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Introduction

Construction of aggregated large clusters by linking pre-
formed cluster units remains a challenging subject.1 Simple
sulfur compounds such as S8,2 H2S,3 HS-,4 Li 2S,5 Na2S,6 and
Na2S27 have been used as convenient tools for such a purpose.
An important feature of these reagents is that they may remove
labile ligands such as Cl-, Br-, I-, CH3CN, and CO from cluster
units and assemble the remaining cluster cores by filling the
voids with sulfur atoms. A notable example is the single-sulfur-
bridged double cubane [(Fe4S4Cl3)2S]4-, which was obtained
from the reaction between [Fe4S4Cl4]2- and Li2S in CH3CN.5a

Two units of the related mixed-metal cubane [(MoFe3S3Cl4)-
(C2O4)]3- were then successfully connected by treating the
double cubane with [Et4N]CN followed by addition of [Et4N]SH,
affording the doubly-bridged double-cubane cluster{[MoFe3S4-
Cl2(C2O4)](µ2-CN)(µ2-S)]}5-.4b

Tetrathiometalates are known to serve as precursors of a wide
variety of heterometallic sulfide clusters.8 Our recent synthesis
of the half-sandwich trithio complexes [(C5Me5)MS3Li2(THF)2]2
(M ) Nb, Ta)9ab and [PPh4][(C5Me5)MS3] (M ) Mo, W)9c

expanded the scope of our study, and we examined their cluster
forming reactions with appropriate late-transition metal com-

plexes.10 For instance, [PPh4][(C5Me5)MS3] was found to react
readily with CuNCS and CuBr in CH3CN, resulting in isolation
of [PPh4]2[{(C5Me5)WS3}2Cu6(NCS)6] and [PPh4]2[{C5Me5)-
WS3}2Cu6Br6] (1), in which two incomplete cubane WS3Cu3
units were weakly connected by NCS and Br bridges,
respectively.10c The latter cluster1 carries bromide bound to
each copper atom, and we investigated its reaction with Li2S2.
This communication reports an unprecedented nonanuclear
cluster [PPh4][{(C5Me5)WS3Cu2}3S2] (2) obtained therefrom,
which is an aggregate of three WS3Cu2 clusters interconnected
by two µ3-S atoms.

Results and Discussion

A yellow powder of dry Li2S29b was added to an acetonitrile
solution of [PPh4]2[{C5Me5)WS3}2Cu6Br6] (1) (1:2 molar ratio).
The dark red solution immediately darkened, and a black powder
gradually precipitated. After the mixture was stirred overnight
at ambient temperature, a black powder was filtered off along
with LiBr and unreacted Li2S2. According to the X-ray
fluorescence microanalysis, the black powder does not contain
tungsten, and we presume it to be a copper sulfide. The filtrate
was concentrated toca. 2 mL in Vacuo, and diethyl ether was
layered on the solution. Dark red prismatic crystals of
[PPh4][{(C5Me5)WS3Cu2}3S2]‚3CH3CN (2‚3CH3CN) were formed
in 3 days in 64% yield.2 is stable to oxygen and moisture and
is soluble in CH3CN and DMSO. The electronic spectrum of
2 in CH3CN exhibits absorption band at 399 nm, while the IR
spectrum displays W-Sbr stretching vibrations at 447 (m) and
430 (s) cm-1. The 1H NMR spectrum of2 has a single
resonance of C5Me5 at 1.97 ppm, implying that the three C5-
Me5 groups have the same chemical environment in (CD3)2-
SO.
The X-ray study of2 showed that an asymmetric unit consists

of one [{(C5Me5)WS3Cu2}3S2]- anion, one PPh4+ cation, and
three CH3CN solvent molecules. The structure of the anion
part of2 is presented in Figure 1, and important bond lengths
and angles are given in Table 1. The structure of [{(C5Me5)-
WS3Cu2)3S2]- can be described as three chemically equivalent
[(C5Me5)WS3Cu2]+ clusters interconnected by two triply bridg-
ing S2- ligands. Alternatively, the main frame of the structure
may be viewed as a trigonal-face bicapped trigonal prism made
of six coppers and two sulfurs, and each of three nonbonded
Cu‚‚‚Cu edges is bound to one [(C5Me5)WS3]- anion. This
core structure resembles that of [Et4N]4[(WSe4Cu2)3Se2], in
which three [WSe4]2- moieties bridge two Cu3 triangles.11 One
Cu3 (Cu(1), Cu(4), Cu(5)) triangular plane is nearly parallel
(1.4°) to the opposite Cu3 (Cu(2), Cu(3), Cu(6)) plane. The
Cu‚‚‚Cu distances within the trigonal planes range from 2.91
to 3.06 Å, while those connecting the planes are somewhat
longer, being 3.11-3.18 Å. The two sulfur atoms, S(10) and
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S(11), sit 1.37 Å above (or below) the corresponding triangular
Cu3 planes. The dihedral angles between the S3 planes of three
(C5Me5)WS3 fragments are all close to 60°, implying that the

[(WS3Cu2)3S2] core possesses an approximate 3-fold symmetry,
and the pseudoC3 axis runs through S(10) and S(11).
The sulfur atoms are classified into three groups, which are

µ2-S (S(1), S(2), S(4), S(5), S(7), S(8)) bridging W and Cu,
µ3-S (S(3), S(6), S(9)) bridging W and two Cu atoms, andµ3-
S′ (S(10) and S(11)) bridging three Cu atoms. Each copper
atom adopts a trigonal planar coordination geometry with three
sulfurs of different types. The three S-Cu-S angles sum up
to 359°. The Cu-S distances of 2.192(5)-2.257(6) Å are
normal.10c The Cu-(µ3-S′)-Cu angles of 82.4(2)-87.7(2)°
are comparable to those of Cu-(µ3-S)-Cu angles (87.5(2)-
91.1(2)°), but larger than those of Cu-(µ2-S)-W (73.6(2)-
74.1(2)°) and Cu-(µ3-S)-W (71.9(2)-72.9(2)°). The W-S
bond lengths of 2.226(5)-2.296(5) Å are similar to those
observed in1 (2.280(2)-2.284(2) Å) and [PPh4]2[(C5Me5)WS3-
Cu3(NCS)3]2 (2.267(3)-2.290(3) Å).10c The short W-Cu
distances of 2.665(2)-2.683(3) Å suggest a dative interaction
between d10 CuI and d0 WVI. It should be mentioned here that
triangular clusters doubly capped by two sulfur atoms from the
two sides are known. Examples are [PPh4][Et4N]3[(WS4-
Fe)3S2],12a [{(C5H5)Ni}3S2],12b and [M′3S2(dppe)3][PF6]2 (M′
) Pd, Pt),13 which are featured by Fe3S2, Ni3S2, and M′3S2
trigonal bipyramid structures.
In the structure of1, the two [(C5Me5)WS3Cu3Br3]- are

weakly bound, so they may well split in solution and/or in the
presence of Li2S2. In fact, the ESI-MS study of1 in CH3CN
showed a set of peaks associated with the isotopic cluster of
[(C5Me5)WS3Cu3Br3]- and the parent ion signal was not
observed. Thus it is likely that the dissociated species
[(C5Me5)WS3Cu3Br3]- degraded into [(C5Me5)WS3Cu2]+ under
the reaction condition, which was then self-assembled into2
by replacing two Br atoms with2/3S. The liberated CuBr
appears to react further with Li2S2, affording a black copper
sulfide. In this solution, Li2S2 acted as a monosulfide (S2-)
transfer reagent, which is not very surprising because lithium
sulfides may easily disproportionate in polar solvent.9c Our
successful isolation of2 shows that use of Li2S2 or related sulfur
compounds can be a convenient method to aggregate preformed
clusters.

Experimental Section

General Information. All manipulations were carried out under
argon using standard Schlenk-line techniques. All solvents were
predried over activated molecular sieves and refluxed over the
appropriate drying agents under argon and collected by distillation. A
1H NMR spectrum for2 was recorded on a Varian UNITYplus-500
spectrometer, and chemical shifts were quoted inδ (ppm) relative to
(CD3)2SO. IR spectrum was recorded on a Perkin-Elmer 2000FT-IR
spectrophotometer using KBr pellets. UV-vis spectrum for2 was
measured on a JASCO V-560 spectrophotometer. C, H, and S analyses
were performed on a LECO-CHNS microanalyzer.
Preparation of [PPh4][{(C5Me5)WS3Cu2}3S2] (2). To an aceto-

nitrile solution (25 mL) of1 (0.11 g, 0.046 mmol) was added a yellow
powder of dry Li2S29b (0.018 g, 0.23 mmol). The dark red solution
immediately darkened, and a black powder gradually precipitated. After
the mixture was allowed to stir overnight at room temperature, a black
powder was removed along with LiBr and unreacted Li2S2 by
centrifugation. The filtrate was concentrated toca. 2 mL in Vacuo,
and diethyl ether (4 mL) was layered on the solution. Dark red
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Figure 1. Structure and labeling scheme of the cluster anion of2,
where only one set of disordered C5Me5 groups is shown. The thermal
ellipsoids are drawn at the 50% probability level.

Table 1. Selected Bond Lengths (Å) and Angles (deg) for
[PPh4][{(C5Me5)WS3Cu2}3S2]‚3CH3CN (2‚3CH3CN)

W(1)-Cu(1) 2.675(3) W(1)-Cu(2) 2.683(3)
W(2)-Cu(3) 2.665(2) W(2)-Cu(4) 2.682(3)
W(3)-Cu(5) 2.681(3) W(3)-Cu(6) 2.680(2)
W(1)-S(1) 2.228(5) W(1)-S(2) 2.236(6)
W(1)-S(3) 2.288(5) W(2)-S(4) 2.234(5)
W(2)-S(5) 2.233(5) W(2)-S(6) 2.296(5)
W(3)-S(7) 2.226(5) W(3)-S(8) 2.236(5)
W(3)-S(9) 2.292(5) Cu(1)-S(1) 2.221(6)
Cu(1)-S(3) 2.247(5) Cu(1)-S(10) 2.197(5)
Cu(2)-S(2) 2.218(6) Cu(2)-S(3) 2.249(5)
Cu(2)-S(11) 2.204(5) Cu(3)-S(4) 2.209(6)
Cu(3)-S(6) 2.244(5) Cu(3)-Cu(11) 2.192(5)
Cu(4)-S(5) 2.221(6) Cu(4)-S(6) 2.257(6)
Cu(4)-S(10) 2.211(6) Cu(5)-S(7) 2.223(6)
Cu(5)-S(9) 2.221(5) Cu(5)-S(10) 2.203(6)
Cu(6)-S(8) 2.237(5) Cu(6)-S(9) 2.237(5)
Cu(6)-S(11) 2.206(5)

S(1)-W(1)-S(2) 104.6(2) S(1)-W(1)-S(3) 105.8(2)
S(2)-W(1)-S(3) 104.7(2) S(4)-W(2)-S(5) 105.5(2)
S(4)-W(2)-S(6) 105.1(2) S(5)-W(2)-S(6) 105.4(2)
S(7)-W(3)-S(8) 104.8(2) S(7)-W(3)-S(9) 104.8(2)
S(8)-W(3)-S(9) 105.6(2) Cu(1)-W(1)-Cu(2) 71.38(7)
Cu(3)-W(2)-Cu(4) 71.18(7) Cu(5)-W(3)-Cu(6) 72.83(7)
S(1)-Cu(1)-S(3) 107.5(2) S(1)-Cu(1)-S(10) 124.2(2)
S(3)-Cu(1)-S(10) 127.6(2) S(2)-Cu(2)-S(3) 106.7(2)
S(2)-Cu(2)-S(11) 125.0(2) S(3)-Cu(2)-S(11) 126.9(2)
S(4)-Cu(3)-S(6) 107.7(2) S(4)-Cu(3)-S(11) 122.7(2)
S(6)-Cu(3)-S(11) 128.3(2) S(5)-Cu(4)-S(6) 107.1(2)
S(5)-Cu(4)-S(10) 125.9(2) S(6)-Cu(4)-S(10) 125.6(2)
S(7)-Cu(5)-S(9) 107.4(2) S(7)-Cu(5)-S(10) 128.3(2)
S(9)-Cu(5)-S(10) 123.6(2) S(8)-Cu(6)-S(9) 107.4(2)
S(8)-Cu(6)-S(11) 128.2(2) S(9)-Cu(6)-S(11) 123.1(2)
W(1)-S(1)-Cu(1) 73.9(2) W(1)-S(2)-Cu(2) 74.1(2)
W(1)-S(3)-Cu(1) 72.3(2) W(1)-S(3)-Cu(2) 72.5(2)
W(2)-S(4)-Cu(3) 73.7(2) W(2)-S(5)-Cu(4) 74.1(2)
W(2)-S(6)-Cu(3) 71.9(2) W(2)-S(6)-Cu(4) 72.2(2)
W(3)-S(7)-Cu(5) 74.1(2) W(3)-S(8)-Cu(6) 73.6(2)
W(3)-S(9)-Cu(4) 72.9(2) W(3)-S(9)-Cu(6) 72.5(2)
Cu(1)-S(3)-Cu(2) 88.1(2) Cu(3)-S(6)-Cu(4) 87.5(2)
Cu(5)-S(9)-Cu(6) 91.1(2) Cu(1)-S(10)-Cu(4) 82.4(2)
Cu(1)-S(10)-Cu(5) 87.4(2) Cu(4)-S(10)-Cu(5) 86.2(2)
Cu(2)-S(11)-Cu(3) 84.2(2) Cu(2)-S(11)-Cu(6) 87.7(2)
Cu(3)-S(11)-Cu(6) 84.1(2)
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prismatic crystals of2‚3CH3CN were formed in 3 days and were
collected by filtration, washed with CH3CN/Et2O (1:5 v/v), and dried
in Vacuo. Yield: 0.04 g (64%). Anal. Calcd for C54H65Cu6PS11W3:
C, 31.94; H, 3.23; S, 17.23. Found: C, 32.12; H, 3.19; S, 17.48.1H
NMR (DMSO-d6, 500 MHz, 25°C): δ 7.72-7.97 (PPh4+, m, 20H);
1.97 (C5Me5, s, 45H). IR (KBr pellets): 1482 (m), 1435 (m), 1187
(w), 1164 (m), 1107 (s), 1024 (m), 995 (m), 804 (m), 756 (m), 722(s),
690 (s), 527 (s), 447 (m), 430(s) cm-1. UV-vis (CH3CN) λmax/nm
(εmax/M-1 cm-1): 399 (21 300).
X-ray Structure Determination . X-ray-quality crystals of2‚3CH3-

CN were obtained directly from the preparation as described above.
Diffraction data were collected on a Rigaku AFC7R diffractometer at
ambient temperature by using graphite-monochromated Mo KR radia-
tion (0.710 79 Å). A dark red single crystal of2‚3CH3CN with
dimensions 0.40× 0.25× 0.30 mm was sealed in a capillary under
argon. Cell constants and an orientation matrix for data collection were
obtained from least-squares refinements using the setting angles of 25
carefully centered reflections in the range 22.6< 2θ < 24.7° for

2‚3CH3CN. The intensities of three representative reflections monitored
every 150 reflections showed no sign of significant decay. An empirical
absorption correction using theψ scan technique was applied, which
resulted in transmission factors ranging from 0.91 to 1.00 for2‚3CH3-
CN. Of the 10 197 reflections that were collected, 9753 were unique.
The data were corrected for Lorentz and polarization effects.
The structure of2‚3CH3CN was solved by direct methods14 and

expanded using Fourier techniques.15 The three C5Me5 groups were
found to be disordered over two positions and they were refined as
rigid groups with occupancy factors of 0.60:0.40 for C(1)-C(10) and
0.50:0.50 for C(11)-C(30). W, Cu, P, S, and C from the [PPh4]+ cation
were refined anisotropically, while the isotropic temperature factors
were applied to the C and N atoms from three CH3CN solvent molecules
and disordered C atoms of C5Me5 groups. All the hydrogen atoms
except those on the disordered C5Me5 groups were placed at calculated
positions without refinement. The finalR andRw factors were 0.049
and 0.055, respectively, for 5563 unique reflections withI > 3.00σ(I).
The maximum and minimum residual peaks on the final difference
Fourier map are 1.37 and-1.27 e/Å3, respectively. Neutral atom
scattering factors were taken from the Cromer and Waber.16 Crystal-
lographic calculations were carried out with a teXsan crystallographic
software package from Molecular Structure Corp. (1985, 1992).
Crystallographic data for2•3CH3CN are summarized in Table 2.
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Table 2. Crystallographic Data
for [PPh4][{(C5Me5)WS3Cu2}3S2]‚3CH3CN (2‚3CH3CN)

formula C60H74Cu6N3PS11W3

fw 2153.72
crystal system monoclinic
space group P21/c (No. 14)
a, Å 15.477(4)
b, Å 21.652(5)
c, Å 21.623(2)
R, deg
â, deg 91.35(1)
γ, deg
V, Å3 7244(2)
Z 4
Dcalcd, g‚cm-3 1.975
µ, cm-1 68.49
λ(Mo KR), Å 0.710 69
Ra 0.049
Rwb 0.055
GOFc 1.63

a R ) ∑||Fo| - |Fc||/∑|Fo|. b Rw ) {∑w(|Fo| - |Fc|)2/∑w|Fo|2}1/2.
cGOF) {∑w(|Fo| - |Fc|)2/(M - N)}1/2, whereM is the number of
reflections andN is the number of parameters.
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