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The co-ordinatively unsaturated dihydride cluster [OS,(~-H)~(CO) 0] reacts with the transition-metal 
hydrides [ ( C U H ( P P ~ ~ ) } ~ ] ,  [IrH(C0)2(PPh3)2], [RhH(CO)(PPh&l, and [NiH(CI)({P(C& )&I to  
give the mixed-metal clusters [Os3H3( CO) o{ Cu ( PPh,) }] (1 ), [ Os3H3( CO) { Ir( PPh,) }] (2), 
[OS,H~(CO)~ ,{Rh(PPh,)}] (3), and [ O S ~ H ~ ( C O ) ~ ~ ( N ~ [ P ( C ~ H ~  1)3]}]  (4). These complexes have been 
characterized by i.r. and n.m.r. spectroscopy, and the structures of (1) and (2) have been established by 
single-crystal X-ray analysis. In complex (1 ) the three 0 s  atoms lie at the vertices of an isosceles 
triangle the long edge [3.026(3) A] of which is bridged by the Cu atom of the Cu(PPh3) ligand. The 
hydrides were not located directly but evidence suggests that they bridge the long 0s-0s bond and the 
two 0s-Cu bonds. The carbonyl arrangement is similar to  that observed in [Os3H2(CO),,]. In 
complex (2) the Ir atom caps the Os, triangle to form a distorted tetrahedral metal framework. The 
three Ir-0s bond lengths [2.759(3), 2.789(2), and 2.91 7(3) A] show considerable variation. The 
distribution of the eleven terminal carbonyl ligands and the phosphine group, which is co-ordinated to the 
Ir atom, indicates that the three hydrides bridge the t w o  longer 0s-0s bonds, and the longest 0s-lr 
bond. From the spectroscopic data the overall geometry of complex (3) is closely related to that of (2), 
while (4) has a tetrahedral metal arrangement with hydrides and carbonyl groups bridging 0s-0s 
and 0s-Ni edges. 

Mixed-metal clusters should exhibit greater reactivity than 
the analogous homometal complexes since they contain 
inherent polarity in the mixed-metal bonds. In view of this 
and because of the catalytic activity of some of these species 
a considerable research effort has been concentrated on the 
synthesis and chemistry of these complexes. A wide variety 
of synthetic routes has been employed in the preparation of 
mixed-metal carbonyl clusters and their  derivative^.^'^ One 
very useful starting material in these syntheses has proved to 
be the unsaturated, 46-electron cluster [OS~H~(CO)~~], '  
which readily reacts with nucleophiles under relatively mild 
conditions. This dihydride reacts with many low-valent metal 
complexes, such as [Pt(C2H4)2(P(C6H11)3}],5-7 [Pt(C2H& 
(PPh&],'-' [Rh(C2H4)(acac)] (acac = acetylacetonate),' 
[Ni(C2H4)(PPh&],' and [CO~(CO),~],' to produce mixed- 
metal species. In the ethylenic complexes the ethylene group is 
readily lost which leaves a reactive metal-containing fragment 
to attack the triosmium cluster. 

Hitherto, we have concentrated our attentions on the 
synthesis and reactivity of mixed osmium-gold clusters using 
the reactive anion [Os3H(CO),,]- or [OS~H~(CO),~] in reac- 
tions with [AUCI(PP~~)]. '~-*~ In this gold complex the Cl 
atom is displaced and the sp-hybridized orbital of the gold(r) 
atom of the Au(PPh3) donates one electron to the cluster. In 

2,2,2,3,3,3-Hexacarbonyl-l,2 ; 1,3 ;2,3-tri-phydrido-2,3-p-tetra- 
carbonylosmio-l-triphenylphosphinecopperdiosmium(2 Cu-Os, 3 
O s O s )  and 1,1,2,2,2,3,3,3,4,4,4-undecacarbonyl-l,2 : 2,3 : 3,4- 
tri-p-hydrido-l-triphenylphosphineiridiumtriosmium (3 Ir-Os, 3 
OSOS). 
Supplementary data available (No. SUP 23997, 40 pp.): thermal 
parameters, H-atom co-ordinates, least-squares planes, structure 
factors. See Instructions for Authors, J .  Clrem. Sor., Daltorr Trans., 
1984, Issue 1, pp. xvii-xix. 

this paper we extend this method of synthesis by the reaction 
of [ O S ~ H ~ ( C O ) ~ ~ J  with low-valent transition-metal hydride 
complexes, which will eliminate stable small molecules such 
as CO or HCl under reaction conditions, to produce reactive 
intermediates which add to the trinuclear osmium cluster. 

Results and Discussion 
When a solution of [{cuH(PPh3)},] in tetrahydrofuran (thf) is 
stirred with [OS~H~(CO),~] for ca. 40 min the purple colour of 
the dihydride slowly disappears and is replaced by a greenish 
yellow colouration. The residual solid was purified by thin- 
layer chromatography (t.1.c.) and the product (1) isolated as 
yellow crystals. Examination of the i.r. spectrum of (1) in 
the carbonyl-stretching region shows ten bands all of which 
may be assigned to terminal groups (Table 1). The spectrum 
shows significant differences from that of [Os3H(CO),,{Au- 
(PPh3)>],l0 prepared by the reaction of [0s3H(CO),,]- with 
[AuC1(PPh3)], which might be expected to have a related 
structure to that of (1). 

The lH n.m.r. spectrum of compound (1) exhibits a reson- 
ance that may be assigned to the phenyl rings at 6 7.46 p.p.m., 
and two resonances in the hydride region at 6 -11.8 and 
-20.47 p.p.m. in a 2 : 1 intensity ratio (Table 1). The latter 
signal is in the same region as that for the hydride bridging 
an 0s-0s bond in [Os~~H(CO)lo{Au(PPh3~>l.'o The other 
hydride signal, which represents two hydrogens, is probably 
associated with atoms co-ordinated to the Cu atom. Both 
hydride signals exhibit coupling with the 31P nucleus and the 
system remains fluxional down to the solvent limit (ca. 
-100 "C). The l3C-{'H) decoupled n.m.r. spectrum of (1) at 
room temperature suggests that the carbonyl groups are 
fluxional. At - 35 "C, however, the "C-decoupled spectrum 
exhibits resonances due to the carbonyl and the phosphine 
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Table 1. Spectroscopic properties of the complexes (1)--(4) 

Complex I.r.,* vc0/cm-' 'H N.m.r., 6/p.p.m. 
( I )  2 098m, 2 075w, 2 06os, 2 048s, 2 W ~ S ,  2 O22s, 2 009m (sh), 

2002s, 1991s, 1971111 

2 002m, 1 992m, 1 984w, 1 971m, 1 960w 

7.46 (s, C6H3, - 11.80 (s, br, Cu-H), -20.47 (s, br, 
0s-H-0s) at 18 "C 

(2) 2 W4m, 2 072s, 2 052s, 2 043m, 2 032s, 2 01 2m, 2 OOSs, 7.47 (s, C&5) and -19.46 to -20.02 (s, br, OS-H-OS) 
at 18 "C 
- 18.30 (s, br, 0s-H-Ir) and - 20.03 (s, br, 0s-H-0s) 
at - 30 "C 
- 18.30 (s, br, 0s-H-Ir), - 19.91 (s, br, 0s-H-Os), and 
- 20.75 (s, br, 0s-H-0s) at - 50 "C 

7.39 (s, C6HJ and - 18.19 (s, br, 0s-H-0s) at 18 "C (3) 2 096m, 2 072s, 2 053s, 2 041s, 2 014s, 2 008s, 1 9 9 4 ~ .  
1986w, 1971w, 1963w 

2 094s, 2 064s, 2 059w, 2 038s. 2 019s, 2 007m, 1 998m, 
1980m, 1969m, 1 865w, 1 798w 

(4) 4.15, 1.26 (d, PC6HII) - 14.5 (s, w, NiH), and -20.3 
(s, w, 0s-H-0s) at 18 "C 
- 14.47 (d, NiHP) and - 20.23 (s, 0s-H-0s) at - 50 "C 

*13C N.m.r.: 6 183.17 (1 C), 183.04 (1 C), 178.72 ( I  C),  178.51 ( 1  C), 173.49 (2 C), 170.79 (2 C), and 170.07 p.p.m. (2 C) at -35 "C in 
CD,CI,. * n-Hexane solvent. CD2C12 solvent. CDCI, solvent. ' "P N.m.r.: 6 - 138 p.p.m. [d, J(RhP) = 107 Hz] in CD2Clz at 18 "C. 

C(124) 

Figure 1. The molecular structure of [OS~H~(CO),~{CU(PP~~)}] (1) 
including the atom numbering scheme adopted ; hydrogen atoms 
have been omitted for clarity 

ligands. In the region of the carbonyl resonances there are 
Seven sets of signals at 6 183.17, 183.04, 178.72, 178.51, 
173.49, 170.79, and 170.07 p.p.m. with relative intensities 
1 : 1 : 1 : 1 : 2 : 2 : 2, respectively. It is possible to make some 
tentative assignments of these signals. The set of signals at 
6 178.72 and 178.51 p.p.m. correspond to a doublet which is 
almost certainly caused by the coupling of the carbonyl 
groups trans to the 'Cu(PPh,)' fragment with the 31P nucleus, 
J(13C3'P) = 11.5 Hz. The resonances at 6 183.17 and 183.04 
p.p.m. with relative intensities of unity may arbitrarily be 
assigned to the different axial carbonyls of the 'OS(CO)~' 
fragment (Figure 1). The three resonances at 6 173.49, 170.79, 
and 170.07 p.p.m. of integrated intensity two may then be 
assigned to the three remaining pairs of carbonyl groups. 

The spectroscopic data for (1) are consistent with the 
formulation [OS~H~(CO)~~(CU(PP~~) ) ] ,  which suggests that 
the cluster [(CuH(PPhJ),] breaks down under mild conditions 
and a 'CuH(PPh,)' unit adds to [Os,H2(CO)lo]. In order to 
establish the full molecular geometry a single-crystal X-ray 
analysis was undertaken. The structure is shown in Figure 1 
while associated bond lengths and interbond angles are 
listed in Table 2. The arrangement of the non-hydrogen 
atoms is similar to that observed in the gold analogue, 
[ O S ~ H ( C O ) ~ ~ ( A U ( P P ~ ~ ) ) ~ , ' ~  although the detailed geometry 

shows some important differences. The three 0 s  atoms lie at 
the vertices of an isosceles triangle the longer edge of which 
[Os(l)-Os(2)] is bridged by the Cu atom of the Cu(PPh,) 
groups to give a 'butterfly' metal framework. The dihedral 
angle between the Os(l)Os(2)0~(3) and Os(l)Os(2)Cu 
planes is 107.8", which is similar to the value of 109.8" in the 
gold analogue.'O Each of the two 0 s  atoms that is bridged by 
the Cu atom is also bonded to three terminal carbonyl ligands. 
The third 0 s  atom, Os(3), has four terminal carbonyl ligands 
bonded to it to give it a distorted octahedral co-ordination 
geometry. One of these carbonyls, C(31)0(31), is involved in a 
weak interaction with the Cu atom across the cluster 
[C(31) Cu 2.97(1) A]. A similar short contact of 3.22 A 
is observed in the gold analogue,'O and presumably both 
interactions help to supply electron density to the formally 
16-electron metal atom. The hydride ligands were not located 
directly in the X-ray analysis. However, potential-energy 
calculations based on the techniques developed by Orpen l4 
show that one of the hydrides bridges the Os(1)-Os(2) bond, 
on the opposite side of the 0 s 3  triangle to the Cu atom; 
the other two bridge the Os(1)-Cu and Os(2)-Cu bonds, 
respectively. In view of the differences in metal covalent 
radii the Cu-H distances are likely to be shorter than the 
0s-H distances. The proposed positions for these hydrides are 
consistent with the 'H n.m.r. data. Rapid hydride exchange 
around the Os(l)Os(2)Cu triangle occurs at room temper- 
ature, as illustrated by the broad signals (Table I )  in a 2 : 1 
ratio. The low-temperature spectrum (-95 "C) shows 'H- 
31P coupling, the larger J(PH) = 4.45 Hz being associated 
with the two hydrides directly bonded to the Cu atom, while 
the smaller J(PH) = 3.50 Hz is associated with the hydride 
bridging the 0s-0s edge. These relatively small couplings 
suggest that the hydrides remain fluxional at the lower 
temperature since, on average, each hydride spends two thirds 
of the time bonded directly to the Cu atom, in which situation 
a large coupling would be expected, and one third of the time 
bonded to the two 0 s  atoms, where no coupling would be 
expected . 

In  compound ( I )  the Cu-bridged Os(l)-Os(2) distance is 
ca. 0.33 A longer than the equivalent 0s-0s distance of 
2.699(1) 8, in the gold analogue." In the latter species the Au 
atom was considered to be in the 1 t oxidation state. In com- 
pound (1)  the C u  atom may be considered to be in the 3-' 
oxidation state, and as such might be expected to adopt the 
square-planar dR configuration with the PPh, group and the 
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Table 2. Bond lengths (A) and angles (") for [Os3H3(CO)lo{Cu(PPh,))) 

Os( 1)-os(2) 
Os( l)-cu 
OS(1 )-c( 12) 
0~(2)-0s(3) 
OS(2)-c(2 1 ) 
Os(2)-C(23) 
Os( 3)-C( 32) 
Os( 3)-C( 34) 

3.026(3) 
2.695(5) 
1.853(35) 
2.891(3) 
1.926(33) 
1.963(36) 
1.987(29) 
I .885(32) 

Os(2)-0s( l)-os(3) 
os(3)-0s( 1 )-Cu 
Os(3)-Os( I)+( 1 1 ) 
OS(2)-0S( I )-c( 12) 
Cu-os( 1 )-C( 12) 
OS(2)-OS( 1 )-c( 1 3) 
cu-Os( 1 pc( 1 3) 
C( 12)-0s( 1 )-C( 1 3) 
Os( 1 )-0s(2)-Cu 
Os( I )-Os(2)-C(2 1) 
Cu-Os(2)-C(2 1 ) 
OS( 3 )-OS( 2)-C( 22) 
C(2 1 )-Os(2)-C(22) 
Os(3)-0s(2)-C(23) 
C(2 1)-0~(2)-C( 23) 
OS( ~)-OS( 3)-0~(2) 
Os(2)-Os(3)-C(3 1) 
0~(2)-0~(3)-C(32) 
Os(l)-Os(3~C(33) 
C(31)-0s(3)-C(33) 
Os( 1)-0s(3)-c(34) 
C(3 1)-0s(3)-C(34) 
C(33)-0s(3)-C( 34) 
Os( l)-cu-P 

P-C(111) 
P-C( 13 1) 
C( 12)-O( 1 2) 
C(21 )-O(2 1 ) 
C(23)-0(23) 
C( 32)-O( 32) 
C( 34)-O( 34) 

58.4( 1) 
85.9( 1) 
94.7(9) 

145.4(8) 
122.7(9) 
117.0(10) 
8 6.4( 9) 
96.7( 13) 
55.6( I )  
92.6( 10) 

144.8(9) 
8 3.4(9) 
95.8( 12) 

1 75.9( 10) 
93.2( 14) 
63.1(1) 
82.6( 1 1 ) 
90.8(9) 
97.3(8) 
93.6(14) 

165.4( 1 3) 
87.3( 14) 
96.7( 15) 

1 48.3( 2) 

I .8 19(2 1) Os( l)-Os(3) 
1.823( 18) Os( 1)-C( 1 1) 
I .197(43) OS( 1 )-C( 1 3) 
1.1 58(39) Os( 2)-Cu 
1.099(44) OS(2)-C(22) 
1.133(37) Os(3)-C(3 I ) 
I .  154(4 1) 0~(3)-C(33) 

c u - P C (  1 1 1 ) 
C(lll)-PC(121) 
C(ll l)-P-C(131) 
Os( 1)-C( 1 1)-O( 1 1) 
Os( I)-C( 13)-0( 13) 
Os(2)-€(22)-0( 22) 
0~(3)1=(3 1)-0(3 1) 
0~(3)-C(33)-0( 33) 
P-C( 1 1 1)-C( 1 12) 
P-C( 12 1 )-C( 122) 
P-C( 1 3 1 )-C( 1 32) 
Os(2)-0s( 1 )-cu 
OS(2)-0S( 1)-C( 1 1) 
cu-Os( 1)--Cu( 1 1) 
os(3)-Os( 1)-C( 12) 
C( 1 l)-Os( I )-C( 12) 
os(3)-os( 1)-C( 13) 
C( 1 1 )-Os( I )-C( 1 3) 
Os( 1 )-0s(2)-0s(3) 
Os(3)-0s(2)-Cu 
os(3)-os(2)--c(21) 
Os( l)-Os(2)-C(22) 
Cu-Os(2)--C(22) 

1 1 1.4(6) 
103.6(9) 
1O4.5( 10) 
178.2(26) 
169.1(3 1) 
168.9(25) 
174.7(32) 
174.1(23) 
118.0(6) 
123.0(6) 
1 19.0(6) 
56.6( 1 ) 
94.7( 10) 

145.5(11) 
87.2( 8) 
91.8( 15) 

172.3(9) 
91.8( 13) 
5 8 3  1) 
85.4( 1) 
90.1(11) 

141.0(9) 
1 18.2(9) 

2.892(3) cu-P 2.21 3(8) 
1.942(35) P-C( 12 1) 1.8O9(21) 
I .937(29) C( 1 1)-O( 1 1) 1.125(42) 
2.726( 5 )  C( 13)-O( 13) 1.1 35(36) 
1.886(23) C(22)-O(22) 1.1 5 1 (3 1) 
1.958(34) C(3 1)-0(3 1) 1.102(41) 
1.863(33) C(33)-O(33) 1.144(43) 

OS( 1)-0~(2)-C(23) 
CU-oS(2)-C(23) 
C(22)-0~(2)%(23) 
OS( 1)-0~(3)-C(3 1) 
os(i)-os(3 j c ( 3 2 )  
C(3 1)-0~(3)-C(32) 
Os(2)-Os( 3)-C(33) 
C(32)-0s(3)-C( 33) 
Os(2)-0s(3)-C(34) 
C(32)-0s(3)-C( 34) 
Os( 1 )-cu-Os(2) 
Os(2)-Cu-P 
cu-P-C( 121) 
cu-P-C( 13 1 ) 
C( 121)-P-C( I3 1 ) 
Os( 1 )-C( 12)-O( 1 2) 
OS(2)-C(2 1)-O(2 1 ) 
OS( 2)-C( 23)-O( 2 3) 
0~(3)-C( 32)-O( 32) 
Os(3)-C( 34)-O(34) 
P-C( 1 1 1)-C( 1 16) 
P-C( 121 )-C( 126) 
P-C( 13 1)-C( 136) 

1 18.8(9) 
90.6( 10) 
98.7( 12) 
87.6(8) 
88.5(7) 

173.3( 14) 
160.1(8) 
92.3( 13) 

102.6( 1 3) 
95.2( 14) 
67.9(1) 

14 I .7(3) 
114.6(7) 
1 17.2(6) 
104.4(9) 
176.5(20) 
174.0(32) 
17833 1) 
175.2(25) 
1 7 1.2( 37) 
1 2 1.7( 7) 
1 17.0(6) 
121.0(6) 

two hydrides occupying three of the four sites. A continuation 
of the P+ Cu vector bisects the Os(l)-Os(2) vector so that 
the fourth lobe of the square-planar hybridized orbital may be 
thought of as interacting with the Os, unit to give a delocalized 
Os,Cu bonding system. The Cu-P(l) distance in (1) lies at 
the shorter end of the range of Cu-P distances [2.217(7)- 
2.262(7) A] found in [(CuH(PPh,)},] where the Cu atoms 
are formally five-co-ordinate. The Cu atom bridges the 
Os(1)-Os(2) bond slightly asymmetrically, but the average 
0s-Cu distance of 2.71 l(8) A is longer than the range of dis- 
tances [2.527(7)-2.688(8) A] for the capping Cu atom in the 
[Os,,C(CO),,{Cu(NCMe)>1- anion.I6 

The two unbridged 0s-0s bond lengths are equivalent 
[average 2.892(2) 813, and this distance is only ca. 0.01 A longer 
than the average 0s-0s bond length of 2.877(3) A in [0s3- 
(CO),,]." However, these bond lengths in the two compounds 
are significantly longer than the related unbridged distances in 
[OS,H(CO),~{AU(PP~,)}] [2.834(3) A] lo  and [0s3(CO),,- 
(Au(PEt3)},] [2.830( 1) A]." 

The angles within the Os3Cu unit in compound (1) show 
some variations from those found in the Os3Au unit in 
[Os,H(CO)lo{Au(PPh,)}],'o consistent with the variations in 
metal-metal bond lengths between the two structures. For 
example, the Os(l)-Cu-Os(2) angle is ca. 9" wider than the 
comparable 0s-Au-0s angle of 58.7(1)" in the gold analogue. 

The ten carbonyl ligands in compound (1) are all essentially 
linear, with a maximum deviation of 4 0  from the idealized 
angle. The 0s-C(carbony1) distances may be divided into a 
number of groups. The longest 0s-C bond lengths [average 
1.97(2) A] are associated with the two trans axial carbonyls 
on Os(3). This is consistent with the two trans carbonyls, 
which are good x acceptors, competing for back donation 
from the same metal orbital, resulting in two relatively weak, 

long bonds. For the carbonyl groups bonded to Os(1) and 
Os(2), the 0s-C distances for those ligands pseudo-trans to 
Cu [average 1.93(2) A] are similar in length to  those where 
the carbonyls are trans to Os(3) [average 1.95(2) A]. In con- 
trast, the equatorial carbonyls bonded to  Os(3), trans to the 
same metal-metal bonds, are somewhat shorter [average 
1.87(2) A]. This average distance is similar to the mean value 
of 1.87(2) A for the 0s-C bonds which are effectively trans to  
the hydride bridging the Os(1)-Os(2) bond. In this case the 
hydride cannot accept back donation of electron density from 
the metal atoms, and the carbonyls receive the back-donated 
electron density, effectively shortening the 0s-C bonds. The 
average carbonyl C - 0  distance is 1.14(2) A. 

When equimolar quantities of [OS~H~(CO) ,~ ]  and [IrH- 
(CO),(PPh,),], in dichloromethane, are refluxed for 0.5 h the 
purple colour of the dihydride changes to  the orange of the 
product (2). This product was separated by t.l.c., and ob- 
tained as bright orange crystals from n-hexane. The i.r. spec- 
trum (Table 1) exhibits twelve bands in the terminal carbonyl 
region. 

The 'H n.m.r. spectrum of compound (2) shows a resonance 
that may be assigned to the phenyl groups at 6 7.47 p.p.m., 
and a single broad resonance centred at 6 -19.74 p.p.m. 
which may be assigned to the bridging hydrides. This signal 
is significantly broader than that observed for the related 
complex [Os3CoH,(CO),,] where the three hydrides bridge 
the three 0s-0s  bonds. This suggests that the hydride 
arrangement is somewhat different, and may indicate that at 
least one hydride bridges an 0s-Ir bond. At -30 "C the 
hydride region of the 'H n.m.r. spectrum shows two broad 
signals, at 6 -18.30 and -20.03 p.p.m. with relative intensi- 
ties of I : 2 respectively. These two resonances may then be 
assigned to the hydrides which bridge an 0s-lr and two 
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Table 3. Bond lengths (A) and angles (") for [ O S ~ H ~ ( C O ) , ~ { I ~ ( P P ~ ~ ) ) ]  

2.759( 3) 
2.917(3) 
2.787(3) 
2.366(8) 
1.909(20) 
1.924(28) 
1.906(30) 
1.925(26) 

Os(2)-IrOs( 1 ) 
Os( 3)-IrOs(2) 
Os( 3)-0s( 1 )-I r 
Os( 3)-0s(2)-1r 
Os(2)-0s(3 j I r  
Os(3)-0s(2)-0s( 1) 
P-Ires( 1) 
P-IrOs(3) 
C(2P1 )-P-Ir 
C(2Pl)-FC( I PI ) 
C(3Pl j F C ( 2 P I )  
C( 1 P6)-C( 1 P1)-P 
C(2P6)-C(2Pl)-P 
C( 3P6)-C(3 P 1 )-P 
C(02)-I r P  
0(02)-C(02)-Ir 
O( 12)-c( 12)-0s( 1) 
O(2 1 )-c(2 1 )-0s(2) 
O(23 jC(23)-Os(2) 
C(32)-c(32)-os(3) 
C(0 1 )-IrOs( 1 ) 
C(Ol)-IrOs(3) 
C(02)-IrOs( 2) 
C(11 )-0s(l)-os(2) 
C( 12)-0s( 1 )-0s(2) 
C( 13)-0s( 1 )-os(2) 
C(2 1 WS(2)-oS( 1 ) 
C(22)-oS(2)-0S(l) 

C( 32)-Os(3) 
O(0 1 )-C(0 1 ) 
O(1 l ) -C(l l )  
O( 13)-C( 13) 
0(22)-C(22) 
0(31)-C(31) 
O( 33)-C( 3 3) 
C(2P I )-P 

6 3 3 1 )  
61.7(1) 
6 3 3  1) 
61.1(1) 
57.1(1) 
56.8( 1) 

168.4(2) 
112.4(2) 
113.9(7) 
98.5(9) 

101.5(9) 
120.7( 13) 
117.8(14) 
116.9(15) 
98.8( 8) 

1 77.5(24) 
172,3(26) 
172.1(27) 
178.6(23) 
171.3(33) 
94.2(9) 

102.7(8) 
90.6(7) 

152.q 10) 
103.6(9) 
107.4(10) 
101.6(9) 
109.q11) 

1.885(39) 
1.089(37) 
1.106(41) 
1 .108( 39) 
I .  131(41) 
1 . 1 1 5(54) 
1 .I 51(55) 
1.828(18) 

C(23)-0s(2)-Os( 1) 

C(32)-0s(3)-Os( I )  
C( 3 3)-0s( 3)-0s( I ) 
C(I 1)-Os(1)-Ir 
C( 13)-Os( l )-Ir 
C(22)-0s(2)-1 r 
C(3 l)-Os(3)-Ir 
C( 33)-0s(3)-lr 
C( 1 2)-0s( 1 )-C( 1 1 ) 
C( 13)-0s( 1 )-C( 12) 
C(23)-0s(2)-C(2 1)  
C(32)-0s(3)-C(3 1 ) 
c(33)-0s( 3kc(32) 
Os(3)-11-0s( 1) 
Os(2)-Os( 1 )-Ir 
Os( l)-Os(2klr 
Os( 1)-0s(3)-1r 
Os( 3)-0s( 1 )-os( 2) 
0s(2)-0s(3)-0s( 1) 
P-IrOs(2) 
C( 1 P lFP- I r  
C(3Pl)-P--lr 
C(3Pl )-P-C( 1 P1) 
C( 1 P2)-C( 1 P 1 )-P 
C(2P2)-C(2P 1 )-P 
C( 3 P2)-C( 3 P 1 )-P 
C(O1)-IrP 

C(3 l)-Os(3)-Os( I )  

Os(2)-Ir 
Os(2)-0s( I ) 
Os(3)-Os( 2) 
C(O1)-lr 
C(11)-0s(l) 
C( 1 3)-0s( 1 ) 
C(22)-Os(2) 
C( 3 1 )-OS( 3) 

150.6(8) 
167.9(11) 
90.7( 13) 
9 4 3  14) 
96.0(10) 

157.6( 10) 
1 64.3( 1 0) 
114.4(11) 
100.6( 12) 
93.4( 13) 
97.9( 13) 
9 2 q  13) 
94.q 17) 
903 17) 
58.7( 1 )  
58.9(1) 
57.6( 1) 
57.8( I )  
61.8(1) 
61.4( 1 ) 

106.4(2) 
120.7(6) 
114.3(7) 
105.3(9) 
1 l9.3( 12) 
1 2 1 3  14) 
123.q 12) 
95.2(9) 

2.789(2) 
2.925(3) 
2.934(3) 
1.921(28) 
I .881(31) 
I .933(32) 
1 393 (3 1 ) 
I .91 l(41) 

C(33)-0~(3) 
0(02)-C(02) 
O( 12)-C( 12) 
O( 2 I kC(2  1 ) 
O( 23)-C( 23) 
O( 32)-C( 32) 
C( 1 P1)-P 
C(3P 1 )-P 

1.876(41) 
l.loO(28) 
1.101(39) 
1.110(39) 
1.099(36) 
1.176(48) 
1.835(18) 
1.389(20) 

O(Ol)-C~(O~)-lr 
a 1  I)--C( 1 1 )-Os( 1)  
O( 1 3)-C( 1 3)- OS( 1) 
O( 22)-C(22)-Os(2) 
O( 3 1 )--C( 3 1 )-OS( 3) 
O( 33)-C(33)-0~(3) 
C(O 1 )-Ir-@s( 2) 
C(02)- 1 r-Os( 1 ) 
C(02)-Ir - 0 ~ ( 3 )  
C( 1 I)-Os( I ) -OS(~)  
C( 1 ~) - -OS(  1 )--OS( 3) 
C( 13)-0~( 1)-0~(3) 
C(2 1 )-0~(2)-0~(3) 
C(22)-0s(2)-Os(3) 
C(23)-0s(2)-Os(3) 
C(3 ! )-0s(3F Os(2) 
C( 32)-0~(3)-0s( 2) 
C( 3 3)-0~(3)--0~( 2) 
C( 12)-0s( 1 )--h 
C(21 )-Os(2)--ir 
C(23)-0s(2)-Ir 
C(32)--0s( 3)-Ir 
C(02)-Ir-C(O 1) 
C( 13)-0s( 1 P-C( 1 I ) 
C(22)--Os(2)-C(2 1 ) 
C(23)-0~(2)-C(22) 
C(3 3)--0~(3)-C( 3 1 ) 

174.9(28) 
1 74.9(3 1 ) 
178.3(3 1) 
178.6(32) 
176.7(34) 
173.7(40) 
156.9(8) 
87.3(8) 

142.6(7) 
97.3( 10) 

163.2(9) 
94.8( 10) 

154.4(9) 
105.5(9) 
101.7(9) 
106.8(1 I )  
101.2( 11)  
152.9( 13) 
102.5(8) 
96.7(8) 
9537)  

147.q 1 3) 
94.2( 1 1) 
91.8( 13) 
94.2(12) 
95.3( 13) 
96.2( 18) 

Os-0s bonds, respectively. A further reduction in the temp- 
erature at which the spectrum is run, to  -50 "C, results in a 
further splitting of the signal at 6 -20.03 p.p.m. to produce 
two resonances at 6 - 19.91 and -20.75 p.p.m. This suggests 
that the two hydrides which bridge the Os-0s bonds are not 
equivalent. 

In order to confirm these spectroscopic assignments and 
t o  establish the overall molecular geometry a single-crystal X- 
ray analysis was undertaken. The molecular structure of 
[Os,H3(CO),,(Ir(PPh3))1 (2) is illustrated in Figure 2 and the 
associated bond lengths and angles are presented in Table 3. 
The four metal atoms lie at the vertices of a distorted tetra- 
hedron, a common metal-atom framework geometry in hetero- 
nuclear metal ~Ius te rs . '~  The three 0 s  atoms define a near 
isosceles triangle which is asymmetrically capped by the Ir 
atom. This metal atom is also co-ordinated to the terminal 
triphenylphosphine ligand and two terminal carbonyl groups. 
Each of the three 0 s  atoms is co-ordinated to  three terminal 
carbonyl ligands. The three bridging hydride ligands were not 
located directly in the X-ray analysis, but from the distri- 
bution of the carbonyl groups, coupled with the lengths of the 
metal-metal bonds, it appears that they bridge the two Os-0s 
bonds Os(l)-Os(2) and Os(2)-Os(3), and the Os(3)-Ir 
bond. The metal-metal-C(carbony1) angles cis to these edges 
average 108(1)", compared to  an average of 95(2)" for the 
other three edges, which suggests that the steric requirements 
of the hydrides may cause the carbonyls to bend back. 
Churchill and Hollander 2o have made a careful study of the 
hydride positions in the tetranuclear complex [Os,W(p-H),$- 

(CO)l l(r\5-C5H5)] and have shown that similar trends are ob- 
served for the hydride-bridged bonds. 

The two long Os-0s bonds [Os(l)--Os(2) and Os(2)-Os(3), 
average 2.930(2) A], which are hydride bridged, are slightly 
shorter than the average value of 2.964(2) 8, for the hydride- 
bridged Os-0s bonds in [OS~(~-H) , (CO)~~] ."  These two bonds 
are also somewhat shorter than the hydride-bridged Os-0s 
bond in the tetrahedral cluster [Os,Ir(p-H)2(p-Cl)f-CO)- 
(CO),(PPh,)] " [3.005(1) A], or  in the 'butterfly' cluster 
[Os,Ir(p-H)z(p-C1)(CO)lz] 23 [2.994( 1)  A]. The third, unbridged 
Os(l)-Os(3) bond is ca. 0.1 6 A shorter than the bridged bonds 
in compound (2), and slightly shorter than the average value 
of 2.817(2) A for the unbridged Os-0s bonds in [Os,(p-H),- 
(CO)lz].21 The two unbridged Os--Ir bonds in (2) [average 
2.779(4) A] are similar to the average unbridged distance of 
2.776(5) 8, in the 'butterfly' cluster [Os31r(cl-H)z(p-C1)(C0),,1,23 
but shorter than the comparative distance of 2.881(1) 8, in the 
tetrahedral cluster [OS~I~(~~-H)~(~-CI)(~-C~)~(PP~~)].~~ The 
bridged Os(3)-Ir bond, in contrast, is slightly longer than 
the hydride-bridged bond in [OS~I~(~-H)~(~-CI)(CO)~~] 23 

[2.096(1) A]. 
The Ir-P distance in compound (2) is ca. 0.05 A longer 

than the average value of 2.312(5) A for the Ir-P distance 
in the methylphosphine complex [lr,(CO)8(PMe3)4].24 This 
Ir-P bond length in the rnixed-metal cluster (2) is also signifi- 
cantly longer than equivalent bonds in a number of other 
iridium clusters. 2 5  

The high estimated standard deviations on the carbonyl 
positions make it  impoccible t o  aqsesf the bonding in these 
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Figure 2. The molecular structure of [Os3H,(CO),,{Ir(PPh3)}] (2) 
including the atom numbering scheme adopted 

groups. The average Ir-C(carbony1) bond length is 1.92(3) A 
and the average C-0 bond length is 1.10(3) 8, for these lig- 
ands. The corresponding average 0s-C and C-0 bond lengths 
are 1.90(4) and 1.12(4) A, respectively. 

Addition of a dichloromethane solution of [RhH(CO)- 
(PPh,),] to [ O S ~ ( ~ - H ) ~ ( C O ) ~ ~ ]  in the same solvent at room 
temperature resulted in a slow change (2 h) of colour from 
purple to orange-yellow. Chromatography of the mixture 
afforded the orange crystalline compound [OS~H~(CO)~ I- 

{Rh(PPh,)}] (3), characterized by microanalysis, and by its 
i.r., 'H, and 'lP n.m.r. spectra. 

The i.r. spectrum of compound (3) exhibits ten signals in 
the region normally assigned to terminal carbonyl groups. The 
'H n.m.r. spectrum shows a broad high-field signal at 6 
-18.19 p.p.m., as well as a resonance due to the triphenyl- 
phosphine ligand. In the room-temperature spectrum this 
broad signal did not show coupling with the 31P nucleus; as 
in the room-temperature 'H n.m.r. spectrum of [OS,H,(CO),~- 
{Ir(PPh,)}] (2), the absence of an observable coupling may 
be attributed to the broadness of the signal. The jlP n.m.r. 
spectrum shows one doublet at 6 - 138 p.p.m. which exhibits 
coupling to the Io3Rh nucleus [J(RhP) 107 Hz]. In view of the 
similarity between the spectra of [ O S ~ H ~ ( C O ) ~ ~ { I ~ ( P P ~ ~ ) } ]  (2) 
and [Os,H,(CO),,{Rh(PPh3))1 (3) it is probable that the 
structures are similar. The broadness of the hydride signal of 
(3) suggests that the distribution of the hydrides probably 
includes at least one spanning an 0s-Rh bond, and unlike the 
distribution of the hydrides in the related Os3C0 cluster [Os3- 
COH~(CO)~J ,~  where the three 0 s - 0 s  edges are bridged. Both 
the rhodium and iridium complexes are 'electron-precise' 
60-electron species, and neither readily undergoes addition 
reactions with carbon monoxide or phosphines. 

Addition of a dichloromethane solution of [NiH(CJ)(P- 
(C,Hll)3}z] to [Os3(p-H)z(CO)lo] in the same solvent followed 
by heating under reflux for 0.5 h led to the disappearance of 
the initial purple colour and the formation of the orange-red 
product. This product was purified by chromatography and 

characterized by i.r. and 'H n.m.r. spectroscopy as [Os3H2- 

The i.r. spectrum of compound (4) in the carbonyl-stretching 
region shows nine bands which may be assigned to terminal 
carbonyl groups and two bands which may be assigned to 
edge-bridging groups (Table 1). The presence of bridging 
carbonyl groups in this complex is in contrast to the situation 
in the platinum analogue [os3H,(Co),o{Pt[P(C6Hl~)~]}],5 and 
the i.r. spectrum shows similarities to the related complex 
[Os,H,(p-CO)2(CO),{Ni(PPh3)z>] where two carbonyl 
groups bridge 0s-Ni bonds. 

The 'H n.m.r. spectrum, at room temperature, shows two 
signals due to the P(C,H& group, and two high-field signals 
at 6 - 14.5 and -20.3 p.p.m. However, at -50 "C the lower 
of these two hydride signals splits into a doublet centred at 
6 -14.5 p.p.m.,J(PH) = 14.6 Hz. This splitting is caused by 

coupling, and may be assigned to an Os(p-H)Ni system. 
The other signal at 6 -20.3 p.p.m. did not show splitting at 
the lower temperature, and may be assigned to a hydride 
bridging an 0 s - 0 s  bond. The absence of splitting for this 
signal sugests that there are no phosphines co-ordinated to the 
hydride-bridged 0 s  atoms. 

The spectroscopic data for (4) are consistent with a struc- 
ture resembling that of [OS~H~(CO)~~(P~[P(C~H~~)~])],~ where 
an X-ray analysis shows that the Pt caps an OS, triangle to 
form a tetrahedral metal framework. Each 0 s  atom is bonded 
to three terminal carbonyl ligands while the Pt atom is bonded 
to one terminal carbonyl and the phosphine ligand. One 
hydride is considered to bridge an 0s-Pt edge and the other 
an 0 s - 0 s  edge. In compound (4) it is probable that the overall 
geometry is related except that at least the carbonyl group 
associated with the Ni atom becomes involved in bridge 
bonding (Figure 3). This complex is formally an unsaturated 
58-electron species having one electron pair less than that 
required for a closo-tetrahedral cluster. The proposed tetra- 
hedral geometry may be explained, however, if the Ni atom 
does not adopt the rare-gas configuration but forms stable 
16-electron complexes. 

(CO)io{Ni[P(C6Hi 1)3>1 (4) 

Experimental 
The complex [ O S ~ H ~ ( C O ) ~ ~ ]  and the transition-metal hydrido- 
complexes were prepared by literature  method^.^^-'^ Schlenk- 
tube techniques were used throughout the experiments and all 
reactions were performed under a Nz atmosphere. Reaction 
solvents were purified, dried, and deoxygenated by distillation 
under N2 over appropriate drying agents. The solvents were 
stored under Nz. 

Product separation was achieved using thin-layer chro- 
matography (t.1.c.) with plates precoated to 0.25 mm thickness 
with Merck Kieselgel 60F254. 
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Table 4. Atom co-ordinates ( x  lo*) for [OS~H~(CO)~O{CU(PP~~)}]  

Xla 
5 874(1) 
8 155(1) 
7 679(1) 
7 067(3) 
7 121(5) 
5 496(25) 
5 021(23) 
4 776(23) 
8 002(23) 
9 604(20) 
8 418(24) 
7 984(24) 
7 377(21) 
6 917(21) 
9 062(28) 
7 812(15) 
8 796(15) 
9 302( 15) 
8 824(15) 
7 840(15) 
7 334( 15) 
7 872(15) 

Ylb 
3 047(1) 
2 962(1) 
3 908(1) 
1 382(3) 

4 257(26) 
3 387(23) 
2 308(24) 
4 210(24) 
3 157(20) 
2 238(24) 
2 588(25) 
5 176(22) 
4 299(22) 
4 28 l(28) 

-251(6) 

- 674( 14) 
-232(14) 
-463(14) 

-1 136(14) 
-1 578(14) 
-1 347(14) 
- 829( 15) 

Z l c  
- 1  120(1) 
- 1 298(1) 
- 30( 1) 
- 945(2) 
- 884(5) 

- 1  688(20) 
- 494( 18) 

- 1 829(18) 
-1 81q19) 
- 753( 16) 

-2 146(19) 

- 582( 17) 
403( 19) 

647( 17) 
548(2 1 ) 
45( 12) 

400(12) 
1 138(12) 
1 522(12) 
1 167(12) 

429( 12) 
- 1 468(9) 

Xla 
8 553(15) 
9 126(15) 
9 016(15) 
8 335(15) 
7 762(15) 
5 828(14) 
4 908( 14) 
3 913(14) 
3 837(14) 
4 757(14) 
5 753(14) 
5 278(20) 
4 433(17) 
4 074( 16) 
7 954(22) 

10 527(17) 
8 588(20) 
8 154(19) 
7 27x2 1 ) 
6 395(20) 
9 930(20) 

Ylb 
- 1 637(13) 
- 2 034( 13) 
- 1 623(13) 

-814(13) 
-417(13) 
-901(11) 
-407(11) 
- 892( 1 1) 

- 1 873(11) 
-2  367(11) 
- 1 882(11) 

4 945(16) 
3 568(17) 
1 837(19) 
4 922( 14) 
3 171(16) 
184q17) 
1 876( 17) 
5 923(15) 
4 468( 17) 
4 556(23) 

Z I C  
- 1 24q9) 
-1 714(9) 
- 2 416(9) 
- 2 643(9) 
- 2 169(9) 
- 1 106(12) 
- 1 029( 12) 
-1 189(12) 
- 1 428(12) 
- 1 505(12) 
- 1 345(12) 
- 2 033( 15) 
- 107(13) 

-2  150(13) 
-2 161(14) 
- 502( 13) 

-2 616(13) 

- 866( 1 6) 
696( 14) 

1 045(  14) 
8 1 8( I 6) 

Table 5. Atom co-ordinates ( x lo*) for [Os,H,(CO),,{Ir(PPh,)}] 

Atom 
Ir 
Os( 1 ) 
om 
O W  
P 
C(lP1) 
C( 1 P2) 
c(lP3) 
C( 1 P4) 
C( 1 P5) 
C( 1 P6) 
C(2P1) 
C(2P2) 
C(2P3) 
C(2P4) 
C( 2 P5) 
C(2P6) 
C(3Pl) 
C(3P2) 
C(3P3) 
C(3P4) 
C(3PS) 
C( 3 P6) 

Xla 
562(1) 
945( 1) 

3 448( 1) 
2 478( 1) 

771(8) 
1638(22) 
1 802(22) 
2 388(22) 
2 810(22) 
2 647(22) 
2 060(22) 

- 1 080(20) 
- 1 287(20) 
- 2 633(20) 
- 3 773(20) 
- 3 567(20) 
- 2 220(20) 

1 714(20) 
3 099(20) 
3 777(20) 
3 071(20) 
1686(20) 
1008(20) 

Ylb 
2 903(1) 
2 348( 1) 
3 171(1) 
1 469(1) 
3 325(4) 
4 324( 10) 
4 541(10) 
5 315(10) 
5 873(10) 
5 657(10) 
4 883(10) 
3 462( 12) 
3 245(12) 
3 47q12) 
3 912(12) 
4 129(12) 
3 904( 12) 
2 566(9) 
2 722(9) 
2 107(9) 
1 337(9) 
1 180(9) 
1795(9) 

XlC 
3 971(1) 
5 loo(1) 
4 641(1) 
4 342( 1) 
3 020(3) 
2 888(7) 
2 325(7) 
2 213(7) 
2 665(7) 
3 229(7) 
3 34q7) 
2 550(8) 
1 966(8) 
1 W 8 )  
1 818(8) 
2 402(8) 
2 768(8) 
2 609(9) 
2 412(9) 
2 119(9) 
2 024(9) 
2 221(9) 
2 513(9) 

X/a 
- 1 449(33) 
- 184(29) 
- 845(35) 

34(34) 
1 852(36) 
3 117(32) 
5 276(38) 
4 463(32) 
3 691(42) 
3 59345) 
1 OlO(48) 

-2  544(28) 
- 569(28) 

-1 883(32) 
- 37?(33) 
2 342(3 1)  
3 091(28) 
6 385(22) 
5 069(28) 
4 380(37) 
4 401(37) 

24(43) 

Ylb 
2 425( 17) 
3 913(10) 
1 695(18) 
3 222(15) 
1735(19) 
4 299( 18) 
3 075( 19) 
3 468( 19) 
1 090(22) 

878(23) 
620(25) 

2 115(15) 
4 508( 10) 
1 302(18) 
3 699( 15) 
1 388(18) 
4 970(15) 
3 027( 19) 
3 641(18) 

832(21) 
602(20) 
145(20) 

Zlc 
3 768(13j 
4 245( 1 1) 
5 OlO(14) 
5 487( 13) 
5 778( 15) 
4 824(13) 
5 184(15) 
4 OOI(9) 
3 787(17) 
4 965( 19) 
4 219(19) 
3 629( 13) 
4 398(11) 
4 918(12) 
5 761(11) 
6 173(9) 
4 922( 12) 
5 502( 14) 
3 644(9) 
3 469( 14) 
5 37q13) 
4 168(13) 

Infrared spectra between 2 150 and 1 600 cm-I were re- 
corded on a Perkin-Elmer 257 spectrometer with the absorp- 
tion of CO(g) at 2 143 cm-' as calibrant. Nuclear magnetic 
resonance spectra were recorded on the University of Cam- 
bridge C.F.T. 20 and the Bruker 400 spectrometers. 

Preparutions.-[O~~H~(CO)~~{Cu(PPh~)~] (1). A solution of 
[ O S ~ H ~ ( C O ) ~ ~ ]  (75 mg, 0.08 mmol) in tetrahydrofuran (thf) (1 
cm3) was added to a well stirred solution of [{CuH(PPh3)J6] 
(51 mg, 0.1 mmol) in the same solvent by means of a transfer 
tube. The reaction mixture was stirred for 40 min at room 
temperature, during which time the purple colour of the di- 
hydride disappeared, and the greenish yellow colour of the 
product appeared. The solvent was removed under vacuum, 
and the dried residue was dissolved in a minimum of CHZCl2 
and loaded onto preparative t.1.c. plates for separation. Using 

a 1 : 2 ratio of CHzCI2-n-hexane as eluant, [OS,H~(CO),~- 
{Cu(PPh3)}] was obtained (47.3 mg, 45%) which recrystal- 
lized in n-hexane to give yellow crystals. 

[Os3H3(CO), ,fIr(PPh,)}] (2). The compounds [Os,H2- 
(CO),,] (40 mg, 0.05 mmol) and [IrH(CO),(PPh,),] (35 mg, 
0.05 mmol) in CH2C12 (5 cm3) were refluxed for 0.5 h during 
which time the purple colour of the dihydride was replaced by 
the orange colour of the product. The reaction mixture was 
cooled to room temperature and the volume of the solvent 
reduced to ca. 1 cm3. The solution was chromatographed 
on  preparative t.1.c. plates using a 1 : 2 ratio of CH2CI2-n- 
hexane as eluant to give [Os3H,(C0),,{Ir(PPh3))1 (30.9 mg, 
50%) which crystallized from n-hexane as bright orange 
crystals (Found: C, 25.9; H, 1.40; P, 2.50. C29H181rOL10s3P 
requires C, 26.1; H, 1.35; P, 2.30%). 

[Os,H,(CO), , fRh(PPh,)l J (3). The compounds [Os3H2- 
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(CO)lo] (60 mg, 0.07 mmol) and [RhH(CO)(PPh,),] (50 mg, 
0.05 mmol) in CH2C12 (5  cm3) were stirred together at room 
temperature for 2 h during which time the purple colour of 
the dihydride was replaced by the orange-yellow colour of the 
product. The volume of the solvent was reduced under 
vacuum to ca. 1 cm3, and the reaction mixture was chro- 
matographed on preparative t.1.c. plates using a 1 : 2 ratio of 
CH2C12-n-hexane as eluant to give [ O S ~ H ~ ( C O ) ~ ~ { R ~ ( P P ~ ~ ) } ]  
(38.2 mg, 43%) which recrystallized from n-hexane as orange 
crystals (Found: C, 27.6; H, 1.45; P, 2.50. C29H180110s3PRh 
requires C, 27.9; H, 1.45; P, 2.50%). 
[Os3H2(CO)lo{Ni[P(C6H11)3]}] (4). The compounds [Os&- 

(CO)lo] (18 mg, 0.02 mmol) and [NiH(Cl){P(C6H11)3}2] (25 mg, 
0.01 mmol) in CH2C12 (2 cm3) were refluxed for 0.5 h during 
which time the purple colour of the dihydride disappeared and 
was replaced by the orange-yellow colour of the product. 
Without further reduction of the volume of the reaction 
mixture, the solution was chromatographed on preparative 
t.1.c. plates using a 1 : 2 ratio of CH2C12-n-hexane as eluant to 
give [os3H2(co)lo{Ni[P(c6Hll)3]~] which was recrystallized 
from n-hexane as orange-red crystals. 

Crystal-structure Determination of [OS~H~(CO)~~{CU- 
(PPh,)}] (l).-A single crystal with dimensions ca. 0.37 x 
0.28 x 0.15 mm was mounted on a glass fibre with epoxy- 
resin, and the space group and approximate cell dimensions 
determined via Weissenberg (Cu) X-ray photography. 

The crystal was transferred to a Stoe-Siemens four-circle 
diffractometer, and accurate cell dimensions determined from 
the angular measurement of 48 reflections in the range 15 < 
28 < 25". 4 536 Profile-fitted intensities 'O were recorded in 
the range 5.0 < 28 < 45.0" using graphite-monochromated 
Mo-K, radiation and a 24-step 0-6 scan technique. The step 
width ranged between 0.05 and 0.08', and the time for each 
step varied between 0.75 and 3.00 s depending upon the in- 
tensity determined in an 18 s initial scan; for reflections giving 
I < 6a(I) on the prescan, this intensity was retained and no 
further measurement was made. Three check reflections were 
monitored periodically throughout the course of data collec- 
tion but showed no significant variations. 

A semiempirical absorption correction based on a pseudo- 
ellipsoid model and 300 azimuthal scan data from seven inde- 
pendent reflections was applied; transmission factors for the 
full data set ranged from 0.023 to 0.105. Lorentz polarization 
corrections were also applied and equivalent reflections 
averaged to give 2401 unique observed intensities [F > 

Crystuf data. C28H18C~0100~3P, M = 1 179.54, mono- 
clinic, a = 12.801(2), b = 13.539(2), c = 18.650(7) A ,  p = 
105.20(2)', U = 3 119.2 A3, D ,  not measured, Z = 4, D ,  = 

2.51 gcm-j, F(OO0) = 2 152, Mo-K, radiation, h = 0.710 69& 
p(Mo-K,) = 129.42 cm-', space group P2Jc from systematic 
absences. 

The three 0 s  and the Cu atom positions were located by 
multisolution Z2 sign expansion, and all the remaining non- 
hydrogen atoms from a subsequent electron-density difference 
synthesis. The structure was refined by blocked-cascade least 
squares with the Os, Cu, P, and 0 atoms assigned anisotropic 
thermal parameters. The carbonyl and phenyl C atoms were 
assigned individual isotropic thermal parameters, and the 
phenyl rings were refined as rigid groups with idealized 
geometry (C-C 1.395 A, C-C-C 120.0'). The phenyl-hydrogen 
atoms were placed in idealized positions and constrained to 
ride on the relevant C atoms (C-H 1.08 A, C-C-H 120.0*); 
the H atoms were assigned a common isotropic thermal 
parameter. In the final cycles of refinement the weighting 
scheme w == [02 (F)  + 0.00251F12]-1 was introduced. The 
converged residuals were R = 0.067 and R' - E,wfA/EwiF, - 

5 W ) I .  

0.069. A final electron-density difference synthesis revealed 
ripples of ca. 1.5 e A-3 close to the 0 s  atom positions but did 
not reveal the positions of the hydride atoms. 

Crystal-structure Determination of [OS,H~(CO)~ l{Ir(PPh3))] 
(2).-A single crystal with dimensions cu. 0.41 x 0.27 x 0.23 
mm was mounted on a glass fibre, and the space group and 
cell dimensions determined as for compound (1 j. 

The crystal was transferred to a Stoe-Siemens diffractometer 
and data collected using similar techniques and parameters 
to those employed for (1). A total of 6 435 profile-fitted in- 
tensities 30 was recorded. Semiempirical absorption, Lorentz, 
and polarization corrections were applied, and equivalent 
reflections averaged to give 3 145 unique observed intensities 
[ F  > 6a(F)]. 

Crystal data. C29H181rO110~~P, kf = 1 258.82, monoclinic, 
a = 8.810(2), b = 16.170(7), c = 23.420(7) A, p = 99.27(1)", 
U = 3 292.8 A3, D, not measured, Z = 4, D, = 2.54 g 
ern-,, F(OO0) = 2 400, Mo-K, radiation, h = 0.710 69 A, 
p(Mo-K,) = 158.95 cm-', space group P2/lc from systematic 
absences . 

The structure was solved using the same techniques as for 
compound (1). It was refined by blocked full-matrix least 
squares with the Ir, Os, P, and 0 atoms assigned anisotropic 
thermal parameters, and the C atoms individual isotropic 
thermal parameters. The phenyl rings and their associated H 
atoms were treated in the same way as for (1). The weighting 
scheme w = [02 (F)  + 0.0025(F(2]-1 was introduced. The con- 
verged residuals were R = 0.068 and R' = Cw*A/Zw*F, = 
0.069. The hydride ligands were not located directly, and a 
final electron-density difference map revealed ripples of ca. 
2.4 e A-3 close to the heavy atoms. 

The final atomic co-ordinates for complexes (1) and (2) are 
presented in Tables 4 and 5, respectively. Complex neutral- 
atom scattering factors 31  were employed in both structure 
solutions and refinements. All computations were performed 
on an IBM 370/165 computer at the University of Cambridge 
using programs written by Professor G. M. Sheldri~k.,~ The 
molecular plots were drawn using the PLUTO program writ- 
ten by Dr. W. D. s. Motherwell. 
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