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Treatment of the electronically unsaturated cluster Os3(CO)8(µ3-η2-Ph2PCH2P(Ph)C6H4)-
(µ-H) (1) with benzothiophene in refluxing m-xylene afforded Os3(CO)7(µ-PPh2)(µ-PMePh)-
(µ3-η2-C6H4) (2), Os3(CO)7(µ3-η2-PPh(C6H4)CH2PPh)(µ3-η3-SC8H5)(µ-H) (3), and Os3(CO)8(µ-
CO)(µ3-η2-PPh(C6H4)CH2PPh) (4). Thermolysis of 1 in refluxing toluene for 35 h afforded
only 4, whereas in refluxing m-xylene it gave both 4 and 2. Compound 4 can also be obtained
from the thermolysis of Os3(CO)9(µ3-η2-PPh(C6H4)CH2PPh2)(µ-H) (5) in refluxing toluene.
All the complexes have been structurally characterized. Compound 3 contains a unique
example of a µ3-η2 benzothienyl ligand coordinated through the sulfur atom and the C-C
double bond of the five-membered ring in a σ,π vinyl fashion. This coordination mode results
in the rupture of one osmium-osmium bond, whereas the basic triangular metal framework
is retained in the case of 2 and 4, which are derived from the activation of P-C and C-H
bonds of 1 and do not contain any benzothiophene-derived ligand.

Introduction

Hydrodesulfurization (HDS) is a heterogeneous reac-
tion of major importance for both industrial and envi-
ronmental reasons and is performed on a massive scale
for the removal of sulfur from organosulfur compounds
in petroleum-based feedstocks.1,2 The sulfur-containing
molecule benzothiophene is of special interest because
its alkylated derivatives are more difficult to desulfurize
than thiophene itself,3 and thiophene, benzothiophene,
and dibenzothiophene are common sulfur-containing
contaminants in oil feedstocks.1f A variety of organo-
metallic systems have been studied as models for the
homogeneous HDS of thiophene.4-9 Stone and co-
workers6,7a,b were the first to demonstrate the reactivity

of organometallic clusters with thiophenic molecules,
such as thiophene and benzothiophene, to produce ring-
opened or desulfurized thiophene-containing transition
metal complexes. The first homogeneous example of
metal-assisted opening and hydrogenation of benzo-
thiophene was reported by Rauchfuss et al.,8 who
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demonstrated its reaction with Fe3(CO)12 to obtain the
benzothioferrole compound Fe2(CO)6(µ-C8H6S), which
was hydrogenated subsequently to give ethylbenzene.
Osmium and ruthenium clusters with sulfur-containing
ligands in different binding sites and coordination
geometries have been synthesized in an effort to model
the early stages of the hydrodesulfurization process.
Ru3(CO)12 has been reported to react with thiophene and
benzothiophene to afford both ring-opened and desul-
furized thiophene-containing complexes.10-13 For in-
stance, Ru3(CO)12 reacts with benzothiophene in reflux-
ing THF to produce the three complexes Ru3(CO)8(µ-
C8H6), Ru2(CO)6(µ-C8H6S), and Ru2(CO)6(µ-C8H6), all of
which contain ring-opened or desulfurized benzo-
thiophene ligands.10a Recently, Garcı́a et al. have dem-
onstrated that Ru3(CO)12 reacts with dibenzothiophene
at 98 °C to give the dinuclear complex Ru2(C12H8)(µ-
CO)(CO)5, by a double C-S bond activation-desul-
furization process.7d The lightly stabilized osmium
cluster Os3(CO)l0(MeCN)2 reacts with thiophenes and
benzothiophenes to give a series of Os-thiophene com-
plexes in which the thiophene has undergone bond
cleavage to give C-S and C-H bond-activated products.
For example, Os3(CO)l0(MeCN)2 reacts with benzo-
thiophene at ambient temperature to give Os3(CO)10(µ-
C8H5S)(µ-H) and Os3(CO)9(µ3-C8H4S)(µ-H)2, whereas at
elevated temperature (80 °C) an additional ring-cleaved
complex, Os3(CO)10(µ-C8H6S), is also obtained.10b,13

In recent years, we have been exploring the chemistry
of the unsaturated triosmium cluster Os3(CO)8(µ3-η2-
Ph2PCH2P(Ph)C6H4)(µ-H) (1) not only because of its
unusual reactivity to give many interesting molecules
but also because of the ability of the diphosphine ligand
to keep the metal cluster fragment intact during chemi-
cal reactions.14-19 However, there are examples in which
diphosphine ligands can also undergo C-H and P-C
bond cleavage, forming M-H, M-P, and M-C bonds.20,21

These types of P-C and C-H bond cleavage reactions
represent one of the major deactivation pathways for
phosphine complexes used as homogeneous catalysis.22

In related studies, we have observed that the reaction

of Ru3(CO)12 with benzothienyldiphenylphosphine at
elevated temperatures leads not only to C-H and C-P
bond activation but also, and more importantly, to C-S
bond activation/rupture.23 Following the above observa-
tions we were prompted to investigate the reactivity of
1 with benzothiophene, and the results are described
in the present paper.

Results and Discussion

Reaction of 1 with benzothiophene in refluxing m-
xylene for 4 h resulted in the isolation of three tri-
osmium compounds, Os3(CO)7(µ-PPh2)(µ-PMePh)(µ3-η2-
C6H4) (2), Os3(CO)7(µ3-η2-PPh(C6H4)CH2PPh)(µ3-η3-
SC8H5)(µ-H) (3), and Os3(CO)8(µ-CO)(µ3-η2-PPh(C6H4)CH2-
PPh) (4) in 8, 15, and 20% yields (Scheme 1).

Compounds 2-4 have been characterized by a com-
bination of spectroscopic data and single-crystal X-ray
diffraction studies. The molecular structure of 2 is
shown in Figure 1, crystal data are given in Table 1,
and selected bond distances and angles are listed in the
caption. The molecule consists of a triangular cluster
of osmium atoms with three distinctly different Os-Os
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Scheme 1

Figure 1. Molecular structure of 2. Thermal ellipsoids are
drawn at the 50% probability level. Selected bond distance
and angles: Os(1)-Os(3) ) 2.7480(3), Os(1)-Os(2) )
2.7890(3), Os(2)-Os(3) ) 2.9373(3), Os(1)-P(1) ) 2.2786(14),
Os(2)-P(2) ) 2.3259(15), Os(2)-P(1) ) 2.3587(14), Os(3)-
P(2) ) 2.3828(15), Os(1)-C(27) ) 2.365(6), Os(1)-C(28) )
2.316(6), Os(2)-C(27) ) 2.150(5), Os(3)-C(28) ) 2.139(6),
C(27)-C(28) ) 1.427(8), Os(3)-Os(1)-Os(2) ) 64.071(8),
Os(1)-Os(2)-Os(3) ) 57.287(7), Os(1)-Os(3)-Os(2) )
58.642(7), C(8)-P(2)-Os(2) ) 120.4(2), C(8)-P(2)-Os(3)
) 118.3(2), Os(2)-P(2)-Os(3) ) 77.18(5), Os(1)-P(1)-
Os(2) ) 73.92(4), Os(2)-C(27)-Os(1) ) 76.13(17), Os(3)-
C(28)-Os(1) ) 76.06(18).
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edges (Os(1)-Os(2) ) 2.7890(3) Å, Os(1)-Os(3) )
2.7480(3) Å, Os(2)-Os(3) ) 2.9373(3) Å), the longer one
being associated with a bridging methylphenyl phos-
phido group as well as a C4H4 moiety, while the shortest
edge is bridged by the diphenylphosphido group. As
expected, the σ-bonds between osmium atoms and the
benzyne moiety (Os(2)-C(27) ) 2.150(5) Å and Os(3)-
C(28) ) 2.139(6) Å) are significantly shorter than the
two π-bonds (Os(1)-C(27) ) 2.365(6) Å and Os(1)-C(28)
) 2.3165(6) Å). These Os-C bond distances are similar
to those observed in Os3(CO)9(µ3-η2-C6H4)24 and Os3(CO)8-
(µ-SbPh2)(µ3-η2-C6H4)(µ-H).25 The C(27)-C(28) bond
distance of 1.427(8) Å in the phenylene ligand is also
indicative of a µ3-η2 bonding mode and loss of aroma-
ticity of the ring.25 The two phosphido groups lie in the
same plane of the Os3 triangle and the Os-P bond
distances are close to the values found in other related
phosphido-bridged triosmium clusters.26 The two Os-
P-Os angles 73.92(4)° and 77.18(5)° are nearly the same
and comparable to those reported for the phosphido-
bridged Os-Os edges in Os3(CO)6(µ-dppm)(µ-PPh2)2(µ-
H)2.26a A striking feature of 2 is the occurrence of one
diphenylphosphido, one methylphenylphosphido, and a
benzyne moiety, which can only come from the
Ph2PCH2P(Ph)C6H4 ligand in 1. The spectroscopic data
of 2 in solution are consistent with the solid-state

structure. The 31P{1H} NMR spectrum of 2 shows two
doublets at δ 181.1 and 131.1 with a P-P coupling
constant of 105.0 Hz, supporting the presence of non-
equivalent bridging phosphido ligands, and as expected,
the 31P chemical shifts of the µ-PR2 groups are well
downfield of 85% H3PO4.26

The molecular structure of 3 is depicted in Figure 2,
crystal data are given in Table 1, and selected bond
distances and angles are listed in the caption. The
molecule consists of an open cluster of three osmium
atoms with seven linear terminal carbonyl ligands.
There are only two metal-metal bonds, Os(1)-Os(2) )
3.0901(4) Å and Os(2)-Os(3) ) 2.8604(4) Å. Os(1) and
Os(2) are ligated by two CO groups, whereas Os(3) is
attached to three CO ligands. An intriguing structural
feature of 3 is that the µ3-η3-benzothienyl ligand is
coordinated through the sulfur atom and the C-C
double bond in the five-membered ring in a σ,π-
coordination mode. The previously reported compound
Os3(CO)10(µ-C8H5S)(µ-H) contains a µ2-η2 (σ,π-vinyl)
benzothienyl ligand, but compound 3 appears to be the
first example of an S-coordinated µ3-η3-benzothienyl
ligand. The metal-carbon σ-bonding distance, Os(3)-
C(34) ) 2.0708(8) Å, and π-bonding distances, Os(2)-
C(34) ) 2. 259(7) Å and Os(2)-C(33) ) 2.326(8) Å are
significantly shorter than those of the corresponding
distances in Os3(CO)10(µ-C8H5S)(µ-H) (2.14(1), 2.481(1),
and 2.41(1)(1) Å, respectively).13 In contrast to Os3(CO)10-
(µ-C8H5S)(µ-H),13 where the sulfur points away from the
Os(CO)4 grouping, the coordination of the sulfur atom
in 3 requires the sulfur to be oriented syn to the third
metal atom. This syn orientation is also adopted by most
σ,π-vinyl complexes.28 The Os(1)-S(1) bond distance of

(23) King, J. D.; Davies, J. E.; Johansson, M. H.; Johnson, B. F. G.;
Nordlander, E. Unpublished results.
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Soc., Dalton Trans. 1998, 1097. (b) Patel, V. D.; Cherkas, A. A.;
Nucciarone, D.; Taylor, N. J.; Carty, A. J. Organometallics 1985, 4,
1792. (27) Mott, G. N.; Carty, A. J. Inorg. Chem. 1983, 22, 2786.

Table 1. Crystallographic Data and Structure Refinementa for 2, 3, and 4
2‚CH2Cl2 3 4

formula C33Cl2H24O7Os3P2. C34H21O7Os3P2S C28H16O9Os3P2
fw 1235.96 1206.11 1128.95
cryst syst triclinic orthorhombic monoclinic
space group P1h Pbca P2(1)/c
a, Å 9.4478(2) 17.8889(3) 10.6868(6)
b, Å 12. 1148(2) 16.9945(3) 11.9802(7)
c, Å 17.3097(3) 22.0581(5) 23.3066(14)
R, deg 72.1513(7) 90 90
â, deg 78.4997(8) 90 91.099(1)
γ, deg 71.8927(8) 90 90
V, Å3 1780.58(6) 6705.9(2) 2983.4(4)
Z 2 8 4
Dcalc, mg m-3 2.305 2.389 2.513
µ(Mo KR), mm-1 10.963 11.546 12.904
F(000) 1140 4440 2056
cryst size, mm 0.25 × 0.22 × 0.20 0.15 × 0.10 × 0.08 0.44 × 0.16 × 0.16
θ range, deg 2.97 to 27.50 2.93 to 27.49 1.75 to 28.32
limiting indices -12 e h e 12 -23 e h e 23 -13 e h e 14

-15 e k e 15 -21 e k e 22 -15 e k e 15
-22 e l e 22 -28 e l e 28 -31 e l e 26

no. of reflns collected 28 941 30 766 20 340
no. of indep reflns 8117 [R(int) ) 0.1045] 7654 [R(int) ) 0.983] 7332 [R(int) ) 0.0284]
max. and min. transmn 0.2178 and 0.1703 0.4586 and 0.2763 0.2319 and 0.0700
no. of data/ restraints/params 811/0/425 7654/0/424 7332/0/379
goodness-of-fit on F2 1.041 1.007 1.062
final R indices [I>2σ(I)] R1 ) 0.0358 R1 ) 0.0442 R1 ) 0.0276

wR2 ) 0.0867 wR2 ) 0.0877 wR2 ) 0.0667
R indices (all data) R1 ) 0.0432 R1 ) 0.0740 R1 ) 0.0313

wR2 ) 0.0904 wR2 ) 0.0969 wR2 ) 0.0683
largest diff peak and hole, e Å-3 1.883 and -2.951 1.958 and -2.018 3.265 and -1.663

a Details in common: X-radiation, Mo KR (λ ) 0.71073 Å), temperature (K) 150(2) except 4, refinement method: full-matrix least-
squares on F2.
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2.435(2) Å is typical of the osmium-sulfur bond dis-
tances found in Os3(CO)10(µ-SC8H6)(µ-Br) (2.411(5) Å)
and Os3(CO)10(µ-SCH2CH2CH2CH2-)(µ-Br) (2.37(1) Å).12

The benzothienyl ligand forms two bonds to two
osmium atoms through C(33) and C(34) of the thiophene
ring. As a result, the C(32)-C(33) and C(33)-C(34) bond
distances (1.467(12) and 1.429(11) Å, respectively) of the
thiophene ring are significantly elongated compared to
the average CdC bond distance (av 1.376 Å) in the
benzene ring. This elongation of the bond lengths is
most probably due to some loss of aromaticity produced
by the bonding to the metal center.

The µ3-η2-PPh(C6H4)CH2PPh ligand is bonded to three
osmium atoms through P(1), P(2), and C(13) atoms
(Os(2)-P(1) ) 2.319(2) Å, Os(1)-P(2) ) 2.440(2) Å,
Os(3)-P(2) ) 2.422(2) Å, and Os(1)-C(13) ) 2.141(8)
Å), leading to three five-membered metallacycles, Os(2)-
P(1)-C(20)-P(2)-Os(1), Os(2)-P(1)-C(8)-C(13)-Os(1),
and Os(2)-P(1)-C(20)-P(2)-Os(3). The terminal Os-P
bond distance is significantly shorter than the Os-P-
Os bridging bonds. Compound 3 contains a bridging
hydride ligand, δ -16.32. It was crystallographically
located (not refined) across the Os(1)-Os(2) edge. The
Os(1)-Os(2) bond distance of 3.0901(4) Å is significantly
longer than the unbridged Os(2)-Os(3) bond distance
of 2.8604(4) Å. This elongation of the Os(1)-Os(2) bond
is a consequence of the location of the bridging hydride
along this edge. The benzothienyl ligand serves as a six-
electron donor and the PPh(C6H4)CH2PPh ligand do-
nates five electrons; thus, cluster 3 has a total of 50
valence electrons, and in order for each of the metal
atoms to have an 18-electron configuration there can

be no more than two metal-metal bonds between the
three metal atoms.

The molecular structure of 4 is shown in Figure 3,
crystal data are given in Table 1, and selected bond
distances and angles are given in the caption. The
molecule consists of a triangular cluster of osmium
atoms with a triply bridging PPh(C6H4)CH2PPh ligand
and eight terminal and one weak semibridging CO
ligand. Os(2) and Os(3) are ligated by three CO ligands,
while Os(1) is attached to only two CO ligands. The
Os(1)-Os(3) edge of the triangle is asymmetrically
bridged by a CO group (Os(1)-C(2) ) 1.935(5) Å and
Os(3)-C(2) ) 2.68(2) Å). The tridentate phosphine
ligand sits upon the Os3(CO)9 fragment so that atom
Os(2) is bonded to the P(1) atom, Os(1) is bonded to the
P(2) atom, and this P atom, along with atom(16) of the
C6H4 fragment, completes the coordination about Os(3).
The capping bonding mode of the diphosphine fragment
PPh(C6H4)CH2PPh above the Os3 plane forces the P(1)
atom to be axially oriented along with an axial phenyl
group. The Os(2)-Os(3) bond distance of 2.8254(3) Å is
significantly shorter than the remaining two Os-Os
bonds (Os(1)-Os(3) ) 2.9302(3) Å, Os(1)-Os(2) )
2.8827(3) Å). The Os-P bond distances are comparable
to those in 3. Compound 4 is structurally similar to that
of Ru3(CO)9(µ3-η2-PPh(C6H4)CH2PPh), which was syn-
thesized from the thermolysis of Ru3(CO)10(µ-dppm) at
80 °C.29 The infrared spectrum of 4 in the terminal CO
region is similar to that of the ruthenium analogue
Ru3(CO)8(µ-CO)(µ3-η2-PPh(C6H4)CH2PPh), but it also
exhibits a lower energy absorption band at 1869 cm-1,
which can be attributed to the semibridging CO ligand.

(28) Lugan, N.; Bonnet, J. J.; Ibers, J. A. J. Am. Chem. Soc. 1985,
107, 4484.
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Inorg. Chem. Commun. 1999, 2, 128.

Figure 2. Molecular structure of 3. Thermal ellipsoids are
drawn at the 50% probability level. Selected bond distance
and angles: Os(1)-Os(2) ) 3.0901(4), Os(2)-Os(3) )
2.8604(4), Os(1)-S(1) ) 2.435(2), Os(2)-C(34) ) 2.259(7),
Os(2)-C(33) ) 2.326(8), Os(3)-C(34) ) 2.070(8), Os(2)-
P(1) ) 2.319(2), Os(3)-P(2) ) 2.422(2), Os(1)-P(2) )
2.440(2), Os(1)-C(13) ) 2.141(8), C(32)-C(33) ) 1.467(12),
C(33)-C(34) ) 1.429(11), Os(3)-Os(2)-Os(1) ) 84.197(12),
Os(3)-C(34)-Os(2) ) 82.6(3), P(2)-Os(1)-Os(2) ) 68.46(5),
S(1)-Os(1)-P(2) ) 85.03(7), S(1)-Os(1)-Os(2) ) 75.12(5),
P(1)-Os(2)-Os(1) ) 74.90(5), P(2)-Os(3)-Os(2) ) 72.87(5),
P(2)-C(20)-P(1) ) 101.1(4), P(1)-Os(2)-C(33) ) 163.5(2),
Os(3)-P(2)-Os(1) ) 110.45(8), S(1)-C(34)-Os(3) ) 121.9(4),
S(1)-C(34)-Os(2) ) 113.7(4).

Figure 3. Molecular structure of 4. Thermal ellipsoids are
drawn at the 50% probability level. Selected bond distance
and angles: Os(1)-Os(3) ) 2.9302(3), Os(1)-Os(2) )
2.8827(3), Os(2)-Os(3) ) 2.8254(3), Os(2)-P(1) ) 2.3775(11),
Os(3)-P(2) ) 2.3302(12), Os(1)-P(2) ) 2.3734(12), C(2)-
Os(1) ) 1.935(5), C(2) - Os(3) ) 2.68(2), C(16)-Os(1) )
2.192(5), C(11)-C(16) ) 1.411(6), C(11)-P(1) ) 1.811(5),
C(10)-P(1) ) 1.814(5), C(10)-P(2) ) 1.820(4), Os(3)-
Os(2)-Os(1) ) 61.763(7), Os(2)-Os(1)-Os(3) ) 58.156(6),
Os(2)-Os(3)-Os(1) ) 60.081(6), Os(3)-P(2)-Os(1) )
77.25(4).
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In addition to the phenyl proton resonances at δ 8.11,
7.80, 7.51, and 7.40, the 1H NMR spectrum of 4 contains
four well-separated equal intensity multiplets at δ 7.10,
6.82, 6.61, 6.12, and 3.56, characteristic of orthometa-
lated phenyl protons. The aliphatic region of the spec-
trum contains two multiplets at δ 3.56 and 4.75 due to
the diastereotopic methylene protons of the orthometa-
lated ligand. As expected, the 31P{1H} NMR spectrum
shows two doublets at δ 29.52 and -32.62 (J ) 24.73
Hz) for the two magnetically nonequivalent 31P nuclei.

It has been demonstrated that the unsaturated com-
pound 1 reacts only sluggishly with benzothiophene at
139 °C to give (µ-H)Os3(CO)7(µ3-η2-PPh(C6H4)CH2PPh)-
(µ3-η3-SC8H5)(µ-H) (3), containing a novel S-coordinated
µ3-η3-benzothienyl ligand and the mixed phosphido-
bridged compound Os3(CO)7(µ-PPh2)(µ-PMePh))(µ3-η2-
C6H4) (2) and the tridentate diphosphine compound
Os3(CO)8(µ-CO)(µ3-η2-PPh(C6H4)CH2PPh) (4). Thermol-
ysis of 1 in refluxing toluene for 40 h afforded only 4,
whereas in refluxing m-xylene it gave both 4 and 2,
which are believed to be formed from 1 by independent
pathways. Compound 2 is most probably formed from
the cleavage of the P-C bonds of the Ph2PCH2P(Ph)-
C6H4 ligand in 1 into three fragments, PPh2, C6H4, and
PCH2Ph, which are retained separately as ligands. Most
probably the metal-bound hydride combines with the
latter to form the mixed phosphido ligand, PCH3Ph.
Although the formation of µ-PPh2 and CH2PPh2 by the
cleavage of the P-C bond of dppm in Ru3(CO)10(µ-η2-
dppm) is known,30 the formation of µ2-PPh2, µ-PMePh,
and µ3-C6H4 at a triosmium center from the scission of
a diphosphine moiety is unprecedented and the forma-
tion of 3 is unique. Compound 4 may be considered as
being derived from 1 by the intermediate formation of
(µ-H)Os3(CO)9(µ3-η2-PPh(C6H4)CH2PPh2) (5), which in
turn was formed from the reaction of 1 with CO (CO
probably comes from nonspecific decomposition of 1)
followed by oxidative cleavage of a P-C bond and
reductive elimination of benzene via H transfer. In
support of this, we have demonstrated that thermolysis
of 5 at 110 °C gave exclusively 4 in moderate yield.
Taken together, these results show that although the
dppm ligand does appear to hold the Os triangle
together, its steric bulk, or perhaps its stronger electron
donation to the cluster, impedes the reaction with
benzothiophene, the major products being the further
reaction of dppm with the cluster. The electronic effect
could dominate if the reaction rate is controlled only by
CO dissociation, which might be slower at a more
electron rich cluster, where back-bonding would be
expected to strengthen the metal-carbonyl bonds. On
the other hand, the bulk of the dppm could impede
access of the heterocycle to the CO dissociated sites. In
refluxing xylene one would expect CO dissociation to
be rapid even in a diphosphine complex.31 The one
thiophene-containing compound obtained reveals what
may be an important type of intermediate, 3, in the
early stages of HDS (i.e., coordination of S prior to S-C
cleavage). Its isolation is probably due to the paucity of
available coordination sites usually obtainable by CO

dissociation and brought about by the bulky, less
dissociable dppm.

Experimental Section

General Comments. All the reactions were performed
under a nitrogen atmosphere using standard Schlenk tech-
niques. Solvents were dried and distilled prior to use by
standard methods. Benzothiophene was purchased from Ald-
rich chemical Company, Inc. The starting clusters Os3(CO)8-
(µ3-η2-Ph2PCH2P(Ph)C6H4)(µ-H) (1) and (µ-H)Os3(CO)9(µ3-η2-
PPh(C6H4)CH2PPh2) (5) were prepared according to the
literature method.32 Infrared spectra were recorded on a
Shimadzu FT-IR 8101 spectrophotometer. 1H and 31P{1H}
NMR spectra were recorded on Varian Unity Plus 400 and
Bruker DPX 400 spectrometers. Chemical shifts for the
31P{1H} NMR spectra are relative to 85% H3PO4. Fast atom
bombardment mass spectra were obtained on a JEOL SX-102
spectrometer using 3-nitrobenzyl alcohol as matrix and CsI
as calibrant.

Reaction of Os3(CO)8(µ3-η2-Ph2PCH2P(Ph)C6H4)(µ-H)
(1) with Benzothiophene. A m-xylene solution (25 mL) of 1
(0.100 g, 0.085 mmol) and benzothiophene (0.064 g, 0.477
mmol) was refluxed for 4 h. The solvent was removed under
reduced pressure, and the residue was chromatographed by
TLC on silica gel. Elution with cyclohexane/CH2Cl2 (4:1, v/v)
developed three bands. The first band gave Os3(CO)7(µ-PPh2)-
(µ-PMePh)(µ3-η2-C6H4), (2)‚CH2Cl2 (0.008 g, 8%), as red crystals
after recrystallization from hexane/CH2Cl2 at -4 °C. Anal.
Calcd for C33H24O7Os3P2: C, 32.07; H, 1.96. Found: C, 32.29;
H, 2.12. IR (νCO, CH2Cl2): 2060 s, 2016 s, 1993 vs, 1968 w,
1950 w cm-1. 1H NMR (CDCl3): δ 7.37-6.24 (m, 19H), 2.21
(d, 3H, J ) 16.5 Hz). 31P{1H} NMR (CDCl3): δ 181.1 (d, J )
105.0 Hz), 131.1 (d, J ) 105.0 Hz). MS (FAB): m/z 1150. The
second band gave (µ-H)Os3(CO)7(µ3-η2-PPh(C6H4)CH2PPh)(µ3-
η3-SC8H5)(µ-H) (3) (0.015 g, 15%) as yellow crystals from
hexane/CH2Cl2. Anal. Calcd for C34H21O7Os3P2S: C, 33.85; H,
1.76. Found: C, 33.98; H, 1.98. IR (νCO, CH2Cl2): 2076 vw,
2062 s, 2031 vs, 2004 vs, 1972 s, cm-1. 1H NMR (CDCl3): δ
8.11-6.12 (m, 19H), 3.48 (m, 1H), 4.65 (m, 1H), 16.31 (dd, 1H,
J ) 8.8, 12.4 Hz). 31P{1H} (CDCl3): δ 34.8 (J ) 35.4. Hz), -28.6
(J ) 35.4 Hz). MS (FAB): m/z 1205. The third band gave
Os3(CO)8(µ-CO)(µ3-η2-PPh(C6H4)CH2PPh) (4) (0.019 g, 20%) as
red crystals after recrystallization from hexane/CH2Cl2 at -4
°C. Anal. Calcd for C28H16O9Os3P2: C, 29.79; H, 1.43. Found:
C, 29.98; H, 1.55. IR (νCO, CH2Cl2): 2076 s, 2039 vs, 2026 vs,
1999 m, 1977 w cm-1. 1H NMR (CDCl3): δ 8.11 (m, 3H), 7.80
(m, 2H), 7.51 (m, 2H), 7.40 (m, 3H), 7.10 (m, 1H) 6.82 (m, 1H),
6.61 (m, 1H) 6.12 (m, 1H), 3.56 (m, 1H), 4.75 (m, 1H). 31P{1H}
(CDCl3): δ 29.5 (J ) 24.7 Hz), -32.62 (J ) 24.7 Hz). MS
(FAB): m/z 1128 (M+).

Thermolysis of 1 in m-Xylene. A m-xylene solution (20
mL) of 1 (0.055 g, 0.047 mmol) was heated to reflux for 4 h.
The solvent was removed under reduced pressure, and the
residue was chromatographed by TLC on silica gel. Elution
with hexane/CH2Cl2 (4:1, v/v) gave two bands. The faster
moving band gave 2 (0.006 g, 10%). The slower moving band
gave 4 (0.014 g, 27%) as red crystals after recrystallization
from hexane/CH2Cl2 at 4 °C.

Thermolysis of 1 in Toluene. A toluene solution (10 mL)
of 1 (0.050 g, 0.042 mmol) was heated to reflux for 40 h. The
solvent was removed under reduced pressure, and the residue
was chromatographed as above to give 4 (0.019 g, 40%) as red
crystals.

Thermolysis of (µ-H)Os3(CO)9(µ3-η2-PPh(C6H4)CH2PPh2)
(5). In a similar thermolysis, a toluene solution (20 mL) of 5
(0.035 g, 0.029 mmol) heated for 30 h followed by similar
chromatographic separation gave 4 (0.017 g, 50%).(30) Beatty, S. T.; Bergman, B.; Rosenberg, E.; Dastru, W.; Gobetto,

R.; Milone, L.; Viale, A. J. Organomet. Chem. 2000, 226, 593-594, and
references therein.

(31) Poë, A. J.; Sekhar, V. C. Inorg. Chem. 1985, 24, 4376.
(32) Clucas, J. A.; Foster, D. F.; Harding, M. M.; Smith, A. K. J.

Chem. Soc., Chem. Commun. 1984, 949.
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X-ray Structure Determination of 2 and 3. Single
crystals of 2 and 3 suitable for X-ray diffraction were grown
by slow diffusion of hexane into a dichloromethane solution
at -4 °C. Crystallographic data were collected at 150 K, using
a FAST area detector diffractometer and Mo KR radiation (λ
) 0.71073 Å). Data collection and processing were carried out
using the programs COLLECT33 and DENZO.34 Empirical
absorption corrections were applied to the data sets using
multiple and symmetry-related data measurements via the
program SORTAV.35,36 The unit cell parameters were deter-
mined from all observed reflections in a θ range of 3-10° and
refined using the entire data set. The structures were solved
by direct methods (SHELXS-97)37 and refined on F2 by full-
matrix least-squares (SHELXL-97)38 using all unique data.
The bridging hydrides in 2 and 3 were located from a difference
map but not refined. All non-hydrogen atoms were refined
anisotropically. The hydrogen atoms were included in calcu-
lated positions (riding model) with Uiso set to 1.2 times the
Ueq of the parent atom.

X-ray Structure Analysis of 4. Suitable crystals of 4 were
coated with Paratone N oil, suspended in a small fiber loop,
and placed in a cooled nitrogen gas stream at 173 K on a
Bruker D8 SMART APEX CCD sealed tube diffractometer
with graphite-monochromated Mo KR (0.71073 Å) radiation.
A hemisphere of data was measured using a series of combina-
tions of phi and omega scans with 10 s frame exposures and
0.3 frame widths. Data collection, indexing, and initial cell
refinements were all carried out using SMART39 software.
Frame integration and final cell refinements were done using

SAINT40 software. The final cell parameters were deter-
mined from least-squares refinement on 6692 reflections. The
SADABS41 program was used to carry out absorption correc-
tions.

The structures were solved using direct methods and
difference Fourier techniques (SHELXTL, V6.12).42 Hydrogen
atoms were placed in their expected chemical position using
the HFIX command and were included in the final cycles of
least squares with isotropic Uij’s related to the atoms ridden
on. All non-hydrogen atoms were refined anisotropically.
Scattering factors and anomalous dispersion corrections are
taken from the International Tables for X-ray Crystallogra-
phy.43 Structure solution, refinement, graphics, and generation
of publication materials were performed by using SHELXTL,
V6.12 software. Additional details of data collection and
structure refinement are given in Table 1.
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