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Summary 

The tetraphenylphosphonium salt of the anion [Co,P(CO),,]- crystallizes in the 
monoclinic spa:e group P2,/c, with unit cell dimensions a = 10.115(4), b = 21.233(9), 
c = 20.585(8) A, j3 = 91.76(6)“, and Z = 4. The structure has been determined by 
direct methods from X-ray single-crystal counter data and refined by least-squares 
calculations to R = 0.059 for 4698 significant diffraction intensities. The anion 
contains an open array of metal atoms consisting of four triangles linked in a chain 
sorrounding a semi-interstitial phosphide atom. The nine Co-Co bond distances fall 0 
into three classes: four have mean values of 2.574 A, an other four have mean values 0 
of 2.656 A, and one, very long, has a value of 2.934(2) A. The phosphorus atom lies 

in an exposed position so that it is coordinated to all six metals, with Co-P bonds in 
the range 2.165-2.268(2) A. Of the 16 carbonyl groups 14 are terminally bound 
(mean Co-C and C-O distances 1.78 and 1.14 A) and two are symmetrically 
bridging (mean Co-C and C-O distances 1.90 and 1.17 A, respectively). 

Introduction 

A number of carbonyl cluster compounds containing interstitial main group 
elements are known. In addition to a wide variety of carbide species [l], interstitial 
nitrides, such as [M,N(CO),,]- (M = Co, Rh) [2] and [PtRh,,,N(CO),,13- [3], 
phosphides, such as [RhsP(CO),,]*- [4] and [Rh,,P(CO)22]3- [5], arsenides, such as 

[Rh,,As(CO),,13- [6], and sulphides, such as [Rh,,S(CO),,]‘- [7] and 
[Rh,,S,(CO),,]3- [8], have been characterized. Less common are species containing 
atomic ligands in semi-interstitial or exposed positions, an example being the carbide 

Fe,C(CO),, [91. 
In this paper we report the complete results of a single crystal X-ray investigation 

of the PPh4+ salt of the anion [CodP(CO),,]-; a brief account of the synthesis and 

(Continued on p. 388) 
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3X8 

structure appeared previously [lo]. The anion contains a phosphide ligand. bound to 
an open hexametal array. in a semi-interstitial position, intermediate between the 
situation for an external bridging phosphide ligand, as for instance in [c’o($- 
C,H,)(~i-P)]a (1 I]. and that for a completely encapsulated phosphorus atom. 

Experimental 

Crystal data. C,,, H &o, 0, h PZ . M = 1172.1. Monoclinic, n = 10.115(4), h = 
21.233(9), c = 20.585(X) A, /3 = 91.76(6)‘, U = 4420.2 A’, BZ,, = 1.7312) (by flotation). 
U, = 1.76 g cm- ‘, Z = 4, F(OO0) = 2320, Space Group P2,/c (No. 14). MO-K<* 
radiation (h 0.7107 A), ~(Mo-K,) = 23.4 cm-‘. 

Intensity measurements. A crystal of dimensions 0.17 X 0.18 X 0.34 mm was 
mounted on the BASIC automatic diffractometer 1121. Diffraction intensities were 
collected in the range 3” < 8 < 25” by the o-scan method, using graphite monoehro- 
matized MO-X, radiation, A total of 8570 reflections was measured and no decay of 
the sample was observed during the collection. The intensities were corrected for 
Lorentz and polarization effects but not for absorption. After rejection of all data 
having u( !)/I > 0.40, a set of 4498 significant data was used in the structure 
solution and refinement. 

Structure soiutiotl and rt$‘nement. The structure was solved by direct methods. 
which gave the metal atoms positions, After a preliminary refinement a successive 
difference-Fourier map showed the positions of all the non-hydrogen atoms. 

The refinements were carried out by block-matrix least-squares. All the anionic 

atoms and the P atom of the cation were treated anisotropically. The phenyl groups 
of the cation were treated as rigid groups ( Dh,, symmetry, C--C 1.392 A). The phenyl 
hydrogen atoms were located in their ideal positions (C-H 1.08 A) with an isotropic 
therma factor equal to that of the corresponding carbon atom. The final values of 
the conventional R and R,, factors are 0.059 and 0.065. respectively. 

During the refinements weights were applied according to the formula 1%’ = I/( A 
+ Be, + CF02); in the final cycles A, B and C had values 19.5. - 0.43 and 0.0072, 
respectively, chosen on the basis of an analysis of XI&‘. The atomic scattering 
factors were taken from ref. 13 for Co. P, 0 and C and from ref. 14 for hydrogen. 
For Co and P both the real and imaginary part of the anomalous scattering were 
taken into account [ 151. The final difference-Fourier map was flat. showing residual 
peaks not exceeding 0.6 e/A’. 

The results of the refinements are reported in Table 1. A final list of observed and 
calculated structure factors moduli can be obtained on appfication to the authors. 
All the computations were performed on a UNIVAC I lOO/SO computer using local 
programs. 

Results and discussion 

The crystal structure consists of discrete [Co,P(CO),,]~ anions and PPh4’ 
cations in the ratio l/l, separated by normal Van der Waals’ contact distances. 

The anion is illustrated in Fig. 1. It exhibits an overall idealized CZ symmetry, 
with the two-fold axis passing through the P atom and the middle of the Co{ l)--CO(~) 
edge. It contains a six-metal array consisting of a chain of four edge-sharing 
triangles surrounding a “semi-interstitial” phosphorus atom. The Co,P moiety is 



Fig. 1. A view of the anion [Co,P(CO),,]-. The carbonyl groups are indicated by the labels of their 

oxygen atoms. 

shown in Fig. 2. The four cobalt triangles are folded with the following dihedral 
angles: 143.3” between planes Co(1,2,3) and Co(1,2,4), 122.9” between planes 
Co( 1,2,3) and Co( 1,3,5), and 122.0” between planes Co( 1,2,4) and Co(2,4,6). 

The Co-Co interactions can be divided into three classes. There is a very long 
and weakly-bonding interaction, the Co(l)-CO(~) edge of 2.934(2) A, and the other 
eight bonds belong to two sets of four, a longer set, involving the external CO(~) and 
CO(~) atoms, with a mean value of 2.656 A, and a shorter set, involving the other Co 
atoms, of mean value 2.574 A. A long Co-Co interaction comparable to the 
Co( I)-CO(~) one was previously found in the paramagnetic species [Co,C(CO),,]- , 
2.916(4) A, the lengthening being ascribed in that case to the presence of one extra 
electron (exceeding the usual number of 86) in an antibonding cluster orbital [16]. 
The other Co-Co bond lengths are, on the other hand, comparable with the 
corresponding values found in many cobalt carbonyl clusters. 

Of the sixteen CO groups fourteen are terminal and two symmetric edge-bridging. 
The cobalt atoms CO(~) and CO(~) bear three terminal carbonyl groups whereas each 
of the other metal atoms is connected to one edge-bridging and to two terminal CO 
groups. The mean values of the Co-C and C-O interactions are 1.78 and 1.14 A, 
respectively, for the terminal and 1.90 and 1.17 A, respectively, for the bridging 
groups. 



The phosphide ligand is bound to all the six cobalt atoms, in such a way that it 
can be considered a “semi-interstitial” ligand, as indicated also by the Co(S)- Pm CO(~) 
angle of 142.2( 1)‘. The Co--P bonds belong to two classes: tuo bonds. with the 
CO(~) and Co(h) atoms, are significantly shorter (mean 2.170 A) than the other four Y 
(mean 2.263 A). These bond lengths are comparable with the corresponding Co-P 
interactions in Co,(CO),,,(p.,-PPh)2 (mean 2.244 kj [17] and in (C~(?J‘-C~H,)(~~-P)]~ 
(two sets of mean values 2.216 and 2.256 A) [ 111. 

The situation of the exposed phosphorus atom in [Co,P(CO),,] is intermediate 
between that of an external bridging P atom, as in [Co(,tli-C,Hg)(pj-P)]J. and that 
of an interstitial atom, as in [Rh,P(CO),,]‘~ [4] and in (Rh,,,P(CO),,]i [5]. This is 

the only known example of a semi-interstitial location for an element of the third 
period, but analogous exposed positions are known for C and N atoms: for example. 
in the square pyramidal species Fe,C(CO),, [9] and HFe,N(CO),, [Is] and in the 
butterfly species Fe,C(CO),, [ 191 and [Fe,N(C0),2]~ 120). These expc~d atoms are 
also of interest in respect of their unusual reactivities I21.221. 

The present hexametal array is uncommon and a rather similar cluster has been 
found only in the recently characterized species Co,( p.+.-S)(C, )(0X),, [23]. contain- 
ing a Co, square with two opposite edges bridged by two cobalt atomb: the metal 
arrangement surrounds an exposed djcarbide group. 

The cluster geometry of [CO~P(CO),~]~ can be rationalized considering the 
dimensions of the cobalt and phosphorus atoms. Using a covalent radius of 1.10 A 
for P and assuming a reasonable radius of 1.28 A for Co. the radiu\ ratio rr,/rc.,, 
results equal to 0.860, which, in the light of the theoretical values reported in 
Table 3. shows that a phosphide atom cannot occupy the cavity of an octahedron or 
of a regular trigonal prism of cobalt atoms. The known compounds with these types 
of clusters show that the cluster cages possess a certain elasticity which enables them 

CO6 

Fig. 2. A wew of the c‘o,P moiety approximately down the idealized two-fold 3x1, 

Fig. 3. The relatwnship between the Co, array and the icosahedron 
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TABLE 2 

BOND DISTANCES AND ANGLES WITHIN THE SALT [Co,P(CO),,][PPh,] 

Distances (A) 

Co(l)-Co(2) 

Co(l)-Co(3) 

Co( l)-Co(4) 

Co( l)-Co(5) 

CO(~)-CO(~) 

CO(~)-CO(~) 

CO(~)-CO(~) 

Co(3)-Co(5) 

CO(~)-CO(~) 

Co( l)-P( 1) 

Co(2)-P(1) 
Co(3)-P(1) 

Co(4)-P(1) 

Co(S)-P(I) 

CO(~)-P(I) 

Co( I)-C( 1) 

Co( 1)-C(2) 

Co(l)-C(15) 

CO(~)-C(3) 

CO(~)-C(4) 

CO(~)-C( 16) 

Co(3)-C(5) 

CO(~)-C(6) 

CO(~)-C(16) 

Co(4)-C(7) 

CO(~)-C(8) 

Co(4)-C( 15) 

2.934(2) 

2.587(2) 

2.573(l) 

2.66 l(2) 

2.574(2) 

2.562( 1) 

2.670(2) 

2.642(2) 

2.650(2) 

2.253(2) 

2.265(2) 
2.265(2) 

2.268(2) 

2.165(2) 

2.175(2) 

1.749( 10) 

1.772(9) 
1.898(9) 

1.770( 10) 

1.731(11) 

1.920(9) 

1.807(10) 

1.785(10) 

1.899(9) 
1.778(9) 

1.777( 10) 

1.902(9) 

Co(5)-C(9) 

Co(S)-C( IO) 

Co(S)-C( 11) 

CO(~)-C( 12) 

CO(~)-C( 13) 

Co(6)pC( 14) 

C(l)-O(1) 

C(2)-G(2) 

C(3)-O(3) 

C(4)-O(4) 

C(5)-O(5) 
C(6)-O(6) 

C(7)-G(7) 

C(8)-G(8) 
C(9)-O(9) 
c(10)-0(10) 

C(ll)-O(11) 

C(12)-O(l2) 

C(l3)-O(13) 

C(14)-O(l4) 

C(15)-O(l5) 

C(16)-0(16) 

P(2)-CP( 11) 
P(2)-CP(21) 

P(2)-C~(31) 
P(2)-c~(41) 

1.806(9) 

1.779(9) 
1.768(10) 

1.803(11) 

1.793(11) 

1.769(10) 

1.143(13) 

1.132(12) 

1.139(12) 

1.136(14) 

1.1 lO(13) 
1.124(13) 

1.154(11) 

1.142(12) 

1.139(11) 

1.122(12) 

1.137(13) 

1.137(14) 

1.153(14) 

1.130(13) 

1.164(12) 

1.170(11) 

1.791(5) 

1.786(6) 

1.786(5) 
1.786(6) 

Angles (deg.) 

Co(l)-C(l)-O(1) 

Co( 1)X(2)-0(2) 

CO(~)-C(3)-O(3) 

CO(~)-C(4)-O(4) 
co(3)~c(5)-0(5) 

CO(~)-C(6)-O(6) 

Co(4)-C(7)-O(7) 

CO(~)-C(8)-O(8) 

Co(5)-C(9)-O(9) 

c0(5)-c(10)-0(10) 

Co(S)-C( 1 l)-O( 11) 

CO(~)-C(12)-0(12) 

CO(~)-C( 13)-0( 13) 

CO(~)-C( 14)-O(14) 

co(I)-c(15)-o(15) 

Co(4)-C( 15)-O( 15) 

CO(~)-C(16)-0(16) 

CO(~)-C(16)-0(16) 

Co(l)-C(15)-Co(4) 

CO(~)-C(16)-CO(~) 

CO(~)-P( I)-CO(~) 

172.4(9) 

175.7(9) 

177.7(10) 

171.2(10) 

177.8(9) 

179.0(9) 

177.1(8) 

178.7(9) 

178.0(9) 

178.6(9) 

178.1(9) 
175.7( 10) 

177.7(9) 

179.1(9) 

137.2(7) 

137.5(7) 
135.7(8) 

139.4(8) 

85.3(4) 
84.8(4) 

142.2(l) 

Co(l)-Co(Z)-C(3) 
Co( I)-CO(~)-C(4) 

Co(2)-Co( I)-C( I) 

Co(2)-Co( 1)-C(2) 

C( 1)-Co( 1)-C(2) 

C(3)-CO(~)-C(4) 

C(5)-CO(~)-C(6) 

C(7)-CO(~)-C(8) 

C(9)-Co(5)-C( 10) 

C(9)-Co(5)-C(l1) 

C( IO)-Co(S)-C( 11) 
C(12)-Co(6)pC(l3) 

C(12)-CO(~)-C( 14) 

C( 13)-CO(~)-C( 14) 

Cp(l I)-P(2)-Cp(21) 

Cp( 1 I)-P(2)-Cp(31) 

Cp(1 I)-P(2)-Cp(41) 

Cp(21)-P(2)-Cp(31) 

Cp(21)-P(2)-Cp(41) 

Cp(31)-P(2)-Cp(41) 

92.0(3) 

166.4(3) 

87.7(3) 
170.9(3) 

101.1(4) 

101.5(5) 

100.4(5) 

102.4(4) 

106.2(4) 

103.8(4) 

102.1(4) 

104.5(5) 

100.5(5) 

102.9(5) 

111.1(3) 

110.7(4) 
107.6(3) 

108.5(3) 

109.0(3) 
110.0(3) 
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TABLE 3 

THE MORE USUAL CAVITIES IN CLUSTER COMPOUNDS SI?11‘:2BLt~ TO <‘OKfAIN INTEK- 

STITIAL ATOMS 

Octahedron 6 0.414 [CO~C(CO),,] /’ [Rh,C(C‘O),,J’ ” 

Trlgonal prism 6 0.528 [CC)~N(<‘O),~] ’ [Rll,>(~(COl,,]~ l’ 

Square antIprism 8 0.646 [c’C~,C((‘O),,]~ ( [l<h,P((‘O),, 1.‘ ’ 

[Kh,,,S(<‘O)~, 1: : 

Cube x 0.732 

Icoaahedron I2 0.902 [Kh,,Sh(C‘O),:ji ’ 
Cuboctahedron or 12 I.000 IRh, 3 H, .,(C‘O),, /‘I 

Twinned-cuboctahedron 

” Ref. 16. h V.G. Albano. D. Braga and S. Martinengo. J. Chem. Sot. L)alton. ( 19X I) 7 17 ’ Ret’. 2. ” V.G 

Albano. M. Sansoni, P. Chini and S. Martinengo. J. Chem. Sot. Dalton. (IY73) 65 I. ’ V.(;. Alhano. I’. 

Chinl. Cr. Ciani, S. Martmengo and M. Sansoni. J. Chem. Sot. Dalton. (lY78) 463. ’ Rel. 3. $ Ref. 7. ” Ref. 
24. ’ G. C‘iani, A. Siront and S. Martmengo. J. Chem. Sot. Dalton. (19X1) 5 19. 

to accomodate interstitial atoms. but there are limits which cannot he exceeded. The 
actual Co, open array can be considered part of the surface of a larger polyhedron. 
namely an icosahedron, as illustrated in Fig. 3. in accord also with the vnluc of the 
radius ratio r,,/rc,,. A comparable radius ratio can be expected for Sh and Rh atoms. 
and a recently characterized species. the anion [Rh,,Sb(CO),,]’ , contaillr an 
almost icosahedral arrangement of Rh atoms with an encapsulated Sh atom [74]. 

Finally, the anion possesses 92 valence electrons, corresponding to 46 cluster 
valence molecular orbitals (CVMOs). This number is higher than in an octahedron 
(43 CVMOs) or in a trigonal prism (45 CVMOs). in accord \rith a progrebGvc loss of 
compactness in these three clusters. 
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