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[{Cp*Rh(S2C6H4)}2W(CO)2] (Cp*: η5-C5Me5) (1) and
[{Cp*Rh(S2C6H4)}(S2C6H4)W(CO)2] (2) were synthesized
by the reaction of rhodadithiolene [Cp*Rh(S2C6H4)] with
[W(CO)3(py)3], and their crystal structures and physical proper-
ties were investigated. The formation mechanism of 2 from 1
was pursued by 1HNMR spectroscopy. 1 reacted with an excess
amount of BF3¢Et2O to furnish 2, indicating that a Lewis acid
assisted the demetalation reaction.

Transition-metal cluster complexes have received much
attention from chemists. Their properties and reactivities depend
on the number of metal atoms, the structures, and the oxidation
states.1 The nature of the ligand groups also affects the
characteristics of metal cluster complexes. Metal cluster com-
plexes exhibit interesting properties attributable to the delocal-
ization of d electrons over the metal atoms, which, for example,
facilitates multistep electron transfer. Because of these features,
transition-metal cluster complexes constitute an important
research field in catalytic chemistry and bioinorganic chem-
istry.2,3 Synthetic methods for preparing metal cluster complexes
may be categorized into five types:4 ligand substitution, addition,
condensation, bridge-assisted reaction, and metalmetal ex-
change. Metal cluster complexes have not yet been synthesized
at one’s own will due to a shortage of methodologies. New
synthetic methods are needed for the preparation of metal cluster
complexes that yield designed structures.

Recently, we have developed a series of trinuclear cluster
complexes through metalmetal bond formation reactions sup-
ported by benzenedithiolato ligands.57 A metalladithiolene ring
containing late transition metals forms a planar five-membered
ring.8 The presence of three canonical structures indicates that
the ring is quasi-aromatic. Severalmetalladithiolene rings feature
metal centers with 16 electrons, indicative of coordination
unsaturation. This electron deficiency has proven to be advanta-
geous for the formation of multinuclear metalladithiolenes. Our
previous work exploited metalmetal bond formation reactions
between group 9 metals and group 6 metals. All reactions solely
generated neutral trinuclear cluster complexes (CoMoCo, Co
WCo, and RhMoRh).5,6 Here, we report a one-pot reaction
that generates a novel dinuclear heterometal cluster complex 2
featuring RhW bond, as well as a RhWRh trinuclear complex
1 (Scheme 1). Here we also investigate the formation mechanism
of 2 from 1 by 1HNMR spectroscopy and determine that
demetalation proceeds in the presence of a Lewis acid, BF3¢
Et2O. We note that Jin et al. studied metalmetal bond formation
reactions that gave rise to dinuclear clusters in carborane
dichalcogenolene complexes.8g,9 The difference between their
system and 2 is that 2 features a bis(dithiolene) motif that plays a
vital role in biological catalysis.10

The mixed-metal trinuclear cluster complex 1 was synthe-
sized by a reaction of rhodadithiolene [Cp*Rh(S2C6H4)] and
[W(CO)3(py)3] (Cp*: η5-C5Me5, py: pyridine) in the presence of
BF3¢Et2O in toluene (Scheme 1, see the Supporting Information
for details).17 The combination of [W(CO)3(py)3] and BF3 was
effective in generating a reactive [W(CO)3] fragment.11 Surpris-
ingly, the mixed-metal dinuclear cluster complex 2 was also
obtained as a by-product. Our previous studies have never
identified a mixed-metal benzenedithiolato dinuclear cluster
complex similar to 2.

The molecular structures of 1 and 2 were determined
by single-crystal X-ray diffraction analysis (Figures 1, 2 and
Tables S1, S2).12,17 The structural features of 1 resembled those
of [{Cp*Rh(S2C6H4)}2Mo(CO)2] (3).6 In 1, the RhW distances
were slightly longer than the sulfide-bridged RhW cluster
complexes8,13 but were shorter than the sum of the covalent radii
(Rh: 1.42¡; W: 1.62¡).14 Thus, 1 included direct RhW single
bonds. The RhW bonds were supported by bridging benzene-
dithiolato ligands. The rhodadithiolene plane lost its planarity;
the mean dihedral angle between the benzenedithiolato ligands
and the SRhS planes was 39.1°, and the angle between the
benzenedithiolato ligands and the SWS planes was 59.7°. The
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Scheme 1. Synthesis of 1 and 2.

Figure 1. ORTEP drawing of 1 with a thermal ellipsoid set
at the 50% probability level. Hydrogen atoms are omitted for
clarity. Selected bond lengths [¡] and angles [°]: Rh1W
2.897(2), Rh2W 2.931(2), WC6 1.95(1), WC5 1.85(1), Rh1
C6 2.78(1), Rh2C5 2.88(1), C6O2 1.16(2), C5O1 1.11(1),
Rh1WRh2 165.13(3), WC6O2 172.6(11), WC5O1
167.3(10).
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two benzenedithiolato planes were twisted 39.8° relative to one
another. The average bond length between the carbonyl groups
and the W center (1.90¡) was shorter than the CMo bond
length (1.96¡) in 3. The average WCO angle was 170°. The
coordination mode of the carbonyl groups was semibridging
with a weak bonding interaction between the carbonyl groups
and the Rh atoms. The IR spectrum of 1 in a KBr pellet showed
two strong bands at 1800 and 1868 cm¹1 that were assigned to
the stretching vibrations of the carbonyl groups associated with
the semibridging coordination bonds (Figure S1).17 This result
supports the notion that the ³ backdonation was contributed by
both W and Rh atoms.

Figure 2 shows an ORTEP drawing of 2 in which the RhW
bond distance is only slightly shorter than that in 1, suggesting
the presence of a single bond. The dihedral angle between the
benzenedithiolato ligand comprising S3 and S4 and the S3Rh
S4 plane was 48.7°, and that between the benzenedithiolato
ligand comprising S3 and S4 and the S3WS4 plane was 41.9°.
Thus, the rhodadithiolene ring lost its planarity upon formation
of a bridging structure involving a W atom. On the other hand,
the dihedral angle between the benzenedithiolato ligand con-
taining S1 and S2 and the S1WS2 plane was 5.5°, indicating
that the WS2C2 ring was planar and quasi-aromatic. The
1HNMR spectrum in dichloromethane-d2 confirmed this quasi-
aromaticity (Figure S2).17 The signals derived from the RhS2C2

ring were observed at 6.82 and 7.26 ppm, whereas those
stemming from the WS2C2 ring emerged at 7.43 and 8.06 ppm.
The W center was ligated by two carbonyl groups. The WCO
angles approached 180°, suggesting that the coordination mode
of these carbonyl groups was terminal. The IR spectrum of 2
featured two strong bands at 1897 and 1956 cm¹1 that could be
classified as terminal carbonyl groups. The structural features of
2 were similar to those of the diselenolene cluster complex,
[{CpCo(Se2C6H4)}(Se2C6H4)W(CO)2] (4), which was previous-
ly synthesized in our laboratory.5b

Cyclic voltammograms of 1 and 2 in 0.1M n-Bu4NClO4
MeCN/toluene (1:1, v/v) at 253K are shown in Figure 3.
1 displayed one reversible redox wave at E0¤ = ¹1.78V vs.
ferrocenium/ferrocene (Fc+/Fc) (Figure 3a). The peak potential
difference, ¦Ep (= Epa ¹ Epc), was 37mV, smaller than that of
an ideal reversible 1e¹ redox reaction (50mV at this temper-
ature).15 This redox process, therefore, was a one-step 2e¹ redox
reaction. DFT calculations (Figure S3)17 predicted that the
LUMO and LUMO+1 were antibonding orbitals with respect

to the RhW bonds, suggesting that the 2e¹ reduction could
weaken the RhW bonds. The reduction potential of the Rh
centers in 1 was shifted toward positive values compared with
the corresponding value for 3 (¹1.87V).6 On the other hand, 2
displayed one reversible redox wave (Figure 3b). A ¦Ep value
of 65mV suggested that 2 underwent a reversible one-electron
reduction. This redox reaction can be regarded as an electron
donation to the antibonding orbital of the RhW bond
(Figure S4).17

Considering that the favored products of our metal-
integrating reaction were the trinuclear cluster complexes,
including 1, 1 was conjectured as being an precursor in the
preparation of 2. The formation mechanism of 2 was examined
by observing the conversion from 1 to 2 in toluene-d8 or
benzene-d6 using 1HNMR. 1 was stable under reflux conditions
under an inert atmosphere for 4 days. To 1 were added excess
2,2¤-bipyridine, 1,2-bis(diphenylphosphino)ethane, and 1,5-cy-
clooctadiene as neutral Lewis bases, with the expectation that
these additives reacted with the electron-deficient Rh centers;
however, 1 did not convert to 2. Surprisingly, the reaction of 1
with the Lewis acid, BF3¢Et2O, enabled the conversion to 2
(Figure 4). We note that diethyl ether did not give rise to 2 alone.
These results strongly suggest that the presence of BF3 was
indispensable to the formation of 2. During this formation
process, BF3 may interact with the dithiolene moiety of 1 to
facilitate RhW bond cleavage. We note that Pigge et al.
previously reported the influence of a Lewis acid on the
demetalation of ruthenium complexes.16 In the course of the
transformation from 1 to 2, elimination of the [Cp*Rh] fragment
should occur. In the Cp* region of the 1HNMR spectra

Figure 2. ORTEP drawing of 2 (oblique view: left, side view:
right) with thermal ellipsoids at the 50% probability level.
Hydrogen atoms are omitted for clarity. Selected bond lengths
[¡] and angles [°]: RhW 2.7090(4), WC5 2.000(4), WC6
2.002(4), C5O1 1.147(5), C6O2 1.141(4), WC5O1
175.7(3), WC6O2 174.8(3).

Figure 3. Cyclic voltammograms of 1 (left, a) and 2 (right, b)
at 100mVs¹1 in 0.1M n-Bu4NClO4MeCN/toluene (1:1 v/v) at
253K.

Figure 4. 1HNMR spectral changes in the course of a
conversion from 1 to 2 in benzene-d6. The signals of 1 and 2
are denoted by red and blue arrows, respectively. The reaction
time is described in each chart.
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(Figure S5),17 several peaks were observed after the reaction.
These peaks might be derived from the [Cp*Rh] fragment;
however, we have not identified them thus far.

In conclusion, the heterometal cluster complexes 1 and 2
were synthesized through a metalmetal bond formation reaction
of [Cp*Rh(S2C6H4)] with [W(CO)3(py)3], and the physical
properties of these complexes were investigated. The demeta-
lation of 1 was observed by 1HNMR spectroscopy to determine
that 1 reacted with an excess amount of BF3¢Et2O to give rise to
2. This type of demetalation reaction has not previously been
reported and, therefore, provides a new synthetic method for the
preparation of cluster complexes.
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