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Abstract

The reaction between [Os3H2(CO)10] and 1,4-diphenylbuta-1,3-diyne yields two isomers of the triosmium cluster [Os3(m-

H)(CO)10{m3-h1:h3:h1-Ph(C)C9H6)}] 1, 2, the structures of which involve an ‘open’ metal triangle and exhibit an unusual pseudo-

allylic interaction involving a fused six- and five-membered ring system obtained from a ring-closure reaction of the diyne. Thermal

decarbonylation of 1 and 2 produces [Os3(m-H)(CO)9{m3-h1:h3:h1-Ph(C)C9H6)}] (3) which has a ‘closed’ Os3 triangular core and the

same formal m3-h1:h3:h1-allylic coordination mode. The reaction of 1 with trimethylamine-N -oxide in the presence of acetonitrile

affords [Os3(m-H)(CO)8(MeCN){m3-h1:h3:h1-(Ph(C)C9H6)}] (4), an acetonitrile-substituted derivative of 3. The structures of clusters

1�/4 have been established by X-ray crystallography, and all the new clusters have been characterised spectroscopically.

# 2003 Elsevier B.V. All rights reserved.
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1. Introduction

The chemistry of alkynes when coordinated to transi-

tion-metal carbonyl clusters is well documented [1�/7].

Alkynes display a wide range of coordination modes

when coordinated to polynuclear carbonyl clusters, and

their reactivity is characterised by transition-metal

mediated carbon�/carbon bond formation and cycliza-

tions of unsaturated hydrocarbons [5�/7]. More recently,

the reactions of 1,3-conjugated diynes with ruthenium

and osmium clusters have attracted considerable interest

because of the unusual transformations that these

molecules undergo when they are attached to the cluster

core. For the osmium systems observed chemistry

includes intramolecular rearrangement/cyclization of

the ligand under mild conditions [8�/12] and carbon�/

carbon rupture in thermolysis reactions [13], and related

results are observed for ruthenium cluster systems [14].

The result of the ligand rearrangement generally de-

pends essentially on the nature of terminal substituents

of the diyne. When the reaction involves the use of

[Os3H2(CO)10], a hydrogen atom attached to the b-

carbon atom of the diyne substituent may be abstracted,

and this leads to the formation of a bond between the b-

carbon atom and the third carbon (relative to the

substituent) of the �/C2�/C2�/ diyne group [12]. Here,

we report the reaction of [Os3H2(CO)10] and 1,4-

diphenylbuta-1,3-diyne that involves the generation of
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an unusual pseudo-allylic ligand that contains a fused

six- and five-membered ring system.

2. Results and discussion

The reaction of [Os3H2(CO)10] with 1,4-diphenylbuta-

1,3-diyne, in chloroform, at room temperature for 18 h,

affords three compounds after separation by TLC using

hexane/dichloromethane (6:1) as eluant. The main
yellow, air stable product 1 was obtained in 50% yield

(high Rf), and was characterised as an isomer of [Os3(m-

H)(CO)10{m3-h1:h3:h1-(Ph(C)C9H6}] by spectroscopic

(Tables 1 and 2) and crystallographic methods. The

second product, 2, characterised as a second isomer of

[Os3(m-H)(CO)10{m3-h1:h3:h1-(Ph(C)C9H6}] was ob-

tained as an orange solid in 25% yield (low Rf). Small

amounts of the known complex
[Os3(CO)10{PhC2C2Ph}] (5) were also obtained upon

purification. This complex was characterised by mass

spectrometry (molecular ion m/z�/1052), and by com-

parison of the IR and 1H-NMR spectra with the

literature data [15,16].

The FAB mass spectra of 1 and 2 both gave the same

molecular ion peak at m/z 1054, followed by sequential

mass losses corresponding to the removal of ten
carbonyl ligands. The IR spectra of the two complexes

in the carbonyl region (Table 1) showed significant

differences, consistent with a change in molecular

symmetry. The 1H-NMR spectra for each compound

indicated the presence of a hydride ligand, nine protons

in the aromatic region, and a methylene group. How-

ever, there were significant differences in the positions of

the hydride and methylene signals. All these observa-

tions were consistent with the fact that 1 and 2 were

structural isomers. In order to establish the metal and

ligand arrangements the molecular and crystal struc-

tures were determined by single-crystal X-ray analyses.

Stable single crystals of 1 were grown from dichlor-

omethane/hexane solution at �/30 8C. These crystals

were shown to crystallise in the triclinic space group P/1̄

(No. 2). Under different crystallisation conditions, a

chloroform/heptane solution at �/5 8C, a different

polymorph, with space group C2/c , was obtained. The

gross features of the molecular structure were the same

in both polymorphs and only those for the triclinic

form, denoted 1a, will be discussed in detail. Crystal-

lographic data for the monoclinic form, denoted 1b, has

been deposited as supplementary crystallographic data.

Single crystals of 2 were obtained by recrystallisation

from dichloromethane/hexane solution at �/30 8C.
The crystal structures of 1a and 2 consist of discrete

[Os3(m-H)(CO)10{m3-h1:h3:h1-(Ph(C)C9H6}] molecules

with no abnormally short intermolecular contacts. For

1a two crystallographically independent but structurally

similar molecules are present in the asymmetric unit.

The molecular structures of 1a and 2 are shown in Figs.

1 and 2, respectively, while selected bond parameters are

listed in Tables 3 and 4. The X-ray analyses confirm that

1a and 2 are isomeric structures, the most significant

structural differences being the orientation of the

indane-2-yl-1-ylidene, (Ph(C)C9H6), ligand over the

open Os3 triangle, and the relative position of the

edge-bridging hydride with respect to the organic ligand.

Table 1

Spectroscopic data for compounds 1�/5

Compound n (CO) (cm�1) Colour Mass spectroscopy a 1H-NMR (d , J /Hz) b,c

1 d 2110(w), 2080(s), 2072(w), Yellow 1054 (1054) b 7.90�/6.27 (m, 9H, six-mem. rings)

2060(vs),2028(vs), 2006(s), Os3�/(570) 3.63 (s, 2H, CH2),

1984(m), 1960(w) �/16.84 (s, 1H, m-HOs).

2 b 2100(m), 2081(s), 2066(vs), Yellow 1054 (1054) b 7.60�/6.76 (m, 9H, six-mem. rings)

2050(vs), 2023(m), 1997(sh) Os3�/(570) 4.40 (AA?, 2H, CH2, J�/21.7 Hz),

�/17.34 (s, 1H, m-HOs).

3 d 2096(s), 2072(vs), Yellow 1026 (1026) b 7.70�/5.87 (m, 9H, six-mem. rings),

2046(vs), 2020(s), Os3�/(570) 3.66 (AA?, 2H, CH2, J�/ 21.0 Hz),

2004(vs), 1988(w) �/18.37 (s, 1H, m-HOs).

4 b 2082(s), 2060(s), 2056(sh), Yellow 1039 (1039) c 7.65�/6.03 (m, 9H, six-mem. rings),

2035(m), 2009(sh), 1995(vs), Os3�/(570) 3.58 (AA?, 2H, CH2, J�/21.9 Hz),

1981(sh), 1941(m) 1.93 (s, 3H, CH3CN), �/17.85 (s, 1H, m-HOs).

5 d 2084(s), 2072(s), 2060(m), Yellow 1052 (1052) b 7.55�/7.30 (m, 10H Ph),

2036(m), 2028(vs), 2016(s), Os3�/(570)

2004(w), 1994(w)

a Molecular ion and the signals corresponding to successive loss of CO ligands (ten CO (1), (2) and (5), nine (3), eight (4)) were observed.

Calculated values are in parentheses.
b CDCl3.
c CD2Cl2.
d Hexane.
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In both the structures of 1a and 2 the three osmium

atoms adopt an open triangular arrangement with one

Os/� � �/Os edge lengthened to 3.766(2) Å [3.755 (2) Å for

the second independent molecule] for 1a and 3.733(2) Å

for 2. This distance may be viewed as non-bonding,

consistent with the overall electron count of 50 e� for

both clusters assuming that the substituted indene ligand

acts as a 5 e� donor. In each structure the two Os�/Os

bonds show significant differences in length, but this is

consistent with the presence of a bridging hydride

spanning the longer edge in each case; the edge

lengthening effect of a bridging hydride is well estab-

lished [17]. In both the structures of 1a and 2 the hydride

positions were not located directly but they were derived

from potential energy calculations [18,19].
Again, in both the structures of 1a and 2, the ten

carbonyl ligands adopt terminal sites and are essentially

linear. One of the ‘terminal’ Os atoms has four

carbonyls, two in axial and two in equatorial sites, and

the other ‘terminal’ Os and the ‘linking’ Os atom in the

open triangle have three carbonyls coordinated to them.

The most interesting feature of the structures of 1a

and 2 is the nature of the coordinated (Ph(C)C9H6)

ligand that is formed from the original 1,4-diphenyl-

Table 2

Spectroscopic data for compounds 1�/4

Compound Analysis (C, H, N) a 13C-NMR, d ppm, (multiplicity, assignment)

1 C*/29.28 (29.57); H*/1.08 (1.11) 187.5�/166.6 (10s, 10C, 10 CO), 151.4, 150.3, 148.6, 141.8 (4s, 4C), 129.7�/123.8 (9s, 9CH, six-mem.

rings), 101.9 (s, 1C), 59.7 (s, 1C, C H2), 23.6 (s, 1C) b

2 C*/28.94 (29.57); H*/1.15 (1.11) 189.7�/166.7 (10s, 10C, 10 CO), 158.3, 151.6, 144.0, 140.8 (4s, 4C), 128.0�/124.2 (9s, 9CH, six-mem.

rings), 106.3 (s, 1C), 51.7 (s, 1C, C H2), 22.8 (s, 1C) b

3 C*/30.19 (30.00); H*/1.48 (1.20) 174.57 (s, 9C, 9 CO), 158.25,155.47, 152.46 (3s, 3C), 149.50 (s, 1C), 142.99 (s, 1C), (s, 1C,), 129.9�/

123.9 (7s, 9CH, six-mem. rings), 55.11 (s, 1C, CH2) c

4 C*/30.15 (30.00); H*/1.85 (1.76);

N*/0.73.(1.3)

178.35 (s, 8C, 8 CO), 132.45�/126.80 (7s, 9C, Ph/six-mem. ring), 55.80 (s, 1C, CH2), 42.24 (s, 1C,

CH3CN) c,d

a Calculated values in parentheses.
b CDCl3.
c CD2Cl2.
d Poor resolution precludes complete assignment.

Fig. 1. The molecular structure of one of the two independent molecules of 1a showing the atom numbering scheme adopted.
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buta-1,3-diyne by a cyclization process coupled with the

transfer of two hydrogen atoms onto the unsaturated �/

C�/C�/C�/C�/ hydrocarbon chain. It is probable that one

of these hydrogen atoms derives from [Os3H2(CO)10]

and the other is transferred from the C(48) atom (see

Fig. 1). This transfer is accompanied by C�/C bond

formation between the phenyl carbon C(48) and the

C(49) atom of the diyne chain. The resultant

(Ph(C)C9H6) ligand then bridges all three osmium

atoms, and can be viewed as forming a pseudo-allylic

interaction with Os(2) (Figs. 1 and 2) and s-interactions

with Os(1) and Os(3), thus providing 5 e� towards the

cluster electron count. The difference between the two

isomeric structures is that in 1a the indenyl ligand spans

the open Os/� � �/Os edge, such that C(41) may be viewed

as having inserted into the Os(1)�/Os(2) bond, and the

phenyl substituent and the associated C(50) atom bridge

the Os(2)�/Os(3) edge that is also spanned by the

bridging hydride. In 2 the phenyl substituent and

associated C(50) atom span the open Os(2)/� � �/Os(3)

edge, with C(50) having inserted into the metal�/metal

bond, and the indenyl, through C(41), spans the

hydride-bridged Os(1)�/Os(2) edge. In 1a the C(41)�/

C(49) and C(49)�/C(50) lengths of 1.42(4) [1.39(3)] and

1.41(3) [1.36(3)] Å, respectively, are consistent with the

allylic description of the bonding, and the C(49)�/C(50)�/

C(51) and C(41)�/C(49)�/C(50) bond angles are close to

the expected value of 1208. The angles around C(41) are

closer to tetrahedral, and it is possible that there is a

greater s-bonding component in the bond between

C(41) and Os(2). In 2 the C(41)�/C(49) and C(49)�/

C(50) bonds, with distances of 1.43(2) and 1.50(2) Å

show a greater variation in length, but the angles about

C(41), C(49) and C(50) are very similar to those in 1a.

The X-ray structure determinations of 1a and 2 are

consistent with the differences in the 1H-NMR data for

the two clusters. The hydride signals for 1 and 2 (Table

1) are both indicative of edge bridging hydrides but the

small difference in the positions of the signals reflects the

difference in their environments. In 1 the methylene

protons appear as a singlet at d 3.66, indicating that

while they are not chemically equivalent by symmetry,

they are coincidently appear at the same position

because of their similar environments. In contrast, in

2, from the asymmetry in the structure, the two

methylene protons are clearly in different environments

and consequently appear as an AA ? signal centred at d

4.40 with JHH�/21.7 Hz.

The room temperature 13C-NMR spectrum of 1

(Table 2) exhibits ten resolved resonances for the carbon

Fig. 2. The molecular structure of 2 showing the atom numbering scheme adopted.
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atoms of the carbonyl groups, consistent with the

complete asymmetry of the carbonyl environments

within this molecule. This result also indicates that the

molecule is stereochemically rigid at this temperature.

On the basis of a DEPT 135 experiment the high field

signal at 60.07 ppm can be assigned to the methylene

carbon, C(42), and the set of nine well resolved

resonances (129.7�/123.9 ppm) to the carbon atoms of

the aromatic rings that are bound to hydrogens, C(44)�/

C(47) and C(52)�/C(56). The other six resonances

observed in the spectrum correspond to the ‘bare’

carbon atoms of the coordinated ligand. It is not

possible to make unambiguous assignments for these

signals. The signal at 23.6 ppm is unusually high, and

according to the results of the DEPT 135 experiment,

this resonance with zero intensity in the DEPT spectrum

has to be assigned to a ‘metal-bound’ carbon. The 13C-

NMR spectrum of 2 (Table 2) is very similar to that of 1,

including a high field signal at 22.8 ppm, and similar

assignments of the resonances can be made. This is as

expected for two isomers with quite similar structures.

The course of the reaction between [Os3H2(CO)10]

and 1,4-dipehnylbuta-1,3-diyne was monitored by 1H-

NMR spectroscopy in order to gain information regard-

ing the mechanism of the process. In the experiment the

reaction mixture, in CD2Cl2, was placed in an NMR

tube and the changes in the hydride signals from

[Os3H2(CO)10] (d �/11.5), 1 (d �/16.8) and 2 (d

�/17.3) were monitored. At room temperature con-

sumption of the dihydride and formation of the three

products, 1, 2 and [Os3(CO)10(PhC2C2Ph)] (5) occurred

at an equal rate of 0.0179/0.002 min�1. This indicates

that all the products obtained originate from a common

intermediate, the stage at which it is formed being the

rate-determining step for the reaction. A possible

reaction sequence that is consistent both with the

structural data obtained for the products as well as

with the assumption of a common alkenyl intermediate

is illustrated in Scheme 1, although no attempt was

made to isolate organic products generated in the

reaction. The first step in the process has been observed

frequently in the interaction between alkynes and

[Os3H2(CO)10], and alkenyl intermediates of this type

have been isolated and characterised for various alkynes

Table 3

Selected bond lengths (Å) for compounds 1a, 2, 3 and 4

1a 2 3 4

Os(1)�/

Os(3)

2.857(2),

2.859(2)

2.8548(10) 2.9601(11),

2.9446(11)

2.9601(9)

Os(2)�/

Os(3)

2.894(2),

2.890(2)

�/ 2.8349(11),

2.8271(11)

2.8084(8)

Os(1)�/

Os(2)

�/ 2.9379(11) 2.8365(10),

2.8460(10)

2.7925(8)

Os(1)�/

C(41)

2.16(3),

2.23(3)

2.06(2) 2.27(2), 2.10(2) 2.08(2)

Os(3)�/

C(50)

2.17(2),

2.27(3)

2.16(2) 2.11(2), 2.16(2) 2.105(13)

Os(2)�/

C(41)

2.30(3),

2.33(3)

2.25(2) 2.27(2), 2.24(2) 2.317(14)

Os(2)�/

C(49)

2.27(2),

2.24(2)

2.262(14) 2.28(2), 2.29(2) 2.361(13)

Os(2)�/

C(50)

2.17(2),

2.24(3)

2.32(2) 2.29(2), 2.28(2) 2.264(12)

C(41)�/

C(42)

1.61(4),

1.53(3)

1.56(2) 1.53(2), 1.63(2) 1.55(2)

C(42)�/

C(43)

1.50(4),

1.49(3)

1.54(2) 1.47(3), 1.50(3) 1.49(2)

C(43)�/

C(48)

1.38(4),

1.37(3)

1.36(2) 1.43(3), 1.35(3) 1.38(2)

C(48)�/

C(49)

1.49(3),

1.50(3)

1.56(2) 1.49(2), 1.52(2) 1.48(2)

C(41)�/

C(49)

1.42(4),

1.39(3)

1.43(2) 1.38(2), 1.31(2) 1.45(2)

C(49)�/

C(50)

1.41(3),

1.36(3)

1.50(2) 1.42(2), 1.33(2) 1.43(2)

C(50)�/

C(51)

1.54(3),

1.44(3)

1.55(2) 1.53(2), 1.53(2) 1.53(2)

Os(2)�/

N(1)

�/ �/ �/ 2.093(12)

N(1)�/C(2) �/ �/ �/ 1.14(2)

C(2)�/C(3) �/ �/ �/ 1.43(2)

Table 4

Selected bond angles (8) for compounds 1a, 2, 3 and 4

1a 2 3 4

Os(1)�/Os(3)�/Os(2) 81.81(6), 81.55(6) �/ 58.56(3), 59.05(3) 57.83(2)

Os(2)�/Os(1)�/Os(3) �/ 80.24(3) 58.51(2), 58.42(3) 58.36(2)

Os(1)�/Os(2)�/Os(3) �/ �/ 62.92(3), 62.54(3) 63.81(2)

Os(1)�/C(41)�/Os(2) 115.3(12), 110.7(11) 85.9(6) 81.3(6), 81.9(6) 78.7(5)

Os(3)�/C(50)�/Os(2) 83.7(8), 79.7(9) 112.8(8) 80.0(5), 79.0(6) 79.9(4)

C(41)�/C(42)�/C(43) 103(2), 104(2) 100.5(14) 106(2), 100(2) 104.4(12)

C(42)�/C(41)�/C(49) 106(2), 110(2) 108.2(13) 106.6(14), 109(2) 107.0(13)

C(41)�/C(49)�/C(50) 117(2), 126(2) 117.0(13) 120(2), 121(2) 120.6(12)

C(41)�/C(49)�/C(48) 111(2), 106(2) 110.8(12) 112(2), 110(2) 107.9(12)

C(49)�/C(50)�/C(51) 120(2), 120(2) 116.0(14) 117.6(14), 123(2) 117.5(11)

Os(2)�/N(1)�/C(2) �/ �/ �/ 175.5(12)

N(1)�/C(2)�/C(3) �/ �/ �/ 178(2)
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[20,21]. In the case of the reaction with the diyne it is

evident that this intermediate is highly reactive and

undergoes further transformations [10�/12]. For exam-

ple, in the reaction with 1,4-bis(trimethylsilyl)diyne, the

alkenyl coordination mode is stabilised by a 1,2 silyl

shift [12]. One possible path is the intramolecular

cyclization process leading to the formation of 1 and

2. In an alternative pathway, the second hydride is

transferred on to the coordinated ligand resulting in the

expulsion of an enyne and the further reaction of the

unsaturated ‘Os3(CO)10’ fragment with another diyne

molecule to give [Os3(CO)10(PhC2C2Ph)]. A similar

reaction sequence was monitored in detail for the

reaction between [Os3H2(CO)10] and diphenylacetylene

[3].

Thermolysis of either a mixture of 1 and 2 or of the

individual isomers, in heptane, for 3 h, followed by

separation and purification by TLC using hexane as

eluant, affords a single yellow product in 90% yield

(Scheme 2). This product was characterised as [Os3(m-

H)(CO)9{m3-h1:h3:h1-(Ph(C)C9H6)] (3) by IR, 1H- and

13C-NMR spectroscopies, FAB mass spectrometry (Ta-

bles 1 and 2), and the analysis was confirmed by a

single-crystal X-ray diffraction study.

The mass spectrum for 3 gives a molecular ion at m/z

1026 and also shows the sequential loss of nine carbonyl

ligands. This observation is consistent with the removal

of one carbonyl ligand from 1 and 2 during the

thermolysis reaction to produce the complex 3 that

contains nine carbonyl ligands. This is confirmed by the

X-ray analysis. The crystal structure of 3 contains two

independent but structurally similar molecules in the

asymmetric unit. The molecular structure of one of these
molecules is shown in Fig. 3 while selected bond

parameters are listed in Tables 3 and 4. The metal

framework in 3 consists of a closed, ca. isosceles triangle

the longest edge [Os(1)�/Os(3)] of which is bridged by a

hydride ligand. As with the structures of 1 and 2 the

hydride position was assigned from potential energy

calculations [19]. The nine carbonyl ligands are all

terminal and essentially linear. Three carbonyls are
coordinated to each Os atom, two in equatorial and

one in an axial site; in one of the independent molecules

three of the carbonyl groups show positional disorder

over two sites and the positions were refined with partial

occupancies that summed to unity. The indane-2-yl-1-

ylidene ligand retains the m3-h1:h3:h1-coordination

mode to the metal framework, with an h3-allylic

interaction to Os(2), and s-interactions between
Os(1)�/C(41) and Os(3)�/C(50), to give a pentagonal

pyramidal Os3C3 cluster core. However, unlike the

coordination of this ligand in 1 and 2, the metal�/ligand

distances are significantly more asymmetric. The C(41)�/

C(49) and C(49)�/C(50) distances lie in the same range as

those found in 1a and 2, and the angles at the allylic

carbon atoms are also similar.

In terms of electron counting, the organic ligand in 3
still acts as a 5 e� donor, and with the loss of a carbonyl

compared to 1 or 2, the overall count is reduced to 48

e�. This is the expected count for a closed triangular

metal framework, so that the loss of a carbonyl is

concomitant with the closing of the open metal triangle

observed in 1 and 2.

The 1H- and 13C-NMR data presented in Tables 1

and 2 is consistent with the solid state structure of 3. As
in the case of 1 and 2 a multiplet of nine protons

corresponding to the aromatic protons is observed in the

range d 7.9�/5.8 in the 1H-NMR spectrum at room

temperature. The methylene protons display an AA ?
signal centred at d 3.66 and the resonance for the

bridging hydride appears at d �/18.38. In the room

temperature 13C-NMR spectrum of 3 one resonance of

relative intensity nine is observed in the carbonyl region
(174.57 ppm). This suggests that this complex is

completely stereochemically nonrigid at room tempera-

ture and all nine carbonyls take part in the scrambling

around the Os3 triangle. This is in complete contrast to

Scheme 1.
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the stereochemically rigid carbonyls in 1 and 2. The

difference in dynamic behaviour may be attributed to

the difference in the metal framework between 1 and 2

and 3. The open triangle in 1 and 2 prevents carbonyl

scrambling over the metal framework, whereas, in 3, the

‘merry-go-round’ mechanism over the closed triangle is

evidently responsible for the observed behaviour. The

remaining 13C assignments (Table 2), for the organic

ligand in 3, are similar to those described for 1 and 2,

except that the very high field signal expected at around

23 ppm, ascribed to a ‘metal bound’ carbon could not be

located. The poor solubility of 3 in organic solvents at

lower temperatures prevented a more detailed interpre-

tation of the 13C-NMR spectrum.

The reaction of [Os3(m-H)(CO)10{m3-h1:h3:h1-

Ph(C)C9H6)}] (1) with 1.2 equivalents of trimethyla-

mine-n-oxide in a CH2Cl2�/acetonitrile solution affords

an acetonitrile derivative of 3 [Os3(m-

H)(CO)8(MeCN){m3-h1:h3:h1-Ph(C)C9H6)}] (4). The

complex has been characterised by spectroscopic tech-

niques (Tables 1 and 2) and by an X-ray analysis. The

molecular structure of 4 is shown in Fig. 4 while selected

bond parameters are listed in Tables 3 and 4. The metal

framework geometry of 4 is very similar to that of 3. The

acetonitrile ligand is linearly bonded to Os(2) which is

h3-coordinated to the allylic moiety. The acetonitrile

occupies a pseudo-axial site, as is observed in

[Os3(CO)10(NCMe)2] [22], because on electronic

grounds it is favourable for this ligand to be trans to a

carbonyl ligand rather than trans to a metal�/metal

edge. The bond parameters for the organic ligand

coordination are also closely similar to those in 3. The

spectroscopic data is similar to that observed for 3

except for an additional signal at d 1.93 in the 1H-NMR

spectrum corresponding to the methyl group of the

acetonitrile ligand, with only one CO resonance in the
31C-NMR spectrum indicating CO scrambling at room

temperature. The mass spectrum displayed the molecu-

lar ion peak at m/z 1039, and the sequential loss of the

acetonitrile ligand and eight carbonyl groups.

Scheme 2.
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3. Experimental

All the reactions were performed using standard

Schlenk techniques under an atmosphere of dry, oxy-

gen-free nitrogen. Technical grade solvents were purified

by standard procedures. The complex [Os3H2(CO)10]

was prepared by the literature procedure [23]. 1,4-

Diphenylbuta-1,3-diyne and Me3NO were used as

obtained, without purification. Infrared spectra were

recorded as dichloromethane solutions in NaCl cell (0.5
mm path length) on a Perkin�/Elmer 1710 Fourier

Transform spectrometer. FAB mass spectra were re-

corded on an AE1/Kratos MS 50 spectrometer. NMR

spectra were recorded on a Bruker AM 400 Fourier

Transform spectrometers and Bruker AM 500 instru-

ment in appropriate solvents using Cr(acac)3 as relaxa-

tion agent in the case of 13C spectra. The chemical shifts

were referenced to residual protons in CDCl3 (7.25 ppm)
for 1H and to CDCl3 (77.0 ppm) for 13C.

3.1. Preparation of [Os3(m-H)(CO)10{m3-h1:h3:h1-

Ph(C)C9H6)}] (1 and 2)

[Os3H2(CO)10] (90 mg, 0.11 mmol) was dissolved and

magnetically stirred in CH2Cl2. 1,4-Diphenylbuta-1,3-
diyne (25 mg, 0.12 mmol) was added to the solution and

the mixture was stirred for 18 h. The resulting orange

CH2Cl2 solution was evaporated to dryness under

reduced pressure. The crude products were separated

on TLC plates using hexane�/dichloromethane (6:1) as

eluant, affording the major product 1 (high Rf) as a

yellow air-stable solid (50%) and the minor product 2

(low Rf) as an orange, air-stable oily solid (25%). Both

were recrystallised from a CH2Cl2�/hexane solution,

affording yellow air-stable blocks of 1a and 2. Crystal-

lisation of 1 from chloroform�/heptane solution at

�/5 8C gave the 1b crystalline form of 1. Small amounts

of the known complex [Os3(CO)10{PhC2C2Ph}] (5)

(10%) were also obtained upon purification and char-

acterised by comparison with spectroscopic data ob-

tained from the literature.

3.2. Kinetics of the [Os3H2(CO)10] reaction with

PhC2C2Ph in CD2Cl2

A solution of [Os3H2(CO)10] and PhC2C2Ph (mole

ratio 1/4) was placed into NMR tube and the reaction

course was monitored every 10 min measuring integral

intensities of the hydride protons for [Os3H2(CO)10]

(�/11.5 ppm), 1 (�/16.8 ppm), 2 (�/17.3 ppm). The data

obtained were treated using a first order rate law.

Accumulation of the non-hydrido complex

[Os3(CO)10(PhC2C2Ph)] (5) was calculated as a differ-

ence between the starting cluster integral intensities and

corresponding magnitudes of 1 and 2.

Fig. 3. The molecular structure of one of the two independent molecules of 3 showing the atom numbering scheme adopted.
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3.3. Preparation of [Os3(m-H)(CO)9{m3-h1:h3:h1-

Ph(C)C9H6)}] (3)

The product 1 (50 mg, 0.047 mmol) was dissolved in

heptane. The solution was refluxed for 3 h. The resulting

yellow solution had the solvent removed under reduced

pressure. The products were redissolved in a minimum

of dichloromethane and separated on TLC plates using

hexane as eluant, affording the 3 as a bright yellow air-
stable solid (90%). Single crystals were grown from

CHCl3/heptane solution at �/2 8C.

3.4. Preparation of [Os3(m-H)(CO)8(MeCN){m3-

h1:h3:h1-Ph(C)C9H6)}] (4)

The product 1 (40 mg, 0.03 mmol) was dissolved in a

CH2Cl2�/acetonitrile mixture (1:1), that was cooled, and

treated dropwise, with a 1.1 molar equivalent solution of

Me3NO (3.2 mg) in 5 cm3 of CH2Cl2 over the period of

20 min. The solution then was stirred for 3 h, while

being allowed to warm to room temperature, until it
became pale yellow. The crude products were separated

on TLC plates using hexane as eluant, affording 3 (high

Rf) (ca. 40%, 12 mg) as a yellow air-stable solid, 4, which

was isolated as an orange, air-stable solid in 40% yield
(12 mg), and starting material 1 in 20% yield (at low Rf).

Single crystals of 4 were grown from CH2Cl2�/hexane

solution.

3.5. Crystal structure determination of 1a, 2, 3 and 4

Data were collected by the v /2u scan method on a

Rigaku AFC5R (1a, 4) four-circle diffractometer and by

the v /u scan method on a Stoe-Siemens four-circle

diffractometer (3). Semi-empirical absorption correc-

tions based on c -scan data were applied to the data for,

1a, 3 and 4 (TeXsan [24], SHELXTL-PLUS [25]). Data for
2 were collected on a Rigaku R-Axis IIc Imaging Plate

(using 36�/58 oscillation frames) and processed using

the BioteX package [24] with a semi-empirical absorp-

tion correction based on symmetry�/equivalent reflec-

tions being applied.

The structures were solved by direct methods (heavy

atom positions) and subsequent Fourier difference

syntheses (SHELXTL-PLUS [25]) and refined anisotropi-
cally on all non-H atoms (4), Os and O atoms 2 or Os

atoms alone 1a, 3 by full-matrix least-squares on F2

(SHELXL-93 [26]) with restraints to phenyl C�/C dis-

Fig. 4. The molecular structure of 4 showing the atom numbering scheme adopted.
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tances in 1a and 2. In the final cycles of refinement a

weighting scheme was introduced which produced a flat

analysis of variance. Hydrogen atoms of the carbon
ligand were placed in geometrically idealised positions

and refined using a riding model; the bridging hydride

ligands were located by a potential-energy minimisation

method (HYDEX [19]) (1a, 3, 4) or from the final

difference electron density map (2) and included in the

final refinement cycles with coordinates and thermal

parameters fixed. Crystal data and refinement details are

summarised in Table 5.

4. Supplementary material

Crystallographic data (excluding structure factors) for

the structures 1, 2, 3 and 4 have been deposited with the
Cambridge Crystallographic Data centre, CCDC nos.

207009, 207010, 207011 and 207012, respectively. Copies

of this information may be obtained free of charge from

The Director, CCDC, 12 Union Road, Cambridge CB2

1EZ, UK (fax: �/44-1223-336033; e-mail: deposit@

ccdc.cam.ac.uk or www: http://www.ccdc.cam.ac.uk).
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