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The title compounds [MoS,CucX(Py),], (1:X = Br; 2: X = 1) were obtained by the reaction of
[NH,]; [MoS,}, CuX, and [B#3N]X (X = Br, I} in the solid state and pyridine substitution of the solid
state product in acetonitrile. Dark crystals of 1 are tetragonal, space group /424 with unit cell
parameters a = 14.611 (3), ¢ = 15.119(13) A; V=3227.1 A3 Z = 4, D, = 2.55gcm™, R = 0.030
for 586 observed reflections. The X-ray analysis confirms that the structure, which possesses a
crystallographic 4 symmetry axis situated at the Mo atom, consists of a tetrahedral MoS, core
enveloped by an octahedral array of six copper atoms, forming an MoS,Cu, aggregate. Linked by
-Cu,q-Br-Cu,- bridges, this aggregate connects with its nearest, neighbours and develops a two-
dimentional network. The Mo-Cu lengths range from 2.645(1) to 2.668(1) A.

KEYWORDS: tetrathiomolybdate, copper, solid state reaction, cluster compounds, X-ray structure

INTRODUCTION

The tetrathiometallate anions MS5~ (M = Mo, W, V, Re) have been shown to act as
multidentate ligands with a wide variety of metal ions' and particularly with
copper. The reaction of Cu* with MS3~ has led to a large number of heteronuclear
compounds.2~'2 The number of polymeric heteronuclear Mo (W, V, Re) -Cu-S
clusters is small.”*!1! We have recently undertaken investigations of cluster
compounds formed by reaction of [NH,],{MS,] (M = Mo, W) with CuX (X = C1,
Br, I, CN, NCS) in the solid state and have prepared and structurally characterized

*Author for correspondence.
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a number of mixed-metal cluster compounds.’3!7 As a novel extension of this
research, we report the synthesis and structural characterization of the two new
polymeric heptanuclear cluster compounds [MoS,CucX,4(Py),], (1:X = Br; 2: X =
I). The substitution of the solid state products with strong ligands such as pyridine
and triphenylphosphine is discussed.

EXPERIMENTAL

[NH,],[MoS,] was prepared by a literature method.'® Other reactants and solvents
were used as purchased. Infrared spectra (KBr pellets) were recorded on a Nicolet
FT-170 SX spectrophotometer and electronic spectra on a Shimadzu UV-240
spectrophotometer (CH;CN solution, 10>M™"). Carbon and hydrogen analyses
were performed on a PE-240C eclemental analyser. Molybdenum and copper
analyses were performed on a JA-1100 ICP spectrophotometer. All solid state
reactions were carried out under a pure argon atomsphere.

Preparation of [MoS,CusBr(Py), (1)

A well-ground mixture of [NH,], [MoS,] (0.25 g, 1.0 mmol), CuBr (0.29 g, 2.0
mmol), and [BuiN]Br (1.48 g, 4.0 mmol) was placed in a reaction tube. A dark red
solid was obtained by heating the mixture at 95°C for 15h. After extracting the
product with CH,Cl, (40 cm?), filtering the dark red extract and layering the filtrate
with CH;0H (15 cm?), 0.14 g of dark crystals of 1a (as an intermediate) were
obtained several days later. The product thus obtained was dissolved in CH;CN (20
cm?) in a tube, which was then put into a closed beaker containing a small amount
of pyridine. Slow diffusion of pyridine vapour into the tube at room temperature
formed dark, octahedral crystals of 1 during a month. Yield: 0.10 g (24.2%). Anal:
caled. for C, H, Br,CusMoN,S,: C, 19.34; H, 1.63; N, 4.51; Cu, 30.71; Mo,
7.73%. Found: C, 19.31; H, 1.62; N, 4.59; Cu, 30.63; Mo, 7.55%.

Preparation of [MoS ,Cug (Py) ], (2)

2 was prepared as above, starting from Cul (0.38 g, 2.0 mmol). Yield: 0.12 g of dark
crystals of 2a (as an intermediate) 0.07 g (14.7%) of dark crystals of 2. Anal.: calc.
for C, . H,,Cugl,MoN, S,: C, 16.80; H, 1.41; N, 3.92; Cu, 26.40; Mo, 6.71%.
Found: C, 16.70; H, 1.37; N, 4.07; Cu, 26.40; Mo, 6.32%. Attempts to grow single
crystals failed.

X-ray crystallography of [MoS ,CusBr (Py) .,

Crystals of 1 suitable for X-ray determinations were obtained directly from the
preparation. All measurements were made on samples mounted in random
orientation on the tip of a glass fibre with exoxy, using a Nicolet R/3m four-circle
diffractometer operating in the 8-20 scan mode with graphite-monochromated
Mo-K, radiation at 293K. The cell constants and orientation matrix for data
collection for 1 were based on 24 carefuily centered reflections in the range 6.77°
< 20 < 23.61°, Details of the data collection together with structure refinement are
summarized in Table 1.
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Table 1 Summary of crystal data. intensity collection and structure refinement parameters for 1.

Compound
Chemical formula
Formula weight
Crystal system
Spacec group

a (A)

b (A)

Crystal dimensions (mm)
Radiation

Scan mode

Scan width (°)

Scan rate (° min™!)

20 limits (°)

Unique data mecasurcd
Unique data used

No. of variables
(A/G)mdx

R (int)

R, Rwh

G

largest/smallest peaks

[MoS,Cu¢Bry(Py),],
C,,H,,Br,Cu,MoN,S,
1241.51 (for the monomer)
tetragonal

142d

14.611(3)

14.611(3)

15.119(3)

3227.1

4

93.39

2351

2.55

0.34 x 0.38 x 0.45
Mo-Ka (A = 0.71073 A)
0-20

1.6

8

2-45

2439

585 (I>3.00())

91

0.27

0.055

0.030, 0.027
1.022
0.520/-0.422

in final diff. map (e A %)

R-T[[Fo[-Fel /] Fol.
"R, =[Zw(| Fo | -|Fc|)/Zw | Fo|’]" w = l/[e*(] Fo | + 0.00001 |Fo | I)].

Intensity data were corrected for LP factors and for absorption empirically based
on the DIFABS program.!® There was no evidence of crystal decay from standard
reflections monitored every 1.5h of exposure. The structure was solved by the heavy
atom method. Three dimensional Patterson maps revealed the position of the Mo
atom. Successive least-squares refinements and difference Fourier calculations
revealed the positions of the remaining non-hyrdrogen atoms. Anisotropic temper-
ature factors were introduced for these. Hydrogen atoms were not included in the
calculations. Neutral atom scattering factors with anomalous dispersion corrections
were taken from ref. 20. All calculations were performed on an Eclipse S/140
computer using the SHELXTL program package (Nicolet Corperation, 1986).
Atomic coordinates and isotropic thermal parameters are given in Table 2.

RESULTS AND DISCUSSION

Selected bond distances and bond angles for I are listed Table 3. Figures 1 and 2
show the configuration and the molecular arrangment of 1 in the unit cell,
respectively. The structure consists of an essentially tetrahedral MoS, moiety
encapsulated by a slightly distorted octahedron of six copper atoms, forming an
MoS,Cu, aggregate with a crystallographic 4 symmetry axis situated at the Mo
atom. Linked by -Cu,,-Br-Cu,,- bridges, this aggregate connects with its nearest
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Table 2 Atomic coordinates ( x 10%) and isotropic thermal parameters (A2 x 103) for 1.

Atom x/a yib z/c U*
Mo 5000 0 2500 25(1)
Cu(l) 5000 0 750(1) 52(1)
Cu(2) " 3505(1) -1032(1) 2676(1) 43(1)
Br(1) 5000 0 - 758(1) 64(1)
Br(2) 2500 - 89(1) 3750 50(1)
S 3744(1) 107(2) 1629(1) 33(1)
N 2755(5) -2142(5) 2522(7) 43(2)
C(1) 1864(8) -2087(9) 2438(13) 79(4)
CQ2) 1317(10) —2858(11) 2389(18) 112(4)
C(3) 1705(9) - 3704(9) 2481(16) 98(4)
C4) 2623(9) -3763(7) 582(11) 75(3)
C(5) 3137(7) -2993(8) 2644(8) 53(3)

*Equivalent isotropic U defined as one third of the trace of the orthogonalised U,, tensor.

neighbours and forms a two-dimensional network. The latter can be described as
infinite sheets comprising the diagonal (101) plane as the mean plane. There is no
unusually short van der Waals contact between the neutral two-dimensional sheets.
It is worth noting that the structure of the core [MoCug] in 1 is very different from
the core [MoCug] in the heptanuclear cluster, [NMe,]s [MoS,CucCl;]® or the core
[VCug] in [VS,Cug(PPh;)sCl;5] - CH,Cl,.!% The symmetry of the [MoCug] core in
1is D, while the symmetry of the [MoCug] core in [NMe,]s [MoS,CucCl,1° is C;,
and the [VCug] core in [VS,Cug(PPH;)sCl;]-CH,CL,'® possesses practically no
symmetry element.

The MoS, core has retained the ideal geometry of free thiomolybdate with the
same Mo-S length (2.263(2)A) and similar S-Mo-S angles (108.9(1)-109.8(1)°).
Each copper atom is bound across an edge of the MoS, tetrahedron, giving each
sulfur atom a p, ~ S coordination. There are two types of copper atoms in the Cug -
octahedron: two axial Cu(l) atoms and four equatorial Cu(2) atoms. Each axial
Cu(1) atom has one terminal bromine atom and two p,S atoms, forming a trigonal
geometry. Each equatorial Cu(2) atom is four-coordinated by a pair of p,-S atoms,
one p,-Br atom, and one nitrogen atom of a pyridine molecule with a distorted
tetrahedral BrCu(p,-S),N unit. It is of interest to note that the Cu,,-Br length
(2.587(1)A) is about 0.30A longer than Cu,,-Br (2.280(2) A), but is shorter than
values observed in other Mo-Cu-S compounds containing tetrahedrally-coordinated

Table 3 Selected bond distances (A) and angles (°) for 1.

Mo-Cu(l) 2.645(1)  Mo-Cu(2) 2.668(1) Mo-S 2.263(2)
Cu(1)-Br(1) 2.280(2)  Cu(2)-Br(2) 2.587(1)  Cu(1)-S 2.270(2)
Cu(2)-S 2.322(2)  Cu(2)-S(a) 2.308(3)  Br(2)-Cu(2d)* 2.587(1)
Cu(2)-N 1.970(8)

S-Mo-§(a) 109.8(1)  S-Mo-S(b) 109.8(1)  S-Mo-S(c) 108.9(1)
Br(1)-Cu(1)-S 125.8(1)  S-Cu(1)-S(c) 108.4(1)  Br(1)-Cu(1)-S(c) 125.8(1)
Br(2)-Cu(2)-S 97.6(1) Br(2)-Cu2-N 100.3(3)  S-Cu(2)-N 126.4(3)
Br(2)-Cu(2)-S(a) 106.8(1)  S-Cu(2)-S(a) 105.5(2)  N-Cu(2)-S(a) 115.2(2)

Mo-Cu(1)-Br(1) 180.0(1)  Cu(1)-Mo-Cu(la) 180.0(1)  Cu(2)-Mo-Cu(2a) 90.6(1)
Cu(2)-Mo-Cu(2) 90.6(1) Cu(2)-Mo-Cu(2c) 168.6(1)  Cu(2)-Br(2)-Cu(2d) 115.6(1)
Cu(1)-Mo-Cu(2) 95.7(1) Cu(1)-Mo-Cu(2c) 84.3(1) Cu(1)-Mo-Cu(2a) 84.3(1)
Cu(1)-Mo-Cu(2b)  95.7(1)

*Equatorial copper atom in the nearest [MoCug] unit.
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C(4a)
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C(3b)

Figure 1 The molecular structure of [MoS, CusBr (Py)4l,-

Cu (e.g., 2.776(2)-2.840(3)A in {Cu;Mo0S;Br} (PPh;);S-0.5 Me,CO).” This differ-
ence, which results from different coordination of two kinds of copper in 1 was
reported in other similar compounds (e.g., (Cu-Cl),, = 2.17(1)A for trigonally
planar coordinated Cu (Cu-Cl),, = 2.49(1)A for tetrahedrally coordinated Cu in
[NMe,]s [MoS,CuyCly]6. The Cu-S lengths also reflect the mode of coordination of
the copper atoms, 2.270(2)A for trigonal geometry, 2.308(3)-2.322(2)A for a
tetragonal environment. These Cu-S lengths are very similar to those reported for
[NMe,]s [MoS,Cu,Cly]® and [VS,Cus(PPh,)sCl;]-CH,CL,.!° Owing to the slight
distortion of the Cug octahedron, the Mo-Cu lengths are slightly different, 2.645(1)
A for Mo-Cu,, and 2.668(1)A for Mo-Cu,,, respectively. These values are typical
of correspondini bonds observed in other Mo-Cu-S clusters (e.g,
2.633(4)-2.703(3)A in [NEt,]s[MoS,CucCl])®. Since the Br(la)-Cu(la)-Mo,
Cu(la)-Mo-Cu(1) and Mo-Cu(1)-Br(1) angles are very close to 180° and the Mo
atom remains situated on the 4 symmetry axis, the Br(1), Cu(1), Mo, Cu(la) and
Br(l1a) atoms are colinear. The Cu(2)-Mo-Cu(2¢) angle is about 170°, showing that
the Mo atom is slightly displaced from the mean plane composed of the four
equatorial copper atoms.

Since a nearly perfect 7, symmetry is observed for the MoS, core in 1 and 2, only
one strong v (Mo-S) frequency is observed in the i.r. spectra of 1 and 2, located at
438s cm~! and 437s cm™!, respectively. These absorptions are lower than in
[NH,],[MoS,] (v(Mo-S), 472 cm™!).! The electronic spectra (Figure 3) of 1 and 2
are characterized by absorptions at 530 (3.4), 350 (sh) and 295 (12.9) nm for 1, and
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Figure 2 Stereoview of the molecular packing of [MoS,CuyBr,(Py),]..-

535 (3.3), 340 (sh) and 285 (13.3) nm for 2. The principal features are attributed
to charge- transfer transitions of MoS3~.!>'-22 The polymeric structure mentioned
above has little influence on the electronic spectra of 1 and 2 compared with those
of related compounds (e.g., 512 (3.7), 360 (sh), 308 (10.5) nm in [NEt,],
[MoS,CusCl,];>® 512 (3.3), 372 (sh) nm in [NEt,]s [MoS,CucCl,])°.

In the synthesis of the title compounds, the formula of the intermediate products
1a or 2a was concluded to be [BujN], [MoS,Cu,X,] by i.r. spectra [for 1a: v (Mo-S)
437s,419s cm~!; for 2a: v (Mo-S) 445s, 419s cm ~ '] and elemental analysis [for 1a:
caled. for Cg H, ,,BryCUMOoN,S,: C, 34.63; H, 6.51; N, 2.57; Cu, 17.32; Mo,
4,73% . Found: C, 34.51; H, 6.50; N, 2.61; Cu, 17, 18; Mo, 4.21%. For 2a: calcd.
for CoH,44,CuglgMoN,S,: C, 30.10; H, 5,41; N, 2.12; Cu, 13.76; Mo, 4.12%.
Found: C, 29.31; H, 5.37; N, 2.25; Cu, 13.14; Mo, 3.18%]. Attempts to obtain
single crystals of good quality failed. Interestingly, when pyridine vapour slowly
diffused into the acetonitrile solution of 1a or 2a and partly substituted four of the
eight X groups, beautiful octahedral crystals of the title compounds formed.

When the intermediate product la or 2a was dissolved in excess pyridine, one
dark prismatic crystal was formed in a couple of days and needles were doposited
on standing in air a month later. Based on elemental analysis and i.r. spectra of
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Figure 3 Electronic spectra of [MoS,CugX4(Py)4], (X = Br, 1) in CH,CN solution.

these products, the prisms and needles were concluded to be the known compounds
[MoS,Cu,X,(Py)s] (X = Br, I)*>* and [MoS,Cu,(Py),],** respectively. The forma-
tion of these two cluster compounds was attributed to the collapse of the framework
of the cluster core MoS,Cug. Use of PPh; or phen in CH;CN led to the formation
of [MoS,Cu,(PPh,),]** or [MoS,Cu,(phen),].**

Mixing acetonitrile solutions of 1a or 2a with pyridine-2-thione (Py-2-SH) in
acetone, produced two kinds of compounds, [MoS,Cu;X(Py-2-SH),] and
[MoS,Cu,(Py-2-SH),]. The structure of the former is supposed to be similar to that
of the known cubane-like compounds [MoS,Cu;X(PPh,),] (X = Br?, 1'°?) while the
structure of the latter is currently being studied by X-ray analysis.
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It is expected that a series of new cluster compounds can be prepared from
substitution of the X groups in the intermediate product 1a or 2a with other strong
ligands such as dppm, S,CNR; ! (R, = Me,, Et,, CsH ;). Research on this respect
of the work is under way.

Supplementary material

Complete lists of anisotropic thermal parameters, bond distances, bond angles and
observed and calculated factors for the title compound are available from the
authors upon request.
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