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Summary

The tetraphenylphosphonium salt of the anion [Co,P(CO),1~ crystallizes in the
monoclinic space group P2, /¢, with unit cell dimensions a = 10.115(4), b = 21.233(9),
¢ = 20.585(8) A, B=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
into three classes: four have mean values of 2.574 ;\, an other four have mean values
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 [1], interstitial
nitrides, such as [MgN(CO),s]- (M =Co, Rh) [2] and [PtRh,,N(CQO),,}*~ [3]
phosphides, such as [RhyP(CO),,]*" [4] and [Rh,,P(CO),,]*~ [5], arsenides, such as
[Rh,;,As(CO),,]°~ [6]. and sulphides, such as [Rh,;S(CO),]?>~ [7] and
[Rh,,S,(CO),,]1*~ [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)5 [9].

In this paper we report the complete results of a single crystal X-ray investigation
of the PPh,™ salt of the anion [Co,P(CO),4]™; a brief account of the synthesis and

(Continued on p. 388)
0022-328X /83 /0000-0000 /$03.00 © 1983 Elsevier Sequoia S.A.



3

(T)ze (£)6 (T)ee (8)1¢ (g — (6)eT1 ()T — (p)szee (8)T9t¢ — (1189)
(z)st (€)g (LT (081~ ()91 — (6Tt (PIepo1 — (pISHe (6)LTLT— (6)D
(Thoz ()6 (The (/)T - ()01 — (11)p91 (P)rse (r)geel (6)9v6 — (8)D
(oLe (£)¢ (7)9T (L) — (L) (61801 $2l7ad (£)0891 (8)£9p1 (LD
(EWy (P~ (e (68 (8)gt — (6)811 (S0S (P)38CY (6)L9E1 — ()e}
(Tee (F)ot (TiLe (6)5T ~ (Rt - (o9t (PhovL — (§278447 (01)60§ — ($)D
(e ($)81 - (£)er (6)0 (06T - (1L0L (5)z861 (gzige (6)0911 (2]
(DR (P)S1— (e (6 - (631 (6)901 (S)oL (6)S€87 (61162 (€D
(7)sT 3] (76T ()¢~ (8)¢ (1 Lpl (#)9001 - WILriz (6)056 — (0>
(2)8¢ (p)L - (2)6T (8)8¢ (6)zg — (11661 w)ee ~ (1)8867 (o1)ee0t )
(N9 (Fiot (e (L)gg ~ (9)69 - (V0P (p)zge (£)887y (9)8¢61 91O
(1og (£) ~ (T8¢ (L)og (L)68 (6)827 (€lezt — (€£)osst (L)P891 Do
(£)89 (p)¢ - (2)s¢ (8)08 (8)9 — (6)081 (LI (P)S181 (RNELE F1O
(2)8e ()97~ Dy (8)sp (8)¢¢ (6)061 (PILLIT (Pev8e (g)zeic— {£€DO
(e ($)ol (p)Ry (8)79 ~ (11)66 (T16ST [$219%5:14 (§)91ee (6)86L no
(£)19 (o1 — (Toy (8)ze (Lp1 (8)Tp1 )09y (P)soLe (L)S9rt — (Do
(2hLs (Pl ()g¢ (6)8T — (LLL — (01)01T (P17~ (€)911 (8)666¢ — (0DO
(16t ()Lt (2)6¢ (L)¢E — (80T — 0181z (€)9.61 — (€)Love (8)L08T — (6)O
T8y (£)6 (g (8)¢¢ — (WL — (110, 244 (P)se6s (€)L16 (8)Tv91 — (8)0
(Qzy )L Loy Ly — (Lyov (R)rri (£)L661 (F)o9grl (L)08TT (Lo
(£)89 (P67~ (e (01)pS (8)LT L1z 518 (218217 (8)£L81 — 9)0
(7)Lg (9137 (D)¢s (6)ov — (01001 — (201913 (¢)e611 — (Peery (01)8sY — ()0
(Tsy (P)LS — (£)08 (81 — (665 — (6791 (F)1e0T (P)86LE (8)0st1 o
(€)%9 Syt — (2)¢s ()77 ()11 (L)ool #)s09 ()0992 (9)osse (€)o
(29t e - (Dwr (8)$T — (8)81 — (181t (€)STPi — ($)8S81 (8)9L€1 — (20
Oy Py - (0)sy (L8 ()19 - (6)917 (0501 — (Po6le (L6681 (o
(D81 (1o (16l (DT~ (e — §0/43 (1)85¢ (DorsT (DS — (1)d
(D61 ()7 - (1og a)» (o1 (1001 (Y091 (e (1)8L6 — (9)0D
(157 (1)s (1ot (L1 (D71 - (p8 (e - (1)5967 (1)eg9z — (§)o)>
(1ot (1o (1og Dy — (I (1)$6 (é6zL (1Dos61 (Der1 (F)oD
(1)82 (Do (L1 (16— (191 — (1)L6 (DR (1)91LE (165 — (€)0D
(1Le (1p— (et (16— (g1 - (L (DTrR (D9gig (g6 (T)oD
(16l (Do (el (nz (- (1ot (119¢ — (st (1)s91 - (1)oD

3] Ty Ty tig g Ny - { x woly

s101n N1doa1osuy

[P yddl®(0)d %00 NIHLIM SYILINWVE VA TVWITHL ANV TYNOILISOd TVNId 'y | ATEVL



387

C2Qry + Sy + T ey + €54, + g,y + g,y ) — dx Jo s1uaion5e0d oy sue g oy 4 '$1010%] g ordonost ay) 10y 1dedoxs o] X sxewered [y ,

(NLy @QsLe (0)eesy ($)65€9 (9v)dD

(QTs (T)soty OveLy PN8iL (sp)dD

2)6's (DLi9y (16928 ($)9589 (pp)dD

(19 (D)ssvv (V)€09s ($)60LS (ep)dD

Ly 66V¢ 0S1y €659 (9¥)H (o's O1vee @)zors (¥)ogsy (zv)dD
s 8¢y S6vy 9008 (S¥)H (1)9¢ (2)o6s¢ (D)L98Y (974¥4s (pydd
6 986% 148729 LyYL (223 (O (£)s8¢€€ Q2o (©)ILI (9¢)dD
19 60LY 8865 9LYS (ep)H (2)s9 (Orsye (TV0T9y (Poee (se)dd
0's 978¢ €79 £90p (T)H D19 OLs1e (©)091s Pozi - (pe)dd
¥'s 665¢€ vLOY 180T (9€)H (s ©16Lt (@evss ($)169 (ge)dDd
$9 LILE e 61 — (SOH sy (OzeLe (42139 (p)stoz (ze)dd
19 90T¢ SLTS 1201 — (POH (y¢ (Ve610¢ (©)rrsy ¥)9zse (1£)dd
Y 8L$T 1€6$ 1243 (€€)H 19y (D091 (©over ($)8L0Y (90)dd
(%4 09rC 659¢ 665T (TEOH Qs (D)8r01 (V)8TT8 (1vsy (s2)dD
9y 08¢1 S89Y LYTE (90H (D8 (2)z801 (£)£85¢ (9)8695 (746
(4l ¥79 I181S wov (STH @9 (D)zL9l (€)os9s ($)76£9 (€0)dD
8¢ £89 16L6 1£09 (PTH (o's (T)gree @19¢s ($)626S (odd
v'9 L691 $06¢ YL (€2H g (OvelT (£)900$ )TLLy (1dd
0’s £59C 113249 8TV9 (ZOH (Qe's (Dovee (2)905¢ (L)oLsy (9ndd
Y 8y 9LLE 069% 9DH (V69 (D)881C (Tys8T (L)SE9r (sndd
69 8SLI 12374 €6LY (SDH Q'L (T)seLe (De6LrT 6LV wndd
SL 869T 0102 (17454 (Y H (V99 (D)seee (D)8sLe (L)gsTy (€NddD
99 8TLE 680 Spiy (€DH 2)8's (@)Lsee @o1ve (L)s61v (zNdd
8's 818¢ 119¢ Thov (ZIH Mot (@)ovse (@)s8Le (6)LSEY (andd>
Amm\vm z 4 x woyy AN«M\VQ z s x wory
swole udoipAy [Auayd Swole uoqled [Kuayd

swon ndosjosy

(Wt (¢ (161 (e (1o (L9 (1)L06T (Degr Loty (0d
(OLe WL - Vsl (w1 — (L)81 — (e)cr1 (¥)89¢ (1)806¢ (6)6011 ©no
Lz )L — (DT (DL (Lot (6)zT1 (PW6 — (FIrs81 (8)026 [(40))
(T)se Wi - (062 (8)91 (8)p (611 (r)0s91 WI9IT (6)987C — (Ca0n]
(08T (A Oty (®)€1 (6)6— (ons11 vl (S)o1ve (6)sL91 — (€1)D
(05T ($)6— L (6)1 — oy (Tsy1 WiLete NL1¥T (o181 @D
(€)kv (P)E Vst 1 (L)s (8)s6 (w81 (P)crs ()7ar¢ — (rorn



388

structure appeared previously [10]. 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 [Co(%'-
C.H; X p,-P), [11]. and that for a completely encapsulated phosphorus atom.

Experimental

Crystal data. CyiyH,,Co O P,, M= 1172.1, Monoclinic, a=10.1154). b=
21.233(9), ¢ = 20.585(8) A, 8= 91.76(6)°, U = 4420.2 A*, D, = 1.73(2) (by flotation).
D.=176g cm™3, Z=4, F000)=2320, Space Group P2,/c (No. 14), Mo-K,
radiation (A 0.7107 A), u(Mo-K_)=123.4 cm™ .

Intensity measurements, A crystal of dimensions 0.17 X 0.18 X 0.34 mm was
mounted on the BASIC automatic diffractometer [12]. Diffraction intensities were
collected in the range 3° < # < 25° by the w-scan method. using graphite monochro-
matized Mo-K | 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 o(7)/7 > 0.40, a set of 4698 significant data was used in the structure
solution and refinement. )

Structure solution and refinement. 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 ali 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 (D, symmetry, C-C 1.392 A). The phenyl
hydrogen atoms were located in their ideal positions (C—H 1.08 A) with an isotropic
thermal 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 w=1/( A4
+ BF,+ CF}); in the final cycles 4, B and C had values 19.5, —0.43 and 0.0072,
respectively, chosen on the basis of an analysis of SwA’. The atomic scattering
factors were taken from ref. 13 for Co, P, O and C and from ref. 14 for hydragen.
For Co and P both the real and imaginary part of the anomalous scattering were
taken into account [15]. The final difference-Fourier map was flat, showing residual
peaks not exceeding 0.6 /A",

The results of the refinements are reported in Table I. A final list of observed and
calculated structure factors moduli can be obtained on application to the authors.
All the computations were performed on a UNIVAC 1100,/80 computer using local
programs.

Results and discussion

The crystal structure consists of discrete [Co,P(CO),(]” anions and PPh,”
cations in the ratio 1/1, separated by normal Van der Waals’ contact distances,

The anion is illustrated in Fig. 1. It exhibits an overall idealized C, symmetry,
with the two-fold axis passing through the P atom and the middle of the Co(1)-Co(2)
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
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Fig. 1. A view of the anion [CogP(CO),4]~. 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(1)-Co(2) edge of 2.934(2) A, and the other
eight bonds belong to two sets of four, a longer set, involving the external Co(5) and
Co(6) 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(1)-Co(2) one was previously found in the paramagnetic species [Co,C(CO),4]™,
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(5) and Co(6) 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.
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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(5)--P--Co(6)
angle of 142.2(1)°. The Co-P bonds belong to two classes: two bonds, with the
Co(5) and Co(6) atoms, are significantly shorter (mean 2.170 A) than the other four
(mean 2.263 A). These bond lengths are comparable with the corresponding Co-P
interactions in Co,(CO),(p,-PPh), (mean 2.244 A) [17] and in [Co(n"-C Hs ) p1-P)] 4
(two sets of mean values 2.216 and 2.256 }0\) [11].

The situation of the exposed phosphorus atom in [Co, P(CO),.] " is intermediate
between that of an external bridging P atom, as in [Co(%’-CsH ) 1 +-P)]4. and that
of an interstitial atom, as in [Rh,P(CO),,}*" [4] and in [Rh,,P(CO),,]"" [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),, [18] and in the
butterfly species Fe,C(CO), [19] and [Fe,N(CO),,]” [20]. These exposed atoms are
also of interest in respect of their unusual reactivities [21.22].

The present hexametal array is uncommon and a rather similar cluster has been
found only in the recently characterized species Co,(p,-S)C, N CO),, [23]. contain-
ing a Co, square with two opposite edges bridged by two cobalt atoms: 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 radius ratio r,/r.,
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

Fig. 2. A view of the Co P moiety approximately down the idealized two-fold axis.

Fig. 3. The relationship 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 (/gs)

Co(1)-Co(2) 2.934(2) Co(5)-C(9) 1.806(9)
Co(1)-Co(3) 2.587(2) Co(5)~C(10) 1.779(9)
Co(1)-Co(4) 2.573(1) Co(5)-C(11) 1.768(10)
Co(1)-Co(5) 2.661(2) Co(6)-C(12) 1.803(11)
Co(2)-Co(3) 2.574(2) Co(6)-C(13) 1.793(11)
Co(2)~Co(4) 2.562(1) Co(6)-C(14) 1.769(10)
Co(2)-Co(6) 2.670(2) C(1)-0(1) 1.143(13)
Co(3)-Co(5) 2.642(2) C(2)-0(2) 1.132(12)
Co(4)-Co(6) 2.650(2) C(3)-0(3) 1.139(12)
Co(1)-P(1) 2.253(2) C(4)-0(4) 1.136(14)
Co(2)-P(1) 2.265(2) C(5)-0(5) 1.110(13)
Co(3)-P(1) 2.265(2) C(6)-0(6) 1.124(13)
Co(4)-P(1) 2.268(2) C(7)-0(7) 1.154(11)
Co(5)~P(1) 2.165(2) C(8)-0O(8) 1.142(12)
Co(6)-P(1) 2.175(2) C(9)-0(9) 1.139(11)
Co(1)-C(1) 1.749(10) C(10)-0(10) 1.122(12)
Co(1)-C(2) 1.772(9) C(11)-0(11) 1.137(13)
Co(1)-C(15) 1.898(9) C(12)-0(12) 1.137(14)
Co(2)-C(3) 1.770(10) C(13)-0(13) 1.153(14)
Co(2)-C(4) 1.731(11) C(14)-0(14) 1.130(13)
Co(2)-C(16) 1.920(9) C(15)-0(15) 1.164(12)
Co(3)-C(5) 1.807(10) C(16)-0(16) 1.170(11)
Co(3)-C(6) 1.785(10) P(2)-Cp(11) 1.791(5)
Co(3)-C(16) 1.89%(9) P(2)-Cp(21) 1.786(6)
Co(4)~C(7) 1.778(9) P(2)-Cp(31) 1.786(5)
Co(4)-C(8) 1.777(10) P(2)-Cp(41) 1.786(6)
Co(4)-C(15) 1.902(9)

Angles (deg.)

Co(1)-C(1)-O(1) 172.4(9) Co(1)-Co(2)-C(3) 92.0(3)
Co(1)-C(2)-0(2) 175.7(9) Co(1)-Co(2)-C(4) 166.4(3)
Co(2)-C(3)-0(3) 177.7(10) Co(2)-Co(1)-C(1) 87.7(3)
Co(2)-C(4)-0(4) 171.2(10) Co(2)-Co(1)-C(2) 170.9(3)
Co(3)-C(5)-0(5) 177.8(9) C(1)-Co(1)-C(2) 101.1(4)
Co(3)-C(6)-0(6) 179.0(9) C(3)-Co(2)-C(4) 101.5(5)
Co(4)-C(T)-O(7) 177.1(8) C(5)-Co(3)-C(6) 100.4(5)
Co(4)-C(8)-O(8) 178.7(9) C(7)-Co(4)-C(8) 102.4(4)
Co(5)-C(9)-0(9) 178.0(9) C(9)-Co(5)-C(10) 106.2(4)
Co(5)-C(10)-0(10) 178.6(9) C(9)-Co(5)-C(11) 103.8(4)
Co(5)-C(11)-0(11) 178.1(9) C(10)-Co(5)-C(11) 102.1(4)
Co(6)-C(12)-0(12) 175.7(10) C(12)-Co(6)-C(13) 104.5(5)
Co(6)-C(13)-0(13) 177.7(9) C(12)-Co(6)-C(14) 100.5(5)
Co(6)-C(14)-0(14) 179.1(9) C(13)-Co(6)-C(14) 102.9(5)
Co(1)-C(15)-0(15) 137.2(7) Cp(11)-P(2)-Cp(21) 111.1(3)
Co(4)-C(15)-0(15) 137.5(7) Cp(11)-P(2)-Cp(31) 110.7(4)
Co(2)-C(16)-0(16) 135.7(8) Cp(11)-P(2)-Cp(41) 107.6(3)
Co(3)-C(16)-0(16) 139.4(8) Cp(21)-P(2)-Cp(31) 108.5(3)
Co(1)~C(15)-Co(4) 85.3(4) Cp(21)-P(2)-Cp(41) 109.0(3)
Co(2)-C(16)-Co(3) 84.8(4) Cp(31)-P(2)-Cp(41) 110.0(3)

Co(5)-P(1)-Co(6) 142.2(1)
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TABLE 3

THE MORE USUAL CAVITIES IN CLUSTER COMPOUNDS SUITABLE TO CONTAIN INTER-
STITIAL ATOMS

Type of cavity Number of Pt/ et Some examples in the cobalt subgroup

metals defining - T

the cavity Co Rh
Octahedron 6 0414 [Co, C(COY ] ¢ [Rh, C(COY,|7 *
Trigonal prism 6 0.528 [Cog N(CO) 5] [Rh C(COY P ¢
Square antiprism R 0.646 [Co CCOY ]2 ¢ [RhyP(COY,, 17

[Rh,, 8(CO),, 17

Cube & 0.732 - -
Icosahedron 12 0.902 [Rh;,Sh(CO),, |7 7
Cuboctahedron or 12 1.000 - [Rh;H, (COayj”

Twinned-cuboctahedron

“ Ref. 16. " V.G. Albano, D. Braga and S. Martinengo, J. Chem. Soc. Dalton, (1981) 717.  Ref. 2. V.G
Albano. M. Sansoni, P. Chini and S. Martinengo, J. Chem. Soc. Dalton. (1973) 651. “ V.G, Albano. P.
Chini, G. Ciani, S. Martinengo and M. Sansoni, J. Chem. Soc. Dalton. (1978) 463.7 Rel. 4. ¢ Ref. 7. " Ref.
24.' G. Ciani, A. Sironi and 8. Martinengo, J. Chem. Soc. Dalton. (1981) 519.

to accomodate interstitial atoms, but there are limits which cannot be 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 value of the
radius ratio r,/r,. A comparable radius ratio can be expected for Sb and Rh atoms,
and a recently characterized species, the anion [Rh,Sb(CO),;]" . contains an
almost icosahedral arrangement of Rh atoms with an encapsulated Sb atom [24].

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 with a progressive loss of
compactness in these three clusters.
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