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The Ditertiary-Phosphane-Bridged Heteronuclear Cluster RuOs3(µ-H)2(CO)9-
(µ-CO)2(µ-dppm): Synthesis and Reactivity with Alkynes
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A high-yielding alternative synthesis of the dppm-bridged
heteronuclear cluster RuOs3(µ-H)2(CO)9(µ-CO)2(µ-dppm) (1)
[dppm = bis(diphenylphosphanyl)methane] has been devel-
oped. Thermolysis of 1 resulted in dephenylation of both
phosphane groups to afford the butterfly cluster RuOs3-
(CO)12(µ4,κ2:κ2-PhPCH2PPh) (2). The reaction of 1 with se-
lected alkynes afforded the products RuOs3(µ-H)(CO)8(µ-
CO)(µ3,κ2:κ1-PhPCH2PPh2)(µ3,η1:η2:η1-L) (3) (L = alkyne) in
which the alkyne is aligned parallel to an Os–Os bond

1. Introduction

Ditertiary phosphane ligands continue to play an impor-
tant role in the chemistry of transition-metal clusters be-
cause they have the ability to maintain the integrity of the
metal framework during chemical reactions, preventing
cluster fragmentation and enhancing the catalytic activity
of the ditertiary-phosphane-stabilized cluster. Several tri-
and tetranuclear ruthenium clusters containing ditertiary
phosphane ligands have been studied for their catalytic po-
tential in alkene hydrogenation and isomerization reac-
tions.[1] For these studies, the presence of the phosphane
ligand ensured that cluster nuclearity was maintained even
under severe reaction conditions. These clusters were found
to exhibit greater thermal stability and lower tendency
towards decomposition at higher pressure, clearly pointing
to the cluster-stabilizing properties of the ditertiary phos-
phane ligand. In contrast, the catalytic potential of hetero-
nuclear clusters incorporating ditertiary phosphane ligands
remains relatively unexplored. The combination of different
transition metals within the same framework in heteronuc-
lear clusters may induce novel forms of substrate activation,
thus giving rise to interesting chemistry. We have been in-
vestigating the chemistry of the hetero group 8 tetranuclear
cluster RuOs3(µ-H)2(CO)13 and its derivatives.[2] In the
course of our investigations, we have found that the cluster
fragments at elevated temperatures. Our efforts to incorpo-
rate the dppm ligand onto the cluster by TMNO (trimeth-
ylamine-N-oxide) activation have led to the isolation of

[a] Department of Chemistry, National University of Singapore,
Kent Ridge, Singapore 119260
Supporting information for this article is available on the
WWW under http://www.eurjic.org or from the author.

Eur. J. Inorg. Chem. 2007, 1585–1598 © 2007 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim 1585

(// Os-Os isomer). The clusters incorporating internal alkynes
underwent isomerization to the //Ru-Os isomer by alkyne
and hydride migration. Several other cluster products of
these reactions were also identified, including RuOs3(µ-H)-
(CO)8(µ-CO)(µ3,κ2:κ1-PhPCH2PPh2)(µ3,η1:η2:η1-tBuC2CHO)
(6) in which the methyl group of the alkyne has been oxid-
ized to an aldehyde.
(© Wiley-VCH Verlag GmbH & Co. KGaA, 69451 Weinheim,
Germany, 2007)

RuOs3(µ-H)2(CO)9(µ-CO)2(µ-dppm) (1) in moderate yield
(57%), together with other products.[3] We were interested
in further exploring the reactivity and catalytic potential of
1. In this paper, we would like to report an alternative, high-
yield, synthetic route to 1 and our investigations into its
reactions with a number of representative alkynes.

2. Results and Discussion

2.1. Synthesis and Thermal Stability of RuOs3(µ-H)2(CO)9-
(µ-CO)2(µ-dppm) (1)

The mononuclear ruthenium complex Ru(CO)4(κ1-
dppm), which can be prepared in situ by treating dppm with
Ru(CO)4(C2H4),[4] has been shown to be a versatile building
block for increasing cluster nuclearity. The pendant arm of
the ditertiary phosphane can aid the joining of the mono-
nuclear complex to the target cluster; subsequently, metal–
metal interactions can be facilitated between the two units
held in close proximity to each other.[5] Thus the addition
of Os3(µ-H)2(CO)10 to a hexane solution of Ru(CO)4(κ1-
dppm) resulted in an instantaneous color change to light
yellow. Subsequent workup afforded 1 in 82% yield; the
minor side products obtained were Ru3(CO)12 and
RuOs3(µ-H)2(CO)13 (Scheme 1).

Thermolysis of 1 in refluxing hexane afforded the novel
butterfly cluster RuOs3(CO)12(µ4,κ2:κ2-PhPCH2PPh) (2)
and the trinuclear cluster Os3(µ-H)2(CO)8(µ-dppm) in 69%
and 15% yields, respectively. The unsaturated, 46-electron
hydrido osmium cluster Os3(µ-H)2(CO)8(µ-dppm) has pre-
viously been obtained by the treatment of either Os3(µ-
H)(CO)8[Ph2PCH2PPh(C6H4)] or Os3(µ-H)2(CO)7(µ-
dppm)(µ3-CN2) with hydrogen gas at elevated tempera-
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Scheme 1.

tures.[6] The novel cluster 2 has been completely charac-
terized by spectroscopic, elemental and single-crystal X-ray
crystallographic analyses; an ORTEP plot showing the
atomic numbering scheme and selected bond parameters
are given in Figure 1.

Figure 1. ORTEP diagram (50% probability thermal ellipsoids, or-
ganic hydrogen atoms omitted). Selected bond lengths [Å] and
angles [°] for 2: Os(1)–Os(1A) = 2.9067(6), Os(1)–Ru(2) =
2.9289(6), Os(1A)–Ru(2) = 2.8236(6), P(1)–Os(1A) = 2.3591(14),
P(1)–Ru(2) = 2.3228(15); Ru(2)–Os(1)–Os(1A) = 61.456(16),
Os(1)–Os(1A)–Ru(2) = 57.875(12), Os(1A)–Ru(2)–Os(1) =
60.669(13), Ru(2)–P(1)–Os(1A) = 74.18(4). There is Ru/Os disorder
(1:1) over Ru(2) and Os(2A).

The cluster valence electron count for cluster 2 is 62,
which is in accord with that predicted by the effective
atomic number (EAN) rule for a tetranuclear cluster with
five metal–metal bonds.[7] The dihedral angle between the
two wings of the butterfly core of 2 is 150.9°. Dephen-
ylation at each phosphane of the ligand has led to phos-
phanido bridges across two metal–metal bonds. The phenyl
groups were probably lost as benzenes with the cluster-
bound hydrides.[1c,8] There is a total of twelve carbonyl
groups on the cluster, compared to eleven in cluster 1, the
additional carbonyl ligand presumably coming from other
decomposition products of the reaction.

The spectroscopic data obtained confirms that the solid-
state structure of 2 is retained in solution. The 31P{1H}
NMR spectrum comprised two sets of doublets at δ = 77.40
and –22.34 ppm. A downfield shift of the phosphorus sig-
nals relative to those observed for 1, in addition to the large
2JPP of 116.4 Hz, supported the presence of two bridging
phosphanido moieties.[9] On the basis of previous observa-
tions that a phosphanido bridge across an Os–Os bond res-
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onates at a higher field than one across a Ru–Os edge,[2b,10]

the higher-field phosphorus resonance has been assigned to
the phosphanido bridging the Os–Os bond.

2.2. Reaction of 1 with Alkynes

The reaction of 1 with the alkynes diphenylacetylene, 2-
pentyne, 4,4-dimethyl-2-pentyne, phenylacetylene, or tert-
butylacetylene, at elevated temperatures, afforded up to two
products, 3 and 4, each with the general formula RuOs3(µ-
H)(CO)8(µ-CO)(µ3,κ2:κ1-PhPCH2PPh2)(µ3,η1:η2:η1-L) [L =
PhCCPh (a), C2H5CCCH3 (b), tBuCCCH3 (c) for 3 and 4;
PhCCH (d), tBuCCH (e) for 3 (products 4d and 4c were
not obtained)], as well as some other minor products in
some cases (Scheme 2).

Clusters 3 and 4 are isomers differing in whether the
µ3,η1:η2:η1-bonded alkyne is parallel to an Os–Os edge
(// Os-Os isomer, 3), or to an Ru–Os edge (// Ru-Os isomer,
4). Clusters 3 and 4 are also of interest because, in general,
tetranuclear clusters tend to form butterfly clusters on reac-
tion with alkynes, i.e., cleavage of a metal–metal bond is
common.[11] Thus there are rarely examples in which the
tetrahedral core is retained.[2g,12] In the formation of these
clusters, dephenylation of one of the phosphane groups of
the dppm ligand has occurred. Clusters 3 and 4 have been
characterized spectroscopically and analytically, and for 3a–
e and 4a–b, by single-crystal X-ray crystallographic studies
as well; the ORTEP plots for 3b and 4b are shown in Fig-
ure 2 and Figure 3, respectively.

2.3. Structural Discussion on 3 and 4

Selected bond parameters and a common atomic num-
bering scheme for clusters 3a–e are given in Table 1.

The metal core in clusters 3 adopts a closed tetrahedral
geometry, with a valence electron count of 60, as predicted
by the EAN rule.[7] The five-electron donor PhPCH2PPh2

phosphanido-phosphane ligand caps the Os(1)–Os(2)–
Ru(4) triangular metal face of the tetrahedron, the phos-
phanido group adopting an asymmetrical bridging mode in
which the Os(2)–P(2) bond is significantly shorter than the
Ru(4)–P(2) bond. C–C bond elongation of the coordinated
alkynes is observed, with lengths ranging from 1.366(14) to
1.426(12) Å, which are in the ranges of carbon–carbon sp2–
sp2 double and single bonds (1.32 and 1.48 Å, respec-
tively).[13] In principle, for such unsymmetrical alkynes,
there is the possibility of alkyne isomerism, i.e., the forma-
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Scheme 2.

Figure 2. ORTEP diagram (50% probability thermal ellipsoids, or-
ganic hydrogen atoms omitted) for 3b.

tion of isomers which differ in the orientation of the substit-
uents on the alkyne with respect to the phosphanido
bridge.[14] The stereoselectivity in 3 may be rationalized by
the steric interaction between the phosphane ligand and the
bulkier substituent on the alkyne moiety.

The metal–metal bond lengths for 3 show some fairly
clear trends. The longest metal–metal contact in the tetrahe-
dral core is in the triangular metal face capped by the phos-
phanido-phosphane moiety; the lengthening of the Os(1)–
Os(2) vector is likely to have resulted from the need to ac-
commodate the steric demands imposed by the phosphanido-
phosphane ligand. In comparison to the corresponding
distances in RuOs3(µ-PPh2)(µ-H)3(CO)11, RuOs3(µ-PPh2)2-
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Figure 3. ORTEP diagram (50% probability thermal ellipsoids, or-
ganic hydrogen atoms omitted) for 4b.

(µ-H)2(CO)10, RuOs3(µ-PPh2)2(µ-H)4(CO)9, and RuOs3(µ-
PPH2)(µ-H)3(CO)10(PPh3),[2b] the phosphanido-bridged
Os(2)–Ru(4) bond in 3 (average 2.788 Å) is shorter. One
interesting feature is that the Os(1)–Os(3) bond does not
display the usual lengthening associated with a hydride-
bridged metal–metal vector. This may be ascribed to the
presence of the alkyne ligand, which also spans the same
edge, therefore countering the normal lengthening effect.
The shortest metal–metal separation in the cluster [Os(2)–
Os(3)] is associated with the bridging carbonyl group.

A similar tabulation for 4a and 4b is given in Table 2;
attempts to grow suitable crystals of 4c proved unsuccessful.
There are two crystallographically independent molecules
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Table 1. Common atomic numbering scheme and selected bond parameters for clusters 3.

3a 3b 3c 3d 3e[a]

Bond lengths [Å]

Os(1)–Os(2) 2.9138(4) 2.9090(5) 2.8837(4) 2.9005(3) 2.8856(11)
Os(1)–Os(3) 2.8564(4) 2.8607(5) 2.8394(4) 2.8607(3) 2.8667(7)
Os(1)–Ru(4) 2.7691(6) 2.7756(8) 2.7760(5) 2.7594(4) 2.7743(7)
Os(2)–Os(3) 2.6662(4) 2.7171(5) 2.7174(4) 2.7028(3) 2.7307(11)
Os(2)–Ru(4) 2.7950(6) 2.7799(8) 2.7713(5) 2.7983(4) 2.7977(11)
Os(3)–Ru(4) 2.8631(6) 2.8060(8) 2.8045(5) 2.8268(4) 2.8237(7)
Os(1)–P(1) 2.3584(18) 2.336(2) 2.3405(17) 2.3406(14) 2.337(3)
Os(2)–P(2) 2.2472(19) 2.242(2) 2.2514(17) 2.2362(14) 2.231(3)
Ru(4)–P(2) 2.3503(18) 2.340(3) 2.3436(17) 2.3210(14) 2.326(3)
Os(2)–C(33) 2.525(8) 2.582(10) 2.575(7) 2.578(6) 2.565(16)
Os(3)–C(33) 2.004(9) 1.960(13) 1.981(7) 1.955(7) 1.948(16)
Os(1)–C(2) 2.191(7) 2.138(10) 2.168(6) 2.141(5) 2.117(13)
Os(3)–C(3) 2.080(8) 2.133(10) 2.159(6) 2.102(5) 2.12(13)
C(2)–C(3) 1.423(10) 1.386(14) 1.409(9) 1.401(7) 1.397(18)

Bond angles [°]

Os(2)–P(2)–Ru(4) 74.84(6) 74.68(7) 74.15(5) 75.74(4) 75.71(10)
Os(2)–C(33)–Os(3) 71.1(3) 72.0(3) 71.9(2) 71.7(2) 73.0(5)

[a] Disorder of ruthenium over Os(2) and Ru(4).

in the asymmetric unit of 4a; their bond parameters are
fairly similar. The crystals of both 4a and 4b exhibited dis-
order of the ruthenium atom about two alternative sites in
the metal framework. This disorder was solved with ruthe-
nium occupancies of about 0.08 and 0.92 at M(3) and M(4),
respectively, for 4a, and 0.07 and 0.93 at M(3) and M(4),
respectively, for 4b. As in 3, the phosphanido-phosphane
bridged Os(1)–Os(2) edge is the longest metal–metal bond
in the tetrahedral core, while the carbonyl-bridged Os(2)–
Os(3) bond is the shortest.

The NMR spectra of both 4a and 4b indicated the pres-
ence of two isomers in an approximately 11:1 ratio in solu-
tion. The hydride resonances for each of these isomers ap-
pear as doublets of doublets of doublets; the coupling con-
stants have been confirmed by selective decoupling experi-
ments. The splitting pattern and values of the coupling con-
stants provided further evidence that the hydride bridges
the same metal–metal edge as the phosphanido-phosphane
ligand and is found in a cisoid position relative to the two
phosphorus atoms. Both the 31P{1H} and the 1H NMR
spectra of 4c indicated that three isomers are present in an
approximately 8:1:1 ratio in solution. 31P{1H}-31P{1H}
COSY and 31P{1H}-1H HMBC experiments were carried
out to aid the elucidation of the P-P and P-H correlations,
while the coupling constants were confirmed by 1H{31P}
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selective decoupling experiments. A 2D 1H EXSY experi-
ment performed at ambient temperature indicated no chem-
ical exchange between the three isomers of 4c. The pro-
posed solution-state structures and tentative NMR assign-
ments for 4a–c are shown in Figure 4, and at least for 4a
and 4b, are consistent with the disorder observed in the
solid state.[2c–2f]

The hydride resonances for 4 were shifted upfield relative
to those for the corresponding isomer 3. This may be as-
cribed to an increase in electron density at the hydride for
4, since the hydride spans the Os(1)–Ru(4) edge, which con-
tains the bridging phosphanido-phosphane ligand and is
thus expected to be the most electron-rich metal–metal
bond.[15] The two phosphorus resonances for 4a–c are also
shifted downfield relative to 3a–c. More notably, the values
of the 2JPP coupling constants for 4a–c are almost twice
those found for 3a–c, although the P–C–P bond angle in
the two isomers do not differ significantly.

2.4. Isomerism of 3a–c to 4a–c

Thermolysis of 3a–c afforded the isomeric products 4a–
c, respectively; clusters 3d and 3e (which incorporated ter-
minal alkynes) did not exhibit isomerization under similar
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Table 2. Common atomic numbering scheme and selected bond pa-
rameters for 4a and 4b.

4a (Molecule A)[a] 4a (Molecule B)[a] 4b[b]

Bond lengths [Å]

Os(1)–Os(2) 2.9210(14) 2.9184(14) 2.9272(5)
Os(1)–Os(3) 2.7774(15) 2.7730(15) 2.7744(5)
Os(1)–Ru(4) 2.837(2) 2.843(2) 2.8360(7)
Os(2)–Os(3) 2.6114(15) 2.6290(16) 2.6281(5)
Os(2)–Ru(4) 2.821(2) 2.807(2) 2.7955(7)
Os(3)–Ru(4) 2.786(2) 2.777(2) 2.7682(7)
Os(1)–P(1) 2.384(7) 2.377(7) 2.376(2)
Os(2)–P(2) 2.338(7) 2.331(7) 2.335(2)
Ru(4)–P(2) 2.327(7) 2.325(7) 2.341(9)
Os(2)–C(33) 1.96(3) 2.00(3) 2.039(9)
Os(3)–C(33) 2.39(3) 2.36(3) 2.287(9)
Os(1)–C(2) 2.18(2) 2.21(2) 2.134(9)
Ru(4)–C(3) 2.13(3) 2.15(3) 2.111(8)
C(2)–C(3) 1.42(3) 1.42(3) 1.411(12)

Bond angles [°]

Os(2)–P(2)–Ru(4) 74.4(2) 74.2(2) 73.42(6)
Os(2)–C(33)–Os(3) 73.1(10) 73.6(9) 74.6(3)

[a] Disorder of Ru over Os(3) and Ru(4), with Ru occupancies of
8 and 92%, respectively. [b] Disorder of Ru over Os(3) and Ru(4),
with Ru occupancies of 7 and 93%, respectively.

Figure 4. Proposed solution-state structures and tentative NMR assignments for 4 (carbonyl and phenyl groups omitted).
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conditions. Clusters 3 and 4 are the kinetic and thermo-
dynamic products, respectively. It has been noticed that, in
several heterometallic clusters, the coordinated alkynes are
apparently oriented such that the π-bond is directed
towards the less electron-rich metal.[16] Likewise, in diterti-
ary-phosphane-substituted triosmium clusters incorporat-
ing hydride ligands, the hydride is observed to occupy the
most electron-rich metal–metal bond in the cluster.[15] In 4,
the Os(1) and Ru(4) metal atoms are electron-rich as a re-
sult of σ-donation from the ligating phosphanido-
phosphane moiety, which probably is the driving force for
the reorientation of the alkyne and hydride over the Os(1)–
Os(3)–Ru(4) edge.

The isomerization of 3a–c to 4a–c involves a flipping of
the alkyne ligand about the Os(1)–Os(3)–Ru(4) face, cou-
pled with hydride migration from the Os(1)–Os(3) to the
Os(1)–Ru(4) edge. It is envisaged that this dynamic process
occurs via an intermediate in which the alkyne is coordi-
nated in a µ3,η2:η2 perpendicular fashion (Scheme 3). Such
a process has been previously proposed to account for the
observed rotation of parallel-coordinated alkynes on a tri-
osmium cluster.[17] More recently, a reversed scheme termed
switchback motion has been suggested to explain the flux-
ional behavior of the triruthenium cluster [{Cp*Ru(µ-
H)}3(µ3,η2:η2-C5H6)].[18] We have monitored the isomeriza-
tion of 3c to 4c by 1H NMR spectroscopy and found that
it is a very slow process at ambient temperature. After five
months at ambient temperature, the mixture was heated in
refluxing hexane for 4 h in order to obtain the equilibrium
concentrations. The final spectrum recorded after thermoly-
sis of the mixture gave Keqm = [4c]eqm/[3c]eqm = 10.9 and
∆G = –RT lnKeqm = –5.92 kJmol–1. The half-life for the
isomerization was estimated to be ca. 77 d.
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Scheme 3.

2.5. Other Products

A number of other novel clusters were also isolated
from these reactions with alkynes, viz. RuOs3(µ-H)-
(CO)10(µ3,κ2:κ1-PhPCH2PPh2)(µ3,η1:η2:η1-tBuC2CH3) (5)
and RuOs3(µ-H)(CO)8(µ-CO)(µ3,κ2:κ1-PhPCH2PPh2)-
(µ3,η1:η2:η1-tBuC2CHO) (6) from 4,4-dimethyl-2-pentyne,
RuOs3(µ-H)2(CO)9(µ-Ph2PCH2PPh2)(µ4,η1:η2:η2:η1-
PhCCHCCHPh) (7) from phenylacetylene, and RuOs3(µ-
H)(CO)9(µ-CO)[µ3,η1:η2:κ1:κ1-(HC=CtBu)PhPCH2PPh2]
(8) from tert-butylacetylene. The characterization of all
these clusters is complete, including single-crystal X-ray dif-
fraction studies. The ORTEP plots and selected bond pa-
rameters for 5–8 are given in Figure 5, Figure 6, Figure 7,
and Figure 8.

Figure 5. ORTEP diagram (50% probability thermal ellipsoids, or-
ganic hydrogen atoms omitted). Selected bond lengths [Å] and
angles [°] for 5: Os(1)–Os(2) = 2.7947(4), Os(1)–Os(3) = 2.8787(4),
Os(1)–Ru(4) = 2.7535(5), Os(2)–Os(3) = 2.9403(4), Os(2)–Ru(4) =
2.7854(4), Os(1)–P(1) = 2.3010(16), Os(3)–P(1) = 2.3364(17),
Os(2)–P(2) = 2.3965(17), Os(1)–C(3) = 2.204(7), Os(2)–C(2) =
2.089(6), Ru(4)–C(2) = 2.262(7), Ru(4)–C(3) = 2.181(7); Os(1)–
P(1)–Os(3) = 76.74(4).

The molecular structure of 5 shows disorder of the heavy
atoms, which was solved with ruthenium occupancies of
0.33 and 0.67 at M(1) and M(4), respectively. Cluster 5
comprises an open butterfly-shaped tetranuclear metal core,
the two wings of the butterfly cluster having a dihedral an-
gle of 157.6° between them. A metal-bound hydride bridges
the Os(1)–Os(3) vector. The position of this hydride was
located by a low-angle difference map and verified by
XHYDEX calculations.[19] One triangular wing of the but-
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Figure 6. ORTEP diagram (50% probability thermal ellipsoids, or-
ganic hydrogen atoms omitted). Selected bond lengths [Å] and
angles [°] for 6: Os(1)–Os(2) = 2.9020(4), Os(1)–Os(3) = 2.7885(5),
Os(1)–Ru(4) = 2.8649(5), Os(2)–Os(3) = 2.7861(5), Os(2)–Ru(4) =
2.7061(5), Os(3)–Ru(4) = 2.8001(5), Os(1)–P(1) = 2.3516(18),
Os(2)–P(2) = 2.252(2), Os(3)–P(2) = 2.321(2), Os(1)–C(2) =
2.164(7), Os(3)–C(2) = 2.156(7), Os(3)–C(3) = 2.235(7), Ru(4)–C(3)
= 2.135(7); Os(2)–P(2)–Os(3) = 75.05(6), Ru(4)–C(42)–Os(2) =
74.1(3).

Figure 7. ORTEP diagram (50% probability thermal ellipsoids, or-
ganic hydrogen atoms omitted). Sselected bond lengths [Å] and
angles [°] for 7: Os(1)–Os(2) = 3.0121(4), Os(1)–Ru(4) = 2.9363(6),
Os(2)–Os(3) = 2.9305(4), Os(2)–Ru(4) = 2.8499(6), Os(3)–Ru(4) =
2.6858(6), Os(1)–P(1) = 2.3303(18), Os(2)–P(2) = 2.3546(18),
Os(1)–C(1) = 2.240(7), Os(2)–C(2) = 2.098(7), Os(3)–C(4) =
2.081(7), Ru(4)–C(2) = 2.301(7), Ru(4)–C(3) = 2.239(7), Ru(4)–
C(4) = 2.249(7), C(1)–C(2) = 1.464(9), C(2)–C(3) = 1.425(10),
C(3)–C(4) = 1.434(9); P(1)–Os(1)–Os(2) = 93.90(4), P(2)–Os(2)–
Os(1) = 86.17(4).
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Figure 8. ORTEP diagram (50% probability thermal ellipsoids, or-
ganic hydrogen atoms omitted). Selected bond lengths [Å] and
angles [°] for 8: Os(1)–Os(2) = 2.9290(2), Os(1)–Os(3) = 2.8684(2),
Os(1)–Ru(4) = 2.8484(3), Os(2)–Os(3) = 2.8319(2), Os(2)–Ru(4) =
2.7656(3), Os(3)–Ru(4) = 2.6588(3), Os(1)–P(1) = 2.3726(10),
Os(2)–P(2) = 2.3382(10), Os(2)–C(1) = 2.149(4), P(1)–C(2) =
1.805(4), C(1)–C(2) = 1.407(5), Os(1)–C(13) = 1.984(5), Os(3)–
C(13) = 2.478(5); Os(1)–C(13)–Os(3) = 79.16(16).

terfly cluster is capped by the dephenylated dppm ligand,
while the other wing is capped by the alkyne moiety, and
these ligands are orientated on opposite sides of the plane
defined by the four metal atoms.

The 31P{1H} and 1H NMR spectra of 5 showed that
there were two isomers in solution. The NMR resonances
have been assigned with the aid of 1H{31P} selective de-
coupling and 31P{1H}-1H HMBC experimental data, and
also on the basis of earlier observations that 31P chemical
shifts for a phosphanido bridges across Ru–Os edges are
found downfield relative to those across Os–Os bonds.[2b,10]

The proposed solution-state structures and their tentative
NMR assignments are displayed in Figure 9, and are in
agreement with the disorder in the solid-state structure.
Thermolysis of 5 afforded 3c and 4c in 49% and 46% yields
(with respect to the amount of 5 that reacted), respectively,
indicating that 5 may be a precursor to 3c. The formation
of 3c from 5 should be a multistep process, involving the
elimination of one CO ligand, migration of hydride and CO
ligands, metal–carbon bond cleavage and formation, and
metal–metal bond formation, but the sequence of these pro-
cesses remains unknown.

The crystal of 6 also exhibited disorder of the metal
framework, which was solved with ruthenium occupancies
of about 0.42 and 0.58 at M(3) and M(4), respectively. Clus-
ter 6 is structurally very similar to 3c, and it contains al-
most the same ligand set. The main structural difference is
the replacement of the methyl substituent on the coordi-
nated alkyne moiety by an aldehyde functional group. Both
the 1H and 31P{1H} NMR spectra of 6 displayed two sets
of signals integrating to give a 7:1 ratio, indicating the pres-
ence of two isomers in solution. The proposed solution-
state structures for the two isomers of 6, which are in agree-
ment with the disorder observed in the solid-state crystal
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Figure 9. Proposed solution-state structures and tentative NMR as-
signments for 5, 6, and 8 (carbonyl and phenyl groups omitted).

structure, are shown in Figure 9 together with the tentative
NMR assignments.

We have carried out a number of experiments to under-
stand how the aldehyde group in 6 could have been formed.
Monitoring the reaction of 1 with 4,4-dimethyl-2-pentyne
in degassed [D12]cyclohexane by 1H NMR spectroscopy
indicated that formation of the aldehyde occurred during
the reaction. Carrying out the reaction in the presence of
air resulted in a slightly higher yield of 6 (15% vs. 12% in
the degassed sample). Cluster 6 was formed even when the
reaction was carried out under anhydrous conditions; simi-
larly, the yield of 6 did not increase upon addition of water
to the system. Thermolysis of 3c, 4c, or 5 in air did not
result in the formation of 6. Oxidation of the methyl group
to form the aldehyde prior to alkyne coordination to the
metal cluster is unlikely, as previously reported reactions
between clusters and unsaturated aldehydes or ketones gave
products in which the oxygen atom of the organic carbonyl
ligand is coordinated to the metal core.[20] Presumably the
alkyne is oxidized in the presence of 1 to afford 6, while 3c,
4c, and 5 appear not to be involved in this process, although
the oxidant remains unknown.

Cluster 7 is another butterfly-shaped tetranuclear cluster,
with a dihedral angle of 166.4° between the wing planes.
The Os(1)–Os(2) edge is bridged by the dppm ligand, and
the metal–phosphorus bond lengths do not differ signifi-
cantly from those found for the parent cluster 1. The
XHYDEX program indicated that hydride ligands bridged
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both Os(1)–Os(2) and Os(1)–Ru(4); this is supported by the
observation that these vectors are long [3.0121(4) and
2.9363(6) Å, respectively]. In 7, two phenylacetylenes have
coupled head-to-head, and the resulting four-carbon ligand
is coordinated to all four metal atoms, with an η3-allylic
interaction to Ru(4);[21] there is no evidence of another iso-
mer displaying head-to-tail coupling, although both types
of products have been reported for ruthenium and osmium
clusters.[22] The organic moiety formally donates six elec-
trons, resulting in a cluster electron count of 62 for 7, in
accordance with the effective atomic number (EAN) rule.[7]

Carbon–carbon bond lengths within the organic ligand
range from 1.425(10) to 1.464(9) Å, which are in the ranges
of carbon–carbon sp2–sp2 double and single bonds (1.32
and 1.48 Å, respectively),[13] suggesting some electron delo-
calization over the entire carbon chain. Dimerization of the
two alkyne units also resulted in a hydrogen atom shift,
which has been postulated to precede the C–C coupling
step.[23] The spectroscopic data for 7 clearly points to the
retention of the solid-state structure in solution.

Cluster 8 retains the tetrahedral metal framework of the
parent cluster 1; the long Os(1)–Os(2) edge [2.9290(2) Å] is
bridged by both a hydride and a dephenylated dppm moi-
ety. A salient structural feature in 8 is the formation of a
phosphorus–carbon bond between the dephenylated phos-
phane P(1) and the C(2) carbon of the vinyl organic frag-
ment [P(1)–C(2) = 1.805(4) Å], resulting in the capping of
the Os(1)–Os(2)–Ru(4) triangular face of the metal tetrahe-
dron by the novel ligand (HC=CtBu)PhPCH2PPh2 in a
µ3,η1:η2:κ1:κ1 manner. Reports of P–C coupling between
two separate ligands are rare in cluster chemistry, few exam-
ples are known.[24] This ligand donates a total of seven elec-
trons to the cluster, and 8 is formally a 60-electron species
in accordance with the observed tetrahedral metal core. The
crystal of 8 also exhibited disorder of the metal framework,
which was solved with ruthenium occupancies of about 0.11
and 0.89 at M(3) and M(4), respectively.

The NMR spectra of 8 showed that there are two isomers
present in an approximate 9:1 ratio in solution. 1H{31P} as
well as 1H{1H} selective decoupling experiments have been
utilized to aid the assignment of the signals. The proposed
solution-state structures for the isomers of 8 and their ten-
tative NMR assignments are given in Figure 9; the struc-
tures, as well as their relative proportions, are in agreement
with those expected from the disorder found in the solid
state. On prolonged standing in solution, 8 was found to
slowly convert to 3e; this process could be speeded up by
thermolysis. Thus, 8 is a precursor to 3e, but this conversion
has to be a multistep process.

In addition to 3d and 7, the reaction with phenylacetyl-
ene afforded, as characterized by mass spectrometry and 1H
NMR spectroscopy, a mixture of 1,3,5- and 1,2,4-tri-
phenylbenzene.[25] Gas chromatography-mass spectrometry
(GC-MS) analysis indicated that these cyclotrimerized
products were present in a 1:2 ratio. We have found that
3d catalyzed the cyclotrimerization of phenylacetylene; the
cluster was recoverable quantitatively and no intermediates
could be isolated. A number of organometallic compounds
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are known to catalyze the [2+2+2]-cyclotrimerization of al-
kynes,[26] but few cluster catalysts are known.[27] Thus far,
attempts at optimization showed that 3d is at best a modest
catalyst, with TON � 2 for a catalyst loading of 1 mol-%.
In contrast, 7 failed to react with phenylacetylene under
similar conditions, suggesting that it is not directly involved
in the catalytic step. Furthermore, 7 was not obtained in
the reaction of 3d with phenylacetylene, indicating that it is
not a side product of the catalytic reaction. No cyclo-
trimerization product was obtained from the reaction of 2
with the other alkynes reported here, and 3d also failed to
catalyze the cyclotrimerization of diphenylacetylene (an in-
ternal alkyne) or tert-butylacetylene (a terminal alkyne).

3. Concluding Remarks

In this study, we have found that 1 reacts with both ter-
minal and internal alkynes to afford initially cluster 3 in
which the alkyne is bonded in a µ3,η1:η2:η1 fashion and
the alkyne C�C bond is parallel to an Os–Os edge; the
tetrahedral core of the cluster is retained. The binding of
the alkyne appears to be highly stereoselective, since for un-
symmetrical alkynes, the bulkier substituent is oriented
away from the dephenylated dppm moiety. In the case of
internal alkynes, 3 isomerized slowly to form 4. This isom-
erization process involved migration of both the alkyne and
hydride across a triangular metal face to bridge the most
electron-rich metal–metal bond of the cluster, which is that
bridged by the dephenylated dppm; the stereoselectivity ap-
pears to be similar to that in 3. Cluster 3d was also found
to be a modest catalyst for the cyclotrimerization of phenyl-
acetylene.

These results point to stereoselective binding of alkynes
in such heterometallic clusters, and indicate that the diterti-
ary phosphane ligand can play an important role in the
high stereoselectivity exhibited as well as in keeping the
cluster framework intact. Hence, such clusters may play a
useful role in the stereocontrol of reactions with alkynes
and provide a possible direction for future work.

4. Experimental Section
4.1. General Procedures: All reactions and manipulations were car-
ried out under nitrogen by using standard Schlenk techniques. Sol-
vents were purified, dried, distilled, and stored under nitrogen prior
to use. The products were separated by thin layer chromatography
(TLC), by using plates coated with silica gel 60 F254 of 0.25 or
0.5 mm thickness and extracted with dichloromethane. Routine
NMR spectra were acquired with a Bruker ACF300 NMR spec-
trometer, while decoupling and 2D NMR spectra were obtained
with a Bruker Avance DRX500 or Bruker AMX500 machine. The
solvent used was deuterated chloroform unless otherwise stated.
Chemical shifts reported are referenced to that for the residual pro-
ton of the solvent for 1H, and to 85% aqueous H3PO4 (external
standard) for 31P{1H}. Mass spectra were obtained with a Finnigan
MAT95XL-T spectrometer in an m-nitrobenzyl alcohol matrix.
Microanalyses were carried out by the microanalytical laboratory
at the National University of Singapore. GC-MS analysis was car-
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ried out with an Agilent GC 6890 with Mass Selective Detector
MS 5973, using a 300 mm�0.25 mm� 0.25 µm HP-1 MS column.
The cluster Os3(µ-H)2(CO)10 was prepared according to the litera-
ture method.[28] Ru3(CO)12 was purchased from Oxkem Ltd; all
other reagents were from commercial sources and were used as sup-
plied.

4.2. Synthesis of RuOs3(µ-H)2(CO)9(µ-CO)2(µ-dppm) (1): Ru3-
(CO)12 (8.0 mg, 0.013 mmol) was placed with hexane (20 mL) into
a 100-mL round-bottomed flask fitted with a Teflon valve. After
three freeze-pump-thaw cycles, ethene gas at ca. 20 psi was intro-
duced at ambient temperature. The mixture was then irradiated
with a 60W Phillips reflector lamp, while being cooled in an ice-
water bath, until the solution became colorless (ca. 2 h). Ru(CO)4-
(C2H4) was formed in quantitative yield, as characterized by infra-
red spectroscopy. A stoichiometric equivalent of dppm was added
to the solution which was still kept in the ice-water bath. Formation
of Ru(CO)4(κ1-dppm) was established by its infrared spectroscopic
data. Addition of Os3(µ-H)2(CO)10 (30.1 mg, 0.036 mmol) resulted
in an immediate color change to light yellow. The mixture was
stirred under a nitrogen atmosphere for 1.5 h. Removal of the sol-
vent and volatiles in vacuo and column chromatographic separa-
tion of the residue, with hexane and dichloromethane as eluants,
yielded three bands. [Yields are calculated with respect to Os3(µ-
H)2(CO)10 used.] The first two bands were identified from their
infrared spectra as Ru3(CO)12 (1.2 mg, 0.002 mmol) and RuOs3(µ-
H)2(CO)13 (5.6 mg, 15%), respectively. The third band was iden-
tified from its infrared spectrum as RuOs3(µ-H)2(CO)9(µ-CO)2(µ-
dppm) (1) (40.3 mg, 82%).

Table 3. Reaction of 1 with alkynes.

Amount of 1 Alkyne (amount) Product Color Rf Yield

20.1 mg, 0.014 mmol PhCCPh (8.0 mg, 0.045 mmol) 3a dark brown 0.27 19.2 mg, 95%
22.4 mg, 0.016 mmol C2H5CCCH3 (0.1 mL) 4b red-orange 0.57 8.1 mg, 39%

3b red-orange 0.51 7.9 mg, 38%
20.2 mg, 0.014 mmol tBuCCCH3 (0.1 mL) 5 dark brown 0.43 3.1 mg, 17%

4c dark brown 0.31 4.7 mg, 25%
3c dark brown 0.26 5.7 mg, 30%
6 dark brown 0.19 2.1 mg, 12%

20.6 mg, 0.014 mmol PhCCH (0.1 mL) triphenylbenzene yellow 0.69 2.1 mg
3d dark brown 0.54 8.2 mg, 44%
7 dark brown 0.40 8.2 mg, 39%

25.8 mg, 0.018 mmol tBuCCH (0.1 mL) 3e dark brown 0.57 12.8 mg, 55%
8 dark brown 0.37 10.2 mg, 40%

Table 4. Infrared and analytical data for all new products.

Clus- IR (CH2Cl2) v(CO) [cm–1] Elemental analysis: found (calculated) [%]
ter

2 2090 m, 2061 vs, 2030 s, 1997 w (br), 1985 mw C25H12O12Os3P2Ru·1/4C6H14: C, 25.35 (25.27); H, 1.00 (1.24)[a]

3a 2065 s, 2018 s, 2005 vs, 1998 vs, 1984 s, 1960 m, 1921 w C42H28O9Os3P2Ru·1/2CH2Cl2: C, 34.99 (35.13); H, 1.95 (2.01)[b]

3b 2062 s, 2016 s, 2000 vs, 1995 vs, 1979 s, 1956 m, 1931 w, 1915 w –
3c 2059 s, 2014 s, 2000 vs, 1994 vs, 1979 s, 1959 m, 1915 w C35H30O9Os3P2Ru: C, 31.85 (31.61); H, 2.39 (2.25)
3d 2065 s, 2042 w, 2022 s, 2005 vs (br), 1984 s, 1918 w C36H24O9Os3P2Ru: C, 33.27 (33.28); H, 2.08 (1.79)
3e 2060 s, 2018 s, 2004 vs, 1996 vs, 1984 s, 1966 m, 1935 w (br) C34H28O9Os3P2Ru: C, 31.35 (31.07); H, 1.90 (2.15)
4a 2052 w, 2022 s, 2004 m, 1983 w, 1968 w, 1950 vw (sh) –
4b 2061 w, 2050 m, 2016 s, 2001 s, 1979 m, 1964 m C33H26O9Os3P2Ru·1/2C6H14: C, 32.41 (32.19); H, 2.41 (2.48)[a]

4c 2058 w, 2049 w, 2015 vs, 2000 s, 1979 m, 1963 m C35H30O9Os3P2Ru: C, 31.39 (31.61); H, 2.00 (2.25)
5 2078 w (sh), 2064 vs, 2052 w (sh), 2017 m (sh), 1997 s, 1954 w, 1919 vw C36H30O10Os3P2Ru: C, 32.28 (31.88); H, 2.02 (2.23)
6 2064 w, 2012 s, 2002 ms, 1989 m, 1966 w C35H28O10Os3P2Ru: C, 31.29 (31.29); H, 2.34 (2.09)
7 2067 s, 2030 s, 2011 ms, 2000 s, 1988 vs, 1951 w (sh) C50H36O9Os3P2Ru·1/2C6H14: C, 40.68 (40.84); H, 2.58 (2.76)[a]

8 2073 w, 2061 m, 2031 m, 2008 s, 1987 m, 1960 w, 1918 vw (br) C34H28O9Os3P2Ru·1/2CH2Cl2: C, 30.82 (30.79); H, 1.85 (2.11)[b]

[a] 1H NMR spectroscopy confirmed the presence of hexane in the sample. [b] 1H NMR spectroscopy confirmed the presence of dichloro-
methane in the sample.
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4.3. Thermolysis of 1: To a Schlenk tube containing 1 (16.9 mg,
0.012 mmol) was added hexane (30 mL), and the reaction mixture
was stirred and heated under reflux for 4 h. The solvent was re-
moved under reduced pressure, and the residue obtained was redis-
solved in a minimum of dichloromethane and chromatographed on
TLC plates. Elution with hexane/dichloromethane (4:1, v/v) yielded
two bands. Band 1 (Rf = 0.49) gave dark red crystals of RuOs3-
(CO)12(µ4,κ2:κ2-PhPCH2PPh) (2). Yield: 10.4 mg, 69%. Band 2 (Rf

= 0.19) gave dark red crystals of Os3(µ-H)2(CO)8(µ-dppm). Yield:
2.1 mg, 15%. IR (CH2Cl2) v(CO) : ν̃ = 2068 (s), 2005 (vs), 1983
(vs, br), 1955 (w), 1943 (w) cm–1. 31P{1H} NMR: δ = –0.02 (s)
ppm. 1H NMR: δ = 7.35 (m, 20 H, Ph), 4.19 (t, 2JPH = 10.5 Hz, 2
H, CH2), –10.26 (t, 2JPH = 9.9 Hz, 2 H, OsHOs) ppm. MS (FAB):
m/z calcd. for [M]+ 1181; found 1181. X-ray data: Orthorhombic,
Pbca, a = 16.2438(4) Å, b = 16.8441(5) Å, c = 25.3499(7) Å, V =
6936.0(3) Å3. Data are in agreement with literature values.[6a]

4.4. Reactions of 1 with Alkynes: In a typical reaction, to a Schlenk
tube containing 1 and hexane (30 mL) was added the alkyne, and
the reaction mixture was stirred and heated under reflux for 6 h.
The solvent was removed under reduced pressure, and the residue
obtained was redissolved in a minimum of dichloromethane and
chromatographed on TLC plates with hexane/dichloromethane
(3:2, v/v) as the mobile phase. The reaction conditions and yields
are summarized in Table 3, and spectroscopic and analytical data
for all new products are given in Table 4 and Table 5.

4.5. Thermolysis of 3: In a typical reaction, to a Schlenk tube con-
taining 3a (20.2 mg, 14 µmol) was added hexane (30 mL), and the
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reaction mixture was stirred and heated under reflux for 4 h. The
solvent was removed under reduced pressure, and the residue ob-
tained was redissolved in a minimum of dichloromethane and chro-
matographed on TLC plates with hexane/dichloromethane (3:2,
v/v) as the mobile phase to afford unreacted 3a (Rf = 0.27, yield =
10.1 mg) and 4a (Rf = 0.22, yield = 10.0 mg, 50%). Similar ther-

Table 5. NMR spectroscopic and MS data for all products.

Cluster 31P{1H} NMR, δ 1H NMR, δ FAB-MS, m/z found
(calculated for M+)

2 77.40 (d, RuPOs, 2JPP = 116.4 Hz) 7.64 (m, 5 H, Ph), 7.42 (s, 5 H, Ph), 5.97 (m, 1 H, CH2), 5.59 (m, 1 H, CH2) 1239 (1238)
–22.34 (d, OsPOs)

3a 194.46 (d, PPh, 2JPP = 53.4 Hz), 7.93–6.85 (m, 25 H, Ph), 5.25 (m, 2 H, CH2), 1411 (1410)
–49.64 (d, PPh2) –17.43 (d, 1 H, OsHOs, 2JPH = 25.6 Hz)

3b 190.86 (d, PPh, 2JPP = 53.5 Hz), 7.90–7.10 (m, 10 H, Ph), 5.79 (m, 1 H, CH2), 4.53 (m, 1 H, CH2), 1300 (1300)
–46.88 (d, PPh2) 2.55 (m, 2 H, CH2), 1.86 (s, 3 H, CH3), 1.06 (t, 3 H, CH3),

–18.09 (d, 1 H, OsHOs, 2JPH = 26.2 Hz)

3c 190.55 (d, PPh, 2JPP = 53.4 Hz), 7.92–7.49 (m, 15 H, Ph), 5.83 (m, 1 H, CH2), 5.95 (m, 1 H, CH2), 1329 (1328)
–48.57 (d, PPh2) 2.27 (s, 3 H, CH3), 2.07 (s, 9 H, tBu), –18.03 (d, 1 H, OsHOs, 2JPH = 27.2 Hz)

3d 196.28 (d, PPh, 2JPP = 49.6 Hz), 7.82–7.39 (m, 20 H, Ph), 5.44 (m, 1 H, CH2), 4.88 (m, 1 H, CH2), 1335 (1334)
–45.82 (d, PPh2) 1.27 (s, 1 H, CH), –17.74 (d, 1 H, OsHOs, 2JPH = 26.4 Hz)

3e 203.52 (d, PPh, 2JPP = 53.4 Hz), 7.82–7.30 (m, 15 H, Ph), 5.51 (m, 1 H, CH2), 4.86 (m, 1 H, CH2), 1314 (1314)
–47.32 (d, PPh2) 1.73 (s, 1 H, CH), 1.26 (s, 9 H, tBu), –18.02 (d, 1 H, OsHOs, 2JPH = 26.4 Hz)

4a [major 196.92 (d, PPh, 2JPP = 93.5 Hz), 7.75–6.99 (m, 25 H, Ph), 4.02 (m, 2 H, CH2), 1410 (1410)
isomer] –33.94 (d, PPh2) –18.93 (ddd, 1 H, RuHOs, 2JPH = 9.9 Hz, 2JPH = 8.9 Hz, 4JHH = 3.3 Hz)
[minor 135.84 (d, PPh, 2JPP = 87.7 Hz), 7.75–6.99 (m, 25 H, Ph), 4.02 (m, 2 H, CH2),
isomer] –32.92 (d, PPh2) –18.84 (ddd, 1 H, OsHOs, unresolved)

4b [major 203.11 (d, PPh, 2JPP = 97.3 Hz), 7.75–6.91 (m, 15 H, Ph), 3.98 (m, 1 H, CH2), 3.85 (m, 1 H, CH2), 1300 (1300)
isomer] –34.84 (d, PPh2) 3.11 (d, 2 H, CH2), 2.96 (s, 3 H, CH3), 1.40 (t, 3 H, CH3),

–19.50 (ddd, 1 H, RuHOs, 2JPH = 16.5 Hz, 2JPH = 10.7 Hz, 4JHH = 3.3 Hz)
[minor 199.66 (d, PPh, 2JPP = 99.2 Hz), 7.75–6.91 (m, 15 H, Ph), 3.98–3.11 (m, 4 H, CH2), 2.96 (s, 3 H, CH3),
isomer] –35.38 (d, PPh2) 1.36 (t, 3 H, CH3), –19.45 (ddd, 1 H, OsHOs, unresolved)

4c [major 209.36 (d, PPh, 2JPP = 99.2 Hz), 7.73–6.87 (m, 15 H, Ph), 3.82 (m, 2 H, CH2), 3.29 (s, 12 H, tBu, CH3), 1328 (1328)
isomer] –35.54 (d, PPh2) –19.59 (ddd, 1 H, RuHOs, 2JPH = 15.3 Hz, 2JPH = 10.3 Hz, 4JHH = 3.3 Hz)
[minor 146.38 (d, PPh, 2JPP = 91.6 Hz), 7.60–6.87 (m, 15 H, Ph), 4.20 (m, 1 H, CH2), 3.85 (m, 1 H, CH2),
isomer I] –34.35 (d, PPh2) 2.95 (s, 12 H, tBu, CH3), –19.47 (ddd, 1 H, OsHOs, 2JPH = 14.0 Hz,

2JPH = 8.3 Hz, 4JHH = 2.5 Hz)
[minor 216.21 (d, PPh, 2JPP = 91.6 Hz), 7.60–6.87 (m, 15 H, Ph), 4.37 (m, 1 H, CH2), 3.85 (m, 1 H, CH2),
isomer II] –35.80 (d, PPh2) 3.32 (s, 12 H, tBu, CH3), –19.21 (ddd, 1 H, OsHOs, 2JPH = 13.8 Hz,

2JPH = 8.0 Hz, 4JHH = 2.7 Hz)

5 [isomer I] 101.02 (d, PPh, 2JPP = 125.9 Hz), 7.70–7.32 (m, 15 H, Ph), 5.12 (m, 1 H, CH2), 4.71 (m, 1 H, CH2), 1356 (1356)
–34.21 (d, PPh2) 3.01 (d, 9 H, tBu, 5JPH = 3.3 Hz), 2.96 (m, 3 H, CH3),

–15.54 (dd, 1 H, RuHOs, 2JPH = 17.3 Hz, 3JPH = 8.3 Hz)
[isomer II] 47.40 (d, PPh, 2JPP = 125.9 Hz), 7.70–7.32 (m, 15 H), 5.00 (m, 1 H, CH2), 4.36 (m, 1 H, CH2),

–30.53 (d, PPh2) 2.91 (m, 3 H, CH3), 2.85 (d, 9 H, tBu, 5JPH = 3.3 Hz),
–15.02 (dd, 1 H, OsHOs, 2JPH = 12.4 Hz, 3JPH = 9.1 Hz)

6 [major 152.56 (d, PPh, 2JPP = 53.4 Hz), 8.55 (s, 1 H, CHO), 7.67–7.59 (m, 15 H, Ph), 5.79 (m, 1 H, CH2), 1343 (1343)
isomer] –45.81 (d, PPh2) 4.92 (m, 1 H, CH2), 1.44 (s, 9 H, tBu), –18.37 (d, 1 H, RuHOs, 2JPH =

23.6 Hz)
[minor 198.70 (d, PPh, 2JPP = 49.6 Hz), 8.88 (s, 1 H, CHO), 7.90–7.83 (m, 15 H, Ph), 4.66 (m, 1 H, CH2),
isomer] –51.79 (d, PPh2) 4.21 (m, 1 H, CH2), 1.33 (s, 9 H, tBu), –18.20 (d, 1 H, OsHOs, 2JPH = 27.2 Hz)

7 3.86 (d, PPh2, 2JPP = 45.8 Hz), 7.55–6.89 (m, 30 H, Ph), 6.58 (s, 1 H, PhC=CHCCHPh), 1514 (1514)
–6.34 (d, PPh2) 5.78 (m, 1 H, PhC=CHCCHPh), 4.66 (m, 1 H, CH2), 3.79 (m, 1 H, CH2),

–13.12 (dt, 1 H, RuHOs, 2JPH = 16.5, 3JPH = 5.0, 2JHH = 5.0 Hz),
–17.62 (dt, 1 H, OsHOs, 2JPH = 11.5, 2JPH = 11.5, 2JHH = 5.0 Hz)

8 [major –21.40 (d, PPh, 2JPP = 36.3 Hz), 7.62–7.49 (m, 10 H, Ph), 7.22–7.11 (m, 5 H, Ph), 5.40 (m, 2 H, CH2), 1344 (1342)
isomer] –1.82 (d, PPh2) 2.24 (m, 1 H, CH), 1.22 (s, 9 H, tBu), –20.23 (ddd, 1 H, OsHOs,

2JPH = 19.0 Hz, 2JPH = 12.8 Hz, 4JHH = 5.8 Hz)
[minor –20.52 (d, PPh, 2JPP = 40.0 Hz), 7.75–7.65 (m, 10 H, Ph), 7.19–7.12 (m, 5 H, Ph), 5.51 (m, 2 H, CH2),
isomer] 2.83 (d, PPh2) 2.31 (m, 1 H, CH), 1.25 (s, 9 H, tBu), –20.20 (ddd, 1 H, OsHOs,

2JPH = 18.3 Hz, 2JPH = 14.0 Hz, 4JHH = 5.0 Hz)
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molysis of 3b (12.5 mg, 10 µmol) afforded 4b (Rf = 0.57, yield =
7.0 mg, 54%) and unreacted 3b (Rf = 0.51, yield = 5.1 mg); and of
3c (14.7 mg, 11 µmol) afforded 4c (Rf = 0.31, yield = 12.2 mg, 81%)
and unreacted 3c (Rf = 0.26, yield = 2.0 mg). For 3d and 3e, the
infrared spectra and TLC analyses revealed only the presence of
the starting clusters.
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4.6. Thermolysis of 5: To a Schlenk tube containing 5 (10.3 mg,
0.008 mmol) was added hexane (30 mL), and the reaction mixture
was stirred and heated under reflux for 4 h. Subsequent treatment
as above afforded unreacted 5 (3.5 mg), 4c (2.5 mg, 23%), and 3c
(3.7 mg, 34%).

4.7. Reaction of 1 with 4,4-Dimethyl-2-pentyne in Air: To a 100-mL
two-necked, round-bottomed flask containing 1 (12.1 mg,
0.009 mmol) and hexane (30 mL) was added tBuCCCH3 (0.1 mL).
Air was bubbled into the mixture by means of a compressor pump
and the reaction mixture was stirred and heated under reflux for
6 h. Subsequent treatment as above afforded 5 (1.8 mg, 15%), 4c
(2.9 mg, 24%), 3c (3.5 mg, 29%) and 6 (1.8 mg, 15%).

4.8. Thermolysis of 3c, 4c, or 5 in Air: To a 100-mL two-necked,
round-bottomed flask containing 3c (7.1 mg, 0.005 mmol), 4c
(5.2 mg, 0.004 mmol), or 5 (8.4 mg, 0.006 mmol) was added hexane
(30 mL). Air was bubbled into the mixture by means of a compres-
sor pump and the reaction mixture was stirred and heated under
reflux for 6 h. Subsequent treatment as above revealed the presence
of all three clusters for the thermolysis of 5. Clusters 3c and 4c
were obtained from the reaction of 3c, while only the unreacted
starting cluster was observed when 4c was heated.

4.9. Reaction of 1 with Phenylacetylene: To a Schlenk tube contain-
ing 1 (9.9 mg, 0.007 mmol) and hexane (30 mL) was added phenyl-
acetylene (0.1 mL), and the reaction mixture was stirred and heated
under reflux for 12 h. Subsequent treatment as above afforded tri-
phenylbenzene (1.0 mg), 3d (3.3 mg, 36%) and 7 (4.9 mg, 46%).

4.10. Thermolysis of 8: To a Schlenk tube containing 8 (8.4 mg,
0.006 mmol) was added hexane (30 mL), and the reaction mixture
was stirred and heated under reflux for 4 h. Subsequent treatment
as above afforded unreacted 8 (3.8 mg) and 3e (4.3 mg, 54%).

Table 6. Crystal data for 2, 3a–c.

Compound 2 3a 3b 3c

Formula C25H12O12Os3P2Ru C42H28O9Os3P2Ru·1/2CH2Cl2 C33H26O9Os3P2Ru C35H30O9Os3P2Ru·1/2C6H14

Formula weight 1237.96 1452.72 1300.15 1371.29
Temperature [K] 193(2) K 223(2) 223(2) 223(2)
Crystal system Monoclinic Triclinic Tetragonal Triclinic
Space group C2/c P1̄ I4̄2d P1̄
Unit cell dimensions
a [Å] 16.119(3) 9.1091(2) 31.5814(6) 9.0388(4)
b [Å] 9.2446(17) 13.6379(3) 31.5814(6) 12.2045(5)
c [Å] 21.004(4) 17.8813(5) 15.6854(6) 18.9635(8)
α [°] 90 96.0940(10) 90 74.2140(10)
β [°] 98.507(9) 99.4940(10) 90 81.7690(10)
γ [°] 90 97.656(2) 90 78.3480(10)
Volume [Å3] 3095.3(10) 2152.68(9) 15644.4(7) 1962.90(14)
Z 4 2 16 2
ρc [g cm–3] 2.656 2.241 2.208 2.320
µ(Mo-Kα) [mm–1] 12.916 9.359 10.222 10.190
F(000) 2240 1350 9568 1278
Crystal size [mm3] 0.34�0.28�0.18 0.10�0.20�0.26 0.30�0.26�0.20 0.34�0.16�0.10
θ range [°] 2.55 to 29.98 2.03 to 28.28 2.04 to 26.37 2.24 to 28.28
Reflections collected 12731 19531 58395 27491
Independent reflections (Rint) 4308 [R(int) = 0.0402] 10590 (0.0395) 8009 (0.0432) 9695 (0.0441)
Completeness%, (to θ, deg) 95.7 (29.98) 99.2 (28.28) 99.9 (26.37) 99.5 (28.28)
Transmission range 0.2046 and 0.0965 0.298003–0.170804 0.2343–0.1494 0.4289–0.1292
Data/restraints/parameters 4308/0/195 10590/0/544 8009/0/436 9695/1/468
Goodness-of-fit on F2 1.066 1.011 1.162 1.051
Final R indices [I�2σ(I)] R1 = 0.0313, R1 = 0.0410, R1 = 0.0298, R1 = 0.0392,

wR2 = 0.0734 wR2 = 0.1037 wR2 = 0.0857 wR2 = 0.0930
R indices (all data) R1 = 0.0362, R1 = 0.0508, R1 = 0.0323, R1 = 0.0485,

wR2 = 0.0769 wR2 = 0.1073 wR2 = 0.0868 wR2 = 0.0970
Largest diff. peak and hole [eÅ–3] 1.271 and –2.538 2.405 and –1.342 1.754 and –0.747 2.953 and –1.566
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4.11. Cyclotrimerization Reactions of Phenylacetylene: In a typical
reaction, the cluster 3d and PhCCH were placed in a Carius tube
containing hexane (10 mL), degassed by three freeze-pump-thaw
cycles, and heated.

4.12. Reaction of 3d with Diphenylacetylene and tert-Butylacetylene:
To a Schlenk tube containing 3d (5.2 mg, 0.004 mmol) and hexane
(30 mL) was added PhCCPh (6.1 mg, 0.030 mmol) or tBuCCH
(0.1 mL), and the reaction mixture was stirred and heated under
reflux for 12 h. Subsequent treatment as above revealed the pres-
ence of unreacted 3d only.

4.13 X-ray Crystal Structure Determinations

Crystals were mounted on quartz fibers. X-ray data were collected
with a Bruker AXS APEX system, by using Mo-Kα radiation, with
the SMART suite of programs.[29] Data were processed and cor-
rected for Lorentz and polarization effects with SAINT,[30] and for
absorption effects with SADABS.[31] Structural solution and refine-
ment were carried out with the SHELXTL suite of programs.[32]

Crystal and refinement data are summarized in Table 6, Table 7,
and Table 8.

The structures were solved by direct methods to locate the heavy
atoms, followed by difference maps for the light, non-hydrogen
atoms. The hydrides were generally placed by potential energy cal-
culations with the program XHYDEX,[19] given fixed isotropic
thermal parameters, and refined riding on an osmium atom to
which they are attached. Organic hydrogen atoms were generally
placed in calculated positions and refined with a riding model. All
non-hydrogen atoms were generally given anisotropic displacement
parameters in the final model.

Cluster 2 sits across a C2 symmetry axis, which passes through the
methylene carbon of the dppm ligand and the midpoint of the
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Table 7. Crystal data for 3d–e and 4a–b.

Compound 3d 3e 4a 4b

Formula C36H24O9Os3P2Ru C34H28O9Os3P2Ru C42H28O9Os3P2Ru C33H26O9Os3P2Ru
Formula weight 1334.16 1314.17 1410.25 1300.15
Temperature [K] 223(2) 193(2) 223(2) 223(2)
Crystal system Triclinic Triclinic Monoclinic Monoclinic
Space group P1̄ P1̄ Cc P21/c
Unit cell dimensions
a [Å] 8.7605(2) 8.8328(4) 11.5027(11) 9.0451(8)
b [Å] 12.5261(3) 12.3241(5) 21.5495(19) 26.643(2)
c [Å] 17.1932(3) 16.9444(7) 33.708(3) 14.7236(12)
α [°] 103.2880(10) 96.4610(10) 90 90
β [°] 96.6360(10) 92.4220(10) 92.971(4) 102.134(2)
γ [°] 98.3850(10) 100.2260(10) 90 90
Volume [Å3] 1794.65(7) 1800.02(13) 8344.3(14) 3468.9(5)
Z 2 2 8 4
ρc [g cm–3] 2.469 2.425 2.245 2.489
µ(Mo-Kα) [mm–1] 11.142 11.107 9.592 11.525
F(000) 1228 1212 5232 2392
Crystal size [mm3] 0.36�0.28�0.22 0.14�0.08�0.02 0.12�0.08�0.04 0.22�0.20�0.02
θ range [°] 2.33 to 28.28 2.57 to 29.49 2.01 to 24.71 2.08 to 26.37
Reflections collected 16218 21674 28930 50407
Independent reflections (Rint) 8827 (0.0283) 8932 (0.0651) 10896 (0.0797) 7096 (0.0825)
Completeness%, (to θ, deg) 99.0 (28.28) 99.3 (26.37) 99.8 (24.71) 99.9 (26.37)
Transmission range 0.1930–0.1080 0.6659–0.4714 0.7002–0.3923 0.8022–0.1859
Data/restraints/parameters 8827/0/468 8932/0/449 10896/8/608 7096/0/439
Goodness-of-fit on F2 1.066 1.074 0.964 1.020
Final R indices [I�2σ(I)] R1 = 0.0311, R1 = 0.0472, R1 = 0.0531, R1 = 0.0404,

wR2 = 0.0737 wR2 = 0.0925 wR2 = 0.1006 wR2 = 0.0996
R indices (all data) R1 = 0.0366, R1 = 0.0652, R1 = 0.0950, R1 = 0.0514,

wR2 = 0.0757 wR2 = 0.1035 wR2 = 0.1211 wR2 = 0.1054
Largest diff. peak and hole [eÅ–3] 2.201 and –1.347 1.947 and –1.660 1.921 and –2.259 3.143 and –1.816

Table 8. Crystal data for 5–8.

Compound 5 6 7 8

Formula C36H30O10Os3P2Ru C35H28O10Os3P2Ru·1/2CH2Cl2 C50H36O9Os3P2Ru C35H28O10Os3P2Ru·CH2Cl2
Formula weight 1356.21 1384.65 1514.40 1427.11
Temperature [K] 223(2) 223(2) 223(2) 193(2)
Crystal system Triclinic Monoclinic Monoclinic Triclinic
Space group P1̄ C2/c P21/c P1̄
Unit cell dimensions
a [Å] 10.2517(6) 34.9452(14) 18.7787(6) 10.8185(4)
b [Å] 10.7899(6) 12.7259(5) 12.0922(4) 12.4511(5)
c [Å] 19.2191(10) 24.3102(9) 22.0276(7) 15.3985(6)
α [°] 93.9060(10) 90 90 88.2510(10)
β [°] 96.1960(10) 129.3270(10) 111.0870(10) 75.3930(10)
γ [°] 113.9100(10) 90 90 86.3140(10)
Volume [Å3] 1917.43(18) 8362.7(6) 4667.0(3) 2002.80(13)
Z 2 8 4 2
ρc [g cm–3] 2.349 2.200 2.155 2.366
µ(Mo-Kα) [mm–1] 10.432 9.632 8.584 10.123
F(000) 1256 5128 2840 1324
Crystal size [mm3] 0.10 � 0.12 � 0.24 0.38 � 0.27 � 0.10 0.32 � 0.18 � 0.05 0.38 � 0.26 � 0.08
θ range [°] 2.15 to 26.37 2.17 to 24.71 2.05 to 29.48 2.08 to 30.03
Reflections collected 28297 62952 65040 29989
Independent reflections (Rint) 7791 (0.0350) 7119 (0.0432) 12163 (0.0542) 11306 (0.0324)
Completeness %, (to θ, deg) 99.4 (26.37) 99.9 (24.71) 93.7 (29.48) 96.4 (30.03)
Transmission range 0.4218–0.1886 0.4459–0.1208 0.6735–0.1698 0.4981–0.1137
Data/restraints/parameters 7791/2/476 7119/18/490 12163/0/586 11306/0/497
Goodness-of-fit on F2 1.037 1.097 1.308 1.043
Final R indices [I � 2σ(I)] R1 = 0.0319, R1 = 0.0528, R1 = 0.0533, R1 = 0.0274,

wR2 = 0.0796 wR2 = 0.1070 wR2 = 0.0991 wR2 = 0.0716
R indices (all data) R1 = 0.0369, R1 = 0.0364, R1 = 0.0590, R1 = 0.0310,

wR2 = 0.0822 wR2 = 0.0847 wR2 = 0.1011 wR2 = 0.0731
Largest diff. peak and hole [e Å–3] 2.728 and –1.418 1.851 and –1.000 2.368 and –1.375 2.552 and –1.897
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hinge metal–metal bond. Cluster 3b was refined as a racemic twin.
There were two molecules in the asymmetric unit for 4a. Disorder
of the heavy atom positions were found for 2, 3e, 4a, 4b, 5, 6, and
8. Solvent molecules were found in the crystals of 3a (half molecule
of CH2Cl2), 3c (half molecule of hexane), and 6 (half molecule of
CH2Cl2).

CCDC-628206–CCDC-628217 contain the supplementary crystal-
lographic data for this paper. These data can be obtained free of
charge from The Cambridge Crystallographic Data Centre via
www.ccdc.cam.ac.uk/data_request/cif.

Supporting Information (see footnote on the first page of this arti-
cle): Details on the treatment of disorder, metal hydride placement
and refinement, and of solvent molecules in the X-ray crystallo-
graphic studies; 31P{1H}-1H HMBC spectra for 4c, 5, and 7;
31P{1H}-31P{1H} COSY spectrum for 4c; the isomerization of 3c
and 4c (percentages against time, as obtained from 1H NMR spec-
tra); cyclotrimerization reactions of 3d with phenylacetylene.
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