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Summary — Reaction of (NPry)s[WSsCusls] 1, which is prepared by addition of Cul to (NPr4)2[WS4|, with CuCl
in dichloromethane gave crystals of (NPrq)s{WSsCusls] 3 (orthorhombic, space group Pbnm (standard Pnmae No 62),
a = 13.130(6), b = 20.829(12), ¢ = 22.715(5) A, Z = 4, R = 0.0504). The crystal structure revealed discrete [WSqCusle]3
anions separated by NPr** cations; the anionic framework consists of a (WS3Cusl) cube with two additional faces. Addition
of NEt4Cl to (NPra)3[WS4Cu3Br4) 2 in dichloromethane yielded red crystals of (NEt4)s[WSsCusBr7| 7 (monoclinic, space
group C2/c, a = 22.866(5), b = 10.760(2), ¢ = 21.960(9) A, Z = 4, R = 0.0626). The two isostructural compounds
(NEt4)3[WS4CusCly| 8 and (NEt4)3{WS4CusCly 515 5) 6 were characterized. The reactivity of these compounds was examined
together with the relationships that exist with various copper thiometalate compounds characterized previously.

copper thiometalate / cubane structure / dicubane structure

Introduction

The tetrathiometalates MS5~ (M = Mo, W) have been
used as versatile ligands to prepare a wide variety of
heteropolynuclear complexes [1-11]. Among the vari-
ous compounds structurally characterized, those con-
taining Cu(I) were recently examined according to their
Cu/MSy content and their structural type [12]. These
MS4Cu, architectures result from the step-by-step ad-
dition of CuX (X = ClI, Br, I) to the edges of the parent
MS, tetrahedron as represented in figure 1. The result-
ing compounds are highly stabilized by the interaction
of a empty d orbital of the central metal M (Mo(VI),
W(VI)) with a filled d orbital of copper (I) [13]. Another
feature is the activation of the central MS4(Cu),, core by
further addition of copper which led to the preparation
of a large set of copper-rich polynuclear complexes in-
cluding (NMey)s[MoS4(CuCl)eCly], the ultimate prod-
uct of the addition of CuCl units across all six edges
of the parent MSy tetrahedron [14]. To complete these
studies, we describe here the preparation and charac-
terization of new architectures together with their con-
nections to the established structural types presented
in figure 1. We also confirm the reactivity of the closed
cubane structure [MS,CuzX4]?~ (X = Cl, Br, I) exam-
ined in previous work [12].

* Correspondence and reprints

Experimental section

All manipulations were carried out in a nitrogen atmosphere.
Reagent grade chemicals were used throughout. Commercial
CuCl was washed with a solution of HCI to eliminate Cu(II)
jons. Infrared spectra were recorded on a 580B Perkin Elmer
spectrophotometer (KBr pellets). Elemental analyses were
performed by the Service Central d’Analyses du CNRS,
Solaize, France.

Preparations

L] (NPT4)3[WS4 CU3I4/ 1

To a solution of (NPr4)2[WS4] (0.340 g, 0.5 mmol} in 50 mL
of dichloromethane were added under stirring Cul (0.286 g,
1.5 mmol) and (NPr4)I (0.500 g, 1.6 mmol). The resulting
orange suspension turned red after 1 h of stirring at room
temperature. The insoluble WS4Cu; formed was filtered off
and ether was added to the red filtrate. After several days at
room temperature, 0.280 g of a red powder was recovered.
Anal calc for C3sHgaN314S4CusW 1: C, 27.54; H, 5.36; N,
2.68; 1, 32.38; S, 8.16; Cu, 12.14; W, 11.73. Found: C, 26.69;
H, 5.15; N, 2.66; I, 32.35; S, 7.53; Cu, 12.48; W, 11.69.

L (NPT4)3/WS4CU3BT4/ 2
The method used for 2 was similar to the preparation
of 1 (yield, 72%). Compound 2 was identified by chemi-
cal analysis and spectroscopic measurements. Anal calc for
(_}3(5H84N3B1‘4CU3VV 2: C, 31,29; H, 608, N, 304, BI', 2318,
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(*) n represents the number of Cu atoms coordinated to the central MS4 core.

Fig 1. Diagrammatic representation of the step-by-step addition of CuX (X = Cl, Br, I) to MSZ_ (M = Mo, W).

S, 9.27; Cu, 13.80; W, 13.33. Found: C, 30.62; H, 5.89; N,
2.82; Br, 21.86; S, 8.68; Cu, 13.43; W, 12.61.

Compounds 1 and 2 display the cubane structure estab-
lished by X-ray determination for the chlorinated homolog
[WS4CusCla)®~ [12].

L (NPT4)3/WS4CU5IG/ 3

To a suspension of 1 (0.528 g, 0.336 mmol), in 80 mL of
dichloromethane was added under stirring a solution of CuCl

(0.017 g, 0.168 mmol) previously dissolved in 10 mL of de-
gassed acetonitrile. A red solution was obtained within few
minutes and maintained under stirring for 20 min. The vol-
ume of the solution was then reduced to ca 30 mL, and ether
carefully layered. Within a few days at room temperature,
0.030 g of well-shaped red crystals was obtained. Anal calc
for CasHgaN3lsCusW 3: C, 22.16; H, 4.31; N, 2.15; I, 39.09;
S, 6.57; Cu, 16.29. Found: C, 23.68; H, 4.50; N, 2.45; I, 38.79;
S, 6.68; Cu, 16.79.



. (NBu4)3[M054CU5C16/ 4

To a solution of (NBuy)2[MoSs] (0.177 g, 0.25 mmol) in
30 mL of dichloromethane was added under stirring CuCl
(0.15 g, 1.5 mmol). The resulting suspension was refluxed
for 48 h, and then cooled to room temperature. After elim-
ination of MoS4Cu; as a black solid, ether was added to
the filtrate leading to the crystallization at room tem-
perature of (NBug)2[MoS4CusCly] [15]. The filtrate was
maintained for several days at —25°C to give 0.060 g of
black crystals which were washed with ether. Anal calc for
C35H108N3CIGS4CU5MO 4: C, 3891, H, 729, Cl, 1439, S,
8.65; Cu, 21.45; Mo, 6.48. Found: C, 39.11; H, 7.33; Cl, 14.35;
S, 7.91; Cu, 21.62; Mo, 6.70. The crystals were monoclinic,
a = 11.68(2), b = 23.66(3), c = 26.16(6) A, 3 = 94.4(2)°
but decomposed at room temperature within a few hours.

[ ] (NB’LL4)3[WS4CU5CI§/ 5
The method used for 5 was similar to the preparation of 3.
Compound 5 was identified by spectroscopic measurements.
Crystals of 5 also decomposed at room temperature within
a few hours.

[ ] (NEt4)4[WS4CU5Cl7/ 6

To a solution of (NBu4)2[WS4CusCls] (0.240 g, 0.2 mmol)
in 50 mL of acetonitrile was added under stirring NEt4Cl
(0.200 g, 1.2 mmol). After 20 min stirring, the solution was
evaporated under reduced pressure to dryness. The red solid
was recrystallized in acetonitrile (yield, 0.060 g, 20%). Anal
calc for C32HgoN4Cl17S4CusW 6: C, 27.47; H, 6.18; N, 4.00;
Cl, 17.77; S, 9.16; Cu, 22.71; W, 13.16. Found: C, 27.63; H,
6.18; N, 4.05; Cl, 17.80; S, 8.48; Cu, 22.10; W, 13.17.

* (NEt4)4[WS4 CU5B7‘7/ 7

NEt4Cl (0.066 g, 0.4 mmol) was added to a solution of
(NPr4)3{WS4Cu3sBr4| (0.276 g, 0.2 mmol) in 100 mL of
dichloromethane. The orange-red solution was refluxed for
24 h and then cooled to room temperature. After the so-
lution was reduced to 25 mL under reduced pressure, well-
shaped red crystals were obtained within 24 h at room tem-
perature (0.030 g). The chemical composition of 7 was de-
duced from the complete crystallographic study.

] (NEt4)4[WS4 CU515_5 Cll.‘_r,] 8

(NEt4)2[{WS4] (0.170 g, 0.3 mmol) was suspended in 25 mL
dichloromethane. To this suspension were added under
stirring CuCl (0.088 g, 0.9 mmol) and NPr4l (0.250 g,
0.8 mmol). After 30 min of stirring at room temperature
the red precipitate formed was eliminated and 5 mL ether
added to the filtrate. Red crystals suitable for X-ray analysis
were obtained within several days (0.015 g).

* (NM€4)4[WS4 Cu5 Cl7] 9

(NBuy)2[WS4CusCly] (0.100 g, 0.084 mmol) was dissolved
in 100 mL of acetonitrile. After addition of NMe,sCl (0.036 g,
0.336 mmol) and CuCl (0.0085 g, 0.084 mmol), the solution
was stirred for 1 h at room temperature. A black precipitate
was obtained by reduction of the volume of the solution to
25 mL, and spectroscopically identified by comparison with
compound 7.

e (NMey )s[M0SyCuz Clz ] 10
This was obtained via a similar route as 9 starting from
(NBuyg)2[Mo0S4CuyCly).

L] (NA[64)5/MOS4GUGCZQ/ 11
a) To a solution of 10 (0.040 g, 0.036 mmol) in 40 mL
of acetonitrile was added 3.6 mL of a solution of CuCl
107%M (0.036 mmol) in degassed acetonitrile. After stirring
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for about 1 h at room temperature the solution was reduced
to 10 mL. The black precipitate formed was recrystallized
in acetonitrile and black needles with hexagonal sections
suitable for X-ray analysis were obtained.

b) This compound was also obtained by addition of
CuCl (0.020 g, 0.2 mmol) and NMe4Cl (0.055 g, 0.5 mmol)
on (NBuy)2[MoSsCusCly] (0.110 g, 0.1 mmol) previously
dissolved in 100 mL degassed acetonitrile. After 1 h of
stirring, the violet solution was reduced to 50 mL prior to
standing few days at room temperature. The black crystals
formed were identified by X-ray determination. The crystals
were orthorhombic, space group Cmc2:, a = 19.945(3),
b = 11.513(1), ¢ = 20.541(7) A. The complete resolution
of the structure was reported in a previous publication [14].

L4 (NM€4)5[WS4 CUGCZQ] 12
Addition of CuCl to 9 led to a red powder, identified by
comparison with 11 by IR and UV-vis spectroscopies, and
chemical analysis. Anal calc for C20HeoN5CleS4CusW 12:
C, 17.33; H, 5.78; N, 5.05. Found: C, 17.98; H, 4.32; N, 4.98.

Crystal structure determinations

Unit cell dimensions for compounds 3, 6, 7 and 8 were ob-
tained from least-squares refinement of the setting angles of
25 reflections. Intensity data were collected at room tem-
perature with a @ — 26 scan technique on a Enraf-Nonius
CAD4 four-circle diffractometer. Two standard reflexions
were monitored periodically; they showed no change during
data collection. Crystallographic data and pertinent infor-
mation are given in table I. Corrections for polarization and
Lorentz effects were applied. Absorption was corrected by
Difabs [15]. Computations were performed using the Crys-
tals programme [16] adapted for a Micro Vax II. Atomic
form factors for neutral W, Cu, C, N, S, Cl, Br and I were
taken from reference [17]. The structure was solved by inter-
pretation of Patterson maps, followed by the use of succes-
sive difference Fourier maps. Hydrogen contributions were
omitted. Least-squares refinements with approximation to
the normal matrix were carried out by minimizing the func-
tion Sw(|Fs| — |Fe|)?, where F, and F. are the observed
and calculated structure factors. The weighting scheme used
is w = W[l — (AF/60(F)?)? with o' = 1/ZTArTr(X)
where n (n = 3) is the number of coefficients, Ar, for a
Chebyshev series, for which X is F./F. (max). The model
reached convergence with R = X(||Fo| — |Fc||)/Z|Fo| and
R, = [Sw(|Fy| — |Fe|)?/Sw(F,)?]*/? values listed in table L.
Criteria for a satisfactory complete analysis were the ratios
of the rms shift to standard deviation at less than 0.1 and
no significant features in final difference map.

Results and discussion
Crystal structure determinations

All structures consist of well-separated cations and
anions. In all structures, cations have normal bond
distances and angles (see Supplementary material).

o Structure of (NPry)s[WSsCusls] 3
The space group Pbnm (standard group Pnma No 62)
was chosen from the evidence of the two systematic ex-
tinctions Okl, k = 2n + 1, and AOl, h + 1 = 2n + 1,
and the results of statistical tests of centrosymmetry.
Positional atomic coordinates are given in table II, and
selected geometrical parameters in table III. A view of
the [WS4CU516]3“ anion is given in figure 2, including
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Table I. Crystal data and data collection for the structures of (NPrs)3[WSsCusls] 3, (NEt4)4[WS4CusCly] 6,

(NEt4)4[WS4CU5BI‘7] 7 and (Nth)a[WS4CU5Ch_5[5,5] 8.

Formula C36H84N31684 CU5W 032H80N4CI7S4CU5W' C32H30N4 BT7S4CUSW 032H80N4C11,515,5S4CU5W
3 6 7 8
M 1949.5 1399.0 1710.1 1902.0
Crystal orthorhombic monoclinic monoclinic monoclinic
system
Space Pbnm C2/c C2/e C2/e
group
a/A 13.130(6) 22.626(9) 22.866(5) 23.246(3)
b/A 20.829(12) 10.672(6) 10.769(2) 10.762(2)
c/A 22.715(5) 21.613(9) 21.960(9) 22.374(4)
a/° 90 90 90 90
B8/° 90 94.17(4) 94.23(3) 93.62(1)
v/° 90 90 90 90
U/A3 6212(5) 5205(15) 5364(12) 5586
Z 4 4 4 4
Dc/gem ™3 2.08 1.78 2.12 2.26
F(000) 3688 2808 3312 3600
pjem™! 66.8 94.8 72.2
0 limits/° 1-23 1-20 1-25
Reflections
collected 4821 2822 5335
used 1696 1453 3055
R 0.0504 0.0626 0.0688
R 0.0606 0.0733 0.0826
Refined 269 243 252
parameters

Details in common: Enraf-Nonius diffractometer (A = 0.71069 A), 8 —26 scan type, scan range 0.840.345 tan 8, R = (||F, — F¢||) /| Fol,

R' = (w(|Fo| — |Fe|)? JwF2)'2.

the labelling scheme. The W(1), S(2), and S(3) atorms
are located in the mirror plane, and the geometry of
the WS, tetrahedron is achieved by the S(1) out of
plane atom. The Cu(3)-I(3) group lies in the mirror,
the Cu(1)-I(1) and Cu(2)-1(2) groups being in general
position which generates a cluster with five copper
atoms. The geometry of the cluster is completed by
the 13-1(4) atom bridging the Cu(2), Cu(3) and Cu(2)’
atoms.

Despite the apparent dissymmetry of the anion (C,
point group), the central WSy core has retained the par-
ent tetrahedral geometry with a mean S-W-S angle of
109.5(6)°. The five copper atoms are bonded to the WS,

Table II. Atom coordinates and isotropic displacement
parameters for compound 3.

Atom z/a y/b z/c U (equ)
W(1) 0.2089(1)  0.09770(6)  0.2500 0.0404
S(1) 0.1767(4)  0.1567(3)  0.1694(2)  0.0506
S(2) 0.1049(8)  0.0123(4)  0.2500 0.0610
S(3) 0.3694(7)  0.0655(4)  0.2500 0.0584
Cu(l)  0.0594(2) 0.0776(1)  0.1746(1)  0.0626
Cu(2) 0.3562(2)  0.1451(2) 0.3204(1) 0.0738
Cu(3)  0.1691(4) 0.2256(2)  0.2500 0.0644
(1) —0.0819(2)  0.0649(1)  0.1083(1)  0.0954
1(2) 0.4685(2) 0.1504(1)  0.40690(9)  0.0856
1(3) 0.0662(2) 0.3225(2)  0.2500 0.0914
1(4) 0.3761(2) 0.2630(1)  0.2500 0.0609

tetrahedron through sulfur double bridges, and display
two types of environment: (i) the two equivalent Cu(1)
and Cu(1)’ atoms have a distorted trigonal environment
with angles in the range 107.3(3)-127.6(3)°, and the
W(1)S(1)S(2)Cu(1)'I(1) and W(1)S(1)’S(2)Cu(1)I(1)
fragments are planar (mean deviation for W = 0.105 A);
or (ii) Cu(2), Cu(2)’, and Cu(3) are tetracoordinated,
which results in the lengthening of the Cu-S bond,
2.263 (4) A in comparison with the 2.34 (4) A observed
for the trigonal Cu(1) atom (such a correlation between
the coordination of a copper atom and the correspond-
ing Cu-S bond length has already been observed for the
[WS4Cu4Cls)3~ cubane [18)).

Each copper atom is also bonded to a terminal
iodide, the Cu-I distances having expected values in
the range 2.404(4)-2.459(4) A. The coordination at the
Cu(2), Cu(2) and Cu(3) atoms is achieved by the triply
bridging I(4) atom. Such an unusual coordination for
iodine results in the lengthening of the bonds attached
to this atom; the Cu-I(4) distances are in the range
2.827(5)-2.940(4) A. These values can be considered as
bonding distances since they are weaker than the sum
of the ionic radii of Cu(+I) and I(-T), se 2.99 A. The
bridging character of I(4) is also confirmed by the low
value of the thermal parameter observed for this atom,
U = 0.06, compared to the related mean value U = 0.09
for the terminal I(1}), I(2), and I(3) atoms.

The five copper atoms form a rectangular pyra-
mid with the W atom located 0.27 A below the



Table III. Bond lengths (A) and angles (deg) for com-
pound 3.

W(1)-S(1) 2.244(6) W(1)-S(3) 2.211(9)
W(1)-S(2) 2.242(9)

W(1)---Cu(1) 2.639(3)  Cu(2):--Cu(2) 3.197(7)
W(1)---Cu(2) 2.697(3)  Cu(2):--Cu(3) 3.376(5)
W(1)---Cu(3) 2.715(4)

S(1)-W(1)-S(1)  109.2(3) S(2)-W(1)-S(1)  108.6(2)
S(3)-W(1)-S(1)  110.2(2) S(3)-W(1)-S(2)  109.9(3)
S(1)-Cu(1) 2.259(6)  S(2)-Cu(1) 2.267(7)
S(1)-Cu(2) 2.380(7)  S(3)-Cu(2) 2.311(7)
5(1)-Cu(3) 2.328(6)

Cu(1)-S(1)-W(1)  71.7(2) Cu(2)-S(1)-Cu(l) 126.6(3)
Cu(2)-S(1)-W(1)  71.3(2) Cu(3)-S(1)-Cu(l) 112.3(3)
Cu(3)-S(1)-W(1)  72.8(2) Cu(3) S(1)-Cu(2)  91.6(2)
Cu(1)-S(2)-W(1)  71.6(2) (1)-S(2)-Cu(1)  98.2(4)
Cu(2)-S(3)-W(1) 73.2(2) Cu 2)-S(3)-Cu(2) 87.5(3)
Cu(1)-I(1) 2.404(4)

Cu(2)-1(2) 2.459(4)  Cu(2)-1(4) 2.940(4)
Cu(3)-1(3) 2.429(5) Cu(3)-1(4) 2.827(5)
S(2)-Cu(1)-S(1)  107.3(3) I(1)-Cu(1)-S(2)  127.6(3)
I(1)-Cu(1)-S(1)  125.1(2)

S(3)-Cu(2)-S(1)  102.3(3)

-S(1)  120.7(2)
122.7(2) I(4)-Cu(2)-S(l)

1(2)-Cu(2)-S(3) 03.2(2)
1(4)-Cu(2)-S(3)  102.5(2) 1(4)-Cu(2)-1(2) 110.1(1)
S(1)-Cu(3)-S(1)  103.7(3) 1(3)-Cu(3)-S(1)  122.4(2)
1(4)-Cu(3)-S(1) 97.4(2)  1(4)-Cu(3)-1(3) 107.8(2)
Cu(2)-I(4)-Cu(2)  65.9(1) Cu(3)-I(4)-Cu(2)  71.6(1)

Fig 2. Ortep representation of compound 3. Half of the
anion (primed atoms) is generated through the mirror plane
passing through S(3), I(4), Cu(3) and S(2).

Cu(1)Cu(1)'Cu(2)Cu(2)’ basal plane. The [W(1)S(1)
S(1)'S(3)Cu(2)Cu(2)'Cu(3)I(4)] fragment displays a
distorted cubic geometry with angles ranging from
62.9(1)° to 110.2(2)°, far from the ideal value of 90°,
and edges in the wide range 2.211(9)-2.940(4) A. Cal-
culations of the mean planes formed by the six faces of
the cube show that the atoms which most participate
in the deformation are those pertaining to the central
WS4 group as shown in table IV. These observations,
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together with the evidence of ideal geometric parame-
ters for WSy, caused us to consider this fragment as a
rigid group.

Table IV. Mean-plane deviations (A) in compound 3.

Mean plane Deviation Atom
W(1)S(1)Cu(3)S(1)/ 0.094 W(1)
W(1)S(1)S(3)Cu(2)’ 0.136 W(1)
W(1)S(1)'S(3)Cu(2) 0.136 W(1)
1(4)Cu(3)S(1)'Cu(2) 0.243 S(1)’
1{4)Cu(3)S(1)Cu(2)’ 0.243 S(1)

(4)Cu(2)8(3)Cu(2)’ 0.122 S(3)

[MS4Cu5Clg]®~ homologs (M = Mo 4 and M = W
5) have the same chemical composition and similar IR
spectra as 3. This means that although no structural
determination is available because of the poor stability
of the crystals, it can be assumed that 4 and 5 have the
same overall geometry as 3.

The addition of five CuCl groups to the S-S edges of
the MS, tetrahedron so that a free edge remained un-
coordinated led to a single possibility for the structure
of the resulting MS,Cus fragment, because the six S-S
edges in a tetrahedron are equivalent. In contrast, two
possibilities exist for the addition of a sixth halide to
the former MS4Cus core, as represented in figure 3.

model 2

Fig 3. Possible geometries for the [MS4CusCls)*™ anion.

In model 1, the sixth halide is located in the terminal
position and bonded to one of the five equivalent copper
atoms of the [WS4(CuCl)s] moiety. The final compound
has thus retained the open structure of the [WS4Cus)
parent core. In model 2, the additional halide forms a
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u2-Cl bridge leading to the cubane structure observed
for 3, 4 and 5. Only isomers corresponding to model 2
were isolated.

o Structures of (NEty)s/WSiCus X7/, X =

X=Br7, X=Cland I8
Pertinent crystallographic data are listed in table I, and
bond distances for 7 are given in table V. The three
compounds are isostructural, with an expected increase
of the volume cell by replacing chlorine by bromine
and iodine. A statistical disorder is observed for 8;
the bridging site between Cu(1) and Cu(2) is occupied
by the two atoms, I(4) and CI(4). Refinement of the
occupancy factor of this site converged to 0.25 for 1(4)
and 0.75 for Cl(4), leading to the anionic composition
[WS4(CUI)510_5011_5]4_

Cl e,

Table V. Bond lengths (A) and angles (degrees) for com-
pound 7.

W(1)-5(1) 2.271(6) W(1)-5(2) 2.207(7)
W(1): - -Cu(1) 2.698(3) Cu(1)---Cu(2) 3.214(5)
W(1)- - -Cu(2) 2.689(3)
W(1)- - -Cu(3) 2.673(5)
S(1)-W(1)-S(1) 108.3(3) S(2)-W(1)-8(1) 110.0(2)
S(2)-W(1)-S(1) 109.9(2) S(2)-W(1)-S(2) 108.7(4)
S(1)- Cu(l) 2.372(7) S(l )-Cu(2) 2.357(7)
5(2)-Cu(1) 2.314(7) S(2)-Cu(2) 2.310(7)
S(1)- Cu(3) 2.279(7)
Cu(1)-S(1)}-W(1)  71.0(2) Cu(2)-8(1)-Cu(l) 129.1(3)
Cu(2)-S(1-W(1)  71.0(2) Cu(3)-S(1)- -Cu(1)  99.0(3)
Cu(3) S(1)-W(1)  71.9(2) Cu(3)-S(1)}-Cu(2) 100.2(3)
Cu(1)-S(2)-W(1) 73.2(2) Cu(2)-S(2)-Cu(l)  88.1(2)
Cu(2-S(2-W(1)  73.0(2)
Cu(1)-Br(1) 2.299(4) Cu(2)-Br(2) 2.272(5)
Cu(1)-Br(4) 2.644(5) Cu(2)-Br(4) 2.675(5)
Cu(3)-Br(3) 2.269(6)
S(2)-Cu(1)-8(1)  102.9(3) S(2)-Cu(2)-S(1)  103.7(3)
Br(l)(u(l) S(1)  121.5(2) Br(2)-Cu(2)-S(1) 121.1(2)
Br(1)-Cu(1)-8(2)  123.1(2) Br(2)-Cu(2)-S(2) 122.4(3)
Br{4)-Cu(1)-S(1)  99.1(2) Br(4)- (‘u(2) S(1)  97.9(2)
Br(4 -Cu(1)-S(2)  97.3(2) Br(i) )S() 96.5(2)
Br(4)-Cu(1)-Br(1) 107.7(2) )(‘u(?) Br(2) 109.9(2)
S(1)-Cu(3)-S(1) 107.8(3) (3)-Cu(3)-S(1) 126.1(2)
Cu(2)-Br(4)-Cu(1) 74. 3( )

The geometry of 8 represented in figure 4 is similar
to the previously reported structure for [WS4CusCl;]*~
[18], consisting of a cage of 12 atoms with a binary axis
passing through W, Cu(3) and X(3) (X = Br for 7,
X =1 for 8). This geometry rcsults from the addition
of five copper atoms across five S-S edges of the WSy
tetrahedron leaving the remaining edge uncoordinated.
The four copper atoms Cu(1)Cu(1)'Cu(2)Cu(2)’ form
the basal plane of a rectangular pyramid with the
tungsten atom located below the basal plane, 0.34 A for
7 and 0.38 A for 8. A terminal halide is attached to each
copper atom through normal bond lengths, 2.28(2) A
for 7 and 2.43(2) A for 8. The geometry is completed
by the bridging Br(4) atom for 7, and a mixture of 0.75
Cl(4) and 0.25 I(4) for 8.

Fig 4. Ortep drawing of compound 8. X = 0.25 + 0.75 Cl.

e Structure of [MSyCugCloP~ 11 and 12
The molecular arrangement of 11 and 12 is given in fig-
ure 5. The complete X-ray structure was recently pub-
lished in a preliminary report [14]. The anionic cluster
is formed of a central MS4 tetrahedron encapsulated in
a distorted octahedron of copper atoms; the local sym-
metry is lowered to Cj3,. Three copper atoms have a
trigonal environment while the three others are tetra-
coordinated. The central MoSy core retains the ideal
geometry of the MoSy precursor confirming that this
rigid group acts as a strong assembling core.

Fig 5. Representation of the molecular structure of 11
showing the MSys tetrahedron in an octahedral cage of
copper atoms.

Syntheses

o Addition to the cubane structure [MSsCuz X4 ]2"
In the cubane series JMS4Cu3X4]2“ (M = Mo, W, and
X = Cl, Br, I) the pu°-bridging halide is labile allowing
the solution transformation of a closed cubane struc-
ture into an open structure. This type of equilibrium
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Fig 6. Representation of the equilibrium between cubane
and pseudo-cubane structures.

between cubane and pseudo-cubane has been reported
previously [12], and is represented in figure 6.

Two CuCl groups can be added across two free edges
of the fully iodinated pseudo-cubane (b) to give the re-
active transient species (i) whose structure could corre-
spond to that described above for model 1. Fixation of
a bridging iodide together with substitution of terminal
chloro ligands by iodides led to compound 3. CuCl was
used in this synthesis in the place of Cul to illustrate the
lability of chloro-ligands relative to iodides; the softer
ligand I~ remains bonded to the soft metal Cu*. The
corresponding reaction scheme is given in figure 7.

Cc
1 |
cuCl 1l s—«fcn/
Cu" YN
Y S|\m7| | v}v o
W v
(/Kis\m N >SS—\Q‘\I
| Cu
cuct /
(b) (3] intermediate (i)
A
| + 1

! \
/W*+' I crrr W_Jr |
oeSa o CSeSa
/
l (3) cl

Fig 7. Diagrammatic representation of the synthesis of 3
from the cubane precursor [MS4Cusls]*~.

o Addition to the open-structure [MSyCus Xa?~

The reactive intermediate species [MS4CusCls]~ (i) re-
sulted from direct addition of CuCl to [MS4Cu,Cly]?~.
Addition to (i) of a chloride in a u3-position led to com-
pound 4, which in the presence of additional chlorides
at room remperature led to the final dicubane struc-
ture 6. This sequence was performed by addition of two
equivalents of NEt4Cl together with CuCl to the start-
ing [WS4CU4C[4]2_.

e Addition to the dicubane structure

[MS4 (CuCl)s Clo /'~
One equivalent of CuCl was added to the dicubane
structure 10 resulting in the formation of the copper-
rich cluster 11. This addition required first the cleavage
of two u2-Cl bridges of the dicubane structure and
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Fig 8. Diagrammatic representation of the formation of 6
from the open precursor [MS4CusX4]?".

the addition of a supplementary chloride in terminal
position as represented in figure 9.

The same final compound 11 was also obtained by
addition of two equivalents of CuCl to [MoS4CuyCly]*~,
a precursor with an open structure, in the presence of
additional NMe4Cl. This reaction was clearly dependent
on the stoichiometry in CuCl confirming that the fixa-
tion of CuCl on [MS4Cu4Cly]?~ proceeded through the
two following steps:

(1) [MS4CusCLJ>~ + CuCl + 2 CI-
— [MS4CusCly]*~ evidenced by the formation of 9 and
10

(2) [MS4Cu5Cl7L4_ + CuCl + CI7
— [MS4CugClg]°~ illustrated by the formation of 11
[MoS4CugClg]>~ 11, was also obtained as crystals by
direct addition of CuCl on [MoS4]%~ [14].

Discussion on copper-rich structures

In the various structures described above, each copper
atom is bonded to terminal and bridging halides. A re-
lationship exists between the number of halo-bridges
present in a polythiometalate and its architecture. The
more closed the structure, the less halo-bridges it con-
tains. In [MS4CU516]3' 3, 4 and 6, and [MS4CUsX7}4_
6-9, one p3-X (X = Cl, Br, I) and two pu2-X bridges
are observed, respectively, while no bridging halide is
present in the closest cluster [MS4CugClg]®~ 11. Cop-
per atoms in complexes with the CusM composition
form a Cus cage described as a rectangular pyramid.
To these five copper atoms are attached different halides
(X = Cl, Br, I) in variable stoichiometries (6 and 7),
both in bridging and terminal positions. In table VI, we
give geometric data for these compounds.

As expected, Cu-Xierm bond lengths increase along
with the atomic number of the terminal halide, but
in contrast, distances between copper and bridging
halides, namely Cu-Xpyig, are more or less independent
of the nature of the halogen. Moreover, u3-X bridges are
probably engaged in weaker bonds than x2-X bridges if
the bond length reflects the bond strength. The non-
bonding Cu(3)-X distances in 3, 7 and 8 increase while
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Fig 10. Projection of the Cus pyramid in the basal plane showing the geometric dimensions in [WS4CusX7]*~

X =Cl Br, L

chloride is replaced by a heavier halide, which provokes
the distortion of the Cus pyramid as represented in
figure 10.

In the basal plane of the Cus pyramid the Cu(1)-
Cu(2') and Cu(2)-Cu(1’) distances increase significantly
while the other two decrease. The other edges of the
pyramid vary shortly in the range 3.51-3.56 A so that

the basal area of the pyramid remains nearly constant
in the range 13.61-13.72 A2. Calculations of the inter-
halide distances in the different structures show that
the distortion can be considered as an adaptation of the
Cug cluster which minimizes the interactions between
the terminal atoms attached to the four copper atoms
of the basal plane. In [WS4Cu5IS}3‘ 3, the four copper



Table VI. Cu-X bond lengths (A) for cubane structures 3
and 6-8.

Compound Cu-Xierm Cu-Xpria Cu(3)-X
(NMes)4[WSa(CuCl)sCly] 67 2.18(2)  2.63(12) 3.188(2)
(NEt4)s[WSa(CuBr)sBra] 7 2.28(1) 2.66(2) 3.274(2)
(NEt4)4[WS4(Cul)sX,] 8 2.43(2) 2.67(4) 3.274(4)
(NPI‘4)3[WS4CU5IGJ 3 243(3) 290(6)

¢ From ref [18]. For 3, X = 0.25I + 0.75C!

atoms forming the basal plane are not equivalent which
leads to an additional deformation of the cluster; Cu(2)
and Cu(2') are bonded to a bridging iodide while Cu(1)
and Cu(1’) are not engaged in any bridge. Thus, the
symmetry of the Cus cluster is lowered from Cy, (7, 8)
to Cs (3), resulting in the dimensions given in figure 10.

Supplementary material available

Complete X-ray data for compounds 3 and 6-8, in-
cluding tables of interatomic distances, thermal param-
eters (tables S1 to S4), calculated and observed struc-
ture factors (17 pages in reduced form) are available
from the British Library, Document Supply Centre at
Boston Spa, Wetherby, West Yorkshire, UK, as supple-
mentary publication N© SUP 90392.
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