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The reaction of [Mo3S4(H2O)9]4+ (1) with [(Cp*RhCl2)2] afforded a novel rhodium−molybdenum cluster, [{Mo3RhCp*S4-
(H2O)7(O)}2]8+ (2). X-ray structure analysis of [2](pts)8‚14H2O (pts- ) CH3C6H4SO3

-) has revealed the existence
of a new oxo-bridged twin cubane-type core, (Mo3RhCp*S4)2(O)2. The high affinity of the Cp*Rh group for sulfur
atoms in 1 seems to be the main driving force for this reaction. The strong Lewis acidity of the Cp*Rh group in
intermediate A, [Mo3RhCp*S4(H2O)9]6+, caused a release of proton from one of the water molecules attached to
the molybdenum atoms to give intermediate B, [Mo3RhCp*S4(H2O)8(OH)]5+. The elimination of two water molecules
from two intermediate B molecules, followed by the deprotonation reaction of hydroxo bridges, generated the twin
cubane-type cluster 2. The formal oxidation states of rhodium and molybdenum atoms are the same before and
after the reaction (i.e., Mo(IV)3, Rh(III)). The Mo−O−Mo moieties in [2](pts)8‚14H2O are nearly linear with a bond
angle of 164.3(3)°, and the basicity of the bridging oxygen atoms seems to be weak. For this reason, protonation
at the bridging oxygen atoms does not occur even in a strongly acidic aqueous solution. The binding energy values
of Mo 3d5/2, Rh 3d5/2, and C 1s obtained from X-ray photoelectron spectroscopy measurements for [2](pts)8‚14H2O
are 229.8, 309.3, and 285 eV, respectively. The XPS measurements on the Rh 3d5/2 binding energy indicate that
the oxidation state of Rh is 3+. The binding energy of Mo 3d5/2 (229.8 eV) compares with that observed for
[1](pts)4‚7H2O (230.7 eV, Mo 3d5/2). A lower energy shift (0.9 eV) is observed in the binding energy of Mo 3d5/2 for
[2](pts)8‚14H2O. This energy shift may correspond to the coordination of an oxygen atom having a negative charge
to the molybdenum atom.

Introduction

Mixed-metal cubane-type sulfide clusters have drawn
much attention, primarily owing to their relevance to
metalloenzymes,1 vital functions in vivo,2 and industrial
heterogeneous metal sulfide catalysts.3 Studies of these

clusters are usually carried out with clusters containing the
metals in the first-row transition series.4 Moreover, clusters
containing molybdenum (in the second row) and tungsten
(in the third row) have been investigated.5 It is very difficult
to synthesize the desired sulfide clusters containing noble
metals using self-assembly approaches because noble metals
are highly reactive with sulfur and have intricate side
reactions. Only a few attempts have been made to study
clusters containing noble metals.6

We have focused on the reactivity of lone pair electrons
of µ-S atoms in [Mo3S4(H2O)9]4+ (1) and its ability to
incorporate heterometals to afford a series of mixed-metal
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cubane-type sulfide clusters containing Mo3MS4 cores (M
) Fe,7 Co,8 Ni,7b Cu,9 Zn,10 Ga,11 Cd,12 In,13 Sn,14 Sb,15 Hg,8

Sn2+,14 and Cu+ 9). Some papers related to the metal
incorporation reaction of1 or its derivatives have been
published by other researchers.16 While developing a new
method to prepare cubane-type sulfide clusters containing
noble metals, we successfully isolated clusters, [{Mo3-
RhCp*S4(H2O)7(O)}2]8+ (2), containing the Mo3RhS4 core
from the reactions of1 with the Cp*Rh group.17 Some
molybdenum-rhodium complexes containing a Mo3RhS4

core are known: the preparation and X-ray structure of [(η5-
Cp′)3Mo3S4RhCl(PPh3)](CH3C6H4SO3)‚1/2THF (3)18 and the
formation of [Mo3RhCl3S4(H2O)9]4+ (4)19 have been reported
so far. The molecular formula of4 was given by the results
of elemental analyses and the separation of1 as the thermal
decomposition product of4. A detailed comparison of the
characteristics of2 with those of4 is presented in this paper.

In addition, a different methodology for preparing cubane-
type sulfido clusters containing noble metals has been
presented. Preassembled dinuclear sulfido complexes are
used as building blocks to achieve cubane-type sulfido
clusters with target metal compositions. The sulfur-bridged
cubane-type noble metal molybdenum clusters prepared by
this method have been reported.20-23 Other sulfur-bridged
noncubane-type noble metal molybdenum clusters have also

been reported.22-25 Since knowledge of the preparation and
reactivity of cubane-type noble metal clusters is still limited,
it is necessary to develop new preparation methods. This
study focuses on the preparation and characterization of2
and the X-ray structure of [2](pts)8‚14H2O.

Experimental Section

Preparation of [{Mo3RhCp*S4(H2O)7(O)}2](CH3C6H4SO3)8‚
14H2O ([2](pts)8‚14H2O). [(Cp*RhCl2)2] (340 mg, 1.1 mmol) was
introduced into a conical flask containing the aqua ion1 (200 mL,
5 × 10-3 M per Mo3) in 0.1 M HCl with stirring. The color of the
solution turned from green to red-purple in ca. 6 h. After 2 days of
stirring, the solution was filtered and absorbed on a Dowex 50W-
X2 cation exchanger (length 4 cm, diameter 2 cm). The resin was
washed with 0.1 M Hpts to remove the chloride ion, and slow
elution with 4 M Hpts (pts- ) CH3C6H4SO3

-) gave only a red-
purple solution of [{Mo3RhCp*S4(H2O)7(O)}2]8+ (2, yield 93%,
determined by ICP). The resultant solution was kept in a refrigerator,
and red-purple crystals of [2](pts)8‚14H2O were obtained in a few
days (yield 30%). Anal. Found (Calcd for C76H142Mo6O54Rh2S16,
fw ) 3214.42): C, 28.43 (28.40); H, 4.46 (4.45).

X-ray Structure Analysis for [2](pts) 8‚14H2O. A crystal of
[2](pts)8‚14H2O was mounted in a cryoloop (Hampton Research
Corp.) with liquid paraffin and frozen in liquid nitrogen. Data
collection was performed (at 93 K) on a Rigaku/MSC Mercury
CCD two-dimensional detector equipped with a low-temperature
apparatus by use of Mo KR radiation (λ ) 0.71073 Å). Empirical
absorption correction using the program REQABA was applied.26

The structure of [2](pts)8‚14H2O was solved by the direct method
(Sir 9727) with the aid of successive difference Fourier maps and
refined by the full-matrix least-squares method onF2. All non-
hydrogen atoms were refined anisotropically. All hydrogen atoms
were at the calculated positions and fixed at the initial positions.
Isotropic thermal parameters of hydrogen atoms were constrained
to 1.2Ueq, to which they were attached. All calculations were
performed with the Crystal Structure crystallographic software
package.28 In the last cycles of the refinement, all parameters shifted
by less than 1% of their esd’s, and the final difference Fourier maps
showed no significant electron density. Crystallographic and
refinement data are summarized in Table 1.

Electronic and Reflectance Spectroscopy.Electronic spectra
of [2](pts)8‚14H2O were measured on a Hitachi U-2000 spectro-
photometer. The reflection spectrum of [2](pts)8‚14H2O was
measured on a Hitachi U-3310 spectrophotometer equipped with
an integrating sphere attachment. Crystals of [2](pts)8‚14H2O were
ground in an agate mortar, and the powder of the sample was diluted
150 times by weight with powder K2SO4. A plate of Al2O3 was
used for reference.

X-ray Photoelectron Spectroscopy.X-ray photoelectron spectra
of [2](pts)8‚14H2O were measured on a Shimazu/Kratos AXIS-HS
using Mg KR and Kâ radiations (15 kV, 10 mA) for wide-range
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measurement and monochromated Al KR radiation (15 kV, 5 mA)
for narrow-range measurement (C 1s, Mo 3d, Rh 3d, S 2p). Crystals
of [2](pts)8‚14H2O were ground in an agate mortar, and the powder
of the sample was mounted on the sample table using a copper-
plated cloth tape X7001 (Sumitomo 3M Ltd.). The binding energy
of Rh 3d5/2 for [(Cp*RhCl2)2] was also measured. A small quantity
of crystals of Hpts was added to the crystals of [(Cp*RhCl2)2] as
the standard. A charge neutralizer was applied to prevent charging
of the sample. A binding energy value of C 1s ()285.0 eV) for
the pts- anion was employed as a standard.

Results and Discussion

Preparation and Spectroscopic Characterization.The
reaction of [Mo3S4(H2O)9]4+ (1) with [(Cp*RhCl2)2] in 0.1
M HCl afforded [{Mo3RhCp*S4(H2O)7(O)}2]8+ (2; 93%
based on1) in excellent yields. Red-purple crystals of
[2](pts)8‚14H2O were obtained from the solution of2 in 4
M Hpts (yield 30%). The high yield shows that the reaction
proceeds in 0.1 M HCl stoichiometrically, as shown in eq
1.

As the reaction proceeds the hydrogen ion concentration
of the reaction mixture increases: the pH of the solution
changed from 1.0 to 0.7. Since the reaction yields hydro-
chloric acid, the high acidity of the solvent hinders the
reaction of1 with [(Cp*RhCl2)2].

The concentration of chloride ions is another important
factor for the reaction. When the concentration of chloride
ions becomes 0.5 M or above in the reaction system, the
incorporation reaction of the Cp*Rh group into1 does not
take place. This is because a high concentration of chloride
ions inhibits the dissociation from [(Cp*RhCl2)2] to give
[Cp*Rh(H2O)3]2+.

The reducing power of the metal is an important factor
whether the reaction proceeds: in many cases, the molyb-
denum atoms in the Mo3S4 core are reduced on the metal
incorporation reaction of1.7-16 In addition to this factor, the

affinity of metal for sulfur atoms in1 becomes an important
driving force for the reactions.8 Since the formal oxidation
states of the molybdenum and rhodium atoms in2 do not
change before or after the reaction of1 with [(Cp*RhCl2)2],
the affinity of the Cp*Rh group for sulfur atoms appeared
to be the driving force for this reaction (see the XPS section
below).

An oxo bridge formation mechanism is shown in Scheme
1. The high affinity of Cp*Rh2+ for the sulfur atoms in1
gives intermediateA. The deprotonation reaction of the water
molecules attached to the molybdenum atoms is induced by
the high acidity of the Cp*Rh moiety and the high oxidation
state of molybdenum atoms in intermediateA. Intermediate
B, [Mo3RhCp*S4(H2O)8(OH)]5+, would be formed at this
stage. The elimination of two water molecules from two
intermediateB molecules, followed by the deprotonation
reaction of hydroxo bridges, generates the twin cubane-type
cluster2. The structures of Cp*Rh aqua complexes, as a

Table 1. Crystal and Structure Refinement Data for [2](pts)8‚14H2O

empirical formula C38H71O27Mo3S8Rh µ(Mo KR) 12.28 cm-1

fw 1607.17 temp -180.0°C
cryst syst triclinic no. of reflns measured total: 33644
space group P1h (No. 2) unique: 21219 (Rint ) 0.073)
lattice params a ) 12.2631(8) Å corrections Lorentz polarization

b ) 15.911(1) Å absorption (trans factors: 0.6959-0.9405)
c ) 17.389(3) Å no. of variables 694
R ) 63.704(3)° residuals: R1a (I > 2.0σ(I)) 0.060
â ) 78.688(2)° residuals:Rw

a 0.169
γ ) 81.038(2)° no. of reflns to calc R1 7804
V ) 2973.5(5) Å3 GOF indicator 1.006

Z value 2 max shift/error in final cycle 0.001
Dcalcd 1.764 g/cm3 max peak in final diff map 2.17 e-/Å3

F000 1628.00 min peak in final diff map -1.25 e-/Å3

a R1 ) ∑||Fo| - |Fc||/∑|Fo|, Rw ) [(∑w(Fo
2 - Fc

2)2/∑w(Fo
2)2)]1/2.

Scheme 1. Mechanism of Formation of Oxo Bridges in
[2](pts)8‚14H2O
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function of pH, are reported in detail by Fish and Ogo.29 As
the pH of the solution with [Cp*M(H2O)3]2+ (M ) Rh, Ir)
complexes increases, the complexes dimerize into [Cp*M-
(µ-OH)3MCp*] + (eq 2).

We have previously reported the synthesis and properties
of the oxo-bridged twin cubane-type molybdenum-cupper
cluster [{(NH3)6(H2O)(OH)Mo3CuS4(O)}2]Cl4‚8H2O.30 This
synthesis was carried out in a concentrated ammonia solution,
and the formation of oxo bridges occurred by the dehydration
condensation of water molecules between two intermediates,
[Mo3CuS4(NH3)6(H2O)2(OH)2]2+, followed by the oxidative
elimination of dihydrogen from the hydroxo bridges. This
is in contrast to the formation of oxo bridges in2, which
takes place in a strong acid solution.

The electronic spectra of [2](pts)8‚14H2O are shown in
Figure 1. The peak positions andε values are largely
dependent on the solvents:λmax, nm (ε, M-1 cm-1), in 0.1
M Hpts, 484 (11220); in 0.1 M HCl, 496 (11700); in 2 M
HCl, 402 (4770); in CH2Cl2, 508 (12600). A reflection
spectrum of [2](pts)8‚14H2O is shown in the inset of Figure
1. The reflection spectrum is similar to the spectrum of2 in
0.1 M Hpts and in 0.1 M HCl, which indicated that2 exists
as a twin cubane-type cluster in these solutions.

The absorbance of2 in 0.1 M HCl in the visible region
decreases in a few seconds by the addition of concentrated
HCl to make 2 M HCl. When2 was dissolved in 0.5 M
HCl, the same spectrum as that of2 in 0.1 M HCl was
obtained; however, the initial red-purple color of the solution
of 2 in 0.5 M HCl gradually changed to yellow (after 3.5 h)
and finally became identical with that of2 in 2 M HCl. The
addition of sodium chloride to a 0.1 M HCl solution of2 to
make the concentration of the chloride ion 2 M caused an
immediate spectral change. This spectral change is revers-

ible: as the chloride ion concentration was decreased to 0.1
M by dilution with water, the spectrum showed the peak at
496 nm again after 4 h. This indicates that the oxo bridges
in 2 are cleaved by the coordination of chloride ions to the
molybdenum atoms under a high concentration of chloride
ions (>0.5 M Cl-) to afford a single cubane-type cluster,
[Mo3RhCp*S4(H2O)7Cl2]4+ (5) (see eq 3).

The addition of 2, 4-dinitrophenol as a proton source to
the dichloromethane solution of2 caused no spectral change
([2](pts)8‚14H2O:2,4-dinitrophenol) 1:20). It is clear that
no protonation of the oxygen atoms in the oxo bridges in2
occurred in the dichloromethane solution.

The addition of tetrabutylammonium chloride as a chloride
ion source to the dichloromethane solution of2 caused no
spectral change ([2](pts)8‚14H2O:tetrabutylammonium chlo-
ride ) 1:20). In contrast to the case of the aqueous solution
of 2, it is clear that the attack of the chloride ions on the
molybdenum atoms does not cleave the oxo bridge in
dichloromethane.

X-ray Structure of [2](pts) 8‚14H2O. X-ray structure
analysis of [2](pts)8‚14H2O revealed that a new twin cubane-
type core, (Mo3RhCp*S4)2(O)2, exists. An ORTEP drawing
of the cluster cation is shown in Figure 2. The center of
symmetry resides on the midpoint of two oxo bridges in the
(Mo3RhCp*S4)2(O)2 core. Selected bond distances and angles
are listed in Table 2. The O7 and O7′ atoms in2 are assigned
to oxo bridges rather than hydroxo bridges: the distances
of Mo1-O7′ (1.900(6) Å) and Mo3-O7 (1.891(6) Å) are
closer to the Mo-Obridge distance in Ba[Mo2O4(C2O4)2]‚
5H2O31 (1.93(3) Å) than to the Mo-OHbridgedistance in K2-
[Mo2(OH)2(CH3CO2)(edta)]32 (2.08 Å). The Mo-O-Mo
angle (164.3(3)°) in 2 is close to 180°, and the basicity of
the bridging oxygen atoms seems to be weak. For this reason,
protonation at the bridging oxygen atoms does not occur even
in a strongly acidic aqueous solution. The Mo1-S2 (2.394(2)(29) Rh: (a) Eisen, M. S.; Haskel, A.; Chen, H.; Olmstead, M. M.; Smith,

D. P.; Maester, M. F.; Fish, R. H.Organometallics1995, 14, 2806.
(b) Ogo, S.; Chen, H.; Olmstead, M. M.; Fish, R. H.Organometallics
1996, 15, 2009. Ir: (c) Ogo, S.; Makihara, N.; Watanabe, Y.
Organometallics1999, 18, 5470.
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(31) Cotton, F. A.; Morehouse, S. M.Inorg. Chem.1965, 10, 1377.
(32) Shibahara, T.; Sheldrick, B.; Sykes, A. G.J. Chem. Soc., Chem.

Commun.1976, 523.

Figure 1. Electronic spectra of [2](pts)8‚14H2O in an aqueous solution
of 0.1 M HCl (solid line), in 2 M HCl (dashed line), in 0.1 M Hpts (dashed-
dotted line), and in CH2Cl2 (dotted line). The inset shows the reflection
spectrum of [2](pts)8‚14H2O.

2[Cp*M(H2O)3]
2+ a [Cp*M(µ-OH)3MCp*]+ + 3H+ +

3H2O (M ) Rh, Ir) (2)

Figure 2. ORTEP diagram of [2](pts)8‚14H2O. Counteranions and water
of crystallization are removed for clarity.

[{Mo3RhCp*S4(H2O)7(O)}2]
8+ (2) + 4HCl a

2[Mo3RhCp*S4(H2O)7Cl2]
4+ (5) + 2H2O (3)
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Å) and Mo3-S3 (2.390(2) Å) distances are longer compared
with other Mo-S distances; the elongation seems to be due
to the trans influence of the oxo bridges. The Rh1-Mo2
(2.9379(8) Å) distance is shorter than the Rh1-Mo1
(3.1123(7) Å) and Rh1-Mo3 (3.080(1) Å) distances. In
addition, the Mo1-Mo3 (2.765(1) Å) distance is shorter than
those of Mo1-Mo2 (2.8201(8) Å) and Mo3-Mo2 (2.823(1)
Å). These differences reflect the distortion of the core caused
by the existence of thetrans influence of the oxo bridges.
The metal-metal interactions between the rhodium atom and
molybdenum atoms seem very weak, since the Rh-Mo
distances (3.1123(7)-2.9379(8) Å) are longer than the sum
(2.71 Å) of the metallic radius of each atom.

A comparison of the Mo3RhS4 core structures of3 and
[2](pts)8‚14H2O shows that the distortion of the core in3 is
smaller than that of the core in [2](pts)8‚14H2O. For example,
the Mo-Rh distances in [2](pts)8‚14H2O show a larger
scatter than those of the cubane-type core in3 (2.883(1)-
2.954(1) Å). No significant difference in other bond distances
can be seen between the Mo3S4 moieties in [2](pts)8‚14H2O
and3.

X-ray Photoelectron Spectra of [2](pts)8‚14H2O. The
binding energy values of Mo 3d5/2 and Rh 3d5/2 obtained

from the X-ray photoelectron spectroscopy measurement for
[2](pts)8‚14H2O are 229.8 and 309.3 eV, respectively. The
binding energy of Rh 3d5/2 for [(Cp*RhCl2)2] is 309.5 eV.
The XPS measurements on the Rh 3d5/2 binding energy
indicate that the oxidation state of Rh is 3+. The lower
energy shift of Mo 3d5/2 (230.3 eV) upon Ni incorporation
into 1 was associated with a reductive addition of the metal.7b)

The binding energy of Mo 3d5/2 (229.8 eV) for [2](pts)8‚
14H2O shows a lower energy shift compared with that
observed for [1](pts)4‚7H2O (Mo 3d5/2 ) 230.7 eV), though
no formal reduction of the molybdenum atoms occurred. This
lower energy shift may be due to the coordination of the
bridging oxygen atoms having a negative charge to the
molybdenum atom.

Comparison between 2 and 4.Sykes and co-workers
have reported the preparation of a single cubane-type cluster,
4, which has not been characterized crystallographically;19

they suggested the formation of [Mo3RhS4(H2O)12]7+ (4′) on
a cation-exchange resin (Dowex 50W-X2), since once4
was absorbed on the cation-exchange resin,4 was not eluted
with 4 M Hpts solution. On the other hand, the behavior of
2 having a +8 charge on the cation-exchange resin is
significantly different from that reported for4; that is, a red-
purple solution of2 was eluted with the 4 M Hpts. The
crystals of [2](pts)8‚14H2O were deposited from the solution.
Although cluster4 is stable in 2 M HCl, cluster2 changes
to cluster5 immediately in 2 M HCl. The spectrum of5 in
2 M HCl is significantly different from that of4 (λmax )
370 nm in 2 M HCl). These differences in the characters
and the core structures (twin in2 vs single in4) of 2 and4
are most likely due to the coordination of the Cp* group to
the Rh site in2 instead of the coordination of three chloride
anions to the Rh site in4.
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Table 2. Selected Bond Lengths (Å) and Angles (deg) for
[2](pts)8‚14H2O

Rh(1) Mo(1) 3.1123(7) Mo(1) Rh(1) Mo(2) 55.47(2)
Rh(1) Mo(2) 2.9379(8) Mo(1) Rh(1) Mo(3) 53.04(2)
Rh(1) Mo(3) 3.080(1) Mo(2) Rh(1) Mo(3) 55.88(2)
Mo(1) Mo(2) 2.8201(8) S(2) Rh(1) S(3) 100.06(7)
Mo(1) Mo(3) 2.765(1) S(2) Rh(1) S(4) 95.62(7)
Mo(2) Mo(3) 2.823(1) S(3) Rh(1) S(4) 96.57(8)
Rh(1) S(2) 2.390(2) Mo(2) Mo(1) Mo(3) 60.70(3)
Rh(1) S(3) 2.361(2) Mo(1) Mo(2) Mo(3) 58.69(3)
Rh(1) S(4) 2.410(2) Mo(1) Mo(3) Mo(2) 60.61(3)
Mo(1) S(1) 2.352(2) Rh(1) S(2) Mo(1) 81.16(8)
Mo(2) S(1) 2.359(2) Rh(1) S(2) Mo(2) 77.38(8)
Mo(3) S(1) 2.335(2) Rh(1) S(3) Mo(2) 77.55(7)
Mo(1) S(2) 2.394(2) Rh(1) S(3) Mo(3) 80.83(6)
Mo(1) S(4) 2.325(2) Rh(1) S(4) Mo(1) 82.18(7)
Mo(2) S(2) 2.308(2) Rh(1) S(4) Mo(3) 81.30(6)
Mo(2) S(3) 2.329(2) Mo(1) S(1) Mo(2) 73.53(7)
Mo(3) S(3) 2.390(2) Mo(1) S(1) Mo(3) 72.30(5)
Mo(3) S(4) 2.318(2) Mo(2) S(1) Mo(3) 73.92(5)
Mo(1) O(7)a 1.900(6) Mo(1) S(2) Mo(2) 73.68(7)
Mo(3) O(7) 1.891(6) Mo(2) S(3) Mo(3) 73.45(5)
S(2) S(3) 3.643(3) Mo(1) S(4) Mo(3) 73.12(5)
S(2) S(4) 3.556(3) S(1) Mo(3) O(7) 86.6(2)
S(3) S(4) 3.561(2) S(3) Mo(3) O(7) 160.7(2)
Mo O(aqua)(av) 2.184[27] S(4) Mo(3) O(7) 94.4(2)
Rh C(av) 2.188[11] Mo(1)a O(7) Mo(3) 164.3(4)

a Symmetry operation:-x, -y + 1, -z + 1.
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