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The 16-electron half-sandwich rhodium complex [Cp*Rh{E2C2(B10H10)}] [E ) S (1a), Se
(1b)] (Cp* ) η5-C5Me5) reacted with W(CO)3(py)3 in the presence of BF3‚Et2O in THF solution
to afford {Cp*Rh[E2C2(B10H10)]}2W(CO)2 (E ) S (2a); Se (2b)), (Cp*Rh)2[S2C2(B10H10)] (3),
Cp*Rh[S2C2(B10H10)]W(CO)2[S2C2(B10H10)] (4), and Cp*Rh(CO)[Se2C2(B10H10)]W(CO)5 (5). The
trinuclear clusters {Cp*Rh[E2C2(B10H10)]}[Co2(CO)5] [E ) S (6a), Se (6b)] were obtained from
the reactions of 1a and 1b with Co2(CO)8 in the presence of Me3NO. The complexes have
been fully characterized by IR and NMR spectroscopy as well as by element analyses. The
X-ray crystal structures of complexes 2-6 are reported.

Introduction

During the past decade, considerable attention has
been devoted to metal complexes containing chelating
1,2-dicarba-closo-dodecaborane-1,2-dichalcogenolate li-
gands, to take advantage of their unique molecular
structure.1 A number of mononuclear 16-electron Cp and
Cp* half-sandwich complexes of Co,2 Rh,3 and Ir4 have
been described that contain a bidentate, chelating 1,2-
dicarba-closo-dodecaborane-1,2-dichalcogenolato ligand,
[(B10H10)C2E2]2- (E ) S, Se), and a “pseudoaromatic”
metalladichalcogenolene five-membered ring. These
compounds have been used as models to study the
insertion of alkynes into one of the metal-sulfur bonds;5
this may lead to the formation of a metal-to-boron bond
or substitution of the carborane cage in the positions of
B(3)/B(6).6

In the course of our study on the syntheses and
reactivities of multinuclear metals bridged with 1,2-
dicarba-closo-dodecaborane-1,2-dichalcogenolate ligands,
we realized that the 16e half-sandwich complexes

Cp*M[E2C2(B10H10)] [M ) Co, Rh, Ir; E ) S, Se] could
serve as promising precursors for the synthesis of
mixed-metal clusters.7 We have developed this meth-
odology to build up clusters with an oligonuclear frame-
work, and some heterometallic clusters have been
synthesized in such a manner that the products con-
tain metal-metal bonds.6a,8 Recently we reported met-
alladichalcogenolate cluster complexes {Cp′Rh[E2C2-
(B10H10)]}2Ni and {Cp′Rh[E2C2(B10H10)]}2Mo(CO)2
(Cp′ ) η5-1,3-tBu2C5H3; E ) S; Se);9 however, related
rhodium-tungsten and rhodium-cobalt mixed-metal
clusters formed through a rhodachalcogenolato hetero-
cycle supported by 1,2-dicarba-closo-dodecaborane-1,2-
dichalcogenolates have not been reported before, to the
best of our knowledge. Aiming at the development of
versatile and rational methods for the synthesis of
heterometallic cluster complexes in which carborane 1,2-
dichalcogenolates act as bridging chelate ligands, we
now report the trinuclear and dinuclear complexes
obtained from a half-sandwich rhodium carborane dichal-
cogenolate complex, Cp*Rh[E2C2(B10H10)] (E ) S (1a),
Se (1b)) ([Cp*Rh{E2C2(B10H10)}] ) [η5-pentamethyl-
cyclopentadienyl-[1,2-dicarba-closo-dodecaborane(12)-
dichalcogenolato]rhodium]), by reactions with W(CO)3-
(NC5H5)3 in the presence of BF3‚Et2O and Co2(CO)8 in
the presence of Me3NO, respectively, to give {Cp*Rh-
[E2C2(B10H10)]}2W(CO)2 (E ) S (2a); Se (2b)), (Cp*Rh)2-
[S2C2(B10H10)] (3), {Cp*Rh[S2C2(B10H10)]}{W(CO)2[S2C2-
(B10H10)]} (4), Cp*Rh(CO)[Se2C2(B10H10)]W(CO)5 (5),
and {Cp*Rh[E2C2(B10H10)]}[Co2(CO)5] [E ) S (6a), Se
(6b)], respectively.
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Results and Discussion

Synthesis and Characterization. We have re-
ported previously that treatment of [Cp*Rh(µ-Cl)Cl]2
with dilithium dichalcogenolato carboranes gives the 16-
electron dithiolene and diselenolene complexes 1a,b and
investigated the addition reactions at the rhodium
atom.3a The complex 1a can react with W(CO)3(py)3 (py
) pyridine, NC5H5) in the presence of more than 3 equiv
of BF3 in diethyl ether to give the purple, mixed-metal
complexes 2a and 4 together with the red dirhodium
complex 3 as byproduct, respectively (Scheme 1). Com-
plex 4 can be obtained in higher yield when longer
reaction times are applied.

The complexes 2a, 3, and 4 are neutral, diamagnetic,
and air-sensitive in solution. In complex 2a, the Rh
atoms have been reduced from RhIII to RhII, apparently
by the fragment [W(CO)3], which is generated effectively
from the combination of [W(CO)3(py)3] and BF3.10 A
similar phenomenon was also found in the formation of
phenyl dithiolato cobalt complex [(η5-C5H5)Co(S2C6H4)]2-
Mo(CO)2

11 and carborane dichalcogenolato molybdenum
complexes {Cp′Rh[E2C2(B10H10)]}2Mo(CO)2 (Cp′ ) η5-
1,3-tBu2C5H3, E ) S, Se). As the main product, dinuclear

dithiolato carborane complex {Cp*Rh[S2C2(B10H10)]}-
{W(CO)2[S2C2(B10H10)]} (4) satisfies the 18-electron rule.
The corresponding cobalt complex {Cp′Co[S2C2(B10H10)]}-
{W(CO)2[S2C2(B10H10)]} has been recently reported.8e

The IR spectra of the products 2a, 3, and 4 in the solid
state exhibit intense B-H stretching of carborane at
about 2580(vs) cm-1. Complex 2a exhibited strong
vibrations of carbon monoxide at about 1885(vs) and
1828(vs) cm-1 in the region typical for a CO bridge, and
the IR spectra of 4 showed strong stretching frequencies
for the carbonyl groups at 1988(vs) and 1925(vs) cm-1

in the region typical for terminal CO, which is in
agreement with the data of the structures.

The molecular structures of 2a, 3, and 4 have been
established by single-crystal X-ray structure analysis
(Figures 1, 2, and 3). The rhodium atoms of the Rh2W
backbone in 2a have retained their Cp* rings, and the
W center is eight-coordinate with a square-antiprismatic
geometry. In complex 2a, the coordination environment
of the W center connected to the nonmetallic ligands (S
and CO) is distorted trigonal-prismatic, and the two
S-W-S planes are twisted by 33.9° with respect to one
another. The coordination environment of the W center
with respect to RhS2 ligand units is distorted trigonal-
prismatic. The two Rh-W single bonds (2.7461(16) and
2.7891(14) Å) are each supported by a symmetrically
bridging o-carborane dithiolato ligand and may there-
fore be compared with the corresponding distance in
sulfide-bridged Rh-W complexes such as trinuclear sul-
fide cluster [Cp*RhCl(µ-S)2W]2 (2.908(2) Å),12 [Rh(COD)]2-
WS4 (2.87, 2.84 Å),13 and [(Me2Tp)W(dS)(µ-S)2Rh(cod)]
(2.852(1) Å).14 The Rh(1)-W(1)-Rh(2) angle is 145.23(3)°.
The planar pseudoaromatic system of the two rhoda-
dithiolene heterocycles in 1a is no longer present in 2a,
and the dihedral angle at the S‚‚‚S vector in the RhS2C2

ring is 131°.
The new dinuclear RhII complex 3 contains one

carborane dithiolato chelate ligand, which is arranged
so that both S atoms bridge two rhodium atoms (Figure
2). The molecule contains a mirror plane. The Rh-Rh
distance of 2.6245(9) Å corresponds to a metal-metal
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Scheme 1. Synthesis of 2a, 3, and 4

Figure 1. Molecular structure of 2a. Selected bond lengths
(Å) and angles (deg): W(1)-Rh(1) 2.7461(16), W(1)-Rh(2)
2.7891(14), W(1)-S(1) 2.496(3), W(1)-S(2) 2.528(3), W(1)-
C(3) 2.002(13), W(1)-C(4) 1.973(14), Rh(1)-S(1) 2.337(3),
Rh(1)-S(2) 2.407(3), Rh(1)-C(3) 2.574(12), Rh(2)-C(4)
2.550(12); Rh(1)-W(1)-Rh(2) 145.23(3), S(1)-W(1)-S(2)
74.40(10), S(1)-W(1)-S(3) 92.73(11), S(1)-W(1)-Rh(1)
52.69(8), S(1)-W(1)-C(3) 114.6(3), S(1)-Rh(1)-S(2)
79.62(11), S(1)-Rh(1)-W(1) 58.16(8), W(1)-C(3)-O(2)
162.3(10), W(1)-C(3)-Rh(1) 72.5(4), Rh(1)-C(3)-O(2)
125.1(9).

Half-Sandwich Complex Cp*Rh[E2C2(B10H10)] Organometallics, Vol. 24, No. 22, 2005 5281



single bond;9,15 thus 3 is formally an 18-electron com-
plex. 3 is similar to the analogous Cp′ complex (Cp′Rh)2-
[S2C2(B10H10)] (Cp′ ) η5-1,3-tBu2C5H3)9 and correspond-
ing cobalt complex (CpCo)2[S2C2(B10H10)], which was
reported by Ko et al.2

The heteronuclear complex 4 contains two o-carbo-
rane thiolato ligands, one [S2C2(B10H10)]2- is attached
to the Cp*Rh fragment, and µ-S2 is bridging to W(CO)2-
[S2C2(B10H10)]. The W center has seven-coordination
geometry, having two terminal carbonyl ligands (the
W-C-O bond angles of 171.5(10)° and 176.6(11)° are
nearly linear), two sulfur atoms of dithiolate-carborane,
and another two µ-S2 bridges to the Rh atom. The planar
pseudoaromatic system of the rhodadithiolene hetero-
cycle 1a is also no longer present in 4, and the dihedral
angle at the S‚‚‚S vector in the RhS2C2 ring is 136°. The
five-membered metallacycle W(1)S(3)S(4)C(4)C(5) is
almost planar, the dihedral angle along the S‚‚‚S vector
being 179.65°. The W-Rh distance (2.7407(14) Å in 4,
cf. 2.885(1) Å in Cp*Rh(PMe3)[WS4]16) is comparatively
short, only slightly longer than the sum of the atomic
radii (1.345 (Rh) and 1.37 (W) Å, respectively). This can
be taken to indicate that direct interaction between the
two different transition metals exists, in addition to the
o-carborane dithiolato ligand connection.17 Direct metal-
metal bonding is supported by the fact that the Rh-
S-W angles (68.62(8)° and 68.52(8)° in 4, cf. 77.5(1)°
and 77.2(1)° in Cp*Rh(PMe3)[WS4]) are acute.

The analogous reaction of 1b with W(CO)3(py)3 (py )
pyridine, NC5H5) in the presence of more than 3 equiv
of BF3 in diethyl ether affords the purple, trinuclear
complex 2b in 23% yield together with the orange
binuclear complex 5 in 52% yield (Scheme 2). Complexes
2b and 5 are diamagnetic. The 13C NMR spectrum of 5
in CDCl3 solution shows a singlet at 197.67 ppm due to
a carbonyl carbon atom connected with Rh and another
one at 210.21 ppm due to carbon connected to W,
according to the peak indensity. The IR spectra of the
products 2b and 5 in the solid state exhibit intense B-H
stretching of carborane at about 2575(vs) cm-1. Complex
2b exhibited strong vibrations of carbon monoxide at
about 1876(vs) and 1817(vs) cm-1 in the region typical
for a CO bridge, and the IR spectra of 5 showed strong
stretching frequencies for the multicarbonyl groups at
2028(vs), 1960(vs), 1917(vs), and 1888(vs) cm-1 in the
region typical for terminal CO, which is in agreement
with the data of the structure.

An X-ray crystallographic structure analysis was
carried out for {Cp*Rh[Se2C2(B10H10)]}2W(CO)2 (2b)
(Figure 4). The unit cell of 2b contains two crystallo-
graphically independent, but chemically similar mol-
ecules, which are related by a noncrystallographical
pseudoinversion center. Figure 4 shows a view of only
one of the molecules. The diselenolate complex 2b is
isomorphous to the complex 2a. The complex 2b also

Figure 2. Molecular structure of 3. Selected bond lengths
(Å) and angles (deg): Rh(1)-Rh(1A) 2.6245(9), Rh(1)-S(1)
2.3429(14), Rh(1)-S(1A) 2.3360(13), S(1)-C(1) 1.830(5),
C(1)-C(1A) 1.624(9); S(1)-Rh(1)-S(1A) 80.76(6), S(1)-
Rh(1)-Rh(1A) 55.75(4), Rh(1)-S(1)-Rh(1A) 68.24(4), C(1)-
S(1)-Rh(1) 103.05(16), C(1A)-C(1)-S(1) 112.61(15).

Scheme 2. Synthesis of 2b and 5

Figure 3. Molecular structure of 4. Selected bond lengths
(Å) and angles (deg): W(1)-Rh(1) 2.7407(14), W(1)-S(1)
2.491(3), W(1)-S(3) 2.368(3), W(1)-C(5) 1.934(17), W(1)-
C(6) 2.007(13), Rh(1)-S(1) 2.368(3), Rh(1)-S(2) 2.374(3);
S(1)-W(1)-S(2) 75.68(10), S(3)-W(1)-S(4) 86.14(11), S(1)-
W(1)-S(4) 148.52(11), S(1)-W(1)-Rh(1) 53.58(7), S(1)-
W(1)-C(6) 76.6(3), S(1)-Rh(1)-S(2) 80.25(11), S(1)-Rh(1)-
W(1) 57.80(7), W(1)-C(5)-O(1) 171.5(10), W(1)-C(6)-O(2),
176.6(11), Rh(1)-S(2)-W(1) 68.52(8), Rh(1)-S(1)-W(1)
68.62(8).
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contains two carborane diselenolato chelate ligands,
which are arranged so that both Se atoms bridge
rhodium and tungsten to form intramolecular Rh-W
single bonds (2.7607(12) and 2.7517(12) Å). The coor-
dination environment of the W center with respect to
RhSe2 ligand units is distorted trigonal-prismatic; two
Se-W-Se planes are twisted by 42.0° with respect to
one another.

The dinuclear complex 5 can be recrystallized from
hexane to give well-formed orange single crystals in the
triclinic space group P1h with two molecules in the unit
cell. The o-carborane-1,2-diselenolate bridges combine
a [Cp*Rh(CO)] and a [W(CO)5] fragment in 5 (Figure
5). The Rh atom carries one carbonyl group in addition
to a formal 4e chelate ligand [(B10H10)C2Se(Se-R)]2- (R
) W(CO)5). The Rh-Se bond distances (2.458(2)-
2.4799(18) Å) are similar to those in selenolate com-
plexes, such as Cp*Rh(PMe3)[Se2C2(B10H10)] and Cp*Rh-
(PMe3)(SePh)2.3a The long Rh(1)‚‚‚W(1) separation
(4.37 Å) and the obtuse angle (Rh(1A)-Se(2A)-W(1A)
115.93(6)°) indicate that a direct bonding interaction
between the two metals is absent.

The related reaction between 1a, 1b, and Co2(CO)8
in the presence of Me3NO in toluene at room tempera-
ture leads to dark red products {Cp*Rh[E2C2(B10H10)]}-
[Co2(CO)5] [E ) S (6a), Se (6b)] in about 80% yields,
respectively (Scheme 3). Both compounds are neutral,
diamagnetic, and air-sensitive in solution. The charac-
terizations of the products 6a,b are based on elemental

analyses and X-ray diffraction studies. The IR spectra
of 6a,b show strong stretching frequencies for the
carbonyl groups at 2055, 2033, 2017, 1989, 1812 cm-1

for 6a and 2051, 2029, 2013, 1985, 1809 cm-1 for 6b,
the band (around 1810 cm-1) in the region typical for
CO bridges. Apparently, there are two kind of ν(CO)
frequencies for the Co2(CO)5 moieties. The 13C NMR
spectrum of 6a,b in CDCl3 solution shows only one
resonance at δ ) 186 ppm for the CO group.

The structures of 6a,b have been determined by X-ray
analyses using single crystals grown from toluene/
hexane, after chromatography on silica. Both of them
are in the form of dark red prisms in the orthorhombic
space group Pbca with eight molecules in the unit cell.
The molecular structures and selected bond distances
and angles of 6a and 6b are depicted in Figures 6 and
7.

Compound 6a has a closed RhCo2 triangular core, in
which the two Rh-Co edges are bridged by µ3-S ligands,
and the Co-Co edge is bridged by a µ2-CO ligand. The
Rh-Co distances (Rh(1)-Co(1) 2.6057(9) Å, Rh(1)-
Co(2) 2.6399(9) Å) are very short and clearly indicative
of bonding interactions, compared with the Rh-Co bond
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Figure 4. Molecular structure of 2b. Selected bond lengths
(Å) and angles (deg): W(1A)-Rh(1A) 2.7607(12), W(1A)-
Rh(2A) 2.7517(12), W(1A)-Se(1A) 2.6119(12), W(1A)-
Se(2A) 2.6310(12), W(1A)-C(5A) 2.001(11), W(1A)-C(6A)
1.992(11), Rh(1A)-Se(1A) 2.5054(13), Rh(1A)-Se(2A)
2.4497(13); Rh(1A)-W(1A)-Rh(2A) 143.16(3), Se(1A)-
W(1A)-Se(2A) 76.52(4), Se(1A)-W(1A)-Se(3A) 125.23(4),
Se(1A)-W(1A)-Rh(1A) 55.51(3), Se(1A)-W(1A)-C(5A)
144.9(3), Se(1A)-Rh(1A)-Se(2A) 81.86(4), Se(1A)-Rh(1A)-
W(1A) 59.23(3), W(1A)-C(5A)-O(1A) 167.3(9).

Figure 5. Molecular structure of 5. Selected bond lengths
(Å) and angles (deg): Rh(1A)-Se(1A) 2.4641(18), Rh(1A)-
Se(2A) 2.478(2), Rh(1A)-C(13A) 1.893(16), W(1A)-Se(2A)
2.6775(18), W(1A)-C(14A) 2.050(16), W(1A)-C(18A) 1.87(2);
Se(1A)-Rh(1A)-Se(2A) 92.91(6), Se(1A)-Rh(1A)-C(13A)
86.2(4), Se(2A)-Rh(1A)-C(13A) 91.3(5), Se(2A)-W(1A)-
C(14A) 97.6(5), C(14A)-W(1A)-C(18A) 90.0(7), C(14A)-
W(1A)-C(15A) 89.3(7), Rh(1A)-Se(2A)-W(1A) 115.93(6),
Rh(1A)-C(13A)-O(1A) 176.4(13), W(1A)-C(14A)-O(2A)
175.1(18), W(1A)-C(18A)-O(6A) 177.1(15).

Scheme 3. Synthesis of 6a,b
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of [CoRh(CO)4(µ-H)(µ-PtBu2)(tBu2PH)] (2.7470(6) Å).18

The Co(1)-Co(2) distance is 2.4465(11) Å, typical of a
Co-Co single bond.15b,19 Due to the coordination of the
S atoms to Co, the pseudoaromatic rhodadithiolato
heterocyclic system is destroyed and bent with a di-

hedral angle of 161.5° along the S‚‚‚S vector. Each Co
atom bears two terminal CO ligands; the remaining CO
group bridges the Co(1)-Co(2) metal-metal bond. The
Co(1)-C(5) and Co(2)-C(5) bonds are 1.907(6) and
1.905(6) Å, similar to the bridging Co-C distances of
Co2(CO)8 (mean value 1.92 Å)20 and longer than Co-C
(C of terminal CO group) (range 1.78-1.81 Å). The
molecular structure of the diselenolate complex 6b is
isomorphous to that of 6a. Compound 6b also contains
three metal atoms, with a triangular core similar to that
of 6a. In complex 6b, three metal-metal bonds (Co(1)-
Co(2) 2.4478(11), Rh(1)-Co(2) 2.6583(9), Rh(1)-Co(1)
2.6197(9) Å) indicate the strong direct interactions. The
dihedral angle (165.4°) along the Se‚‚‚Se vector is almost
identical with that in 6a, whereas it is 180° in the
analogous parent diselenolene complex Cp*Ir[Se2C2-
(B10H10)].4a

In summary, the formation of a hetero metal-metal
bond in complexes 2a,b, 4, and 6a,b by the reactions of
the 16-electron complexes 1a,b involves redox processes
during which Rh is partially reduced by low-valence
transition metal complexes, such as the fragment
[W(CO)3] or Co2(CO)8.

Experimental Section

General Procedures. All manipulations were carried out
under a nitrogen atmosphere using standard Schlenk tech-
niques. All solvents were dried and deoxygenated before use.
The solvents diethyl ether, toluene, THF, and n-hexane were
refluxed and distilled over sodium/benzophenone ketyl under
nitrogen prior to use. The starting materials Cp*Rh[E2C2-
(B10H10)] (E ) S (1a), Se (2b))3a and W(CO)3(py)3

21 were
prepared by slightly modified literature procedures. BF3‚Et2O,
Me3NO, and Co2(CO)8 were purchased from Aldrich and used
without purification. Elemental analyses for C and H were
carried out on an Elementar III Vario EI analyzer. 1H(500
MHz), 11B(160 MHz), and 13C(125 MHz) NMR measurements
were obtained on a Bruker AC500 spectrometer in CDCl3

solution. Infrared spectra were recorded on a Nicolet FT-IR
360 spectrometer with samples prepared as Nujol mulls.

Synthesis of {Cp*Rh[S2C2(B10H10)]}2W(CO)2 (2a),
(Cp*Rh)2[S2C2(B10H10)] (3), and {Cp*Rh[S2C2(B10H10)]}-
{W(CO)2[S2C2(B10H10)]} (4). BF3‚OEt2 (0.15 mL, 47%, 0.5
mmol) was added to a 100 mL Schlenk tube containing 1a (89
mg, 0.20 mmol) and W(CO)3(py) 3 (76 mg, 0.15 mmol) in diethyl
ether (40 mL). The deep green suspension was stirred for 2
days and gradually changed to red. The solvent was then
evaporated to dryness under vacuum, and components of the
residue were separated by column chromatography on silica
The component in the first band was eluted with CH2Cl2/
hexane (1:6) and recrystallized from hexane to afford 24 mg
(21%) of red crystals of 2a. Anal. Calcd for C26H50B20O2-
Rh2S4W: C, 27.64; H, 4.43. Found: C, 27.99; H, 4.57. 1H NMR
(500 MHz, CDCl3, δ/ppm): 1.87(s, 30H, CH3). 13C NMR (125
MHz, CDCl3, δ/ppm): 9.44(s, CH3), 84.78(s, CS), 100.90(d,
C5(CH3)5, 1JC-Rh ) 6.67 Hz). 11B NMR (160 MHz, CDCl3,
δ/ppm): -4.23(2B), -7.64(2B), -8.89(2B), -11.42(4B). IR (KBr
disk): ν ) 2961, 2923, 2855 cm-1 (C-H); ν ) 2576 cm-1 (B-
H); ν ) 1885, 1828 cm-1 (CO). The component in the second
band was recrystallized from CH2Cl2/hexane (1:4) to give 11
mg (16%) of brown crystals of 3. Anal. Calcd for C22H40B10-
Rh2S2: C, 38.68; H, 5.91. Found: C, 38.97; H, 5.95. 1H NMR

(18) Bottcher, H. C.; Craf, M.; Merzweiler, K.; Wagner, C. Z. Anorg.
Allg. Chem. 2001, 627, 903.

(19) (a) Sly, W. G. J. Am. Chem. Soc. 1959, 81, 18. (b) Brown, D. A.
J. Chem. Phys. 1960, 33, 1037.

(20) Summer, G. G.; Klug, H. P.; Alexander, L. E. Acta Crystallogr.
1964, 17, 732.

(21) (a) Hieber, W.; Muhlbauer, F. Z. Anorg. Allg. Chem. 1935, 221,
337. (b) Westland, A. D.; Muriithi, N. Inorg. Chem. 1973, 12, 2356. (c)
Nesmeyanov, A. N.; Krivykh, V. V.; Kaganovich, V. S.; Rybinskaya,
M. I. J. Organomet. Chem. 1975, 102, 185.

Figure 6. Molecular structure of 6a. Selected bond lengths
(Å) and angles (deg): Co(1)-Co(2) 2.4465(11), Rh(1)-Co(1)
2.6057(9), Rh(1)-Co(2) 2.6399(9), Rh(1)-S(1) 2.3110(15),
Rh(1)-S(2) 2.3245(14), Co(1)-S(1) 2.2724(16), Co(2)-S(2)
2.2399(16), Co(1)-C(5) 1.907(6), Co(2)-C(5) 1.905(6), Co(1)-
C(3) 1.798(6), Co(1)-C(4) 1.789(7), Co(2)-C(6) 1.813(7),
Co(2)-C(7) 1.777(6); Co(1)-Rh(1)-Co(2) 55.60(2), Co(1)-
Rh(1)-S(1) 54.66(4), Co(2)-Rh(1)-S(2) 53.18(4), S(1)-
Rh(1)-S(2) 90.66(5), Rh(1)-Co(1)-Co(2) 62.91(3), Rh(1)-
Co(2)-Co(1) 61.49(3), Co(2)-Co(1)-C(5) 50.03(18), Co(1)-
Co(2)-C(5) 50.11(18), Co(1)-C(5)-Co(2) 79.9(2), Rh(1)-
S(1)-Co(1) 69.29(4), Rh(1)-S(2)-Co(2) 70.64(4), C(3)-
Co(1)-C(4) 95.5(3), C(6)-Co(2)-C(7) 96.4(3).

Figure 7. Molecular structure of 6b. Selected bond lengths
(Å) and angles (deg): Co(1)-Co(2) 2.4478(11), Rh(1)-Co(2)
2.6583(9), Rh(1)-Co(1) 2.6197(9), Rh(1)-Se(1) 2.4271(8),
Rh(1)-Se(2) 2.4159(8), Co(2)-Se(1) 2.3452(10), Co(1)-Se(2)
2.3754(10), Co(1)-C(5) 1.904(5), Co(2)-C(5) 1.903(6), Co(2)-
C(7) 1.814(6), Co(2)-C(6) 1.784(6), Co(1)-C(3) 1.796(6),
Co(1)-C(4) 1.777(6); Co(1)-Rh(1)-Co(2) 55.26(2), Co(2)-
Rh(1)-Se(1) 54.70(3), Co(1)-Rh(1)-Se(2) 56.12(2), Se(1)-
Rh(1)-Se(2) 92.13(2), Rh(1)-Co(2)-Co(1) 61.57(3), Rh(1)-
Co(1)-Co(2) 63.17(3), Co(1)-Co(2)-C(5) 49.99(16), Co(2)-
Co(1)-C(5) 49.98(17), Co(1)-C(5)-Co(2) 80.0(2), Rh(1)-
Se(1)-Co(2) 67.68(2), Rh(1)-Se(2)-Co(1) 66.28(2), C(6)-
Co(2)-C(7) 96.5(3), C(3)-Co(1)-C(4) 96.3(3).
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(500 MHz, CDCl3, δ/ppm): 1.86(s, 30H, CH3). IR (KBr disk):
ν ) 2957, 2910 cm-1 (C-H); ν ) 2581 cm-1 (B-H). The
component in the third band was eluted with CH2Cl2/hexane
(1:2). Recrystallization from CH2Cl2/hexane at -18 °C gave
violet crystals of 4 (96 mg, 49%). Anal. Calcd for C17H37B20-
Cl2O2RhS4W: C, 20.91; H, 3.82. Found: C, 21.40; H, 3.84. 1H
NMR (500 MHz, CDCl3, δ/ppm): 1.99(s, 15H, CH3). 13C NMR
(125 MHz, CDCl3, δ/ppm): 8.33(s, CH3), 79.40(s, CS), 91.26(s,
CS), 100.48(d, C5(CH3)5, 1JC-Rh ) 6.00 Hz), 218.75(s, CO). 11B
NMR (160 MHz, CDCl3, δ/ppm): -4.15(2B), -7.65(2B),
-8.91(2B), -11.51(4B). IR (KBr disk): ν ) 2962, 2922 cm-1

(C-H), ν ) 2593 cm-1 (B-H); ν )1988, 1925 cm-1 (CO).
Synthesis of Cp*Rh(CO)[Se2C2(B10H10)]W(CO)5 (5) and

{Cp*Rh[Se2C2(B10H10)]}2W(CO)2 (2b). BF3‚OEt2 (0.15 mL,
47%, 0.5 mmol) was added to a 100 mL Schlenk tube contain-
ing 1b (0.109 g, 0.20 mmol) and W(CO)3(py)3 (76 mg, 0.15
mmol) in diethyl ether (40 mL). The deep green suspension
was stirred for 3 days at room temperature and gradually
changed to red. The solvent was then evaporated to dryness
under vacuum, and components of the residue were separated
by column chromatography on silica with CH2Cl2/hexane (1:
3) as eluent. The compound in the first zone was recrystallized
from hexane to give 93 mg (52%) of orange crystals of 5. Anal.
Calcd for C18H25B10O6RhSe2W: C, 24.27; H, 2.81. Found: C,
23.92; H, 2.77. 1H NMR (500 MHz, CDCl3, δ/ppm): 1.94(s, 15H,
CH3). 13C NMR (125 MHz, CDCl3, δ/ppm): 9.86(s, CH3),
68.53(s, CSe), 101.79(d, C5(CH3)5, 1JC-Rh ) 5.50 Hz), 197.67(s,
Rh-CO), 210.21(s, W-CO). 11B NMR (160 MHz, CDCl3, δ/ppm):
-4.38(2B), -7.84(2B), -8.90(2B), -11.18(4B). IR (KBr disk):
ν ) 2923, 2853 cm-1 (C-H); ν ) 2579 cm-1 (B-H); ν ) 2028,
1960, 1916.8, 1887.7 cm-1 (CO). The compound in the second
zone was recrystallized from CH2Cl2 to give 30 mg (23%) of
red crystals of 2b. Anal. Calcd for C26H50B20O2Rh2Se4W: C,
23.70; H, 3.80. Found: C, 23.54; H, 3.92. 1H NMR (500 MHz,
CDCl3, δ/ppm): 1.85(s, 30H, CH3). 13C NMR (125 MHz, CDCl3,
δ/ppm): 9.60(s, CH3), 71.64(s, CSe), 101.72(d, C5(CH3)5, 1JC-Rh

) 6.67 Hz). 11B NMR (160 MHz, CDCl3, δ/ppm): -4.46(2B),
-7.57(2B), -8.86(2B), -10.65(4B). IR (KBr disk): ν ) 2959,
2908 cm-1 (C-H); ν ) 2573 cm-1 (B-H); ν ) 1879, 1817 cm-1

(CO).
Synthesis of {Cp*Rh[E2C2(B10H10)]}[Co2(CO)5] [E ) S

(6a), Se (6b)]. To a solution of either 1a (89 mg, 0.2 mmol) or
1b (109 mg, 0.2 mmol) in toluene (30 mL) were added Co2(CO)8

(0.2 mmol, 68 mg) and Me3NO (0.6 mmol, 45 mg). The color of
the solution changed immediately from green to dark red. After
stirring for 3 h, the solvent was evaporated under reduced
pressure. The residue was redissolved in 5 mL of toluene and
chromatographed on silica gel. Elution with toluene/hexane
(1:5) gave a dark red zone, which contained 6a (111 mg, 79%)
or 6b (131 mg, 82%), respectively. Crystals of 6a,b were
obtained from toluene/hexane (1:1). Complex 6a: Anal. Calcd
for C17H25B10Co2O5RhS2: C, 29.07; H, 3.59. Found: C, 29.16;
H, 3.56. 1H NMR (500 MHz, CDCl3, δ/ppm): 1.87(s, 30H, CH3).
13C NMR (125 MHz, CDCl3, δ/ppm): 10.33(s, CH3), 98.52(s,
CS), 106.56(s, C5(CH3)5), 186.36(s, CO). 11B NMR (160 MHz,
CDCl3, δ/ppm): -2.25, -3.17, -5.71, -7.53, -8.87, -12.67,
-14.96. IR (KBr disk): ν ) 2958, 2914 cm-1 (C-H); ν ) 2590
cm-1 (B-H); ν ) 2055, 2033, 2017, 1989, 1812 cm-1 (CO).
Complex 6b: Anal. Calcd for C17H25B10Co2O5RhSe2: C, 25.65;
H, 3.16. Found: C, 25.68; H, 3.12. 1H NMR (500 MHz, CDCl3,
δ/ppm): 1.92(s, 30H, CH3). 13C NMR (125 MHz, CDCl3,
δ/ppm): 9.97(s, CH3), 67.85(s, CSe), 105.72(s, C5(CH3)5),
186.04(s, CO). 11B NMR (160 MHz, CDCl3, δ/ppm): -2.65,
-3.47, -5.88, -7.82, -8.87, -13.96, -15.13. IR (KBr disk): ν
) 2960, 2910, 2831 cm-1 (C-H); ν ) 2585 cm-1 (B-H); ν )
2585 cm-1 (B-H); ν ) 2051, 2029, 2013, 1985, 1809 cm-1 (CO).

X-ray Data Collection, Structure Determination, and
Refinement. Suitable single crystals of complexes 2a-6b
were sealed under nitrogen in Lindemann glass capillaries for
X-ray strucrtural analysis. Diffraction data were collected on
a Bruker SMART Apex CCD diffractometer using graphite-
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monochromated Mo KR (λ ) 0.71073 Å) radiation. During the
intensity data collection, no significant decay was observed.
The intensities were corrected for Lorentz-polarization effects
and empirical absorption with the SADABS program.22 The
structures were solved by direct methods using the SHELXL-
97 program.23 All non-hydrogen atoms were found from the
difference Fourier syntheses. The H atoms were included in
calculated positions with isotropic thermal parameters related
to those of the supporting carbon atoms but were not included
in the refinement. All calculations were performed using the

Bruker Smart program. A summary of the crystallographic
data and selected experimental information are given in
Table 1.
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