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INTRODUCTION

The transition metal sulfide complexes demon�
strate unusually broad range of stoichiometries, coor�
dination geometries, and oxidation states. The
demand for these systems from bioinorganic chemis�
try [1] and catalysis [2] is related to their ability to be
involved in electron and proton transfer. Since the
early 1980s, the number of publications on the synthe�
sis and characteristics of molybdenum and tungsten
complexes with sulfide ligands has steadily grown [3–
8]. The development of the thiomolybdate chemistry
is also stimulated by the petroleum production indus�
try due to the crucial role of MoS2 in the catalytic
hydrotreatment aimed at the removal of sulfur, nitro�
gen, oxygen, and metals from oil fractions [9–12].

Molybdenum also exhibits a clear�cut tendency to
form binuclear and cluster compounds containing both
bridging μ2� or μ3�sulfur atoms and metal–metal bonds.
For compounds with the {M2(μ�S)2(S)2}

2+ core, chalco�
gen transfer and condensation reactions and participa�
tion in redox processes were studied [13]. It was shown in
recent works that the polynuclear complexes of molybde�
num sulfide can serve as efficient and environmentally
safe materials for photo� and electrocatalytic hydrogen
evolution [14, 15]. The oxycationic group {Mo2O2S2}

2+ is
easily accessible and can be isolated as the complexes
Cs2[Mo2O2S2(C2H4)2(H2O)2] · 2H2O and
[Mo2O2S2(HGly)(Gly)2] with chelating ligands [16, 17].
The glycine complex, [Mo2O2S2(HGly)(Gly)2], was
shown to be catalytically active in the reduction of acety�
lene to ethylene [17]. In addition, the {Mo2O2S2}

2+ group
is used as a building block for modification of polyoxo�
metalate structures in order to combine the properties of

various types of compounds at the molecular level, e.g.,
the electrocatalytic functions of metal sulfide complexes
and considerable electron capacity of polyoxymetallates.
The resulting hybrid systems based on the chemical and
structural complementarity between the initial fragments
comprise several tens of metal atoms up to the formation
of nano�sized systems and have diverse structural motifs
[18].

This communication reports the preparation and
characterization of a new oxothiomolybdenum chlo�
ride complex, Cs3[Mo2O2(μ�S)2Cl4(H2O)2]Cl (II). This
is the first example of a binuclear complex with the
{Mo2O2S2}

2+ core devoid of chelating ligands and it
can serve as a convenient starting compound for the
synthesis of other derivatives with the same
{Mo2O2S2}

2+ core.

EXPERIMENTAL

The complex K2I2[Mo10O10S10(OH)10(H2O)5] ·
20H2O (I) was prepared by a reported procedure [19].
Other reagents were obtained from commercial
sources and used as received.

Synthesis of II. A suspension of I (0.50 g,
0.21 mmol) in 15 mL of water was prepared with vig�
orous stirring, the pH was adjusted to 0.5 by dropwise
addition of 12 M hydrochloric acid. The orange reac�
tion mixture was stirred at 40°C for 30 min to increase
the solubility of the starting decamolybdate. The
resulting orange solution with a minor quantity of a
yellow precipitate was cooled to room temperature
and filtered. The addition of CsCl (2.53 g, 15 mmol)
caused a slight clouding of the reaction mixture. The
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solution was stirred at room temperature for 1 h and
filtered once again. Slow evaporation of the filtrate
during a week gave yellow crystals of complex II. The
product was filtered off on a glass porous filter and
washed successively with methanol and diethyl ether.
The product yield was 0.42 g (45% in relation to Mo).

X�ray diffraction study of complex II was performed
by a standard procedure on a Bruker�Apex DUO
automated four�circle diffractometer equipped with a
CCD array detector at 150 K (MoK

α
 radiation, λ =

0.71073 Å, graphite monochromator). The reflection
intensities were measured using ϕ and ω scan modes
for narrow (0.5°) frames to 2θ = 55°. The absorption
corrections were applied empirically by the SADABS
program [20]. The structure was solved by the direct
method and refined by full�matrix least�squares
method in the anisotropic approximation for non�
hydrogen atoms using the SHELXTL program pack�
age [21]. The O(1w) position is partially occupied by
water molecule and chloride anion in 0.9/0.1 ratio,
and the Mo(1)–O(1w) bond length is 2.448(3) Å. The
presence of this statistics gives rise to a similar disorder

in the position of Cl(5), which is not coordinated to
any molybdenum atom (O(1w)–Cl(5), 3.137(2) Å),
the Cl– 0.9/0.1 to H2O ratio being 0.9 to 0.1 The indi�
vidual coordinates or thermal parameters of the oxy�
gen and chlorine atoms cannot be determined by sep�
arate refinement of these atoms in these positions.
Therefore, each position was refined as a (O/Cl) pair
with the same coordinates and thermal parameters.
The crystallographic characteristics of complex I are
summarized in Table 1; selected bond lengths and
bond angles are in Table 2. The CIF file with full struc�
tural information for II is deposited at the Fachinfor�
mationszentrum Karlsruhe (CSD no. 425748; crys�
data@fiz�karlsruhe.de).

RESULTS AND DISCUSSION

Acidification of aqueous solutions of cyclic hydroxy�
oxothiomolybdates such as [Mo10O10S10(OH)10(H2O)5]
induces destruction of the hydroxy and aqua bridges [19]
giving the aqua ions [Mo2O2(μ�S)2(H2O)6]

2+. These cat�
ions may again form cyclic compounds as pH is increased
[22] or can be used as building blocks in reactions with

Table 1. Crystallographic characteristics and X�ray experiment details for compound II*

Parameter Value

Molecular formula H4Cl5O4S2Mo2Cs3

M 900.01

System, space group Monoclinic; P21/c

a, Å 14.0306(5) 

b, Å 6.9136(3)

c, Å 17.5668(7)

β, deg 91.248(1)

V, Å3 1703.61(12)

Z 4

F(000) 1608

μ, mm–1 8.81

Crystal size, mm 0.10 × 0.02 × 0.02

Absorption correction Multi�scan SADABS (Bruker�AXS, 2004)

Tmin, Tmax 0.473, 0.844

The number of measured/independent/observed (I > 2σ(I)) reflections 15772/3911/3264

Rint 0.041

Data collection range on θ, deg 1.5–27.5

Ranges of reflection indices –17 ≤ h ≤ 18, –8 ≤ k ≤ 8, –22 ≤ l ≤ 22

R(F 2 > 2σ(F 2)), wR(F 2); S 0.025, 0.052 

GOOF 1.03

The number of independent reflections/refined parameters/constrains 3911/145/0

Weighing scheme w = 1/[σ2  + (0.0205P)2], P = 

Δρmax, Δρmin, e Å–3 1.17, –0.79

* Software used: APEX2 (Bruker�AXS, 2004), SAINT (Bruker�AXS, 2004), SHELXS�97 (Sheldrick, 1998), SHELXL�97 (Sheldrick,
1998), SHELXTL (Bruker�AXS, 2004), and CIFTAB�97 (Sheldrick, 1998).

2( )Fo
2 2( 2 ) 3F F+o c
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polyoxometalates [18]. The binuclear anionic complex
[Mo2O2(μ�S)2Cl4(H2O)2]

2– (Fig. 1) was isolated upon
the reaction of a solution of the decamolybdate acidified
with HCl to pH 0.5 with an excess of cesium chloride.
Crystallization of the cesium salt II starts after several
days upon evaporation in an open beaker in air. Yellow
needle crystals were isolated after a week and washed with
methanol to remove cesium chloride traces.

Complex II is the first example of structurally char�
acterized compound with the {Mo2O2S2}

2+ core stabi�
lized without chelating or bridging ligands. The Mo–
Mo distance in the anionic part is 2.8411(6) Å, which
corresponds to a metal–metal bond. Both molybde�
num atoms have a somewhat distorted octahedral
environment (without considering the Mo–Mo bond)
composed of aqua, oxo, and chloride ligands and two

Table 2. Selected bond lengths (Å) and bond angles (deg) in structure II

Bond d, Å Bond d, Å

Mo(1)–S(1) 2.3244(12) Mo(2)–O(2w) 2.316(3)

Mo(1)–S(2) 2.3223(12) Mo(2)–O(2M) 1.698(3)

Mo(2)–S(1) 2.3102(11) Mo(1)–Cl(1) 2.4574(12)

Mo(2)–S(2) 2.3150(12) Mo(1)–Cl(3) 2.5115(11)

Mo(1)–Mo(2) 2.8411(6) Mo(2)–Cl(2) 2.5285(11)

Mo(1)–O(1w) 2.448(3) Mo(2)–Cl(4) 2.5403(12)

Mo(1)–O(1M) 1.673(3)

Angle ω, deg Angle ω, deg

S(1)Mo(1)O(1w) 85.08(8) O(1w)Mo(1)Cl(1) 75.84(8)

S(2)Mo(1)O(1w) 83.61(8) O(1w)Mo(1)Cl(3) 77.98(8)

O(1M)Mo(1)S(1) 101.73(12) O(1M)Mo(1)Cl(1) 96.08(12)

O(1M)Mo(1)S(2) 101.87(11) O(1M)Mo(1)Cl(3) 95.41(11)

S(1)Mo(2)O(2w) 85.98(8) O(2w)Mo(2)Cl(2) 75.96(8)

S(2)Mo(2)O(2w) 86.70(8) O(2w)Mo(2)Cl(4) 78.06(8)

O(2M)Mo(2)S(1) 103.31(11) O(2M)Mo(2)Cl(2) 92.64(11)

O(2M)Mo(2)S(2) 102.94(12) O(2M)Mo(2)Cl(4) 90.59(11)

Cl(4)

Cl(2)

Cl(3)

Cl(1)

O(2M)O(1M)

O(1w) O(2w)

S(1)

Mo(1)

S(2)

Mo(2)

Fig. 1. The [Mo2O2(µ�S)2Cl4(H2O)2]2– anion in compound II (50% probability ellipsoids).
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sulfide bridges ((Mo–S)av 2.3180(12) Å). The O(1w)
position coordinated to Mo(1) (2.448(3) Å) (Fig. 1) is
partially occupied by a water molecule and a chloride
anion in 0.9/0.1 ratio. This means that the crystal
structure of II comprises two types of anionic com�
plexes, [Mo2O2(μ�S)2Cl4(H2O)2]

2– (90%) and
[Mo2O2(μ�S)2Cl5(H2O)]3– (10%). This statistical dis�
order between H2O and Cl is typical of triangular
molybdenum and tungsten sulfide aqua chloro com�
plexes [23].

It is noteworthy that {Mo2O2(μ�S)2}2+ is suffi�
ciently non�rigid and can adjust its geometry to coor�
dinate various ligands. Table 3 compares some geo�
metric parameters of II and the previously described

compounds with the same core [16, 17]. Oxalate
ligands are coordinated to Mo=O according to the
cis–cis pattern [16], the Mo–Mo–O and Mo–Mo=O
angles being opened compared with the geometry of
complex II. The coordination of the glycine ligand in
the cis–cis mode also results in an increase in the Mo–
Mo–O angles; however, the Mo–Mo=O angles, con�
versely, decrease [17]. The Mo–Mo distance in II is
somewhat longer than in the oxalate glycine com�
plexes. The Mo=O and Mo–S bond lengths and the
Mo–S–Mo bond angles virtually do not change,
which attests to insignificant influence of the outer
ligands on the geometry of these bonds. No other
chloride complexes with the {Mo2O2(μ�S)2}

2+ core

Table 3. Comparison of the geometric parameters of the complexes containing a {Mo2O2S2}2+ fragment

Parameter (deg, Å) Cs2[Mo2O2S2(C2H4)2(H2O)2] · 2H2O [16] [Mo2O2S2(HGly)(Gly)2] [17] II

Mo–Mo–O 101.53; 101.42 107.33; 106.54 94.12; 97.41

Mo–Mo=O 99.66; 100.42 82.30; 83.58 95.80; 97.97

Mo–S–Mo 75.35; 74.97 74.63; 74.40 75.57; 75.62

Mo–Mo 2.822(1) 2.816(1) 2.8411(6)

Mo=O 1.691(3); 1.701(3) 1.688(3); 1.681(3) 1.673(3); 1.698(3)

Mo–O 2.165(3), 2.155(3) 2.281(3); 2.322(3) 2.448(3); 2.316(3)

Mo–S 2.308(1)–2.320(1) 2.321(1)–2.332(1) 2.3102(11); 2.3244(12)

1800 1600 1400 1200 1000 800 600 400
ν, cm–1

1624

1607

953

918

851

621 544

469

453

Fig. 2. IR spectrum of complex II in the 1800−400 cm–1 range.
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were reported in the literature; however, the com�
pound (AsPh4)2[W2O2(μ�S)2Cl4] (III) was described
[24]. In this structure, the W–W bond length
(2.844(1) Å) almost coincides with the Mo–Mo bond
length in II. The W–S bond lengths (2.274(5)–
2.324(4) Å) and the WSW angles (76.4(1)°) in III also
do not differ significantly from the corresponding
parameters of complex II.

The IR spectrum of II (Fig. 2) shows two bands,
3402 and 3240 cm–1, in the high�frequency region
which are caused by stretching vibrations of water
molecules [25]. Figure 2 shows the frequency range
from 1800 to 400 cm–1. The 1624 and 1607 cm–1 bands
are due to the bending vibrations of water molecules
[25]. Two bands at 953 and 918 cm–1 correspond to
symmetric and antisymmetric Mo=O modes, respec�
tively [26]. Three broadened signals at 851, 621, and
544 cm–1 refer to the wagging, torsional, and rocking
vibration modes of coordinated water molecules [25].
The low�frequency bands at 469 and 453 cm–1 are due
to the symmetric and antisymmetric Mo–S modes
[26, 27].
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