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Abstract

TMNO-activated reaction of the heteronuclear cluster Os3Ru(l-H)2(CO)13 (1) with diphenylphosphine afforded the novel phos-

phido-bridged clusters Os3Ru(l-PPh2)(l-H)3(CO)11 (2), Os3Ru(l-PPh2)2(l-H)2(CO)10 (3), Os3Ru(l-PPh2)2(l-H)4(CO)9 (4), and

Os3Ru(l-PPh2)(l-H)3(CO)11(PPh2H) (5). The formation of 2–5 proceeded via P–H bond cleavage in the adduct Os3Ru(l-
H)2(CO)12(PPh2H) (6). Reaction of 2 with PPh3 afforded the adduct Os3Ru(l-PPh2)(l-H)3(CO)11(PPh3) (7) and the substituted

derivative Os3Ru(l-PPh2)(l-H)3(CO)10(PPh3) (8).

� 2004 Elsevier B.V. All rights reserved.
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1. Introduction

Heteronuclear clusters are of interest because they
can display synergistic interactions among the differing

metal atoms, giving rise to interesting new chemistry

[1]. In the case where there are two metals from the same

triad, one may expect that the chemistry at the two types

of metal centres will be similar, perhaps differing mainly

in their relative reactivity. These clusters provide an

opportunity to investigate any subtle effects that may

be present in such juxtaposition of two similar metals.
We have recently reported a high-yield synthesis of

the hetero group 8 tetranuclear cluster Os3Ru(l-
H)2(CO)13 (1), including its reactivity with PPh3 [2].

The chemistry of this cluster has otherwise been little

investigated; so far, only its synthesis and structure [3],

and its employment as a catalyst precursor supported

on alumina for a number of catalytic reactions including
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alkene isomerisation and hydrogenation [4], and CO

hydrogenation [5], have been reported. A much larger

volume of work exists on the closely related clusters
FeRu3(l-H)2(CO)13 [6], and FeOs3(l-H)2(CO)13 [7].

Cluster 1 is of interest to us because it is envisaged that

the ruthenium vertex is expected to be more reactive

than the osmium vertices. Thus, we expect that this clus-

ter will react under relatively milder conditions com-

pared to typical homonuclear osmium clusters, but yet

should be less susceptible to fragmentation of the cluster

core compared to typical homonuclear ruthenium clus-
ters. In this report, we describe our investigations into

its reaction with diphenylphosphine, which gives rise

to a number of phosphido-bridged tetranuclear clusters.
2. Results and discussion

The reaction of 1 with PPh2H under TMNO (trimeth-
ylamine-N-oxide) activation gave, upon chromato-

graphic separation, the new clusters Os3Ru(l-PPh2)-(l-
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Fig. 2. ORTEP diagram of 3 (50% thermal ellipsoids) with phenyl

hydrogens omitted. The ruthenium is modelled as disordered over

metal positions Os(2), Os(3) and Ru(4), with occupancies of 0.3, 0.2

and 0.3, respectively. Os(1)–Os(2) = 3.0358(5) Å; Os(1)–Os(3) =

2.8266(5) Å; Os(1)–Ru(4) = 2.9618(6) Å; Os(2)–Os(3) = 2.8686(5) Å;

Os(2)–Ru(4) = 2.8344(6) Å; Os(3)–Ru(4) = 2.7377(7) Å; Os(2)–P(5) =

2.352(2) Å; Os(3)–P(5) = 2.364(3) Å; Os(2)–P(6) = 2.364(2) Å;

Ru(4)–P(6) = 2.286(2) Å; Os(3)–C(31) = 2.002(11) Å; Ru(4)–C(31) =

2.427(12) Å; Os(2)–P(5)–Os(3) = 74.94(7)�; Os(2)–P(6)–Ru(4) =

75.09(7)�; Os(3)–C(31)–Ru(4) = 75.7(3)�.
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H)3(CO)11 (2), Os3Ru(l-PPh2)2(l-H)2(CO)10 (3), Os3-

Ru(l-PPh2)2(l-H)4(CO)9 (4), and Os3Ru(l-PPh2)(l-
H)3(CO)11(PPh2H) (5). All these products have been

completely characterised by spectroscopic, elemental

and single crystal X-ray crystallographic analyses.

ORTEP plots showing the atomic numbering schemes,
together with selected bond parameters, are given in

the figures below (Figs. 1–4).

Clusters 2–4 are formally 60-electron species, while 5

is a 62-electron species; accordingly, the metal cores

adopt closed tetrahedral and ‘‘butterfly’’ geometries,

respectively. In 5, the phosphido bridge is across an

open Ru� � �Os edge and hence the angle at the phospho-

rus atom is correspondingly large (�106� compared to
�75� for 2–4); such a phosphido bridge is rather uncom-

mon [8]. With the exception of 4, in which the hydrides

were located from a low angle difference map, the hy-

dride locations were placed by potential energy calcula-

tions using the program XHYDEXXHYDEX [9]. It is worth noting

that the hydrides did not always bridge the longer me-

tal–metal edges. The sum of the M–C and C–O distances

vary between 3.01 and 3.10 Å [10], while the M–C–O an-
gles range from 170� to 180�; typical values for terminal

carbonyls. The sole exception is the presence of a bridg-

ing carbonyl (CO(31)) in 3.

The crystals of both 3 and 4 exhibited disorder of the

metal framework. In 3, the disorder was modelled with

the ruthenium on three alternative positions (M(2),

M(3) and M(4), where M = Os or Ru), with ruthenium

occupancies refined to about 0.3, 0.2 and 0.5, respec-
tively. This disorder model is in agreement with the exis-

tence of isomers in solution (see below). In 4, there is
Fig. 1. ORTEP diagram of 2 (50% thermal ellipsoids) with phenyl

hydrogens omitted.Os(1)–Os(2) = 3.0145(7) Å;Os(1)–Os(3) = 2.9731(7)

Å; Os(1)–Ru(4) = 2.8755(10) Å; Os(2)–Os(3) = 2.7954(7) Å; Os(2)–Ru(4) =

2.7952(11) Å; Os(3)–Ru(4) = 2.9604(11) Å; Os(1)–P(1) = 2.418(3) Å;

Ru(4)–P(1) = 2.264(3) Å; Os(1)–P(1)–Ru(4) = 75.69(10)�.

Fig. 3. ORTEP diagram of 4 (50% thermal ellipsoids) with phenyl

hydrogens omitted. The ruthenium is modelled as disordered over

metal positions Os(3) and Ru(4), with equal occupancies. Os(1)–

Os(2) = 3.0416(5) Å; Os(1)–Os(3)/Ru(3) = 2.9003(4) Å; Os(2)–Os(3)/

Ru(3) = 3.0276(5) Å; Os(3)–Ru(3) = 2.7478(7) Å; Os(1)–P(1) =

2.3651(17) Å; Os(3)/Ru(3)–P(1) = 2.2903(17) Å; Os(1)–P(1)–Ru(3)/

Os(3) = 77.05(5)�.
disorder of the ruthenium about two alternative sites,
leading to the crystallographic mirror symmetry ob-

served in the structure. The structures of 3 and 4 are

very similar; the two phosphorus atoms are almost

coplanar with an Os2Ru face, and hence their structures

can be described as an Os2RuP2 raft capped by an



Fig. 4. ORTEP diagram of 5 (50% thermal ellipsoids) with phenyl

hydrogensomitted.Os(1)–Os(2) = 3.0053(3) Å;Os(1)–Os(3) = 2.8258(3)

Å; Os(1)–Ru(4) = 3.1082(5) Å; Os(2)–Os(3) = 2.9018(3) Å; Os(3)–

Ru(4) = 3.0709(5) Å; Os(2)–P(5) = 2.424(2) Å; Ru(4)–P(5) = 2.4147(14)

Å; Ru(4)–P(6) = 2.354(2) Å; Os(2)–P(5)–Ru(4) = 105.94(6)�.
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Os(CO)3 unit. Their ligand sets differ only by the
replacement of one (bridging) carbonyl in 3 by two hy-

drides in 4. It appears that the replacement of a carbonyl

by two hydrides results in an ‘‘expansion’’ of the metal

framework; all the corresponding metal–metal bond

lengths are longer in 4 than in 3, a situation reminiscent

of that we have found recently in an osmium–selenium

system [11]. There have been a few tetraruthenium clus-

ters containing bridging phosphido ligands reported
[12], but none of tetraosmium. The most structurally

closely related example to the clusters reported here is

the tetraruthenium cluster Ru4(l-PPh2)2(l-H)2(CO)10
[13]; it is essentially isostructural to 3.

The 1H NMR spectrum of 2 comprised three sets of

apparent doublets for the hydrides at �13.04, �19.20

and �21.59 ppm. A 1H COSY, however, showed corre-

lation between the resonance at �19.20 ppm with the
other two so that, assuming that the solid-state structure

is the same as the solution structure, this resonance can

be assigned to H(34) which bridges the Os(3)–Ru(4)

edge. Although the hydride positions have been located

computationally using the XHYDEXXHYDEX programme [9], nev-

ertheless we believe that it is reasonable to use the so-

derived bond parameters to aid in the tentative

assignments of the NMR data. Thus, from the X-ray
structure, the \PMH (M = Ru or Os) for the hydrides

are estimated to be 159� for H(24), 79� for H(13) and

87� for H(34). Since the 2JPH will be dependent on this

angle, it is reasonable to assign the resonance at

�13.04 ppm (2JPH = 23.9 Hz) to H(24). This leaves the

most upfield resonance at �21.59 ppm assignable to
H(13), which bridges an Os–Os edge. This is also consis-

tent with earlier observations that the bridging hydride

resonance in tetranuclear clusters is shifted increasingly

upfield along the series Ru–Ru, Ru–Os and Os–Os [14].

The NMR assignments for 2 are thus as depicted in

Fig. 5.
An EXSY spectrum taken at 298 K with a mixing

time (sm) of 0.5 s showed exchange among all the three

resonances. The simplest mechanism involving simulta-

neous exchange among all three resonances is one that

entails movement of the phosphido bridge; all reason-

able exchanges involving hydrides only require mutual

exchanges between two hydrides. However, an EXSY

taken with sm = 0.1 s showed absence of the exchange
crosspeak between the resonances due to H(24) and

H(13). Since the crosspeak amplitudes are a function

of the exchange rates [15], this indicates that the ex-

changes occur with different rates hence ruling out a

concerted mechanism.

The 31P{1H} and 1H NMR spectra of 3 show that

there are two isomers, in about a 7:3 ratio, in solution.

This ratio is consistent with the disorder observed in
the X-ray crystal structure mentioned above; the disor-

der over M(3) and M(4) corresponded to enantiomers

(with respect to the heavy atoms). The major isomer

shows two sets of doublets at about 181.5 and 288.9

ppm in the 31P{1H} NMR spectrum, and a �17.90

ppm doublet and a �22.12 ppm doublet of doublets

for the hydrides in the 1H NMR spectrum; the minor

isomer shows two sets of doublets at about 239.3 and
277.1 ppm in the 31P{1H} NMR spectrum, and a

�17.23 ppm doublet and a �21.46 ppm doublet of dou-

blets for the hydrides in the 1H NMR spectrum. The P–

P and P–H correlations have been confirmed by 31P{1H}

COSY, and 31P–1H HMBC and selective decoupling,

respectively. Assuming that the major isomer has the

structure of that in the solid-state X-ray crystallographic

study, the structures and NMR assignments for the iso-
mers may tentatively be made as shown in Fig. 5. The

two 31P chemical shifts for the proposed structure for

the minor isomer are also consistent with the 200–290

ppm range for a phosphido bridge across an Ru–Os

edge (compounds 2 and 4, and the major isomer) com-

pared with the <190 ppm for across an Os–Os edge

(for the major isomer and 4), observed here and in other

similar systems [12c,13,16].
The 1H NMR of 4 exhibits four sets of hydride reso-

nances, at �11.40, �19.38, �19.72 and �23.03 ppm; the
31P{1H} NMR shows two resonances at 228.5 and 164.3

ppm. These have been tentatively assigned (Fig. 5) with

the aid of 31P–1H HMBC, 1H NOESY and selective

decoupling experiments. Thus, the 1H resonance at

�11.40 ppm is coupled to both 31P resonances, which

identifies it as the resonance for H(34). The �19.38
and �19.72 ppm 1H resonances are coupled to the 31P

resonances at 164.3 and 228.5 ppm, respectively.
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Fig. 5. Tentative NMR assignments and proposed solution structures (carbonyls omitted) for 2, 3, 4, 5, 7 and 8.
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Furthermore, the NOESY showed crosspeaks between

all the 1H resonances except for that between the

�11.40 and �23.03 ppm resonances, suggesting that

the latter resonance should be assigned to H(12). The

HMBC actually shows crosspeaks between the

dH = �23.03 ppm resonance with both 31P resonances,
implying that there is a very small 2JPH associated; this

is consistent with the X-ray structure which shows that

both \POs(1)H(12) is �90�. In line with the expected

relationship of the 2JPH with \PMH [17], the larger
2JHP of 21 and 18 Hz for the 1H resonance at �11.40

ppm are associated with the larger \PMH(12) of �158�.
The 1H NMR spectrum of 5 at room temperature

exhibits three broad resonances in the metal hydride re-
gion; at 253 K, these resolved into a set of doublet at

�17.55 ppm and two sets of doublet of doublets at

�17.23 and �18.06 ppm. Thus, the hydrides in 5 are

more fluxional than those in the other compounds.

The 31P{1H} NMR spectrum showed resonances at
14.8 and �66.3 ppm. These have also been tentatively

assigned with the aid of 31P–1H HMBC and selective

decoupling experiments (Fig. 5). The 31P assignments

are readily made based on the large 1JPH observed for

the dP = 14.8 ppm resonance which is thus assignable

to P(6). The 1H doublet at �17.56 ppm can be assigned
to H(12); the large \PMH of �168� for P(6)Ru(4)H(34),

compared to between 70� and 84� for the others, sug-

gests that the largest 2JPH of 36.3 Hz should be assigned

to that between P(6) and H(34) (corresponding to reso-

nances dP = 14.8 ppm and dH = �17.23 ppm, respec-

tively). The 1H resonance for the P–H is observed as a

doublet of doublets at 4.03 ppm.

The reaction was found to afford a slight, and prob-
ably insignificant, difference in product distributions

when either excess or 2.0 equivalents of the phosphine

was employed. More importantly, however, was the

observation that a limiting IR spectrum was obtained

within 5 min. This IR spectrum (Fig. 6) is similar in
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pattern to that of the previously reported PPh3 deriva-

tives of 1, viz., RuOs3(l-H)2(CO)12(PPh3) [18], suggest-

ing that it is RuOs3(l-H)2(CO)12(PPh2H) (6a). Weaker

IR absorption peaks, similar in position to those of

the disubstituted derivatives of 1, have also been noticed

in the same spectrum of the reaction mixture, thus sug-
gesting the formation of RuOs3(l–H)2(CO)11(PPh2H)2
(6b), as well [19]. The room temperature 31P{1H}

NMR spectrum of this sample shows a number reso-

nances lying between d 25 to �80, with the most prom-

inent being a resonance at d 21.8 ppm, which is

assignable to 6a, as well as resonances assignable to

the free phosphine at d�40.3 ppm, and to 5. The absence

of resonances downfield of 150 ppm clearly indicates
that no bridging phosphido ligands have yet been

formed. Likewise, the 1H NMR spectrum in the high

field region shows two very prominent sets of doublets

at d�16.7 ppm (2JPH = 15.7 Hz) and at d�16.9 ppm

(2JPH = 12.4 Hz), which are assignable to 6a.

The tentative identification of the initial reaction

product as primarily 6a thus suggests that clusters 2–5

resulted from further transformation of 6a. Indeed, an
IR spectrum taken immediately after solvent removal

from the reaction mixture indicated that 6a has already

largely been transformed. After the filtration through

silica gel to remove unreacted TMNO and trimethyla-

mine, the IR spectrum showed peaks due to 2–5. In

analogy with, for example, Ru3(CO)11(PPh2H) [20], it

is probable that 6a afforded 2 via loss of a CO and inser-

tion into the P–H bond. Cluster 2 itself is thermally sta-
ble in solution; its NMR spectrum remaining unchanged

after more than two years. In contrast, a 1H NMR spec-
Fig. 6. IR spectrum (in hexane) of the reaction mixture resulting from the

(l-H)2(CO)12(PPh2PH), 6a, and those labelled b are assignable to RuOs3(l-
trum of 5 recorded after standing the solution for a

month showed the coexistence of 2–5. Five months later,

only peaks due to 2 (10%), 3 (30%) and 4 (70%) were

seen; decomposition was complete. A solution of 4 only

partly decomposes, even on long standing (at least a

year), to 2 and 3; the relative proportions of clusters 2,
3 and 4 obtained being the same as in the case for 5.

We believe that the reaction of 2 with an excess of

PPh2H gave rise to the adduct 5 via metal–metal bond

cleavage; this was verified by reacting a CH2Cl2 solution

of 2 with PPh2H a room temperature which gave 5

immediately, as observed by IR spectroscopy. It is also

possible that the formation of 3 to 5 proceeded from

the disubstituted derivative 6b; this has analogies in
the trinuclear analogues M3(CO)10(PPh2H)2 (M = Ru,

Os), which form the phosphido species M3(l-H)2(l-
PPh)2(CO)8 at elevated temperatures [21]. We are, how-

ever, unable to assess the precise contributions of 6a and

6b towards the final product distribution. At the present

time, we can summarise our picture of the reaction

scheme from 6a as shown in Scheme 1.

We have further investigated the adduct formation of
2 with the tertiary phosphine PPh3. Thus, on stirring a

solution of 2 with PPh3 at room temperature, a limiting

IR spectrum was obtained within 10 min. An attempt at

chromatographic separation was only partially success-

ful as it yielded bands which were mixtures of similar

composition, suggesting interconversion between at

least two species. Fractional crystallization from a

dichloromethane/hexane mixture afforded orange crys-
tals of RuOs3(l-H)3(CO)11(l-PPh2)(PPh3) (7), and dark

red crystals of RuOs3(l-H)3(CO)10(l-PPh2)(PPh3) (8).
addition of PPh2H to 1. Peaks labelled a are assignable to RuOs3-

H)2(CO)11(PPh2PH)2, 6b.
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These have been characterised completely, including sin-

gle crystal X-ray crystallographic studies; the ORTEP

plots showing the atomic numbering schemes, together

with selected bond parameters, are given in the figures

below (Figs. 7 and 8, respectively).

There are two crystallographically independent mole-

cules in the asymmetric unit of 8; with fairly similar
bond parameters. The molecules consisted of a distorted

tetrahedron with a terminal PPh3 ligand attached to the

Ru vertex and a phosphido bridge across a Ru–Os edge.

No analogous structure with a terminal PPh2H ligand

was identified in the reaction with Ph2PH, presumably

because of the ease with which the P–H bond is cleaved.

Its 31P{1H} resonances at 63.3 and 203.9 ppm may be

assigned to the terminal PPh3 and the bridging PPh2,
respectively. Selective decoupling and 31P–1H HMBC

correlated the two doublet of doublets at �12.69 and

�19.02 ppm in the 1H NMR spectrum with both the
31P resonances, and the doublet at �21.30 ppm with
the lower field 31P resonance. The H–M–P angles ob-

served in the solid-state structure, even though the hy-

drides are placed by potential energy calculations [9],

can be correlated with the observed 2JPH values; the

\H(24)Ru(4)P(1) of �161� was expected to give rise to

the largest coupling constant (30.5 Hz), compared with

\H(24)Ru(4)P(2) (�90�), and two similar angles, viz.,
\H(34)Ru(4)P(1) and \H(34)Ru(4)P(2) (�82� and

�81�, respectively). This allowed assignment of the dH
�12.69 ppm to H(24); the other 2JPH value of 9.1 Hz

for this resonance, and a doublet of doublets with nearly

equal coupling constants (10 Hz) for H(34), are also

consistent with this. Cluster 8 is best viewed as a PPh3
substituted derivative of 2; their 1H and 31P{1H} chem-

ical shifts are surprisingly very similar despite the
replacement of one carbonyl in 2 with a PPh3 in 8

(Fig. 5). The structural parameters for 2 and 8 are also

similar (Table 1), and one interesting feature is that

the longest metal–metal bond edge in both structures



Fig. 7. ORTEP diagram of 7 (50% thermal ellipsoids) with phenyl

hydrogens omitted. Ru(4)–Os(1) = 2.8851(6) Å; Ru(4)–Os(2) =

3.0744(6) Å; Ru(4)� � �Os(3) = 3.826(6) Å; Os(1)–Os(2) = 2.9701(4) Å;

Os(1)–Os(3) = 3.0357(4) Å; Os(2)–Os(3) = 2.8938(4) Å; Ru(4)–P(5) =

2.4121(17) Å; Os(3)–P(5) = 2.4319(17) Å; Ru(4)–P(6) = 2.3892(17) Å;

Ru(4)–P(5)–Os(3) = 104.36(6)�; P(5)–Ru(4)–P(6) = 99.94(6)�.

Fig. 8. ORTEP diagram of molecule A of 8 (50% thermal ellipsoids)

with phenyl hydrogens omitted. Molecule A: Ru(4)–Os(1) = 2.8629(6)

Å; Ru(4)–Os(2) = 2.8026(7) Å; Ru(4)–Os(3) = 2.9664(7) Å;

Os(1)–Os(2) = 3.0015(4) Å; Os(1)–Os(3) = 2.9869(5) Å; Os(2)–

Os(3) = 2.7987(5) Å; Ru(4)–P(1) = 2.281(2) Å; Os(1)–P(1) = 2.459(2)

Å; Ru(4)–P(2) = 2.313(2) Å; Ru(4)–P(1)–Os(1) = 74.20(6)�; P(1)–

Ru(4)–P(2) = 110.16(8)�. Molecule B: Ru(4)–Os(1) = 2.8694(7) Å;

Ru(4)–Os(2) = 2.7709(7) Å; Ru(4)–Os(3) = 2.9842(7) Å; Os(1)–

Os(2) = 3.0260(4) Å; Os(1)–Os(3) = 2.9789(4) Å; Os(2)–Os(3) =

2.8005(4) Å; Ru(4)–P(1) = 2.276(2) Å; Os(1)–P(1) = 2.456(2) Å;

Ru(4)–P(2) = 2.312(2) Å; Ru(4)–P(1)–Os(1) = 74.54(6)�; P(1)–Ru(4)–

P(2) = 106.74(8)�

Table 1

Comparison of selected bond lengths (Å) and angles (�) for 2 and 8

Bond parameter 2 8

Molecule A Molecule B

Ru(4)–Os(1) 2.8755(10) 2.8629(6) 2.8694(7)

Ru(4)–Os(2) 2.7952(11) 2.8026(7) 2.7709(7)

Ru(4)–Os(3) 2.9604(11) 2.9664(7) 2.9842(7)

Os(1)–Os(2) 3.0145(7) 3.0015(4) 3.0260(4)

Os(1)–Os(3) 2.9731(7) 2.9869(5) 2.9789(4)

Os(2)–Os(3) 2.7954(7) 2.7987(5) 2.8005(4)

Ru(4)–P(1) 2.264(3) 2.281(2) 2.276(2)

Os(1)–P(1) 2.418(3) 2.459(2) 2.456(2)

Ru(4)–P(1)–Os(1) 75.69(10) 74.20(6) 74.54(6)
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is not bridged by a hydride. However, unlike 2, the hy-

drides in 8 are not fluxional; no exchange crosspeaks
were observed in the 1H EXSY spectrum taken at 243
K, and the resonances remained well-resolved between
223 and 300 K. Such dependence of hydride fluxionality

on the properties of the other ligands has been observed

by others [22].

Cluster 7, like 5, has a phosphido-bridged butterfly

structure, with the terminal PPh2H ligand replaced by

a PPh3ligand; they differ in the position of one of the hy-

drides though. Assignments for the 1H and 31P{1H}

NMR spectra of 7 were complicated by the observation
that solutions of 7 were invariably found as a mixture

with 2 and 8. Three doublets for the hydrides were ob-

served at �18.45, �18.69 and �18.90 ppm. A 31P–1H

HMBC correlated the latter two resonances with the

broad 31P{1H} resonance at �83 ppm, which in analogy

to 5, is assigned to the phosphido bridge. With the

assumption that the solid-state structure persisted in

solution, the tentative assignments are as given in Fig.
5; it was not possible to assign the 1H resonances at

�18.69 and �18.90 ppm unambiguously. As in 5, the

hydrides in 7 are fluxional; the resonances coalesced

completely at about 280 K and an EXSY at 243 K

showed that all three hydrides were in mutual exchange.
3. Conclusions

The reaction of the heteronuclear cluster 1 with

Ph2PH thus appears to lead initially to the substitution

products 6a and 6b. These are unstable and decomposed

during work-up to a number of species, viz., the phosph-

ido bridged clusters 2–5. Among them are two which

contain a relatively rare phosphido bridge across the

wingtips of a butterfly core. The solution NMR data
of the new clusters support the notion that the solid state

structures persist in solution, although some exhibit

fluxionality of the hydrides. The reactivity of this class

of clusters is basically dictated by the more reactive

ruthenium centre; thus the phosphido bridges an Ru–

Os edge in almost all the species, and nucleophilic attack

in 2 occurs initially at the ruthenium vertex. We are cur-

rently examining the reactivity of these heteronuclear
clusters with other substrates.
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4. Experimental

4.1. General procedures

All reactions and manipulations were carried out un-

der nitrogen by using standard Schlenk techniques. Sol-
vents were purified, dried, distilled, and stored under

nitrogen prior to use. 1D NMR spectra were recorded

on a Bruker ACF-300 FT NMR spectrometer while

2D NMR spectra were recorded on a Bruker AMX500

NMR spectrometer, as CDCl3 solutions. EXSY spectra

were recorded with a mixing time of 0.5s unless other-

wise stated. Mass spectra were obtained on a Finnigan

MAT95XL-T spectrometer in an m-nitrobenzyl alcohol
matrix. Microanalyses were carried out by the microan-

alytical laboratory at the National University of Singa-

pore. The preparation of cluster 1 appears in our earlier

report [2]; diphenylphosphine was prepared according to

the literature method [23]. All other reagents were from

commercial sources and used as supplied.
4.2. Reaction of 1 with diphenylphosphine

A solution of diphenylphosphine in hexane (1.5 mL,

57.5 mmol dm�3) was added to a solution of 1 (87.0

mg, 83 lmol) in dichloromethane (90 mL), which was

maintained at �78 �C in an acetone/dry ice bath. Me3-
NO.2H2O (10.6 mg, 95 lmol) in acetonitrile (40 mL)

was added dropwise into the mixture. The mixture was

stirred for a further 20 min after completion of the
addition. This was then filtered through a short column

of silica gel, the solvents an volatile material removed

in vacuo, and the residue chromatographed on silica

gel with hexane/dichloromethane mixtures as eluant

to afford an orange-red band of Os3Ru(l-PPh2)-
(l-H)3(CO)11 (2) (24 mg, 25%), an orange-pink band

of Os3Ru(l-PPh2)2(l-H)2(CO)10 (3) (49 mg, 44%), and

an orange-brown band of Os3Ru(l-PPh2)2(l-H)4(CO)9
(4) (21 mg, 20%).

A similar reaction with excess diphenylphosphine (2

drops, neat) afforded 2 (40%), another novel compound

Os3Ru(l-PPh2)(l-H)3(CO)11(PPh2H) (5) (16%), and 4

(1%).

2: mmax/cm
�1 (hexane) 2095m, 2066vs, 2050vs, 2039s,

2017mw, 2009mw, 2004ms, 1997mw, 1985m (CO). 1H

NMR d 7.3–7.8 (m, 10H, aromatic), �13.04 (d, 1H,
2JPH = 23.9 Hz), �19.20 (d, 1H, 2JPH = 11.6 Hz),

�21.59 (d, 1H, 2JPH = 8.3 Hz). 31P{1H} NMR d
225.71s. MS: 1167.9 (M+); calculated for C23H13O11Os3-

PRu: 1168.8. Anal. Calc. for C23H13O11Os3PRu: C,

23.65; H, 1.12. Found : C, 23.73; H, 1.22%.

3: mmax/cm
�1 (CH2Cl2) 2078ms, 2046vs, 2020vs,

1992m, 1981m, 1966m (CO). 1H NMR d 7.2–7.8m

(20H, aromatic), �17.23 (d, 2JPH = 10.3 Hz, 25%),
�17.90 (d, 2JPH = 11.1 Hz, 75%), �21.46 (dd,
2JPH = 7.4, 7.4 Hz, 25%), �22.12 (dd, 2JPH = 5.8, 5.8

Hz, 75%). 31P{1H} NMR d 288.90d (2JPP = 161.3 Hz,

75%), 277.13d (2JPP = 176.6 Hz, 25%), 239.25d

(2JPP = 165.7 Hz, 25%), 181.53d (75%). MS: 1325.0

(M+); calculated for C34H22O10Os3P2Ru: 1324.9. Anal.

Calc. for C34H22O10Os3P2Ru.1/2C6H14: C, 32.50; H,
2.14. Found : C, 32.51; H, 1.83%.

4: mmax/cm
�1 (hexane) 2117m, 2049vs, 2017m, 2009m,

1974m, 1961ms, 1948m (CO). 1H NMR d 7.2–8.0m

(20H, aromatic), �11.40 (dd, 1H, 2JPH = 18.0, 21.4

Hz), �19.38 (d, 1H, 2JPH = 6.6 Hz), �19.72 (d, 1H,
2JPH = 8.3 Hz), �23.03 (s, 1H). 31P{1H} NMR d
228.50d (2JPP = 129 Hz), 164.26d. MS: 1299.0 (M+); cal-

culated for C33H24O9Os3P2Ru: 1298.9. Anal. Calc. for
C33H24O9Os3P2Ru: C, 30.53; H, 1.85. Found: C,

30.64; H, 1.95%.

5: mmax/cm
�1 (hexane) 2086m, 2068mw, 2054vs,

2027s, 2007s, 1991mw, 1964w, 1953w (CO). 1H NMR

(253K) d 7.1–7.8m (20H, aromatic), 4.03 (dd, 1H,
1JPH = 402.5 Hz, 3JPH = 10.2 Hz), �17.23 (dd,
2JHP = 18.2, 36.3 Hz), �17.55 (d, 2JPH = 6.6 Hz),

�18.06 (dd, 2JPH = 9.9, 22.3 Hz). 31P{1H} NMR d
14.79d (2JPP = 7.6 Hz), �66.25d. MS: 1354.7 (M+); cal-

culated for C35H24O11Os3P2Ru: 1354.8. Anal. Calc. for

C35H24O11Os3P2Ru: C, 31.04; H, 1.77. Found: C,

30.79; H, 1.87%.
4.3. Reaction of 2 with PPh3

Cluster 2 (150 mg, 128 lmol), PPh3 (34 mg, 130 lmol)
and dichloromethane (50 mL) were stirred at room tem-

perature in a 3-necked 100 mL rbf. Monitoring by IR

spectroscopy indicated that the reaction was complete

within 10 min. Chromatographic separation on silica

gel using hexane and dichloromethane as eluant yielded

three coloured fractions; yellow (27 mg), yellow-red (25

mg) and red (174 mg), in order of elution. IR analysis of

the three fractions showed all fractions to be the same
mixture of compounds, in about the same relative pro-

portions, comprising 2, 7 and 8. Crystallization from a

hexane/dichloromethane mixture yielded orange crystal-

line powder RuOs3(l-H)3(CO)11(l-PPh2)(PPh3) (7), and
dark red crystals of RuOs3(l-H)3(CO)10(l-PPh2)(PPh3)
(8).

7: mmax/cm
�1 (hexane) 2091mw, 2085m, 2069m,

2060s, 2050vs, 2039mw, 2025s, 2020m, 2009m, 2005s,
1993w, 1984mw, 1979mw, 1962w, 1953vw, 1944vw

(CO). 1H NMR (233K) d�18.45d (1H, 3JPH = 4.1 Hz),

�18.69d (1H, 2JPH = 10.7 Hz), �18.90d (1H,
2JPH = 13.2 Hz). 31P{1H} NMR d 29.6s (PPh3), �83br

(PPh2). MS: 1430.9 (M+); calculated for C41H28O11Os3-

P2Ru: 1430.9. Anal. Calc. for C41H28O11Os3P2Ru: C,

34.43; H, 1.96. Found: C, 34.11; H, 1.92%.

8: mmax/cm
�1 (hexane) 2084s, 2058vs, 2039vs, 2013s,

2002w, 1994mw, 1983w, 1972w, 1961vw (CO). 1H



Table 2

Crystal data for 2, 3, 4, 5, 7 and 8

Compound 2 3 4 5 7 8

Formula C23H13O11Os3PRu C34H22O10Os3P2Ru C33H24O9Os3P2Ru Æ 1/2CH2Cl2 C35H24O11Os3P2Ru C41H28O11Os3P2Ru C40H28O10Os3P2Ru Æ 1/8CH2Cl2 Æ
1/8C7H8

Fw 1167.97 1324.13 1340.60 1354.15 1430.24 1424.37

Temperature (K) 293(2) 223(2) 293(2) 293(2) 233(2) 293(2)

Crystal system Monoclinic Orthorhombic Monoclinic Monoclinic Monoclinic Triclinic

Space group P21/n P212121 P21/m P21/c P21/c P�1
Unit cell dimensions

a (Å) 8.3060(1) 12.9224(2) 8.8708(3) 9.1303(1) 14.2111(4) 11.3074(2)

b (Å) 20.4923(3) 14.0768(2) 14.1119(5) 22.6580(1) 12.4835(4) 19.1346(3)

c (Å) 16.8518(2) 20.3403(1) 16.1105(5) 18.7392(1) 23.9748(7) 20.5424(2)

a (�) 90 90 90 90 90 97.926(1)

b (�) 100.083(1) 90 103.940(1) 98.181(1) 96.862(1) 97.231(1)

c (�) 90 90 90 90 90 93.021(1)

V (Å3) 2823.93(5) 3700.02(8) 1957.38(11) 3837.21(5) 4222.8 4356.02(11)

No. reflections for unit cell 6044 6294 8192 7117 6007 8192

z 4 4 2 4 4 4

qc (g cm
�3) 2.747 2.377 2.275 2.344 2.250 2.172

l (Mo Ka) (mm�1) 14.091 10.810 10.282 10.428 9.483 9.205

F(000) 2104 2432 1234 2496 2656 2646

Crystal size (mm · mm ·mm) 0.46 · 0.40 · 0.20 0.24 · 0.16 · 0.14 0.34 · 0.15 · 0.14 0.20 · 0.14 · 0.07 0.18 · 0.14 · 0.12 0.38 · 0.28 · 0.08

h Range (�C) 2.34–29.26 2.00–29.30 2.37–29.34 1.80–29.41 2.10–29.29 2.02–29.35

Reflections collected 21414 24459 12983 25613 27243 34887

Independent reflections (Rint) 4803 (0.0687) 9127 (0.0471) 4964 (0.0283) 9407 (0.0374) 10318 (0.0460) 20505 (0.0345)

Transmission range 0.154–0.047 0.316–0.206 0.357–0.213 0.357–0.171 0.432–0.353 0.200–0.019

Data/restraints/parameters 4803/0/352 9127/0/380 4964/1/257 9407/6/478 10318/0/532 20505/4/1035

Goodness-of-fit on F2 1.058 1.083 1.154 1.123 1.097 1.095

Final R indices [I > 2r(I)]
R1 0.0561 0.0419 0.0342 0.0304 0.0408 0.0425

wR2 0.1419 0.0675 0.0861 0.0592 0.0646 0.0815

R indices (all data)

R1 0.0655 0.0623 0.0460 0.0520 0.0700 0.0725

wR2 0.1481 0.0758 0.0934 0.0702 0.0740 0.0938

Largest diff. peak and hole (e Å�3) 3.197 and �4.718 0.955 and �1.245 1.545 and �1.481 0.892 and �1.413 0.835 and �1.310 1.141 and �1.656
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NMR d 7.0–7.5m (25H, aromatic), �12.69dd (1H,
2JPH = 30.5, 9.1 Hz), �19.02dd (1H, 2JPH = 10.0, 10.0

Hz), �21.30d (1H, 2JPH = 6.6 Hz). 31P{1H} NMR d
63.3s (PPh3), 203.9s (PPh2). MS: 1401.8 (M+); calculated

for C40H28O10Os3P2Ru: 1402.9. Anal. Calc. for

C40H28O10Os3P2Ru.1/2CH2Cl2: C, 33.67; H, 2.02.
Found: C, 33.58; H, 1.96%. Solvent in the sample has

been confirmed by 1H NMR.

4.4. Crystal structure determinations

Crystals were grown from dichloromethane/hexane

solutions and mounted on quartz fibres. X-ray data were

collected on a Bruker AXS APEX system, using Mo Ka
radiation, with the SMARTSMART suite of programs [24]. Data

were processed and corrected for Lorentz and polarisa-

tion effects with SAINTSAINT [25], and for absorption effects

with SADABSSADABS [26]. Structural solution and refinement

were carried out with the SHELXTLSHELXTL suite of programs

[27]. Crystal and refinement data are summarised in

Table 2.

The structures were solved by direct methods to lo-
cate the heavy atoms, followed by difference maps for

the light, non-hydrogen atoms. Organic hydrogen atoms

were placed in calculated positions and refined with a

riding model. The metal hydride positions were calcu-

lated with the program XHYDEXXHYDEX [9], except for com-

pounds 4 and 7, where the hydrides were located from

a low angle difference map. The hydrides were given

fixed isotropic thermal parameters and generally al-
lowed to ride on one of the osmium atoms that they

are attached to. With the exception of those mentioned

below involving disordered parts, all non-hydrogen

atoms were given anisotropic thermal parameters in

the final model.

The crystal of compound 3 exhibited disorder of the

ruthenium over three sites. Each of these sites was thus

modelled with a partial osmium and ruthenium, given
identical anisotropic thermal parameters and positions,

with sum of the occupancies of osmium restrained to

2.0. There was also disorder of one of the phenyl rings,

which was modelled with two complete rings of half-

occupancy, restrained to be regular hexagons and re-

fined with isotropic thermal parameters. The crystal of

4 contained a molecule of CH2Cl2 per formula unit of

4. Both the solvent and the molecule of 4 showed disor-
der. The solvent disorder was modelled with two alter-

native sites, and the C–Cl lengths appropriately

restrained. The disorder in the molecule of 4 involved

one osmium with the ruthenium. The two sites were

modelled as containing half of each atom type. The crys-

tal of 8 also contained solvent molecules, which were

treated as comprising 1/8 CH2Cl2 and 1/8 toluene; the

toluene was modelled as disordered about an inversion
centre. Appropriate restraints on bond parameters were

placed on the solvent molecules.
5. Supplementary material

Crystallographic data (excluding structure factors)

for the structures in this paper have been deposited with

the Cambridge Crystallographic Data Centre as supple-

mentary publication numbers CCDC 253124–253129.
Copies of the data can be obtained, free of charge, on

application to CCDC, 12 Union Road, Cambridge

CB2 1EZ, UK, (fax: +44 1223 336033 or e-mail:

deposit@ccdc.cam.ac.uk).
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