S, for type II), both structures
representing local minima on the energy hypersurface were
found to be isoenergetic within the limits of the methods
used. On calculating clusters [Cu;,S¢(PR3)g] with R = Et or
R = Pr according to both structural isomers (DFT; highest
possible symmetry: Cy, or Sy), i.e. one real (1, 4) and one
hypothetical species each, one does not find a direct cor-
relation between the substituents on the phosphorus atoms
and the thermodynamic stabilization. Thus, further kinetic
effects such as solubility and mobility of the organic groups
at the experimental temperatures (>> 0 K) probably play
key roles in the choice of isomers. The fact that the same
cone angle values are found for PEt; and PrnPr; underlines
this conclusion (see Table 1).

Another pair of isomers is formed in the presence of the
sterically more demanding phosphanes PPh; or PnBusBu,,
where there are 20 copper atoms in the cluster frame-
work 1315 The respective molecular structures of 6 (type I)
and 7 (type II) are shown in Figure 2.

Again, the positions of the eight Cu—P groups determine
the shapes of the clusters, the cores of which can be re-
garded as distortions of the formal condensation product
of two of the Cu;,S¢ units shown in Figure 1. This relation-
ship is particularly clear when “Cu;,” and “Cu,,” clusters
of type I are compared. After the loss of one apical sulfur
ligand and four phosphane molecules from each, as well as
one Cuy ring, a [CugS5(PR3)4] and a [Cu;,S5(PR3),] frag-
ment are fused in such a way that two face-sharing frag-
ments of the “Cu,,” cubooctahedra of cluster type I (ideal-
ized symmetry of the Cu—S—P core: Dy,;,) are obtained in
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Figure 2. Molecular structures of [Cu,yS;o(PPhs)g] (6) (top) and
[Cuy0S;o(PrnBurBu,)g] (7) (bottom) (without organic groups), each
shown both along and perpendicular to the S,picai—Sapicar aXis

the case of 6. In 7 (type II, idealized symmetry of the
Cu—S—P core: D,), the ligands do not occupy coordination
sites at the two outer Cuy rings but bind to the second and
fourth rings resulting in the oblate and slightly twisted iso-
mer. The respective S|, polyhedra are a bicapped tetragonal
prism (6) and a highly compressed, bicapped tetragonal
anti-prism (7). A tetragonal prismatic Pg arrangement is
found in 6, while a Pg tetragonal anti-prism is found in 7.
Coordination numbers and geometries are similar to the
situation in the “Cu;,” species.

The structural differences between pairs of isomeric cop-
per sulfide clusters can clearly be ascribed to the coordina-
tion sites of the phosphane groups, which are directed to-
wards the respective copper atoms by their own steric de-
mand to give the best protecting ligand shell around the
Cu—S core. If different phosphanes display the same cone
angle, isoenergetic structural isomers result, so that further
kinetic aspects will dominate, as shown for the “Cu;,” spe-
cies. If the PR,R’ groups are so small that even variation
of the ligand positions does not result in a complete ligand
sphere, or if the phosphane molecules are so bulky that one
would have to have one fewer ligand, resulting in a non-
ideal P, polyhedron and an incomplete ligand sphere, the
cluster growth continues until the optimum ratio of [Cu,,S,]
core and PR,R’ number and arrangement is achieved.

A continuation of the cluster growth also takes place in
the presence of PMeiPr,. Being too bulky for an arrange-
ment of eight molecules around a [Cu;,S¢] core and not
generating a suitable ligand sphere with six terminal li-
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gands, the phosphane groups enforce a formal dimerization
of “Cuy,” clusters to the [Cun,S;,] core in 8.1 Figure 3
shows the formal dimerization of two “[Cu;,S¢(PR,R")g]”
clusters of type II, which results in the molecular structure
of 8 after the loss of four phosphane groups.

@
2 4[CuyyS(PMeiPr)g]”

Figure 3. Formal dimerization/condensation reaction of two hypo-
thetical clusters “[Cu;,S¢(MeiPr;)g]”, resulting in the molecular
structure of [Cu,ySi»(PMeiPr,);5] (8) (without organic groups);
phosphane ligands that are formally lost during the dimerization/
condensation are drawn yellow and are marked by a cross

In contrast to the formal condensation (2 X “Cuy,”) —
4 Cu — “Cuy”, which leads to the sharing of a Cu, rectan-
gular face in 6, in this case one observes a fusion of two Cus
triangular faces of the two basic cubooctahedra, forming a
Cug octahedron around the inversion center of the cluster.
These six copper atoms show a novel coordination pattern.
They are surrounded exclusively by sulfur neighbors in a
trigonal-planar geometry. Conversely, the four sulfur atoms
in the cluster center are found to act as ps-bridges, whereas
all sulfur ligands in the clusters discussed so far and all the
other ones in 8 are py-bridging. The ps-bridges exhibit
longer average Cu—S bond lengths than the py-bridging sul-
fur ligands, as they bind to four copper neighbors with nor-
mal distances [2.159(3)—2.378(3) A] and form one signific-
antly longer Cu—S bond to a copper atom of the opposite
asymmetric unit [2.485(3), 2.509(3) A].

In the molecular structure of 8, one observes the begin-
ning of a transition from the so-called “small” copper sulf-
ide clusters to the “middle-sized” species. Both cluster sizes
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possess spherical Cu—S—P frameworks with copper centers
near the S, polyhedron edges, but the “middle-sized” ex-
amples show some new structural features besides those al-
ready found for the “small” clusters: coordination numbers
other than four for sulfur atoms, and copper centers that
bind to more than two sulfur neighbors.

This same observation can be made for clusters 9 and
10, particularly for the latter.l'”] Unlike the species already
discussed, these two clusters are topologically unrelated to
the smaller examples. However, they are structurally related
between themselves, and are actually formed in the same
reaction. The molecular structures of 9 and 10 are shown
in Figure 4, emphasizing their structural relationship by re-
spective orientation. The basic S;4 and S,s polyhedra are
compared in Figure 5.

Figure 4. Molecular structures of [CuygS;4(PtBu,Me);,] (9) and
[CusoS,5(PtBu,Me);¢] (10) (without organic groups)

Besides various bridging modes of the sulfur atoms (3
to s in 9; py to pg in 10) and the greater numbers of three
sulfur ligands around several of the copper atoms in 10,
both systems show another new structural feature charac-
terizing “middle-sized” Cu—S clusters: Only for these two
largest examples of copper sulfide cluster compounds does
one find sulfur atoms inside an outer Cu—S shell, generat-
ing inner Cu—S units. In 9, one sulfur ligand lies at the
center of a distorted S;; deltahedron. Four copper atoms
then bond around the central sulfur atom to yield an inner
[SCuy4] unit. The remaining copper centers are positioned
either slightly below the surface of the S5 polyhedron if
they show no Cu—P bonds, or slightly above if they are
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Figure 5. S14 (top) and S,5 (bottom) polyhedra in 9 and 10, respect-
ively; the straight lines between the S atoms do not represent bond-
ing interactions, but merely help to visualize the geometries of the
polyhedra

bound by phosphane groups. A near C; symmetry of the
Cu—S core is lost because of the “irregular’ position of a
single copper atom, which is also responsible for the ps- or
ps-bridging mode of two sulfur ligands. The spherical clus-
ter core is enclosed by a distorted icosahedron made up of
the twelve phosphorus atoms. The sulfur substructure of 10
constitutes a cylinder-shaped polyhedron of near Ds; sym-
metry with a length of 17.14 A. Underlining the supposition
that 10 is  formed through a form  of
dimerization—condensation from 9, three inner sulfur
atoms are present. Two of them — formally equivalent to
the central sulfur atom in 9 — are also p,-bridging, resulting
in an [SCuy] fragment. However, one of the respective cop-
per centers belongs to the cluster surface rather than being
an inner metal atom, as a result of the structural differences
between 9 and 10 when considering the center in 10. Here,
one observes the most unusual aspect of any of the copper
sulfide clusters yet reported. The central sulfur ligand binds
to six nearest copper atoms in a slightly corrugated chair-
type manner. This arrangement, which is not found in any
of the known copper sulfide compounds, displays very long
Cu—S distances in the range of 2.633(4)—2.673(5) A, which
are about 0.3—0.5 A longer than standard Cu—S bonds.
Considering the ten next nearest copper atoms,
2.896(5)—3.814(5) A out from the sulfur center, a near-
spherical [SCuj¢] arrangement is found for the cluster
center. These structural observations are evidence for an in-
terstitial S>~ anion rather than a covalently-bonded sulfur
ligand. A summary of interatomic distances found in
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known copper sulfide systems for the different coordination
numbers around copper is given in Table 2.

Considering the Cu—S distances listed in Table 2, one
can recognize a first step in the direction of solid-state
Cu—S phases in the structure of 10.

By a comprehensive ab initio study of clusters
[Cu,,S,(PH3),,] (n = 1-4, 6, 10; m = 0, 2, 4, 6, 8) at the
MP2 level (program system TURBOMOLE), stabilization
energies for the attachment of successive Cu,S units to a
given “naked” cluster (n = 1—4, 6, 10; m = 0; Figure 6), as
well as the variation in the phosphane binding energies for
clusters containing up to twelve copper atoms (n = 1—4, 6;
m > 0; Figure 7), were calculated.?”

For “naked” clusters, the stabilization energies increase
continuously with the cluster size, which shows that the in-
vestigated molecules are thermodynamically unstable spe-
cies in vacuo and that they have to be stabilized by ligands.
Moreover, the increment in the stabilization energy per
monomer unit decreases with increasing cluster size in the
expected way, since it should theoretically converge at infi-
nite cluster size, i.e. solid Cu,S. Finally, the calculated
Cu—P binding energy per Cu—P bond decreases rapidly
from a value of ca. 140 kJ-mol~! for [Cu,S(PH3),] — with
a short relaxation when the Cu/P ratio is decreased (1 for
n=1-3,>1forn =4, 6) — to a value of ca. 56 kJ-mol ™!
for the “Cu;,” species. Even if one assigns a higher Cu—P
binding energy to the “real” tertiary phosphanes that bind
to organic groups, it is evident that the phosphane ligands
are bonded only very weakly to the copper sulfide core.
Therefore, an additional stabilization by solvents or a crys-
tal lattice is required.

3.2. Selenium-Bridged Copper Clusters

3.2.1. Syntheses

Scheme 3 summarizes the reactions yielding all PR,R’-
ligated, selenium-bridged copper clusters that have been
isolated and structurally characterized to date, in order of
increasing cluster size.

Unlike the sulfur-bridged compounds, the synthesis of
selenium-bridged clusters can start from either copper acet-
ate or copper chloride. This can be attributed to the lower
standard formation enthalpy of Cu,Se (AH® =
—65.2 kJ'-mol™ ")’ when compared to its sulfur analogue
Cu,S (AH = —81.2 kJ'mol™1).5% Thus, the formation of
Cu,Se does not occur as rapidly as that of Cu,S, although
Se(SiMes), is, in principle, more reactive than S(SiMej).
The cluster growth and protection of selenium-bridged clus-
ters can therefore often be observed even at room temper-
ature. However, with copper acetate as the starting material
and by choosing low temperatures, one can obtain smaller
clusters that could be considered as intermediates in the
formation of the larger molecules. In addition to a great
number of “stoichiometric”” compounds that formally con-
tain Cu™ and Se’~, some clusters have been characterized
as having a Cu:Se ratio of less than two, indicating mixed-
valence metal centers. All selenium ligands have a formal
charge of —2 as one does not find any Se—Se binding inter-
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Table 2. Interatomic distances of selected Cu'—S systems and metallic copper

System Cu—Cu [A] Cu—S distances for the different coordination numbers (CN) [A] ref.

CN =2 CN =3 CN =4
Cu—S clusters 2.511-2.985 2.111-2.291 2.103-2.673 - [13-15,17,29]
[Cuy>Sel2~ 2.774-2.950  2.156—2.179 — - g
ternary M—Cu'—S phases  2.60—2.96 2.13-2.17 2.17-2.53 2.37-2.55 [48]
binary Cu,_,S phases 2.59-2.97 2.06 2.28—2.33 2.15-2.59 (381
copper metal 2.56 - - - 38a]

500 —

E, (kJ-mol™)

Figure 6. Variation in the stabilization energies per monomer unit
in “naked” clusters [Cu,,S,] (n = 1—4, 6, 10) with the given values
taking into account the total energies of the most stable structural
isomers computed at the MP2 level

140

120

100

E, (kJ-mol™")
o
o

N
[

Figure 7. Variation in the Cu—P binding energies per Cu—P bond
in phosphane-ligated clusters [Cu,,S,(PH3),,] (n = 1—-4, 6; m = 2,
4, 6, 8) with the given values taking into account the total energies
of the most stable structural isomers computed at the MP2 level
with respect to the total energy of PHj; calculated by the same
method

actions; therefore, one can assign Cu' and Cu'' centers
within the same cluster core in 14, 17, 27, and 33. The phos-
phane ligands again play a key role in determining the ob-
served cluster sizes and shapes. The number of observed
compositions is approximately four times that of the num-
ber of copper sulfide species, and the cluster growth pro-
ceeds to much higher nuclearity. Again, the lower tendency
for precipitation of the binary phase can be invoked to ac-
count for this observation.

Another route to selenium-bridged copper clusters is by
synthesis using RSeSiMe; (R = organic group) in the pres-
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ence of either tertiary phosphanes or chelating ligands such
as 1,2-bipyridyl, diphenylphosphanyl acid, or bidentate
phosphanes dppR (R = organic spacer). The compounds
prepared in this way are listed in Scheme 4 in order of in-
creasing size.

Again, one finds clusters containing exclusively Cu' cen-
ters, as well as compounds with mixed-valence metal cen-
ters. In contrast to the compounds presented in Schemes 2
and 3, one of the selenido/selenolato-bridged clusters (52;
see below) apparently contains Cu® as well as Cu'. Apart
from this peculiarity, the cluster size and conformation of
the Se?>~/SeR ~-bridged compounds is not only influenced
by the nature and steric demand of the phosphane used, but
is also dependent on the spatial properties of the organic
substituent on the selenium reactant. This determines both
the Se?>~/SeR ™ ratio as well as the arrangements of the Se?~
ligands positioned inside the cluster core and of the SeR™
ligands on the periphery of the molecules.

3.2.2. Structures and Stabilities

3.2.2.1. Se?*~-Bridged Copper Clusters

The subtle, nonlinear structural influence of the phos-
phane ligands allows the formation of different clusters of
sometimes significantly different size and shape in the pres-
ence of the same phosphane. The isolation of a particular
cluster compound is then determined by the choice of reac-
tion conditions. Conversely, the use of different PR,R’ 1i-
gands can lead to clusters of the same [Cu,,Se,] cores that
may display differing numbers of terminal ligands and/or
structural isomerism. These observations have already been
illustrated and explained for the sulfur-bridged copper clus-
ters, but they are more important for the Cu—=Se species
and a much greater structural variety is found. As with the
copper sulfide compounds, one can distinguish between
“small” and “middle-sized” clusters with regard to their
shape and the coordination properties of the atoms in-
volved. However, a third group, the “large” clusters, exists
for the Cu—Se system. Whereas the transition from the first
to the second type of molecular size is rather smooth, a
clear break occurs when the number of copper atoms ex-
ceeds 59.

The only composition and structure that is equivalent for
both  copper sulfide and selenide clusters is
[CU12E6(PR2R,)8] (E = S, Se, PRzR’ = PEtth, P}’ZPI'3, re-
spective cone angles: 141°, 132°). Compounds 11113 and
122%1 are topologically identical to their sulfur analogues 3
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R=Ph, R’ =Et

[Cuy,Seq(PEtPh,)g] 111
R=R’=unPr 2y
[Cuy2See(PrPry)g] 1211
R=R’=nPr ”
= [CuiSes(PCy;)] 130
R=R’=Et o
[CuzSers(PEt )] 14119
R =Et,R’=Ph .
[CuzeSe 3(PELPh) 4] 15
R=R’=C
Y [Cuz6Ser3(PCys)10] 16!
R=R’=iPr . .
[CuzgSe;s(PiPr),5] 17
R=R’=iPr e , 18"
F————————= [CusSe;5(PR:R) 5] 07
R =Bu, R’ =Me 19
R =/Bu, R’ = Me )
CuX [a] [Cus,Se,s(SeSiMe;)(PBu,Me),,] 20!
+ R=R’=Ph
PR P > [CupSeis(PPhy);2] 2121
R=R’=/Bu . o
(X =CL, OAc) > [CugeSes(PBus)] 22
R=Et R’ =Ph
F——————————> [CuuSen(PEt;Ph)5] 23114
R =7Bu, R’ =#Bu
= [CuySen(PrBuBuy);] 24114
R —Me, R’ — Ph
> [CugSes(PMe,Ph)y] 2507
R=R’=Ph
F——————= [CusSey(PPhy)] 261!
R=R’=Ph
= [CuseSes(PCy;)is] 27118
R=iPr,R’ = Me 2811
[CuzpSess(PRyR")y] un
R =7Bu, R’ =Me 29
R=R’=Et
= [CusScss(PEt)] 301"
R=E{ R’ =Ph
———————> [CusSess(PELPh),|(n = 23,24) 311
R=R’=Ph
= [Cu;Ses(PPhy)y] 320
R=R’=Cy
= [CuzaSes(PCys)is) 3381
R=R’=Et 3409
R-ELR =Ph [Cuis0Sern(PRyR )34 35831
R=R’=Et
> [CuuSe(PEt)s] 361%%
R=R’=Ph
L= [CuSesn(PPhy)y] 371
[a]: + Sc(SiMe;), [b]: - SiMe;X
Et,0 or THF

Scheme 3. Survey of the synthesis of selenium-bridged copper clus-
ters protected by terminal phosphane ligands

and 4. The use of a much bulkier phosphane ligand, PCys,
does not lead to a condensation or dimerization of cluster
cores as observed for 6—8, which contain PR,R’ groups of
medium or large steric bulk. In contrast to the copper sulf-
ide clusters in the presence of PPh;, PnBuzBu,, or PMeiPr,,
a reduction to six terminal ligands is acceptable in the case
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——= [Cuy(SePh),(PPh;);] 383
—bd (20)
——= [Cuy(SePh),(dppbd);] 39
-m 122]
———=> [Cus(SeMes);(dppm)] 40
= [Cuy(SePh)(bipy).] 41
= [Cue(SePh)4(O,PPh,);] 4280
R =be 1201
= [Cu;sSeq(SePh)y(dppbe),] 43
| 27P [Cu(dppp),)[CuasSes(SePh)s(dppp),] 441
CuX [a] | = [Cuy,ScdSenBu)s(PiPry)] 4509
+ dppR [b] R-a
———= [CuseSes(SePh)yg(dppa)s] 46"
or PPh; (38)
or PiPr; (45, 51, 53) R-e 4707
or bipy (41) ———=> [CussSci3(ScPh) »(dppR)g] 0]
or Ph,PO,H (42) R= 48"
R= 4912
L =P = [CusSe 3(SePh)i(dppR)s] 50122
R=b
= [CuseSex(SerBu) o PiPrs) o] 5114
"> [CuSesa(SePh)s(dppa)] 5212
L= [Cus;Sess(SePh);(PiPrs), ] 531231
[a]l: THF or Toluene + PhSeSiMes
or MesSeSiMe; (40)
or nBuSeSiMe; (45)
or tBuScSiMe; (51)
+ additional
Se(SiMes); (53)
[b]: - SiMe;X
X =Cl, OAc
dppR = y-Ph,P-R-PPh,
— bis(diphenylphosphanyl)-alkane
-alkyne
-arene
organic spacers R:
a =acetylene bd=123-dibutadiene e =ethane  p = propane

b = butane be = benzene m = methane

Scheme 4. Survey of the synthesis of selenido/selenolato-bridged
copper clusters protected by monodentate or chelating bidentate li-
gands

of 13181 (Figure 8) and the resulting ligand shell can encap-
sulate the Cu;,Se¢ cluster core. The clearly larger cone angle
of PCy; compared to PPh;, PnBurBu,, or PMeiPr, (170°
vs. 145°, 146°, or 165°) is sufficient to allow a distorted Py
octahedron to protect the copper selenide framework. How-
ever, as might be expected, a third version of the distortion
of the [Cu,,E¢] core is observed in this case.

Considering the clusters presented thus far, there seems
to be a strong preference for highly symmetrical substruc-
tures of all the components involved in the heavy atom
framework. Capped or uncapped, sometimes condensed,
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Figure 8. Molecular structure of [Cu;,Ses(PCys)e] (13) (without or-
ganic groups)

octahedral, prismatic, cubic, dodecahedral, cubooctahedral,
or icosahedral arrangements of either metal, chalcogen, or
phosphorus atoms penetrate or enclose each other in all the
structures. Among the compounds discussed, the “Cu;,”
molecules possess the most symmetrical substructures.
However, selenium ligands evidently prefer higher bridging
modes. Therefore, the formation of “small” clusters with
mostly py-bridging selenium ligands is disfavored and these
are consequently less common than larger ones. For the
Cu—Se clusters, three further “middle-sized”” compounds
can be considered with regard to their symmetry properties
as well as for a further illustration of the structural influ-
ence of the phosphanes. The cluster frameworks of 141
and the [Cu,sSe;s] isomers 1518 and 16U'8! can again be
described as alternate packings of copper, selenium, and
phosphorus polyhedra, respectively. However, regular poly-
hedra are only observed in the structures of 14 and 15,
whereas the [Cu,¢Se;;] core of 16, being surrounded by only
ten PCy; ligands instead of 14 PEt,Ph groups, does not
conform to a known polyhedral pattern. The molecular
structures of 14—16 are shown in Figure 9.

To some extent, 14 and 15 are topologically related as
both contain a centered icosahedron of selenium atoms.
However, the penetrating polyhedra of copper atoms have
different shapes according to the differing numbers of cop-
per atoms and Cu—PR,R’ fragments (14: R = R’ = Et,
15: R = Et, R’ = Ph) in the two clusters (Figure 10).

In 14, a Cug cube surrounds the inner selenium atom be-
low Se; faces of the Sey, icosahedron. An outer Cu,, icosa-
hedron follows, which is positioned above and rotated by
90° with respect to the Se;, shell. The eight copper centers
inside the cluster thus form tetrahedral [CuSe,] groups and
the twelve outer ones display an [Se;CuP] environment by
binding to the similarly orientated P, icosahedron formed
by the PEt; ligands. In 15, the inner selenium atom has
twelve nearest copper neighbors that form an icosahedron,
each edge being positioned below an Se—Se edge of the
enclosing Se;, polyhedron and lying perpendicular to it, re-
sulting in a coordinative occupation of one copper atom
per Ses face. Slightly above the Se;, icosahedral surface, an

Eur. J. Inorg. Chem. 2002, 279—317
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Figure 9. Molecular structures of [Cu,Se 3(PEt3);5] (14), [CussSe;s-
(PEt,Ph) 4] (15), and [Cu,sSe;3(PCys)i0] (16) (without organic
groups)
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Figure 10. A comparison of the interpenetrating polyhedra in 14
(top) and 15 (bottom) that form the heavy atom cluster cores; the
lines merely represent polyhedral edges and do not imply bonding
interactions

arrangement of 14 Cu—PEt,Ph units can be described as a
sixfold capped cube. The twelve inner copper atoms and the
eight metal centers of the capped cube, which all reside near
Se; faces, are approximately tetrahedrally coordinated by
either four selenium ligands or three selenium ligands and
one phosphorus ligand. This is characteristic of those clus-
ters larger than those classified as “small”. The six re-
maining Cu—PEt,Ph fragments are situated above six
Se—Se edges and therefore represent tricoordinated
[Se;CuP] units, as found in both “small” and “middle-
sized” clusters. On comparing the Cu/Se ratios for 14 and
15, the fundamental difference that can be invoked to ac-
count for the structural differences becomes apparent. Clus-
ter 14 represents a mixed-valence compound formally in-
corporating six Cu'l and 14 Cu' centers to neutralize the
26— charge of the Se3 substructure. However, the interme-
tallic distances in 14 [Cu(1)—Cu(1): 2.821(4), Cu(1)—Cu(2):
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2.678(4) A] do not indicate significant interatomic interac-
tions despite the partial depletion of electrons. The only
structural indication of different valence situations in 14 or
15 is that, apart from equal average Cu—P bond lengths
(2.247 A in 14 and 15) and similar average intermetallic dis-
tances Cu—Cu (2.707;\ in 14, 2.682 A in 15), one finds
significantly shorter average Cu—Se bonds in the mixed-
valence compound 14 (2.365 A) than in 15 (2.457 A). The
molecular structure of 16 differs from those of 14 and 15
in that the selenium substructure consists of a very irregular
Se,; deltahedron. Twelve of the copper centers and ten
Cu—PCy; fragments bind to the Se;; polyhedron in such a
way that they are again three- or four-coordinated. Unlike
the situation in 14 or 15, one additionally observes four
copper atoms that are almost linearly coordinated by two
selenium neighbors. This pattern is typical for “small”
Cu—E clusters and again underlines the partial mainten-
ance of these properties in the “middle-sized”” compounds.
The structure of 16 acutally resembles more the molecular
structures of the next larger clusters 17—19 (Figure 11), be-
ing reduced by three or four copper atoms, two selenium,
and two phosphane ligands.

Like the “Cu;,”—“Cusyy”, the “Cu;p”—“Cuy,”, or the
“Cu,g”—“Cus,” relationship discussed for copper sulfide
clusters, the molecular structures of 14 and 15 can be seen
to be closely related, at least in principle, even though the
numbers and ratios of heavy atoms are very different. In
contrast, a similar number of copper and selenium atoms
can but does not always lead to a topological relationship
(cf. 15/16). Compounds 17—211-17211 contain 29, 30, 31, or
32 copper atoms and either 15 or 16 selenium ligands.
Nevertheless, three completely different molecular frame-
works are observed. The first structure type is adopted by
17,°1 18,1 and 19.I'1 As an example, the molecular struc-
ture of 17 is shown in Figure 11.

17

Figure 11. Molecular structure of [CuyySe;s(PiPr);,] (17) (without
organic groups)
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20

Figure 12. Molecular structure of [Cus;Se;s5(SeSiMes)(PrBu,Me), ]
(20) (without organic groups)

Although the number of copper atoms in 17 is one less
than in 18 or 19, indicating a mixed-valence situation in this
system, all the clusters show equivalent Cu—Se—P cores.
The additional copper atom in 18 or 19 is positioned in the
cluster center. A reaction employing the same reactants and
temperatures as for the synthesis of 19, but using a 40%
higher PrBu,Me:CuOAc ratio, yields compound 20071 (see
also Scheme 8). Although the cluster core of 20 (Figure 12)
can also be described in terms of five parallel planes of
copper and selenium atoms that are then surrounded by
twelve phosphane ligands, analogous atomic arrangements
or corresponding polyhedra in 19 or 20 are not found.

The SeSiMes group, which is unique in the copper chal-
cogenide clusters, not only influences the molecular struc-
ture of 20, but also indicates the obvious reason for the
structural differences. Compound 20 can be viewed as a
“frozen” intermediate en route to the formation of a larger
cluster such as the “Cus,” cluster 297 (see below), since
it still bears a leaving group. The latter uniquely acts as a
protecting unit in addition to the phosphane ligands and
consequently further cluster growth is slowed down to such
an extent that compound 20 crystallizes instead. Thus, its
formation is naturally independent of the cluster growth
yielding 19. A third structure type for this size of cluster is
found for 21,1 as shown in Figure 13. The selenium atoms
form a flattened polyhedron consisting of non-bonded Ses
triangles. One observes four distinct copper environments:
24 of the copper atoms cap the selenium triangles, and of
these 16 are bonded only to selenium ligands producing a
distorted trigonal-planar coordination geometry slightly be-
low the Ses faces. The other eight of these copper centers
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21

Figure 13. Molecular structure of [Cus,Se;s(PPhs);,] (21) (without
organic groups)

are also coordinated by a phosphane ligand, giving a tetra-
hedral environment with the copper atoms situated on the
exterior of the selenium substructure. Of the remaining cop-
per atoms, four are coordinated in a quasi-linear fashion to
two selenium ligands, and four are bonded in a distorted
trigonal-planar manner to two selenium neighbors and one
phosphorus atom from PPh;. These coordination patterns,
as well as bridging modes of ps and pe for the selenium
ligands, are common for “middle-sized” Cu—E clusters.
Compounds 16, 17, and 21 also represent exceptions for
their cluster size in that they do not contain copper or sel-
enium atoms inside an approximately spherical Cu—Se
shell. All other “middle-sized” clusters containing 20 or
more copper atoms (beginning with compound 14) feature
central copper atoms (18, 19) or central selenium ligands
(14, 15, 20).

The larger molecules 22—271%-14:17.18.211 q]] feature selen-
ium atoms enclosed within an Se, polyhedron (n = 18, 22,
24, 26, or 30). The number of inner selenium ligands in-
creases with increasing cluster size from one central atom
(22),”! through two inner atoms (23—25),l'*!"1 to three sel-
enium centers inside the cluster core (26, 27).l'8-211 The re-
spective underlying selenium substructures are summarized
and compared in Figure 14.

Even though these six compounds can be considered as
spherical, “middle-sized” clusters, and all possess central
units within a Cu—Se surface, two distinct basic shapes can
be discerned. Compounds 22 and 26 (Figure 15) are based
on a triangular structure, whereas 23—25 and 27 form el-
lipsoid-type cluster surfaces (Figures 16 and 17).

The molecular structure of 22 displays idealized Ds sym-
metry, while the Cu—Se core of 26 shows near C; symmetry,
although in neither case is this realized in the crystal (22:
C, symmetry; 26: C; symmetry). Along the idealized three-
fold axes, one finds one selenium ligand at the top and one
at the bottom of the approximate flattened trigonal prism
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Figure 14. Selenium substructures in 22—27 (from top left to bottom right); the Se—Se lines do not represent bonding interactions, but

merely help to visualize the geometries of the polyhedra

formed by the cluster atoms. In 22, a third selenium ligand
is positioned between these two at the cluster center. Con-
versely, in 26 a triangle of three inner selenium atoms lies
at the center of the Cu—Se core, and two copper atoms are
arranged along the near C; axis, between this Ses triangle
and the two aforementioned selenium ligands. Considering
first the central cores, the clusters are formed in the usual
way by alternating bonds from copper to selenium atoms.
For 22, this leads to [Se,Cu], [Se;Cul], or [Se,CuP] coordina-
tion environments around the copper centers and pi53- to -
bridging selenium ligands with Cu—Se distances of
2.347(4)—2.875(5) A. The larger cluster core of 26 con-
sequently features higher coordination numbers, including
almost tetrahedral [Se;CuP] arrangements besides di- or
tricoordinated copper atoms as found in 22, and the selen-
ium atoms act as - to pg-bridges with a wide Cu—Se dis-
tance range of 2.19—2.91 A. Twelve PBuj; ligands enclose
the copper selenide core of 22 in the following way. Six are
bonded over rectangular faces when the cluster is viewed in
a simplified manner as a trigonal prism. Six further PrBus
units are situated over the respective triangular faces. In
addition to nine PPh; ligands that are bonded over the rect-
angular faces of the “prismatic” Cu—Se core in 26, seven
phosphane groups surround the cluster core in a different
manner on the two triangular faces in such a way that three
are positioned on one side and four on the other.

By using different phosphane ligands and changing the
CuOACc/PR,R’ molar ratios and final reaction temper-
atures, the structural isomers 23 and 24 can be obtained.
The spatial demands of the phosphane ligands enabled li-
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gand shells composed of either 18 PEt,Ph or 12 PnBusBu,
groups to adequately protect a [CuysSes,] core. In 23, the
phosphorus atoms form a quite regular polyhedron of al-
ternating, eclipsed Ps, Pg, Ps, and P; rings perpendicular to
the long axis of the cluster. The twelve phosphorus atoms
at the periphery of the cluster core in 24 constitute a highly
distorted icosahedron. As a result of the different numbers
and arrangements of PR,R" ligands, which modify the core
geometry in the usual way by “pulling” the ligated copper
atoms out of the Cu—Se core to some extent, some differ-
ences are observed when the copper selenide frameworks
are considered in detail. This is clearly apparent when the
respective Se,, substructures are compared (Figure 14).
Both can be described as a staggered arrangement of three
Seg rings, the middle one being larger than the outer rings.
One additional selenium ligand caps each of the two ter-
minal Seq faces of the face-sharing hexagonal anti-prisms.
Apart from different distortions of these peripheral Se,q
polyhedra (total lengths or widths of the Se,, substructures
according to the orientations in Figure 14: 11.43 or 8.64 A
in 23; 8.34 or 10.60 A in 24), the relative positions of the
inner Se, units are perpendicular to each other. One can
therefore consider units of twelve copper and two selenium
atoms in each cluster core that have completely different
orientations, a consequence of the significantly different
situations on the cluster surface mentioned above. The iso-
merism observed with the “Cuy,” clusters again shows that
certain [Cu,,E,] compositions represent ‘“‘islands of
stability” — within given limits of structural isomers — that
are obtained experimentally whenever a suitable ligand shell
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Figure 15. Molecular structures of [CuszeSe;s(PBus);s] (22) and
[Cus,Sess(PPhs) 6] (26) (without organic groups)

can be realized by means of the available phosphane molec-
ules.

Two further ellipsoid-like arrangements are found for
clusters 25 and 27, respectively. Apparently, it is not pos-
sible for a phosphane shell composed of PMe,Ph ligands
(cone angle: 127°) to surround a [CugyySe,»] cluster. Instead,
the smallest compound to be sufficiently stable and insol-
uble to allow its isolation is the slightly larger cluster 25,

Eur. J. Inorg. Chem. 2002, 279—317

24

Figure 16. Molecular structures of [CugysSe,(PEt,Ph)g] (23) and
[CuysSer(PrnBurBu,),] (24) (without organic groups)

although this is structurally related to the smaller species
23. The ellipsoid-like Se,4 substructure of 25 (Figure 14)
can be derived from the Se,, arrangement in 23 by simple
substitution of each of the single Se caps in the smaller
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27

Figure 17. Molecular structures of [CuygSe,,(PMe,Ph),g] (25) and
[CusoSeso(PCy3)y5] (27) (without organic groups)

292

polyhedron by two selenium ligands capping the outer Seq
rings. Again, one finds all the coordination features typical
for “middle-sized”” Cu—Se clusters, even four copper atoms
showing an almost tetrahedral environment of four selen-
ium ligands. However, unlike all the smaller clusters that
contain selenium atoms inside the cluster core, 25 features
two tetrahedral [SeCuy] units — these being linked by a
trans-edge junction through a compressed Cuy tetrahedron
— with a uniquely low bridging mode (j4) for the two inner
selenium ligands (cf. the bridging modes of the inner selen-
ium ligands in 14, 15, 20, 22—24: us to pg, W»). Besides 14
and 17, 27 is the third copper selenide cluster that has too
few metal centers for an overall +1 oxidation state for the
copper atoms. However, no single Cu®>* center can be as-
signed and the lack of one electron is likely to be delocal-
ized over the whole cluster framework. As with 23—25, the
molecule is oblong in shape. It represents the largest spher-
ical copper selenide cluster yet known, and thus it con-
cludes the series of “middle-sized” Cu—Se clusters. The sel-
enium atoms form a highly irregular Se,; polyhedron
around three inner chalcogen centers (Figure 14), which can
alternatively be viewed as an approximate arrangement of
the selenium ligands into three layers. The molecular struc-
ture of 27 includes all possible coordination environments
around copper atoms, i.e. [Se,Cu], [SesCu], [SesCul],
[Se>CuP], and [Se;CuP]. Selenium ligands are observed to
act as py-, U5, Mg-, OF [y-bridges.

Summarizing the structural properties of the “small”
Cu—Se clusters 11—13, and the “middle-sized” ones
14—27, the spherical shape and the absence of any topolo-
gical relationship with the bulk material Cu,Se are a central
feature. Only the tendency towards higher coordination
numbers at the copper centers, i.e. three and four, with in-
creasing cluster size approaches the situation in the binary
phase. However, the main difference between “small” and
“middle-sized” clusters is the occurrence of inner atoms
that first appear within a copper selenide core of 33 atoms
(14). The coordination patterns in the “middle-sized”” mole-
cules typically show a mixture of higher and lower coor-
dination numbers or bridging modes, whereas only lower
coordination numbers are observed in “small” clusters.

Although only eleven more copper atoms are observed in
compounds 28—31[1%:17.26.291 than in 27, these represent the
smallest examples of a new type of copper selenide clusters.
The so-called “large” Cu—Se clusters are characterized by
significantly different cluster shapes, structural principles,
and relationships to the bulk material than the smaller spe-
cies. Clusters 28—37 display A4-B-A-type packed layers of
selenium atoms that form large triangles. At first sight, this
might appear to be reminiscent of the “triangular’ struc-
tures of 22 or 26. However, a closer look clearly reveals the
differences between these two clusters and the layer-type
structures of the “large” clusters. Compounds 28—37 are
all based on three Acp selenium layers, of which the middle
one is the largest. Figure 18 shows the selenium networks
of the “large” clusters 28> (as an example of a Cu;,Sess
core), 3211 (Cu,,Sesq core), 33031 (CuyySesg core), 3423
(Cuy49Se7y core), and 371121 (CuyueSes5 core). It is worth
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Figure 18. Selenium substructures in 28, 32, 33, 34, and 37 (from top left to bottom right) that contain 35, 36, 38, 70, or 73 selenium
atoms; the drawn Se—Se contacts do not represent binding interactions, but merely serve to visualize the 4-B-4 packing of selenium
atoms in three layers; this is additionally demonstrated by the supplementary view of the Sesq substructure of 32 (top middle); open

circles mark disorder positions of copper atoms (see text)

mentioning that this structural pattern seems to be excep-
tionally favored for huge copper selenide clusters since it is
observed over a size range from “Cuy,” to “Cuyye”, i.€. over
a more than twofold increase in the nuclearity.

Clusters 28—31 contain Se;(, Se;s, and Se;, layers that
form perfect triangles. Thus, the next largest selenium sub-
structure should be formed by an arrangement of triangular
Seys, Se,;, and Se;s layers incorporating one more row of
selenium atoms each. However, the corresponding
“[Cuy0sSes;]” cluster core is not yet known. Instead, one
observes the formation of intermediate clusters incorporat-
ing selenium layers similar to those in 28—31, but with the
middle one deviating from a perfectly triangular shape. In
32, one corner of the middle layer is modified with respect
to the corresponding layer of the “Cu;,” clusters in that
two selenium atoms replace one former corner atom. Sim-
ilarly, all three corners are modified in this way to result in
the Se;o—Se;s—Se;o selenium framework of 33; this com-
pound is another “Cu-deficient” cluster featuring fewer
copper centers than Cu,, with respect to Se,. The third
“ideal” cluster composition has been observed in com-
pounds 34—36. The underlying selenium layers contain 21,
28, and 21 atoms, respectively. By replacing all corner selen-
ium centers of the middle triangle by two chalcogen atoms,
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one obtains the Se;; substructure that is observed in 37.
For this third possible size, successive modification of one
or two triangle corners of the middle layer has not yet been
observed, whereas for the first size (35 selenium atoms), a
modification of one or three corners has been found.

The reason for the missing “Cu;q,” cluster might be re-
lated to the primary steps of the cluster growing mechan-
ism. Selenium networks consisting of three triangular /icp
layers based on 0.5-[n'(n + 1)] selenium atoms (z = number
of straight rows in the triangular network) in 4-B-A4 order
permit three possible orientations of the central threefold
axis of the network {layers with a central Se atom are those
containing 0.5:[n*(n + 1)] atoms, where n = 3m + 1), i.e.
Seq, Seqo, Seog, etc.; layers where n = 3m or n = 3m + 2)
have a central hole: Se;, Seq, Seys, Sesr;, Sess, Seys, etc.}:
one either finds a hole (representing the unoccupied C posi-
tion), one selenium atom in the middle layer (located in a
B position), or two selenium atoms belonging to the two
outer layers (located in 4 positions). Since all the “large”
Cu—Se clusters characterized to date have only been con-
sistent with the last two possibilities, the presence of a cent-
ral Cu,Se, axis (Se4,—Cu—Cu—Se, in 28—33; Cu—Sez—Cu
in 34—37) would seem to be necessary for the formation of
a stable cluster core. Assuming that the cluster growth starts
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Figure 19. Molecular structures of [CusoSess(PR,R),;] (R = iPr, 1Bu; R’ = Me) (28, 29), [Cu;0Sess(PEt3),5] (30), [CuspSess(PEt,Ph),]
(n = 23, 24) (31), [Cuy,Se36(PPhs)y0] (32), and [Cuy4Ses5(PCys)ig] (33) (without organic groups); two copper atoms that are positioned
around the central Se—Cu—Cu—Se axis are statistically distributed with occupancies of 0.67 over three positions in 28, 29, and 31

from the center of the molecule, the need for such a [Cu,Se]
or a [Cu,Se,] fragment situated along the C; axis appears
understandable for a non-spherical cluster. Therefore, only
those molecules that contain either one (middle; cf. 34—237)
or two (outer; cf. 28—33) selenium layers with a central sel-
enium atom instead of a central triangular hole are formed
and observed experimentally. Both the Se;s and the Se,;
layers that would conceivably form a “Cu;,”” molecule do
not contain central selenium atoms, thus suggesting why the
[Cuyp-Ses;] core has not been observed.

In Figure 19, the cluster cores of the clusters containing
70 (28—31), 72 (32), and 74 (33) copper atoms are com-
pared.

The “Cuy,” core is quite tolerant with regard to its ligand
shell. An increase in the spatial demand of the PR,R’ mole-
cules is not strictly coupled with a decreasing number of
terminal ligands. However, one still finds a rough correla-
tion, since 21 of the bulkier phosphane ligands PMeiPr,
(cone angle: 146°) and PrBu,Me (cone angle: 161°) are ar-
ranged around the Cu—Se core in 28 and 29, whereas 22,
and 23 or 24, terminal ligands are observed for the smaller
phosphanes PEt; (cone angle: 132°; 30) or PEt,Ph (cone
angle: 136°; 31), respectively. Clusters 28, 29,[!71 and 3112
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differ marginally in their molecular structures. The only ob-
servable difference between 28 and 29 is a slightly less com-
plete ligand shell achieved by the less sterically demanding
PMeiPr, groups. Cluster 31 displays a disorder problem
with the PEt,Ph groups, such that it cannot be determined
with complete certainty whether the total number of phos-
phane ligands amounts to 23 or 24. Accordingly, for the
formation of the cluster, another two (or three) additional
phosphane molecules — compared to 28 or 29 — are situ-
ated at the triangle corners in such a way that two (or three)
corners possess four instead of three Cu—PEt,Ph groups,
while one (or no) corner still bears three groups. The inter-
mediate number of phosphane ligands, 22, is accompanied
by a more distinct structural modification in 30. Again, this
affects the corner region. In contrast to all the corner ar-
rangements of copper and selenium atoms in the other
“Cuyg” clusters, none of which can be described in terms of
regular patterns, in 301'% only two corners have an irregular
structure. The third one shows a highly symmetrical [Cuo-
Se;(PEt3)4] configuration featuring a centered cube of cop-
per atoms that is capped on three faces by py-selenium li-
gands and bears a square of four phosphane groups on the
four outer atoms. This peculiarity of one cluster corner in

Eur. J. Inorg. Chem. 2002, 279—317



Chalcogen-Bridged Copper Clusters

MICROREVIEW

30 is one of two reasons for the absence of pseudo-threefold
molecular symmetry. A C; symmetry of the [Cu;oSess] core
of 28, 29, or 31 is additionally approached — apart from
one “wrong” Cu—PR,R’ position in 28 and 29 — by the
statistical disorder of two copper atoms. The latter are dis-
tributed over three positions — each with site occupancies
of 0.67 — forming a triangle around and perpendicular to
the Se—Cu—Cu—Se pseudo-threefold axis running through
the center of the molecule. In Figure 18, the three disorder
sites are marked with open circles. The disorder of the
PEt,Ph ligands in 31 also leads to a pseudo-C; axis if 24
phosphane groups are assigned to the ligand shell. In con-
trast, close inspection of the cluster center in 30 reveals an
unoccupied copper atom position. The two other metal
atom sites are fully occupied, leading to a lower — yet crys-
tallographically realized — C, symmetry.

The molecular structure of 32 can be derived from that
of 28 or 29 in a simple manner if one first fully occupies all
the copper atom positions around the Se—Cu—Cu—Se axis
as mentioned above, and then formally substitutes one cor-
ner selenium atom by an [Se,(CuPPhs),] unit after removal
of three PPh; ligands at that corner. This leads to a modi-
fication of the middle selenium layer, as discussed earlier.
Additionally, the number of phosphane groups that enclose
the respective corner is reduced to two, since two of the
three copper atoms that are coordinated by PR,R’ ligands
in the analogous corner in 28 or 29 remain “naked” in 32.
Modification of all three cluster corners in this way, again
together with full occupation of the Cu; group around the
cluster center, generates the structure of the mixed-valence
cluster framework in 33. With idealized Cs, symmetry for
the cluster framework, the symmetry of the molecule does
not exceed C, in the crystal due to slight distortions and
the positions of the organic groups bonded to the phos-
phorus atoms.

The largest copper selenide clusters yet known contain
140 or 146 copper atoms and 70 or 73 selenium ligands,
respectively. The molecular structures of 34, 36,2’ and 37
are shown in Figure 20.

The different number of PR,R" groups observed in 34 or
35,311 on the one hand, and in 36 on the other, affects the
molecular structures in a different manner as seen for the
“Cuyq” species 30 and 31. Considering the corners again,
34, with 34 terminal PEt; ligands, resembles an enlarged
analogue of 30. As in the smaller compound, two corners
are arranged irregularly, whereas the third shows the regu-
lar, centered-cubic pattern. On increasing the number of
PEt; groups to 36, as in 36, all three corners now show this
ordered arrangement of copper, selenium, and phosphorus
atoms. This corner unit, which is only found for the PEt;-
ligated “large” Cu—Se clusters, underlines the structural re-
lationship between 30, 34, and 36, and again highlights the
steric influence of a particular PR,R’ ligand. All other pho-
sphane ligands that surround “large™ copper selenide clus-
ters feature larger cone angles, which could be the reason
for the adoption of a more staggered arrangement if four
Cu—PR,R’ units are present at a corner. Consequently, in
35, all three corners show arrangements like that in the
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smaller analogue 31. Disorder of copper atoms that in-
creases the apparent idealized molecular symmetry is again
present in the “Cuy,” clusters. A twofold disorder of one
copper atom, between positions on the pseudo-C; axis
(above and below the central selenium atom), results in an
apparent “Cugs’—Se—“Cugs” central axis. In addition,
four copper atoms are disordered over six equivalent sites,
each with occupancies of 0.67. As for the “Cuy,” clusters,
these sites lie within the plane of the middle selenium layer.
However, in contrast to the smaller clusters 28, 29, and 31,
where the disorder sites form part of the [Cu;Se;] hexagon
at the center of the clusters, the six disorder sites in 34—36
are more distant from the cluster centers, as marked with
open circles in Figure 18.

The formal replacement of each of the three corner selen-
ium atoms and twelve PR,R’" molecules in 36 by three [Se,.
Cu(PR,R"),] units, as well as full occupation of all the cop-
per sites present in the “Cuyy,” clusters, exactly yields the
composition and Ds; symmetric molecular structure of 37.
Thus, the structural relationship between 36 and 37 is ana-
logous to that between the “Cu;,” and the “Cu;,” and
“Cuq,” clusters.

All the “large” Cu—Se clusters show an A-B-A packing
of hexagonal layers of selenium atoms. The metal centers
occupy either trigonal or tetrahedral holes, or are situated
outside the selenium layers in trigonal or tetrahedral coor-
dination environments. Thus, the layer-type clusters clearly
show a closer relationship to solid-state structures than do
the spherical ones. However, for the Cu,_,Se phases, hexa-
gonal structures are unknown and only cubic modifications
are found. Interestingly, for the Cu,S (chalcosine) high-tem-
perature phase,*®! a hexagonal lattice with mainly trigon-
ally-surrounded copper atoms, with some tetrahedrally and
linearly coordinated ones, does exist. In contrast, the cubic
Cu,_,Se crystal structuresi®” can be derived from an anti-
fluorite lattice®!! by positioning the selenium atoms at de-
fined lattice sites, and positioning six to eight copper atoms
per unit cell — according to the phase composition — in
trigonal, tetrahedral, or octahedral holes. In a-Cu,Se, the
metal centers are positioned in an ordered manner within
the selenium lattice, whereas in f-Cu,Se they are statistic-
ally disordered over the observed sites. Even though the re-
ported structural properties of copper selenide binary
phases are not uniform, there is a clear agreement regarding
the dominant coordination number of four for the copper
atoms and the absence of any linearly-coordinated metal
centers. Due to the hexagonal modification and the pre-
ferred coordination number of three for the copper atoms,
the layer-type Cu—Se clusters approach the bulk material
situation only in principle. Table 3 summarizes the in-
teratomic distances in several copper(I) selenide compounds
with respect to different coordination numbers around the
metal atoms (cf. Table 2 for Cu—S systems).

Regarding the copper selenide clusters reviewed here, it
is clear that a given phosphane ligand does not just generate
clusters within a given size range, with another PR,R" li-
gand resulting in the next largest clusters, and so on. In-
stead, it is evident that even very different types of phos-
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37

Figure 20. Molecular structures of [CuisoSes0(PEts)s4] (34), [CuisoSeso(PEts)s6] (36), and [CuyseSes3(PPhs)se] (37) (without organic
groups); in 34 and 36, the two central copper atoms each have occupancies of 0.5, to result in one atom overall, which is statistically
distributed over two sites; six further copper atoms are assigned occupancies of 0.67, resulting in four instead of six metal atoms in the
overall formula

Table 3. Interatomic distances of selected Cu'—Se systems

°

System Cu—Cu [A] Cu-—S distances for the different coordination numbers (CN) [A] Ref.
CN =2 CN =3 CN =4
Cu—Se clusters 2.427-3.047  2.169-2.295 2.317-2.897 2.291-2.986 [9.10,12=14,17.18,21]
Cu'—(Se,) complexes 2.77 (av.) - 2.37 (av.) - 121
a-KCuSe, 2.64—3.00 - 2.35-2.50 (53]
Binary Cu,_,Se phases  2.35-2.92 2.06 2.28—2.33 2.15-2.59 (39

phanes, of different steric bulk, can lead to the formation ties. Inspection of Scheme 3 reveals that several clusters,
and crystallization of similar, isomeric, or even identical varying significantly in size, may be formed in the presence
Cu—Se cores if the ligand shells comply with certain re- of the same phosphane, although under different reaction
quirements of regular geometry and thus protective proper-  conditions, so long as various suitable ligand shells can be
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realized. In order to illustrate the size dependence of the
cluster core on the use of different copper salts, reaction
stoichiometries, solvents, and reaction temperatures, se-
lected cluster formation reactions are shown in Schemes 5,
6, 7, and 8 with precise specifications of the respective con-
ditions. Each scheme deals with one phosphane type.

(15) 31
[CU268613(PEtzPh)|4] [CU7()SC35(PEt2Ph)n] (n = 23, 24)

+ 1 PEt;Ph T —20 °C, Et;0 + 2 PEt;Ph T +20°C, DME

CuOAc CuCl
+ +
0.5 Se(SiMe;)z 0.5 Se(SiMeg)z
+1 PEtzPh\L 0 °C, Et20 + 1 PEt;Ph ]/ 0 °C, Diglyme

[CU44S622(PEt2Ph)18]
23)

[CuaoSero(PEL:Ph)s4]
(3%

Scheme 5. Synthesis of various copper selenide clusters in the pres-
ence of PEt,Ph under different reaction conditions

(13) 27
[Cui>Se(PCy3)e] [CusoSeso(PCy3)1s]
+2PCy; | +20°C, THF +1PCy; | 0°C, THF
CuOAc
+
0.5 Se(SiMes),
+1PCy; | +6°C, THF +1PCy; |+20°C, THF
+ Et,O
[Cuz6Se13(PCy3)10] [Cu74Se33(PCy3)is]
16) 16)

Scheme 6. Synthesis of various copper selenide clusters in the pres-
ence of PCy; under different reaction conditions

(21) (32)
[CU323616(PPh3)12] [CU7zse36(PPh3)20]
+3 PPhy T +4°C,THF  +3PPh;| +20°C, Diglyme
+ Etzo
CuOAc CuCl
+ +

0.5 Se(SiMes), 0.5 Se(SiMes),

+ 3 PPh; \L +20°C, THF +5PPh; | +20°C, THF
+ Et,0
[CuszSes(PPhs)ie]

26)

[Cuy46Se73(PPhs)s0]
37

Scheme 7. Synthesis of various copper selenide clusters in the pres-
ence of PPh; under different reaction conditions

As for the copper sulfide clusters, comprehensive theoret-
ical investigations within the MP2 approximation (program
system TURBOMOLE) were carried out for the [Cu,,Se,]
clusters.>¥ Again, stabilization energies per monomeric unit
for a “naked” cluster growth from n = 1 through n = 2—4,
6 to n = 10 were calculated, along with phosphane binding
energies for mono-, di-, tri-, tetra-, and hexameric species.
The results are presented in Figures 21 and 22, respectively.
The corresponding graphs for the Cu—S clusters, shown in
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a9)
[CuseSe s(P1Bu,Me) 1]

+ 1 PBu;Me T+ 2°C, Et;O

CuOQAc + 1.4 PBu;Me
+ — > [Cu3;Se;5(SeSiMe;)(PBuMe)iz]
0.5 Se(SiMes);  +2 °C, Et,0 20)
+1PrBu;Me | —24 °C, THF

[CuzoSess(PrBu;Me)1]
29

Scheme 8. Synthesis of various copper selenide clusters in the pres-
ence of PrBu,Me under different reaction conditions

E,, [kJ mol—1]
500
400
300 -
200 S e
Se &
100 |
< T \ \
1 5 n 10

Figure 21. Variation of the stabilization energies per monomer unit
in “naked” clusters [Cu,,E,] (E = S, Se; n = 1—4, 6, 10) with the
given values taking into account the total energies of the most
stable structural isomers computed at the MP2 level

140

120

100 —

80

Ep (k] mol'ly

60

40 —

Figure 22. Variation of the Cu—P binding energies per Cu—P bond
in phosphane-ligated clusters [Cu,,E,(PH3),,] (E =S, Se; n = 1—4,
6; m = 2, 4, 6, 8); the given values taking into account the total
energies of the most stable structural isomers computed at the MP2
level with respect to the total energy of PHj calculated by the
same method

Figures 6 and 7, respectively, are given once more for com-
parison purposes.

The variations in both energies are similar for the
quantum chemically investigated sulfur- and selenium-
bridged copper clusters. Thus, the kinetic rather than the
thermodynamic stabilities of the species, and the very low
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Cu—P binding energy, are the same as for the Cu—S com-
pounds. Additionally, a comparison of the energetic proper-
ties of sulfur- vs. selenium-bridged copper clusters leads to
two results. First, after nearly identical stabilization energies
(maximum differences: *+5 kJ-mol™!, < 2%) upton =4, a
slightly higher stabilization for the Cu—S species is seen
from n = 6 onwards. This correlates with a larger absolute
value for the formation enthalpy of solid Cu,S (AH® =
—81.2 kJ'mol™!) than for solid Cu,Se (AH{® = —65.2
kJ-mol~!). However, the differences between the stabiliza-
tion energies per monomeric unit for the calculated, rather
small clusters do not exceed 5%. Thus, it is understandable
why laser ablation spectra of copper chalcogenides do not
vary much for the different chalcogens. Secondly, the Cu—P
bond energies are generally 4—7 kJ-mol™! (4—9%) higher
for the sulfur-bridged compounds. This correlates with the
discrepancy between the experiments reported by Dance et
al.,[3! which show similar behavior for different chalcogens
— in agreement with the calculations on “naked” species —
and the experimental observations of significant differences
in the syntheses and structures of phosphane-coordinated
sulfur- and selenium-bridged copper clusters. The larger
Cu—P binding energies computed for Cu—S clusters, relat-
ive to those computed for their Cu—Se analogues, help to
explain the different ranges of observed products in the fol-
lowing way. Assuming that on going from the Cu—Se to
the Cu—S systems the activation energy E, for the Cu—P
bond cleavage increases by a similar value as the Cu—P
binding energy itself, a decrease in the respective reaction
rate constant k can be calculated by means of the Arrhenius
equation®¥ [Equation (1)].

k= A-e”Ea/RT 1)

At a typical cluster formation temperature of 7= 250 K,
an increase in the activation energy E, of about 5 kJ-mol™!
causes a reduction in the rate constant k by one order of
magnitude. Thus, the cluster growth that is initiated by the
loss of a primary terminal phosphane ligand shell will occur
at a lower rate for sulfur-bridged clusters. Consequently, un-
like the selenium-bridged copper clusters, the Cu—S species
show a much lower tendency to aggregate beyond “Cu;,”.

3.2.2.2. Se*~/SeR~-Bridged Copper Clusters

The use of alkylated or arylated derivatives RSeSiMes
(R = organic group) results in aggregation according to
another mechanism, and leads to the formation of selenido/
selenolato-bridged copper clusters. The given synthetic
route using RSeSiMe; (Schemes 1 and 4) has not produced
any selenolato-free species. This observation is at variance
with those made for similar reactions with tellurolato react-
ants RTeSiMe;s (see below). The experimentally isolated and
characterized compounds listed in Scheme 4 display signi-
ficantly different structures with respect to the purely E>~-
bridged molecules (E = S, Se). This applies even for reac-
tions in the presence of tertiary phosphanes PPh; or PiPrs
used for the syntheses of the copper selenide clusters. The
expanded ligand properties of SeR™, which can act as both
a bridging and a terminal ligand, lead to the crystallization
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of low nuclearity complexes with two, three, six, or nine
metal centers (38—42),[20-2230 if Se—C bond cleavage is
suppressed. Larger cluster compounds can be isolated
whenever Se?” particles are produced during the reaction to
facilitate the formation of inner selenium bridges. However,
those molecules containing both selenide and selenolato li-
gands show structural patterns that are also common for
Cu—Se clusters as far as the inner core is concerned. Fig-
ure 23 depicts compounds 38—42, which only contain selen-
olato ligands and not selenide.

The binuclear complexes 387% and 3929 formally show
analogous molecular formulae but differ structurally ac-
cording to the requirements of the different ligating com-
ponents that are present. These requirements are of struc-
tural relevance for all Se?>~/SeR -bridged copper clusters,
as outlined in the following. Firstly, bidentate phosphanes
dppR (R = organic spacer) bridge two copper centers at
the periphery of the polynuclear complex or cluster molec-
ule and therefore act simultaneously as both protecting
groups and linking molecules. Secondly, selenolato ligands
SeR™ have the capability to bridge between two or three
metal centers. Additionally, they can be terminally bonded,
as in 39, when the Cu—Cu distance (9.01 A) is too large
for a monoatomic ,-bridge. Thirdly, tertiary phosphanes
PR,R" act exclusively as terminal ligands. Therefore, the
copper atoms in 38 are bridged by SePh™ fragments at a
Cu—Cu distance of 2.846(1) A. The molecular structure of
40121 also conforms to these constraints, again with the ubi-
quitous key factor of optimal protection of the heavy atom
framework by organic groups. Compounds 41839 and 420301
are the only examples that could be isolated employing the
bidentate amine ligand bipyridyl (41) or diphenylphos-
phanyl acid Ph,PO,H (42). Compound 41 seems to repres-
ent a “snapshot” molecule during cluster growth, since two
[Cu(bipy)]" fragments are unsymmetrically attached to a
regular cluster center. The latter is formed by a distorted
Cuy tetrahedron [Cu—Cu: 2.650(4)—2.824(4) A], the six
edges of which are each p,-bridged by SePh™ ligands. How-
ever, four of the phenyl selenolato groups act as pz-bridges
in the molecule, since two bind to each of the additional
Cu(bipy)™ units. Having achieved charge neutrality, the suf-
ficiently protected compound precipitated in this low nuc-
learity state. Much higher molecular symmetry — even crys-
tallographic symmetry — is found for 42. Two six-mem-
bered Cus(SePh); rings are linked by three “naked” copper
centers leading to a ps-bridging function of the SePh~
groups. Additionally, the rings are clamped by three
Ph,PO,~ ligands, which bind to the six copper atoms in
the two six-membered rings. Twelve phenyl groups perfectly
wrap the uncharged cluster and therefore allow the termina-
tion of atomic aggregation and crystallization in THF.

As was found for the copper chalcogenide clusters 1—37,
the nature of the phosphane ligands plays a key role in de-
termining the size and structures of the observed product
molecules, even though they are no longer the sole protect-
ive groups at the cluster peripheries. Great success in the
synthesis of copper selenide/selenolate clusters was achieved
by the use of bidentate phosphanes. The variation of or-
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Figure 23. Molecular structures of [Cu,(SePh),(PPhs);] (38), [Cux(SePh),(dppbd);] (39), [Cus(SeMes);(dppm)] (40), [Cue(SePh)¢(bipy),]

(41), and [Cuo(SePh)s(O,PPh,);] (42) (without hydrogen atoms)

ganic spacers between the two ligating [Ph,P] fragments re-
places the former variation of organic substituents R of
PR,R’ in the selenolate-free clusters. Again, a given dppR
ligand does not inflexibly restrict the synthesis to the forma-
tion of one single cluster product. Other reaction conditions
discriminate between several potential compounds that can
all be conveniently protected by the phosphane employed.
Thus, with ethane, propane, butane, acetylene, or benzene
spacers, one obtains clusters with 16, 25, 36, 38, or 58 cop-
per centers (43,29 44,1221 46—50,122-30 52[22]) " respectively.
The only tertiary phosphane PR3 to have been successfully
used for the formation of higher nuclearity Se? /SePh™-
bridged copper clusters is PiPr;. With this ligand, the syn-
thesis of molecules featuring 32, 50, or even 73 metal cen-
ters (45, 51, and 53)% was observed, depending on the re-
action conditions. Figure 24 shows the molecular structures
of 43 and the anion in 44, which represents the only ionic
copper selenide cluster compound isolated to date.

Both clusters are oblong in shape. The selenium substruc-
ture of 43 can, however, be viewed as an incipient hexagonal
packing of selenium atoms. The middle “layer” consists of
six atoms arranged in a zigzag fashion, while the two en-
closing “layers” each contain three selenium centers occu-
pying the quasi A position with respect to the quasi B posi-
tion of the atoms in between. Four of the chalcogen bridges
do not bind to phenyl groups and act as - or pg-bridging
ligands. The SePh™ ligands bind to two or three copper
neighbors each, and at the same time contribute to the pro-
tection of the Cu—Se core by means of their organic sub-
stituents. Six copper atoms are linearly coordinated by two
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Figure 24. Molecular structures of [Cu;¢Ses(SePh)g(dppbe)s] (43)
and the anion in [Cu(dppp)-][Cu,sSes(SePh),s(dppp),] (44) (with-
out terminal phenyl groups)

selenium ligands, two show an almost trigonal-planar
[Se;Cu] coordination, whereas the remaining eight metal
centers occupy the centers of slightly distorted [Se;P] tetra-
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hedra. Unlike in 43, the chalcogen framework of 44 is com-
posed of an ellipsoid-type deltahedron of four Se?>~ ligands
and 18 selenium atoms of the SePh™ groups. Again, the
bridging mode of the chalcogen centers is higher for the
“naked” ligands (s or ;) than for the SePh™ fragments
(15 to py with regard to the Cu—Se bonds). Eighteen copper
atoms are positioned at the cluster periphery and belong to
almost planar [Se;Cu] or distorted tetrahedral [Se;CuP] un-
its. The observation that less linear [Se,Cu] arrangements
are present (four in 43, three in 44) underlines the trend
to higher coordination numbers at the metal center with
increasing molecular size, as reported for the copper selen-
ide clusters without selenolato ligands. The cluster core is
large enough to accommodate seven inner copper atoms
that are either two-, three-, or four-coordinated by selenium
neighbors. Comparing the compositions of 43 and the an-
ion in 44, one perceives an increasing preference for ligation
by SePh™ ligands rather than by phosphane donors. This
may be explained by the dual character of the SePh™
groups, which primarily form fairly stable Cu—Se cluster
bonds, but also bear protective organic substituents. Thus,

Figure 25. Molecular structures of [Cus,Se;(SenBu),g(PiPr3)q] (45)
and [CuszeSes(SePh),g(dppa)y] (46) (without n-butyl, isopropyl, or
phenyl groups); three copper atoms (marked with an asterisk) in
the cluster center of 46 are distributed over six sites with occupan-
cies of 0.5
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46

Figure 26. Selenium substructures in 45 (top) and 46 (bottom); the
Se—Se lines do not represent bonding interactions, but merely help
to visualize the A-B-C packing of selenium atoms in three layers
in 45 or explain the geometry of the polyhedron in 46

the ratio of selenolato selenium atoms to phosphorus atoms
increases from 1:1 in 43 to 4.5:1 in 44.

The molecular structures of the cluster compounds 45
and 46 are shown in Figure 25, while Figure 26 compares
the selenium substructures in these two clusters.

As in the comparison between 43 and 44, we again have a
smaller cluster for which the structure is based on a regular
packing of selenium atoms in hexagonal layers (45) and a
larger, rather spherically shaped compound that features a
polyhedral selenium framework (46). However, the selenium
layers in the SenBu™-bridged species 45 are packed in an
A-B-C fashion similar to the Cu,Se solid-state structure,
which is unparalleled for all copper chalcogenide clusters
characterized to date. This similarity between the atomic
arrangement of a cluster molecule and the non-molecular
Cu,Se suggests that a nanosized fragment of a bulk struc-
ture may indeed be stabilized by coating the surface with
suitable groups. This tendency has also been observed in
three silver selenide/selenolate clusters, [Ag;i»SesH(Se-
nBu)4g(P1Bus) o], [Agi14Se34(SenBu)ss(PrBus) 4], and [Ag7o-
Se4o(SenBu)g>(dppp)4].>! Compound 45 is the only copper
selenide/selenolate compound that contains SenBu™ groups
like those found in these silver clusters. It is not yet proven,
but is nevertheless conceivable, that the packing of the sel-
enium atoms is influenced by the nature of the organic
group attached to the selenolato ligand. The chalcogen
layers in 45 are centered by a large planar rhombus of nine
selenium atoms. Five of them are “naked” Se?~ ligands in
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the cluster network, while the four vertex atoms belong to
SenBu~ groups. Above and below this middle layer, one
finds two similar but truncated rhombuses consisting of
only eight selenium atoms, the “central” ones not being
bonded to organic substituents. However, the size depend-
ency of the structural properties seems to be different from
that of the selenolato-free copper clusters. Thus, layer-type
structures are observed even for smaller molecules like 43
or 45, as well as for larger spherical ones. Additionally, a
return to lower average coordination numbers in larger clus-
ters may arise, as observed in 45. The location of the copper
atoms in 45 can be described with reference to the selenium
grid. The six phosphane-bound copper centers bind to two
selenium atoms of SenBu~ ligands and are situated on the
cluster periphery. Six copper atoms are located approxim-
ately within the selenium layers and have trigonal-planar
coordination geometries with normal Cu—Se bond lengths
of 2.406(2)—2.483(2) A. The other 20 metal centers are po-
sitioned between the layers of selenium atoms. Two of these
show ideal tetrahedral environments, while the others are
shifted away from the centers of tetrahedral holes. As a re-
sult, each of these displays only three normal Cu—Se bonds,
with the fourth Cu—Se distance being relatively long
(3.18—3.35 A). The tendency to occupy tetrahedral holes —
even unsymmetrically — is again consistent with the struc-
tural properties of bulk Cu,Se. In 46, five inner Se?>~ ligands
are enclosed by a shell of 26 SePh~ fragments. The bridging
modes of the Se?>~ ligands amount to p; or pg, whereas the
selenium atoms of the SePh™ groups act only as pi,- to py-
bridges between adjacent copper atoms. The copper centers
show coordination numbers of two, three, or four, within
[Se>Cu], [Se;Cu], and [Se4Cu] or [Se;CuP] units, respect-
ively. Depending on their position inside the cluster or at
the surface, the selenium neighbors of the metal atoms are
exclusively Se?>~, or both Se?” and SePh™ ligands. As for
compounds 43 or 44, the number of terminal selenolato
groups is greater than the number of ligating phosphorus
atoms (SeR/P ratios: 3:1 in 45, 3.25:1 in 46).

Four very similar Cu/Se/SePh clusters are formed in the
presence of either dppe, dppp, or dppb (47—50). The syn-
theses of the isomeric, mixed-valence compounds 47 and
48, containing 36 copper centers, were carried out in THF.
The isomeric “Cusg” clusters 49 and 50, which formally
contain exclusively Cu™, were crystallized from toluene. Be-
sides the different solvents, the reactions producing the
dppb-ligated compounds 48 and 50 differed in the
CuCl:dppb ratios (3.1:1 for 48, 5:1 for 50). In Figure 27, the
molecular structures of 47 and 49 are given as examples.

Cluster 47 crystallizes in the trigonal space group R3,
whereas 48—50 crystallize in triclinic P1. Despite the differ-
ent crystallographic symmetries, all four compounds display
very similar structural properties. A closer look at the
atomic arrangements may explain the preference for this
prototypical cluster framework in terms of the highly sym-
metrical substructures. A central selenium atom positioned
at the inversion centers of the clusters is surrounded by a
distorted icosahedron of twelve copper atoms. The latter is
itself enclosed by another distorted Se;, icosahedron. An
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Figure 27. Molecular structures of [CuseSe;3(SePh)»(dppe)s] (47)
and [CusgSe3(SePh)»(dppp)s] (49) (without phenyl groups)

alternate packing of Cu;, and Se;, icosahedra has already
been discussed for the Cu—Se clusters 14 and 15 (Figures 9
and 10). In these compounds, one polyhedron is positioned
with its edges perpendicular to the edges of the polyhedron
beneath. Unlike that pattern, the Se;, and Cu,, icosahedra
in 47—50 are arranged such that one of the idealized five-
fold axes of one polyhedron is parallel to one of the ideal-
ized threefold axes of the other and vice versa. The central
[Se3Cuy,] unit of 47 is shown as an example in Figure 28.

Figure 28. The central [Se;3Cu,,] unit in 47; the drawn lines only
represent polyhedral edges and do not imply bonding interactions

In this way, six edges and six faces of the Cu,, icosahed-
ron are bridged by the selenide ligands that form the Se;,
polyhedron. The cluster core is then extended to the peri-
phery by coordination of the Se;, substructure by another
24 copper atoms, twelve of which are ligated by the six
dppR ligands. All 24 of these copper atoms are also bridged
by twelve ps;-SePh™ groups, which are positioned at the
cluster surface between the phosphane molecules. Except
for the pi,-bridging central selenium atom, the selenide li-
gands act as pg-bridges (six in both 47 and 48, all twelve in
49 and 50) or ps-bridges (six in both 47 and 48) between
copper centers. The different numbers of copper neighbors
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per selenium atom in 47 or 48 on the one hand, and in 49
or 50 on the other, is caused by two copper atoms being
formally absent in the molecular structures of 47 or 48, re-
sulting in the mixed-valence situation, but present in 49 and
50. The respective copper atoms each coordinate to one of
the Se;, icosahedral faces and form a straight Cu—Se—Cu
axis, with the central selenium atom in the middle. At the
same time, this [Cu,Se] arrangement represents an idealized
threefold axis that is not realized crystallographically in 49
or 50. The metal centers are surrounded in a distorted tri-
gonal-planar or tetrahedral fashion. All Cu—Se distances
in the mixed-valence clusters lie within the range of the
Cu—Se bond lengths in all four clusters
[2.301(4)—2.888(3) A] and thus give no evidence for any
localization of the Cu®* centers. However, the range of the
Cu—Cu contacts in 47 or 48 [2.511(3)—2.943(4) A] is rather
narrower than that found for 49 or 50
[2.305(4)—3.040(3) A]. The spherical, somewhat oblate mo-
lecules show a maximum total diameter of 23.9—25.7 A.
The use of different selenolato sources and different
optimized reaction conditions leads to three different cop-
per selenide/selenolate clusters with terminal PiPr; ligands,
i.e. 45 (Figures 25 and 26), 51, and 53. The latter is synthe-
sized in an unusual manner by the use of both PhSeSiMe;
and Se(SiMe;), in the same reaction and is discussed below.
Scheme 9 summarizes the syntheses of the PiPrs-ligated
clusters, specifying the reaction conditions in detail. Fig-
ure 29 shows the molecular structure of compound 51.
Looking at Figure 29, one gets the impression that “nor-
mal” cluster growth occurred in the presence of a tertiary
phosphane, and with Se—C bond cleavage, to result in the
formation of a copper selenide cluster represented by the
[CuypSe,o] central unit of 51. Only the lateral attachment of
two symmetry-equivalent [Cus(SetBu)s(PiPr3),] fragments
reminds us of the presence of the selenolato reactant. This
is in contrast to the equally PiPrs-ligated structure of 45,
which shows only seven Se?~ ligands along with 18 SetBu~
groups. No definite correlation between the clearly different
courses of cluster formation and the respective reaction
conditions can be delineated based on such a limited sample
size, but it is very likely that the Cu:P ratio of the reactants
and the temperature play important roles. The copper
atoms in 51 bind to Se?~, SePh~, and PiPr; ligands in dif-

“3s)
[Cu3ZSe7(SenBu)18(PiPr3)6]

51

Figure 29. Molecular structure of [CusoSe,o(SetBu),o(PiPr3)0] (51)
(without organic groups)

ferent ratios to achieve coordination numbers of two (albeit
with a bent coordination geometry indicating a weak third
interaction), three, or four. The selenium atoms bearing
tert-butyl groups act as ps-bridges between copper atoms,
whereas the Se?>~ ligands bridge between five, six, or seven
copper neighbors. The molecules are protected in the usual
way by the PiPr; ligands and the organic substituents of the
SetBu~ groups.

The molecular structure of another dppR-ligated copper
cluster (R = a = acetylene) with both selenido and selenol-
ato ligands, 52, again possesses a high symmetry. This time,
the molecular symmetry is underlined by a very high crys-
tallographic symmetry. The compound crystallizes in the
cubic space group F43c¢ and thus represents the second
known copper chalcogenide cluster besides 14 (space group
Fm3) with a cubic crystal lattice. The molecular structure
of 52 is illustrated in Figure 30.

m=0.53 0°C - +20°C
+ 1.2 nBuSeSiMe; Et,O
m=2
CuCl + 0.5 PhSeSiMes
+ [Cus3Sess(SePh)s(PiPr3)]
m PiPr; -70°C, Et,O (53)
+ Se(SiMe;)z
m=1 —>+20°C

+ 1.0 BuSeSiMe; l/ +20 °C, Et;O

[CusoSezo(SetBu)10(PiPr3)10]
E1Y)

Scheme 9. Synthesis of various selenido/selenolato-bridged copper clusters in the presence of PiPr; under different reaction conditions
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Figure 30. Molecular structure of [CusgSe;s(SePh),4(dppa)s] (52)
(without phenyl groups)

As observed for compounds 47—50, the cluster core is
oblate in shape, but in contrast to 47—50 it is not based on
icosahedral fragments. Instead, a central Cu, tetrahedron
shares its corners with four further Cuy units, which, in
turn, share their trans faces with a Cug octahedron. The
remaining 30 copper atoms are situated between these poly-
hedra or are connected at the exterior of the polyhedral
arrangement. The copper substructure of 52 is shown in
Figure 31.

Figure 31. The copper substructure in 52; the connected Cuy tetra-
hedra and Cug octahedra are highlighted by gray shading; Cu—Cu
distances are drawn up to 3.012(4) A

Eur. J. Inorg. Chem. 2002, 279—317

Even though the Cusg substructure has to be assigned a
formal charge 56+ (assuming Se>~ and SePh~ ligands as
well as electroneutrality in the sum), which implies an extra-
ordinary mixed-valence Cu*/Cu® compound, one does not
find any indication of exceptional Cu—Cu binding interac-
tions. The Cu—Cu distances lie within the usual range of
2.540(3)—3.012(4) A. Thus, the cluster core is held together
by bridging selenido or selenolato ligands in the usual way.
The former act as ps- or pg-bridges, while the latter form
ps-bridges between adjacent copper atoms. Despite the
large cluster size, metal centers with near-linear, trigonal-
planar, and tetrahedral coordination are observed. There-
fore, it is again apparent that the size-dependencies of the
structural principles discussed for chalcogenolato-free cop-
per sulfide or copper selenide clusters are generally invalid
in the Cu/Se/SeR cluster systems. Six dppa ligands and 24
phenyl groups of the SePh™ fragments protect the cluster
molecule. Hence, 52 continues the series of compounds that
show a significant preference for protection by the SeR™
groups rather than by the phosphane ligands. The clusters
43 and 4751 represent exceptions from this series as their
SeR/P ratios all amount to 1:1.

The largest cluster that displays both Se?>~ as well as
SeR ™ ligands in the cluster framework is 53. Its molecular
structure is shown in Figure 32.

53

Figure 32. Molecular structure of [Cu;3Sess(SePh);(PiPrs3),,] (53)
(without organic groups)

This cluster displays a [Cu;Sess] core, which is identical
to that observed in 28 and 29 (Figures 18 and 19). Only
three additional Cu—SePh fragments positioned at the cor-
ners of the triangular molecule distinguish 53 from the
slightly smaller “Cuy,” clusters. The fact that one observes
a typical copper selenide cluster structure with only a few
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selenolato groups present is surprising, since PhSeSiMes
was the first selenium source to be added during the syn-
thesis. This again illustrates the distinct preference for the
“Cuy” molecular structure, which is formed whenever the
reaction conditions (Scheme 9) and the solubility situation
enable the cluster growth to proceed until this large cluster
compound crystallizes.

3.2.3. Optical Spectra and Thermal Behavior

The discrete molecular cluster species reviewed thus far
are ideal subjects for studying the molecular quantum size
effect,®! which is one of the most absorbing questions con-
nected with research in the field of cluster chemistry. In this
regard, one must investigate the electronic properties of the
cluster species, and first of all the relationship between clus-
ter size and the HOMO—LUMO gap. Theoretical investi-
gations have provided preliminary answers to this ques-
tion.’+371 The first dipole- and spin-allowed singlet or trip-
let excitations of selected “naked” copper selenide clusters
[Cu,,Se,] (up to n = 15) were calculated at the CIS levell>®!
(CIS = configuration interaction considering single excita-
tions) for structures previously optimized for the same sym-
metry employing the CCSD(T) methodP”! [CCSD(T) =
coupled cluster approximation up to single and double ex-
citation with additional consideration of third excitations
by means of perturbation theory] (» = 1, 2) or the MP2
method (rn > 2). Triplet excitations were investigated in or-
der to take into account the fact that relativistic effects
(spin-orbit coupling)l®® are significant in Cu—Se com-
pounds. The results are presented in Figure 33.

E/ev
singlet o
6 . triplet o
o
4 b ‘ s
:

240 ¢
0 T T T T

1 5 10 n 15

Figure 33. First dipole- and spin-allowed singlet or triplet excita-
tions of selected “naked” copper selenide clusters [Cu,,Se,] (up to
n = 15), calculated at the CIS level (CIS = configuration interac-
tion with single excitations) for structures previously optimized for
the same symmetry employing the CCSD(T) method [CCSD(T) =
coupled cluster up to single and double excitation with additional
consideration of third excitations by means of perturbation theory]
(n = 1, 2) or the MP2 method (n > 2)

The changes in the energy values for singlet or triplet
excitations with increasing cluster size show similar trends,
with the triplet excitation energies being 0.2—0.7 eV lower
than the singlet ones. The excitation energies increase with
a slight oscillation to a value of around 6 eV for the hexa-
mer (n = 3), decreasing thereafter down to a value of ca.
3.8 eV for the [CusoSe,s] species. The initial increase in the
excitation energy values can be explained firstly by a stabil-
ization of selenium p-orbitals by admixture of s-, p-, or d-
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contributions from the copper atoms, and secondly by an
increasing degree of completion of the selenium shell
around the copper substructure. The latter reduces the
space for electrons in excited states with s-character. Thus,
for [Cu;,Seq), significant p-type contributions are observed
for the calculated transitions. The two exceptions (n = 2, 4)
to this trend feature less compact molecular structures,
which lead to lower excitation energies. Once the covering
of selenium atoms on the copper framework has been com-
pleted, the overall size of the cluster molecules becomes
more important. This confirms the assumption of separat-
ing the Se-p and Cu-s states to form valence and conducting
bands. For clusters of ever increasing size, and ultimately
bulk Cu,Se, the first excitation energy should approach a
value of ca. 1 eV.5%% According to the quantum chemical
investigations, ‘“naked” “middle-sized” copper selenide
clusters should be colorless insulators that gradually adopt
semiconductor properties with increasing cluster size. Cal-
culations on small PH3- or PMes-ligated copper selenide
clusters indicate an increase in the first excitation energies
compared to the corresponding “naked” clusters. Estimat-
ing a degree of error of about 1.5 eV, the respective trans-
itions could indeed lead to the absorption of violet light, in
agreement with the observed red color of the small copper
selenide clusters.

The crystals obtained in the cluster formation reactions
are colored. The intensity of the color increases on going
from sulfur- to selenium- to tellurium-bridged compounds
(see below), as expected for an increase in covalent or
(semi)metallic binding properties. Small copper sulfide or
selenide clusters form light-red, orange, or purple crystals.
With increasing cluster size, the color becomes dark-red,
reddish-black, and finally black with a metallic sheen. The
optical spectra of some copper selenide cluster compounds
were studied by means of solid-state UV/Vis spectroscopy.
The single-crystalline samples were powdered and sus-

2.0
— [CU265623(PEt2Ph) ]
—a— [CLI44SC22(PEt2Ph) ]
L.6 \ —o— [Cuy(Sess(PEtyPh)]
—h— [Cu14OSe70(PEt2Ph) ]

0.8

absorbance

0.4

0.0+ T T T T T T
200 400 600 800
Wavelength (nm)

Figure 34. Solid-state UV/Vis absorption spectra of PEt,Ph-ligated
compounds 15, 23, 31, and 35 that contain 26, 44, 70, and 140
copper atoms; for the measurements, powdered single-crystalline
samples in mineral oil were placed between two quartz plates
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pended in mineral oil between two quartz plates. Figure 34
shows the absorption spectra of the PEt,Ph-ligated com-
pounds 15, 23, 31, and 35, which contain 26, 44, 70, and
140 copper atoms, respectively. The influence of the phos-
phane ligands should be broadly the same for all four clus-
ters, hence the increments in the position of the absorption
band can be attributed solely to the increasing size and
structural changes of the Cu—Se framework.

A shift of the absorption band to higher wavelengths with
increasing cluster size is observed. In principle, this is con-
sistent with a decrease in the HOMO—LUMO gap in the
same direction. Although the experimental value for the
band gap in Cu,Se (1.1 eV, i.e. 1127 nm, from optical meas-
urements;>”! 0.37 eV, ie. 3350 nm, from electrochemical
measurements(®!)) is not reached, the trend can be explained
in terms of the quantum size effect. An approximation of
the HOMOs and LUMOs with increasing nuclearity is cle-
arly observed. The broadness of the bands in the cluster
spectra may be a result of the measurements being made at
room temperature and/or a charge-transfer contribution to
the observed transitions.

It has been known for several years that Cu—P bond
cleavage occurs upon heating the copper selenide clusters,
forming Cu,Se as a black powder. In addition, XPS experi-
ments (XPS = X-ray photoelectron spectroscopy) have
shown that partial removal of the terminal ligands under
the experimental conditions (room temperature, high va-
cuum) leads to an aggregation of the remaining clusters to
larger, still ligated particles with a very narrow size distribu-
tion.!331 This agrees with the results of the quantum chem-
ical investigations, which indicated the clusters to be meta-
stable species with respect to the binary chalcogenide Cu,E,
and pointed to very low calculated Cu—P binding energies
(see above). Thermogravimetric analysis of 31 (Figure 35)
showed that all the phosphane ligands are removed in a
single-step process within 20 minutes. The temperature re-
quired for this process is dependent on the experimental
pressure.

Carrying out the experiment at normal pressure in a ni-
trogen flow, the ligands are all lost at 226 °C. On reducing
the pressure down to 2:107° mbar, this temperature de-

- R
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2 33.6 %
2 90
= -6
=0 25 | vacuum, 2 x 10
L
z ol N, gas flow

-35 4
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temperature (°C)

Figure 35. Results of a thermogravimetric analysis of 31 under dif-
ferent pressures
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creases to 145 °C. However, on calculating the mass differ-
ence, one observes a loss of 33.6% rather than the 35.6%
that should have been lost theoretically. This observation,
as well as a residue of 1.2% carbon in the resulting copper
selenide powders, indicates a slight amount of decomposi-
tion of the PR,R’ ligands. Following the process by means
of powder diffraction, the intense reflections of the crystal-
line cluster in the range 20 = 2—10° disappear during the
thermogravimetric experiments, and are replaced by lower
intensity reflections in the 2@ range 10—55°. Sharp
reflections from crystalline a-Cu,Se are finally observed
after annealing the powder at 600 °C. The Scherrer equa-
tion®? [Equation (2)] gives a relationship between the
medial peak width B and the particle size D.

D = (K-A57.3)/(B-cosb) (2)

where D is the average particle size perpendicular to the
reflecting plane, K is the atomic form factor (here 1.0), A is
the wavelength of the X-ray radiation (here Cu-K,: L =
1.5418 A), B is the peak width measured at half maximum
intensity, and 0 is the diffraction angle.

After calibration of the peak width at half maximum in-
tensity for the diffractometer using LaBg, an average par-
ticle size of D = 117 A could be calculated for Cu,Se pow-
ders generated by heating 31 to 150 °C at 2-10~® mbar for
20 min. This value for D is 7.8 times the size of the
[Cu;0Ses;] core of 31 (15 A). The results give a further in-
dication of a partial, controlled collapse of the cluster par-
ticle lattice.

3.3. Tellurium-Bridged Copper Clusters

In this section we focus on the description of the syn-
theses and structures of ligand-stabilized copper telluride
cluster molecules. Solid-state copper tellurides as well as
ternary alkali metal copper telluride compounds, which
consist of n-dimensionally linked copper telluride clusters,
are beyond the scope of this review. Their syntheses have
become more frequent, although there are still only a lim-
ited number of examples, e.g. KCuTe,[© NaCuTe,[3]
KCu;Te,, % NaCu;Te,, [0 K,CusTes, 9 and K,CugTe; "]
all of which have been prepared by means of melt reactions.
The recently synthesized compound K;Cu;;Te;s % is the
first example of a ternary alkali metal copper telluride crys-
tallized from supercritical 1,2-diaminoethane.

3.3.1. Synthesis

According to the reaction pathways shown in Scheme 10,
the syntheses of ligand-stabilized copper telluride clusters
have mainly been achieved in one of three different
ways.[l1*16’19’20’24"25’31’69]

The reaction of copper(I) acetate with Te(SiMes), at low
temperatures (=50 to —20 °C) yields small cluster com-
pounds with stoichiometric compositions. At higher reac-
tion temperatures, up to 25 °C, larger clusters can be isol-
ated that are mostly of the mixed-valence type. Similar
mixed-valence compounds have also been isolated from re-
actions of copper(I) chloride with Te(SiMes), at lower tem-
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+PR; or PR,R’

[CusTe(Te,)(PCyPhy),] (59)
[CueTe;(PCyPhy)s] (54)
[CugTes(PPhs);] (55)
[Cui2Teg(PPhy)s) (56)
[Cu15TEg(PPthI'2)1Q] (57)
[Cu,Teg(PPhy)s] (73)

CuOAc + 0.5 Te(SiMes),

[Cuz;Te3(PPhs),o] (76)

— SiMe;0Ac [CugaTe(PiPrs) o) (58)
[CussTe »(PEL,Ph) ] 79)
[CugaTez3(PPhs),s] (82)
[CusyTez3(PPhnPry) 5] (83)
[CusyTex(PCyPhy) 5] (84)
[CussTesn(PCys)i6l (85)
[Cuigles(PEL)s) (74)
+ PRy or PR;R’ [CuyeTeg(PELPh)g] (75)
CuCl + 0.5 Te(SiMes), [CuysTe3(PiPr3)io] a7
- SiMe;Cl [CupsTeo(Te2)s(PrBus)io] (61)
[CuasTey3(Tey)o(PEL,Ph)ys] (62)
[CugTe 6(PiPrs) 2] (81)
. + PR3 or PR,R’
CuOAc + nBuTe(SiMe;), [Cuy  Te(TenBu)o(PPhs)s] (65)
—SiMe;OAc
+ PR, or PR,R’ [CuygTe(TenBu)e(PrPr;)s] (69)
CuCl + nBuTe(SiMes), [CuzsTei3(PEt)] (78)
— SiMe;Cl [CusgTess(PPhs) 6] (86)
+ PR; or PR;R’ [CuysTes(TerBu)g(PEtPh,)] (68)
CuCl + fBuTe(SiMes), [CuyoTes(TerBu);(PEt;)s] (70)
— SiMe;Cl [Cuy;Te s(PMeiPro)i] (80)
[CusgTesn(PrBurBus,) 4] (87)
+ PR; or PRzR,
CuCl + PhTe(SiMe;), [Cug(TePh)s(PEtPh,)s] (64)
- SiMe;Cl [Cuy;Tes(TePh)s(PPhs)e] (66)
[Cuy,Tes(TePh)o(PEL; )] (67)
Cus(TePh)g(PEt);][PEt;Ph (63)
[CusTes(TePh(PEL;)q] HE) [Cus(TePh)o(PED;][PELFD]
+ foom femp. [Cuzs(TePh),, Teo(PEL;)s] [PEt;Ph] )
[Cus(TePh)s(PEt);][PEt;Ph] = 1.5 TePh,
hv/CeHg
[Cug(TePh)s(PEtPhy)s] (29) [CusoTe o (TePh);o(PEtPh)g][PEtPhs],  (72)
— TePh,

Scheme 10. Survey of the reaction pathways for the synthesis of ligand-stabilized tellurido or tellurido/tellurolato-bridged copper clusters

peratures (down to —70 °C). By treating copper(I) chloride
or copper(I) acetate with tellurolate compounds RTeSiMe;
(R = tBu, nBu, Ph), one obtains clusters containing both
RTe™ and Te?~ ligands as a result of the facile cleavage of
the Te—C bond. In some cases, we isolated clusters featur-
ing Te—Te bridges. Examples of syntheses of larger copper
telluride clusters starting from cluster precursors are the
light-induced formation of [CuspTe 7(TePh),o-
(PEtPh,)][PEtPhs], (72) from [Cug(TePh)s(PEtPh,)s] (64)
in benzene,'! and the co-condensation of [Cu,Tes-
(TePh)¢(PEts3)g] (67) with [Cus(TePh)s(PEt);][PEt;Ph] (63) to
form [Cu,g(TePh),,Teo(PEts)s] [PEt;Ph] (71).16%

Table 4 summarizes all the Cu—Te cluster compounds
that have been synthesized and structurally characterized
by single-crystal X-ray diffraction analysis to date. The spe-
cies can be subdivided into four main groups, three of which
consist of compounds of stoichiometric compositions
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[Cu,,Te,— (TeR), (PR,R"),,] that differ in the nature of
their tellurium ligands, while the fourth represents the
group of mixed-valence clusters.

3.3.2. Structures

The structures of the tellurium-bridged copper clusters
(Figures 39—42; see below) differ from those of the copper
sulfide or selenide clusters, with the exception of some
smaller ones. This can be understood against the back-
ground of the larger atomic and ionic radii of the tellurium
atoms compared to the lighter chalcogen atoms, allowing
higher coordination numbers and therefore new binding
geometries, which lead to different structures. In addition,
one finds a greater tendency to form mixed-valence clusters.
This is in line with the existence of many stable binary com-
pounds with compositions Cu,_, Te% and with the situ-
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Table 4. Classification of copper telluride clusters into stoichiometric or mixed-valence systems according to the types of tellurium ligands

Stoichiometric Mixed-valence

with only Te?>~ ligands with additional Te—Te bridges with additional TeR ™ ligands

[CugTe;(PCyPhy)s] (54)PY [CuyTe(Ter)o(PCyPhy)y]  (59)PY [Cus(TePh)s(PEt)s][PEtsPh]  (63)[) [Cu,Teo(PPhs)s] (73)P4
[CuysTeo(PEt3)s] (74)1
[Cuy6Teo(PEt,Ph)g] (75)011
[CugTes(PPhs)s] (55)P4 [Cuy(Te,)y(PiPrs)y] (60)!'") [Cug(TePh)o(PEtPh,)s] (64)1"1 [Cuy3Te;3(PPhs)y] (76)P4
[Cuy;Te 3(PiPr3), ] (77)H
[CuysTe 3(PELs))5] (78)14
[Cu;>Tes(PPhs)g] (56)4 [CupeTe;o(Tes)s(PrBus)io]  (61)M [Cuy; Te(TenBu)o(PPhs)s] (65)1'9) [CupTe »(PEt,Ph);5] (79)24
[CuyTes(PPhnPrs)io]  (57)24 [CupsTe 3(Tes)o(PEt:Ph)5] (62)MY [Cuy,Tes(TePh)g(PPhs)e) (66)!') [Cuy;Te s(PMeiPrs);5]  (80)12
[Cu,,Tes(TePh)s(PEt3)6] (67)
[CuyyTe 5(PiPr3) 2] (58)4 [CuysTeg(TerBu)o(PEtPh,),]  (68)12%1 [CungTe;6(PiPrs),] @nth
[CulgTeé(TenBu)ﬁ(Pan)g] (69)[16]
[Cu,oTes(TerBu),(PEt;)s] (70)2) [CuyyTeo3(PPhs);s] (82)R4
[CugyTeo3(PPhnPry) ] (83)24
[CugyTes3(PCyPhy)ys]  (84)24
[Cuyo(TePh),,Teo(PEL3)s]- (7D [CussTes»(PCys)ie) (85)B1
[PEt;Ph]
[CusgTes»(PPhs);] (86)C'4

[CuSgTe32(PnBuZBu2)|4] (87)[25]
[CusTe;7(TePh)yy(PEtPhy)g]-  (72)1)
[PEtPh;]4

ation found in the ternary alkali copper telluride com- selves form polyhedra, which can be described as
pound K,CusTes.[00] Frank—Kasper polyhedra.’® In these cases, the clusters

In the case of copper telluride clusters, we have not yet
reached the turning point in size where the whole core
structures display bulk structure characteristics, as seen for
the copper selenide species. Nevertheless, the tellurium
frameworks in the largest cluster compounds, 85—87, dis-
play hexagonal structure properties. Powder diffraction pat-
terns of Cu,Te could also be indexed on the basis of a hexa-
gonal cell of tellurium atoms, although the structural details
for bulk Cu,Te have not yet been completely establi-
shed.[40b]

In all the copper tellurium cluster molecules, the tellur-
ium atoms form polyhedra with triangular faces. In the
larger ones, some of the tellurium atoms are located inside
the polyhedra. For smaller cluster molecules, the tellurium
polyhedra can usually be derived from classical polyhedra
(Figure 36). Those of the larger ones often show unusual
cage structures. The distances between the tellurium atoms
are usually nonbonding, except for the Te—Te units in
59—62 (Table 5).

The copper atoms reside in the holes and on the surface
of the polyhedra and are coordinated by either two, three,
or four tellurium atoms, with some being additionally co-
ordinated by one further phosphane ligand (Figure 37).

The Cu—Te distance ranges that are regarded as bonding
contacts are listed in Table 6 for all the clusters under dis-
cussion. Even though coordination numbers (CN) for Te?~
ligands range from 4 to 12 and those for TeR ™ are usually
smaller (CN = 2, 3, 4), there is no significant difference in
the average Cu—Te distances for the Te>~ and TeR™ li-
gands.

Those tellurium atoms that are located in the center of
the cluster molecules tend to bond to a large number of
copper atoms. In some compounds, the copper atoms them-
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consist of interpenetrating Frank—Kasper polyhedra,
which are well-known from a number of intermetallic
phases (e.g. Laves phases) (Figure 38).

However, the observed Cu—Cu distances (Table 7) give
no indication of strong metal—metal, i.e. d'°—d!° interac-
tions. Theoretical investigations pointed to the same conclu-
sion.[3#>711 The shortest Cu—Cu contacts were observed in
the molecular structures of 62 (2.383 /OX) and 78 (2.382 10\),
but these involve copper atoms exhibiting elongated ther-
mal ellipsoids.

In the following section, all cluster structures will be bri-
efly described and discussed according to the division into
four groups indicated in Table 4.

3.3.2.1. Stoichiometric Clusters Containing Only Te?~
Ligands

The molecular structures of the stoichiometric copper tel-
luride clusters 54—58 are shown in Figure 39.

In 54, three tellurium atoms form a triangle, in the center
of which a copper atom is coordinated in a slightly dis-
torted triangular fashion. Four [CuPPh,Cy] units are
doubly-bridging two of the edges. The third edge is bridged
by a copper atom, which is coordinated by two phosphane
ligands.

The tellurium atoms in 55 form a tetrahedron, the six
edges of which are bridged by [CuPPhs] groups. An addi-
tional p3-[CuPPh;] fragment is bonded to a Tes face, and
one naked copper atom is located in the center of the Tey
tetrahedron.

Cluster 56 features a Teg octahedron. Six [CuPPhj]
groups act as p,-bridges above six of the octahedral edges.
Two further [CuPPh;] groups are coordinated by three tel-
lurium atoms, giving a tetrahedral environment about the
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Figure 36. Tellurium polyhedra in copper telluride clusters (values for Te—Te distances in Table 5); connections to the central tellurium
atoms are omitted for clarity; direct Te—Te bonds in 61 are drawn in bold

Table 5. Te—Te distances [A] in copper telluride cluster molecules

with only Te?~ ligands

Stoichiometric

with additional Te—Te bridges

Mixed-valence
with additional TeR ™~ ligands

nonbonding within Te—Te bridges nonbonding nonbonding nonbonding
54 4.323—4.645 59 2.811; 2.799 4.375-4.382 63 3.831-4.807 73 4.165—4.687
74 4.134-4.677
75 4.140—4.652
55 4.556—4.662 60 2.791 4.234 64 4.022—-4.713 76 4.083—4.663
77 3.937-4.722
78 4.246—4.577
56 4.486—4.764 61 2.878; 2.891; 2.895 4.180—-4.883 65 4.009—-4818 79 4.302—4.599
57 4.210—4.796 62 2.893; 2.897; 3.150; 4.260—4.649 66 3.892—-4.596 80 4.019-4.787
3.183; 3.360; 3.531;
67 4.053—4.653
58 4.126—4.697 68 3.947—-4.737 81 3.922-4.801
69 3.822—-4.795
70 3.907—-4.765 82 3.967—-4.752
83 3.967—4.746
84 3.924—-4.768
71 3.634—4.927 85 3.658—4.939
86 3.733—4.944
87 3.825—4.800
72 3.583—4.868
308 Eur. J. Inorg. Chem. 2002, 279—317
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Figure 37. Different coordination modes of copper atoms in copper telluride clusters shown using the structure of 76 as an example; left-
hand picture: ps-copper atoms only coordinated by tellurium atoms situated within the tellurium polyhedron; middle picture: py-copper
atoms only coordinated by tellurium atoms; right-hand picture: ps- and py-copper atoms located at the surface of the tellurium polyhedra

coordinated by tellurium atoms and one phosphane ligand

Table 6. Cu—Te contacts [A] in copper telluride cluster molecules

Stoichiometric Mixed-valence
with only Te?™ ligands with additional Te—Te bridges with additional TeR ™ ligands
Cu—TeR Cu—Te(—Cu),
54 2.518—-2.782 59 2.525-2.769 63 2.490—2.660 73 2.511-2.790
74 2.526—2.856
75 2.540-2.791
55 2.532-2.925 60 2.574-2.856 64 2.511-2.854 76 2.530-3.128
77 2.533-3.327
78 2.468—2.961
56 2.552-3.187 61 2.521-3.337 65 2.600—-2.897 2.553-3.104 79 2.585-2.818
57 2.549-2.794 62 2.420-3.310 66 2.623—-2.743 2.607—-2.665 80 2.538—-3.183
67 2.606—2.769 2.627-2.666
58 2.525-2.904 68 2.578-2.924 2.519-2.767 81 2.567-2.757
69 2.565—-2.889 2.468—2.742
70 2.569—3.066 2.504-2.758 82 2.589-2.979
83 2.588-3.033
84 2.576—3.007
71 2.576—3.140 2.552—-2.855 85 2.403-3.115
86 2.514-3.100
87 2.515-3.078
72 2.522-2.926 2.537-2.922

Figure 38. Interpenetrating copper and tellurium polyhedra in 79

Eur. J. Inorg. Chem. 2002, 279—317

copper atoms. The other four copper atoms are each coord-
inated by three tellurium atoms. Thus, 56 represents a novel
isomer of the [Cu;,E4(PR5)g] clusters (see above), which was
not observed for E = S, Se.

An octahedron of tellurium atoms is also found in 57.
However, two further tellurium atoms additionally cap two
opposite triangular faces. Eight [CuPPhnPr,] groups are
bonded along the edges of this polyhedron. Of the other eight
copper centers, two are tetrahedrally coordinated by one
phosphane and a Tes face. The six remaining metal atoms
are bonded in a distorted trigonal-planar mode by three
tellurium atoms, and are located inside the cluster cavity.

The Te,, substructure of 58 cannot be described as a clas-
sical deltahedron, but rather shows an arrangement of two
highly distorted face-sharing tetragonal antiprisms. Four
[CuPiPr;] groups bridge one Te—Te non-bonding edge
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Table 7. Cu—Cu contacts [A] in copper telluride cluster molecules

Stoichiometric

with Te?~ ligands with Te—Te bridges

Mixed-valence
with RTe™ ligands

54 2.510—2.625 59 2.797

55 2.510—2.625 60 2.609—2.641
56 2.479-2.724 61 2.581-2.793
57 2.529-2.795 62 2.383-2.797
58 2.523-2.764

63 2.587-2.613 73 2.478—2.730
74 2.481-2.729
75 2.475-2.742
64 2.568—2.747 76 2.490—2.714
71 2.507-2.7175
78 2.382-2.725
65 2.469—2.800 79 2.566—2.747
66 2.552-2.727 80 2.539-2.721
67 2.563—-2.698
68 2.459-2.774 81 2.563—2.763
69 2.483—-2.946
70 2.466—2.764 82 2.466—2.734
83 2.476—2.788
84 2.453—2.789
71 2.479-2.786 85 2.426—2.800
86 2.448—2.801
87 2.433-2.796
72 2.462—2.799

each, and eight [CuPiPr;] units act as p3-bridges above Tes
faces. The other twelve copper atoms are each surrounded
by three tellurium atoms and are slightly shifted away from
the Te; planes towards the center of the molecule.

3.3.2.2. Stoichiometric Clusters Containing Te—Te Bridges

Some reactions of copper(l) chloride or copper(l) acetate
lead to the formation of copper telluride clusters that con-
tain Te—Te bridges (59—62; Figure 40).

In 59, three tellurium atoms form an approximate iso-
sceles triangle with a Te—Te bond along the short edge
(Te—Te: 2.791 A). The two longer edges of the triangle are
bridged by one [CuPPh,Cy] unit each. The two other cop-
per atoms are located above and below the triangular face
and are additionally coordinated by phosphane ligands.

The four copper atoms in 60 form a “butterfly’ structure
bridged by two ditelluride ligands (Te—Te: 2.800—2.812 A).
Each copper atom is additionally coordinated by a phos-
phane ligand.

Clusters 61 and 62 are spherical molecules based on tel-
lurium polyhedra, parts of which are strongly distorted due
to the presence of Te—Te bonds. Both compounds display
Frank—Kasper polyhedra containing 15 (61) or 16 (62) tel-
lurium atoms centered by one additional tellurium ligand.
The tellurium polyhedron of 61 is similar to that observed
in 20, although it differs in the presence of three Te—Te
bonds (2.936—3.011 A). The copper atoms are bonded to
the tellurium atoms in a different arrangement to that in
20. Eight [CuP7Bus] units are situated above Te; faces of the
polyhedron, while two such units are edge-bridging. Eleven
further copper atoms are coordinated by three tellurium
atoms, eight of which are localized below Tes; faces, while
the other three bind between the central tellurium atom and
the tellurium atoms of the polyhedron. The remaining cop-
per atoms are localized in the center of the molecule and
are each tetrahedrally surrounded by four tellurium atoms.
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In 62, two of the copper centers display relatively high
thermal parameters, from which it can be concluded that
their positions are only partly occupied. A deficiency of
electrons at the tellurium atoms resulting from the partial
occupation of copper sites could either be formally delocal-
ized in the valence band or localized as a ditelluride group
following a structural deformation similar to a Peierls de-
formation.[”? Considering the tellurium polyhedra, the mo-
lecular structure of 62 shows two short Te—Te bonds (2.848
and 2.876 A) and four Te—Te distances in the range
3.150—3.351 A. The latter tellurium atoms have thermal el-
lipsoids that are elongated in the direction of the formal
Te—Te bond. As the Te—Te bonds and copper centers seem
to be disordered to a certain extent in 62, the given formula
represents the idealized composition of a stoichiometric
cluster compound with three Te—Te bonds. The situation
in 62 can therefore be viewed as being somewhat similar to
that in CuS, a well-known mixed-valence compound that
can be described as (Cu't),Cu?>*(S,)>"S>~ or as
(Cu™)s(Sy)* 78717

3.3.2.3. Stoichiometric Clusters Containing Tellurido and
Tellurolato Ligands

In a different approach towards the synthesis of copper
telluride cluster compounds, we used alkyl- and aryl(trime-
thylsilyl)tellurium compounds RTeSiMe; (R = organic
group). Due to the facile cleavage of the carbon—tellurium
bond, one obtains clusters featuring either exclusively TeR ™
ligands, a mixture of TeR ™ and Te?~ ligands, or solely Te?~
ligands. The tellurium atoms of the tellurolato ligands
bridge at most two or three copper atoms, whereas “naked”
Te?~ ligands can coordinate to up to seven copper atoms.
The polyhedra of tellurium atoms usually possess unusual
structures, even in the smaller clusters. In the larger clusters,
one already observes the characteristics of layer-type ar-
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58

Figure 39. Molecular structures of stoichiometric copper telluride
clusters [CugTes(PCyPh,)s] (54), [CugTes(PPhs);] (55), [Cuys.
Teq(PPh;)s] (56), [CUIGTeS(PBthr2)10] (57), and [Cu,4Te»(PiPrs);,]
(58); C and H atoms are omitted for clarity

rangements of tellurium atoms. As in the cluster com-
pounds discussed earlier, the copper atoms are coordinated
in linear, trigonal, or tetrahedral geometries by tellurium
atoms. Metal centers coordinated by two or three chalcog-
ens may also be ligated by a phosphane ligand. The molecu-
lar structures of the copper telluride/tellurolate clusters
63—66 and 68—72 are shown in Figure 41.

The ionic cluster compound 63 contains six TePh™ li-
gands, the tellurium atoms of which define an octahedron.
In contrast to 64 (see below), all the tellurolato ligands act
as py-bridges. There are two distinct coordination geomet-
ries around the copper centers. Two of the metal centers are
located inside the cluster below Tes faces. The others are
coordinated by three tellurium atoms above Tes faces, and
are also ligated by one phosphane ligand each.

The structure of 64 is also based on a non-bonded octa-
hedral array of tellurolato ligands. With the exception of
one tellurium atom, which forms two Cu—Te bonds, all of
these are bridging three copper sites. Four of the copper

Eur. J. Inorg. Chem. 2002, 279—317

62

Figure 40. Molecular structures of stoichiometric copper telluride
clusters [CuyTe(Te,)»(PCyPh,)4] (59), [Cus(Te,)-(PiPr),] (60), [Cuag.
quo.(Tez)3(PtBu3)10] (61), and [Cungel3(Tez)2(PEt2Ph)12] (62) con-
taining Te—Te bridges; C and H atoms are omitted for clarity

atoms adopt tetrahedral geometries, either with three tellur-
ium atoms and one phosphorus ligand or through two
Cu—Te and two Cu—P bonds. The other two copper atoms
lie in opposite deltahedral Te; faces of the Tes octahedron.
Compound 64 is therefore related to the recently published
homoleptic hexanuclear copper selenolate complex
[Cu6 { Se(2,4,6-iPr3C6H2)}6] A8

In 65, the nine tellurium atoms of the tellurolato ligands
form three-quarters of a cubooctahedron, which is capped
on the hexagonal face by the Te?~ ligand. Seven TenBu ™
groups act as 3-bridges between copper atoms, while the
other two bind to four copper atoms. The “naked” tellur-
ium atom at the base of the cluster coordinates to seven
copper atoms. Five of the eleven metal atoms are ligated by
triphenylphosphane ligands, four of which are tetrahedrally
coordinated due to three additional Cu—Te bonds. One
[CuPPhs] unit bridges only two tellurium atoms, resulting
in an almost trigonal-planar coordination environment.
Three of the six interstitial copper atoms exhibit tetrahedral
coordination geometries, while the other three show three
bonding contacts to tellurium atoms and have nearly tri-
gonal-planar coordination geometries.

Clusters 66 and 67 are identical except for the organic
groups R of the PRj ligands. Both contain two tellurolato
layers of three TePh™ groups each and one central tellurido
layer of three Te?~ ligands. The resulting Tey polyhedron
can alternatively be viewed as two face-sharing Tes oc-
tahedra. Six of the twelve copper atoms are coordinated in
a distorted trigonal fashion by three tellurium atoms, re-
sulting in shorter contacts to the Te?~ ligands than to the
TePh™. The other six copper atoms are tetrahedrally sur-
rounded by three tellurium atoms and one phosphane li-
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Figure 41. Molecular structures of stoichiometric copper telluride/tellurolate clusters [Cus(TePh)g(PEt);][PEt;Ph] (63), [Cus-
(TePh)s(PEtPh,)s] (64), [Cu,;Te(TenBu)o(PPh;)s] (65), [Cuj,Tes(TePh)s(PPhs)s] (66), [Cu sTes(TetBu)s(PEtPh,),] (68), [Cu;oTes(TerBu),-
(PEt3)g] (70), [Cuso(TePh);,Teo(PEL3)s][PEt;Ph] (71), and [CusoTe 7(TePh),o(PEtPh,)g][PEtPh;], (72) containing TeR ™ ligands; C and H

atoms are omitted for clarity

gand. Compounds 66 and 67 might be viewed as condensa-
tion products of two (TePh)s frameworks like those found
in 64.

The molecular structures of 68 and 69 differ only by an
extra phosphane ligand bonded to the former, in line with
the smaller cone angle of PnPrj relative to that of PEtPh,.
The layering of the tellurium atoms is clearly evident, and
the twelve atoms adopt a distorted hexagonal packing. The
three layers consist of a “top” layer of three “naked” Te?~
ligands, a second layer of three TenBu™ and three Te?~ li-
gands, with the former lying at the corners of the triangular
array, and a third basal triangle consisting of another three
TenBu~ groups. Eight of the copper atoms cap open Tes
triangular faces, with a fourth bonding interaction to a pho-
sphane ligand. Of the interstitial copper atoms, seven dis-
play only three bonding contacts to the neighboring tellur-
ium atoms, while three metal atoms are tetrahedrally sur-
rounded by tellurium atoms.

Compared to 68 and 69, 70 contains one additional [Cu-
TerBu] group. However, the structures are partly compar-
able. Again, a layering of the tellurium atoms can be ob-
served, which is related to that in 68 and 69 as follows.
There are now four formal layers of tellurium atoms, with
one TerBu™ group less in the former middle layer, and two
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additional TerBu™ groups at the “top” of the molecule for-
ming the fourth layer. One of the seven TesBu~ ligands acts
only as a doubly-bridging ligand, whereas the other six
form ps-bridges between copper atoms. The six Te?~ li-
gands and 16 of the copper centers are situated in similar
positions as in 68 or 69. Three further copper atoms are
located between the “top” Te—Te unit and the adjacent
“naked” Te; layer. The similarities and differences between
the structures of 68, 69, and 70 demonstrate the complic-
ated influence of the phosphane ligands, which have differ-
ent cone angles, and of the tellurolate ligands, which have
different degrees of flexibility in their organic substituents.
These systems may stem from a common intermediate, but
due to the different steric demands of the ligands they de-
velop in different ways.

The synthesis of the ionic cluster compound, 71, is the
only example to date of a co-condensation reaction of two
smaller clusters to form a larger one. However, the structure
of 71 cannot be considered as being built-up from recogniz-
able structural fragments of the precursor compound. The
tellurium atoms form an unusual polyhedron consisting of
twelve TePh~ ligands and nine Te?~ ligands. Two of the
tellurolato ligands act as py-bridges, while the other ten act
as [s-bridging atoms between the copper centers. The tel-
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luride ligands each coordinate six, seven, eight, or ten cop-
per atoms with Cu—Te distances between 2.58 and 3.14 A.
Eight of the copper atoms coordinated by phosphane li-
gands cap Te; faces at the cluster surface, while four further
copper atoms without phosphane ligands coordinate to Tes
faces from the inside of the cluster core. The remaining 17
copper atoms are surrounded in a tetrahedral manner in
the center of the molecule. Interestingly, a structurally re-
lated silver tellurium compound, [Agso(TePh);,Teo-
(PEt3);,],[°1 can be prepared by the direct reaction of AgCl
with Te(SiMes),/PhTeSiMes, which is in contrast to the syn-
thesis of 71. This cluster represents the only known example
of a copper-telluride-tellurolate cluster that shows a distinct
structural relationship with its silver analogue.

Upon standing in daylight, solutions of 64 in benzene
gradually darken to a brown color. Over the course of sev-
eral days, brown platelets of the ionic, mixed tellurido/tellu-
rolato cluster 72 crystallize from these solutions. In con-
trast, when solutions of 64 in benzene are protected from
light, they show no sign of darkening, even after several
weeks at room temperature. The detection of a '>>Te{'H}
NMR signal at 6 = 688 reveals the formation of TePh, in
the solution, giving good evidence for the mechanism of
formation of the “naked” tellurido ligands. The most strik-
ing feature of the cluster core is the manner in which the
tellurium ligands are arranged: the molecule consists of
“top” and “bottom” layers of ps;-TePh™ ligands with a
central tellurido (Te?>") layer. Sandwiched between these are
the 50 copper atoms along with the remaining seven tellur-
ido ligands. The 20 phenyltellurolato ligands are each bon-
ded to three copper atoms and, in conjunction with the
eight coordinated PEt,Ph ligands, serve to effectively stabil-

ize the inner copper telluride core. The telluride ligands of
the middle Te,q layer act as pe- and p,-bridges between the
copper sites. The seven remaining Te?~ centers function as
He-, M7=, O pg-ligands. Eight of the copper atoms are bon-
ded to Te; faces at the surface of the cluster molecule and
to one phosphane ligand. The 42 copper atoms in the center
of the molecule are either trigonally (18) or tetrahedrally
(24) coordinated by their tellurium neighbors.

3.3.2.4. Mixed-Valence Clusters

Counting the electrons for 73—85 on the assumption of
Te?~ and Cu’ leads to an overall electron excess for 79
and to electron deficiencies for the other compounds. These
compounds can therefore be thought of as being of mixed-
valence type. The molecular structures of 73, 76, 79—82,
and 85 are depicted in Figure 42.

The smallest mixed-valence cluster molecules, 73—75,
feature 16 copper atoms arranged around a Tey polyhedron.
However, the tellurium substructure cannot be derived from
the skeleton of 57 by simply adding one tellurium atom, as
one might have assumed. Two of the copper atoms that are
coordinated by a phosphane ligand bridge Te—Te non-
bonding edges. The other six [CuPR,R '] units bridge three
tellurium atoms, the copper atoms thus being tetrahedrally
coordinated. The remaining eight copper atoms are coord-
inated by three tellurium atoms in a distorted trigonal-
planar manner. Assuming that the tellurium atoms have a
formal charge of 2—, one can formally assign 14 Cu* cen-
ters and two Cu?" centers. However, the co-existence of
Cu?" and Te?~ is unlikely for thermodynamic reasons be-
cause of an electron-transfer process from the reducing
Te?~ ligand to the oxidizing Cu®* center. An assignment of

81 83

Figure 42. Molecular structures of mixed-valence copper telluride clusters [Cu;sTeg(PPh;s)g] (73), [CussTe 3(PPhs)g] (76), [CuyeTe,-
(PEt:Ph)5] (79), [CuayTe s(PMeiPry) 5] (80), [CuzyTe 6(PiPr3) ] (81), [CuyyTers(PPhs);s] (82), and [CusgTesn(PCys) i) (85); C and H atoms

are omitted for clarity
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16 Cu™, seven Te>~, and two Te ™ is not supported by struc-
tural means. The compounds should therefore rather be de-
scribed in terms of a “pure” Cu* substructure ligated by
tellurium centers with an average charge of —1.78. This
electron deficiency can be delocalized in the valence band
of the compound, as has recently been shown by calcula-
tions on the electron-rich compound 79 (see below).[”

Thirteen tellurium atoms form a distorted, centered ico-
sahedron in the closely-related compounds 76—78. In 76
and 77, ten of the 20 Te; faces are bridged by copper-phos-
phane units, whereas ten more copper atoms are situated
below the remaining faces, either trigonally coordinated or
tetrahedrally surrounded due to an additional Cu—Te bond
to the central tellurium atom. Compound 78 needs twelve
phosphane ligands for a sufficient shielding of the cluster
core. This can be ascribed to the smaller steric demand of
the phosphane PEt; (Table 1) compared to PPhs. As a re-
sult, in 78, twelve of the copper atoms are coordinated
above Te; faces and eight below. The three remaining cop-
per atoms in all three compounds are positioned inside the
respective icosahedra. They each have three tellurium
neighbors, two of which belong to the Te, shell, while the
third is the central tellurium ligand. Formal counting of
charges leads to an electron excess of three and, assigning
a charge of 1+ to every copper atom as discussed above, an
average charge of —1.77 is obtained for the 13 tellurium li-
gands.

An icosahedron of tellurium atoms is also found in 79
but, in contrast to those observed in 76—78, it does not
contain a central atom. The arrangement of the copper
atoms above the Te; faces is similar to that found in 78.
This might have been anticipated, given the Tolman angle
for both phosphanes. Twelve [CuPEt,Ph] units are bonded
above Te;z faces and eight copper atoms cap the other Te;
faces from the interior. In contrast to the situation in
76—78, in 79 six rather than three copper atoms are located
in the center of the cluster molecule, forming an octahedron
with intermetallic distances between 2.592 and 2.607 A.
These distances lie within the range of Cu—Cu distances
measured in the other copper telluride clusters under in-
vestigation. Therefore, it cannot be concluded from these
distances whether d!°—d!° interactions are present within
the Cug octahedron. However, it is remarkable that two of
the copper atoms must be formally uncharged Cu® atoms,
alongside 24 Cu™ centers, if one assigns a formal charge of
2— to all the tellurium ligands. Calculations of the elec-
tronic band structure reveal that a localization of the oxida-
tion states does not occur and that the excess electron den-
sity cannot be assigned to d'°—d'? interactions.[” The “ad-
ditional” electron pair, which arises if one assigns exclus-
ively Cu* and Te?™ centers, is better described as an MO
embedded in the valence band of tellurium 5p orbitals and
copper 4s orbitals.

The cluster molecules 80 and 81 are constructed in an
analogous way. Both compounds consist of tellurium poly-
hedra which, however, form Frank—Kasper polyhedra: 80
contains a Tey4 polyhedron, while 81 is based on a Teis
polyhedron. Both chalcogen substructures enclose an addi-
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tional tellurium ligand at the center. Similar to the situ-
ations in 76—79, all Te; faces are ps-capped by copper
atoms. The Te4 polyhedron displays 24 such faces and the
Te, 5 substructure forms 26 Te; triangles. Copper atoms that
are additionally coordinated by a phosphane ligand are
situated above the Te; faces, while the other copper atoms
lie below, as observed previously. In both 80 and 81, twelve
copper atoms that are coordinated by a phosphane ligand
are tetrahedrally coordinated above the cluster surface. One
then finds 17 (81) or 15 (80) copper atoms below the Tes
faces in the two cluster structures. Similarly to the situation
in 76—78, three metal centers are situated inside the poly-
hedral cages. Assuming that only Cu* centers and Te?™ li-
gands are present, three electrons are formally missing in
each compound. Therefore, 80 and 81 are also compounds
of mixed-valence type, each featuring three formal Cu?"
centers. However, from the structural data it is again im-
possible to divide the atomic positions into those that are
occupied by Cu?* and those that are Cu™ sites.

The largest copper telluride cluster molecules synthesized
to date are also mixed-valence compounds. Compounds
82—87 display ellipsoidal tellurium deltahedra with an in-
creasing number of inner tellurium atoms, ranging from two
inner tellurium atoms in 82—84, to four such tellurium
atoms in the centers of the molecular structures of 85—87.
As usual, the copper atoms that are coordinated by phos-
phane ligands are coordinated above the Te; triangles on
the cluster surface. The other copper atoms are either co-
ordinated by three or, especially in the cluster center, by
four tellurium ligands. The structures of 85—87 already sug-
gest the formation of distorted layers of tellurium atoms
showing incipient characteristics of bulk Cu,Te.*) How-
ever, the turning point has not yet been reached for copper
telluride cluster compounds. If one continues the reported
tendency for ever bigger molecules being required for the
observation of bulk structure properties on going from
Cu—S to Cu—Se clusters, the cluster size that might begin
to show Cu,Te structural characteristics should in fact be
considerably larger than a “Cusg” species, and probably
even larger than a “Cu,” analogue of the turning point to
“large” clusters found for the copper selenide system.

3.3.3. Optical Spectra in the Solid State

The colors of the microcrystalline powders of the various
copper telluride clusters already reveal differences in the
electronic properties of the compounds. Larger clusters are
significantly darker in color than the smaller ones. For a
more detailed investigation, UV/Vis spectra of the stoichi-
ometric clusters 55 and 57, as well as of the mixed-valence
compounds 73, 76, 79, and 83 were measured in the solid
state.?*! Absorption spectra of the crystalline samples were
measured in transmission mode from suspensions in Nujol
between two quartz plates. As representative examples, the
spectra of 57, 73, and 83 are shown in Figure 43.

In line with its red color, 57 exhibits charge-transfer
bands between 600 and 200 nm, together with bands that
can be assigned to transitions related to the ligands. The
UV/Vis spectrum of 73 also shows similar bands between
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Figure 43. The UV/Vis solid-state absorption spectra (Nujol mulls)
of copper telluride clusters [CujsTeg(PPhnPr,)io] (57), [Cuye-
Teg(PPh3)3] (73), and [Cu44Tez3(PPthr2)15] (83)

600 and 200 nm, but additionally displays broad and
weaker peaks at higher wavelengths, specifically at 670, 750,
1050, and 1350 nm. As outlined above, 73 can be described
as a mixed-valence compound with an overall electron defi-
ciency that is delocalized in the valence band. In general,
compounds containing metal atoms in formally different
oxidation states exhibit interesting spectroscopic behavior.
Depending on the degree of delocalization of the charges
over the molecular framework, one may detect additional
bands in the near-infrared region. According to the classi-
fication of Robin and Day,”>! which describes the different
degrees of electron delocalization between the metal atoms,
the copper telluride clusters under investigation should be-
long to class I11a (metal clusters). In this class, metal centers
with different valencies cannot be distinguished and total
delocalization of the charge is achieved. The larger cluster
83 also formally contains an electron deficiency of two and
thus shows broad peaks that are shifted even further to
longer wavelengths than in the case of 73. Since the energy
of the mixed-valence transition is strongly correlated with
the degree of delocalization, an even better charge delocal-
ization — i.e. a smaller transition energy — is observed for
83, as might have been expected for such a large cluster. In
79, the assignment of formal charges results in two Cu’
atoms and 24 Cu™ centers, which implies a formal electron
excess of two. In principle, this should also cause mixed-
valence bands. However, the absorption spectrum of 79
only shows a red shift of the onset of the charge-transfer
bands with respect to 57 from 600 to 800 nm. It cannot yet
be established whether this is a general behavior of the two
different types of mixed-valence copper telluride clusters
possessing either an electron deficiency or an electron ex-
cess.

4. Conclusion and Outlook

Reactions of copper salts such as copper(I) acetate and
copper(I) chloride with silylated chalcogen compounds
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E(SiMejs), or RE(SiMes) (E = S, Se, Te; R = organic group)
in the presence of tertiary phosphane ligands lead to the
formation of ligand-stabilized copper chalcogenide or cop-
per chalcogenide/chalcogenolate cluster molecules of differ-
ent sizes. The synthesis of the cluster molecules is influ-
enced in a complex manner by the reactants, ligands, and
solvents used, and by the reaction temperature.

All copper sulfide clusters characterized to date show
spherical molecular structures that give an insight into the
structural principles of [Cu,E], aggregates. Rules that lead
to maximum stability have been delineated by comparing
the observed structures, and by quantum-chemically investi-
gating a series with up to 20 copper atoms. They are strictly
adhered to by small clusters, and remain widely valid for
the larger Cu—S cluster compounds.

In the case of the copper selenide clusters, the molecular
structures of smaller or middle-sized clusters of up to 59
copper atoms exhibit spherical cluster shapes and also fol-
low the structural principles elucidated for the copper sulf-
ide species. These cluster structures differ significantly from
those of the larger molecules that possess hexagonal lattices
of selenium atoms. Hence, the cluster formation of the
smaller copper chalcogenide clusters seems to follow spon-
taneous aggregation processes leading to molecular species,
whereas the crystallization of the larger ones represents in-
stead the incipient formation of ordered solid-state struc-
tures. Although the final structure determination of the
low-temperature a-Cu,Se phase is still a point of discussion,
the best refinement of the data is achieved by assuming a
cubic lattice of selenium atoms with copper atoms occupy-
ing the tetrahedral and trigonal holes.’® Therefore, it is
possible that the cluster molecules display fragments of a
new structure type of an as yet unknown Cu,Se polymorph.

In contrast to the clusters containing sulfur or selenium
ligands, copper telluride systems show a significant tend-
ency to form non-stoichiometric clusters, with either an
electron deficiency or an electron excess. This is not only
evident from the overall charge, but is also shown by the
occurrence of intervalence bands in the optical spectra of
these compounds. Structural considerations as well as cal-
culations on the electronic band structure reveal that a
localization of the different formal oxidation states is not
possible. Even though compound 79 contains a central Cug
octahedron with sufficiently short Cu—Cu distances, the
charge excess cannot be assigned to d'°—d!° interactions.
The “additional” electron pair that arises from the formal
assignment of charges Cu™ and Te”~ is instead delocalized
in an MO embedded in the tellurium(5d)—copper(4s) val-
ence band. The distinct differences from the Cu,S or Cu,Se
mixed-valence cluster systems can generally be attributed to
the small differences between the ionization potentials (IP),
electron affinities (EA), and electronegativities (EN) of cop-
per and tellurium, which do not allow a discrete separation
into Cu" and Te?~ centers [IP(Cu): 745.4, IP(Te): 869.2;
EA(Cu): 118.5, EA(Te):190.2; EN(Cu, Pauling): 1.9,
EN(Te): 2.1].

In the future, we aim to further investigate the thermal
properties of these materials and to use them as precursor
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compounds for the synthesis of nanostructured Cu,E (E =
S, Se, Te) phases. This will include the preparation of thin
films of these materials, which may have applications in
solar cell technology, as well as the synthesis of Cu,_E
compounds of precise, known compositions that may show
interesting magnetic and electrical properties.
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