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The red compound, catalytically active in the hydroformylation of olefms, 
which is isolated from the reaction of COAL with BusP at elevated temperatures 
under CO and H, pressure is shown, on the basis of a three-dimensional X-ray study, 
tobebis[(tri-n-butylphosphine)tricarbonylcobalt],[Co(CO),Bu,P],.Thecompound 
crystallizes with four molecules in space group Th6-Pa3 of the cubic system in a cell 
with edge 16.79(5) A. The observed density of 1.05 (5) g/cm” agrees tolerably with 
the calculated value of 0.97 g/cm3. The structure has been solved by standard methods 
and refined by least-squares techniques to a conventional R factor of 0.13 for the 
382 visually observed reflections. The overall molecular symmetry is DsB with a 
linear P-Co-Co-P bonding arrangement coincident with a threefold crystallo- 
graphic axis and with a center of symmetry between the cobalt atoms. Each cobalt is 
situated near the center of a trigonal bipyramid, the cobalt being bound to one 
phosphorus atom, three carbonyl groups, and the other cobalt atom. The Co-Co 
bond length is 2.66(l) A. The other bond lengths and angles in the structure have 
their expected values. 

INTRODUCTION 

Slough and Mullineaux’ have recently described cobah carbonyl complexes 
containing a complementary tertiary phosphine, arsine, or phosphite ligand that 
have catalytic properties for the hydroformylation of olefins which are considerably 
different from these of the conventional catalyst, dicobalt octacarbonyl. In the course 
of their investigations of the possible catalyst species they treated COAX with 
Bu,P (Bu=n-C,H,) at elevated temperatures under CO and H2 pressure. A red 
compound was isolated. This same red compound is the prinCipa1 complex isolated 
from the recovered hydroformylation products. This material was shown, on the 
basis of a three-dimensional X-ray study, to be [Co (C0)3B~3P]2, and the results of 
this structure investigation are reported here. 
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Unit cell and collection of intensity data 

The samples used in this study were kindly supplied by Slaugh and Mulhneaux. 
Crystals were obtained by recrystallization from isooctane. The red crystals exhibit 
a dodecahedral and on occasions an octahedral habit. Both habits are characteristic 
of the cubic system. Precession and Weissenberg photographs, taken at room tem- 
perature with MO-Kcc radiation (L=O_7107 A), confirm that the material is cubic 
with a = 16.79 (5) A. The systematically extinct reflections, Okl, k odd ; h01, I odd ; McO, 
h odd, are consistent with the space group Th6-Pu3.A density of 1.05 kO.05 g/cm3 was 
obtained with water as the pycnometric fluid. The large variation in densities observed 
for different crystals may be the result of varying amounts of decomposition products 
on the surfaces of the crystaIs_ Such decomposition is observed, even on freshly 
prepared samples. The observed density is near that of 0.97 g/cm” calculated for four 
units in the cell of [CO(CO)~BU,P], as established from this study. 

A crystal of dodecahedral habit, mean diameter about 0.9 mm, was seIected, 
mounted, and sealed into an argon-filled X-ray capillary tube_ Intensity data were 
cohected at room temperature by the equi-inclination Weissenberg method for the 
layers OkZ through 14kZ. The radiation used was Zr-filtered MO-Ka Intensities were 
estimated visually and were reduced in the usual way to values of F2, where IFI is 
the structure amplitude. No extinction or absorption corrections were applied. (The 
value of p - R, where p is the linear absorption coefficient and R is the average “radius”, 
is about 0.36, and so absorption corrections should be small.) Application of the 
symmetry conditions F2(hkl) =F2(kZh) =F2(Zhk) made possible the correlation of 
intensity data from the separate layers. The agreement among multiply observed 
intensities provided a basis for the estimation of the standard deviation of a given 

Of the 715 possible independent reflections within the sphere L-i - sin 0,,,< 
- ‘, 382 were observed and their intensities estimated. 

Solution and refinement of the structure 
The three-dimensional Patterson function* was readily interpreted if a heavy 

scatterer, assumed to be a cobalt atom, were pIaced along the body diagonal of the 
cube, about 1.3 A from the center of symmetry at $,+&. This immediately leads to a 
reasonabIe Co-Co bond length of 2.6 A. In addition other features of the Patterson 
map suggested the pIacement of a medium scatterer, assumed to be phosphorus, on 
the body diagonal about 2 A from the cobalt. This leads to the linear arrangement 
P-Co-Co-P and to the reasonable assumption that the red material is trans-bis- 
(phosphine)-substituted Co2(CO)a. Such a formulation is consistent with the ana- 
lytical data of Slaugh and Mulhneaux’. The observed density is consistent with the 
placement of four such dimers within the cell. This requires the location of 24 CO 
groups and 24 butyl groups. Since the order of the space group is 24, this requires 

* Programs used in this work include Zalkin’s FORDAP Fourier program and the Busing-Levy least- 
squares and error function programs. All of these were initially written for the IBM 704 and were used 
with a L%ompatibility Package” on the IBM 7090. A few additional calculations were made using versions 
of these same programs for the Northwestern CDC 6400 computer. Fig 1 was prepared using Johnson’s 
ORTEP thermai ellipsoid plotting program. 
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that only six non-hydrogen atoms be located, namely the C and 0 of the carbonyl 
group and the four C atoms of the butyl group. These atomic positions were readily 

. found on a subsequent difference Fourier map. At this point it was virtually certain 
that the material was [CO(CO)~BU~P]~, but the proposed structure was refmed by 
least-squares and Fourier procedures in order to provide quantitative information 
on the structure and to eliminate any possibility that additional atoms, for example 
from solvent molecules, were present. 

The function minimized was Cw . (jFJ-lF,l)‘, where the weights, WV, were taken 
as inversely proportional to the estimated variances of the IF,1 and where for un- 
observed reflections w was taken as 0. The atomic scattering factors for Co, P, 0, and 
C were taken from the usual tabuIation3. The effects of anomalous dispersion were 
included in lFJ4_ The values of Af’ and Af” for Co and P were taken from the cal- 
culations of Cramer’. Individual isotropic thermal parameters were used throughout 
the refinement. Subsequent difference Fourier maps gave little indication of aniso- 
tropy in the vibrations of the Co and P atoms and it was not felt that the quality of 
the data justified application of anisotropic thermal parameters to the light atoms. 
The refmement converged rapidly to values of R, =X/l&J -lF,ll,ElF,I and &= 
[Ew - (IF,I - IFcl)2/cw - Fo2]* of 0.13 and 0.19, respectively. A final ditference Fourier 
map showed peaks ranging in height from -0.6 to +0.6 e/A3 in general positions 
and one peak of height 2.4 e/A” at x=0.04 along the body diagonal. This latter 
peak is about 60% of the height of a carbon atom in this structure. If account is 

TABLE 1 

OBSERVED AND cALcuLAlED !3RucruRE AMPLITUDES (IN ELECTRONS) FOR [CO(CO)~BU,P], 
The entries of each cohmn are, in order. h, Ic, IF.1, and IF,\_ 
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TABLE 2 

FIXAL P- FOR [Co(CO),Bu,P], 

Atom X 

co 0.45418(20)” 
P 037930(41) 
c (of CO) 0_5120(18) 
0 (of CG) O-5486(15) 
Cr O-4197(21) 
Cz 0.5042(21) 
C3 0X82(22) 
C* 0.6115 (26) 

Y 

x 
X 

0.3728 (19) 
0.3X1(15) 
O-3494(22) 
0.3118(20) 
0.2840 (23) 
0.2475(25) 

Z 

x 

:4839(18) 
05067(15) 
0.2834 (22) 
02877 (21) 
0.2022 (23) 
O-2016(28) 

4_84(19j 
5.51(32) 
7.0(7) 

.9..5 (6) 
9.3 (9) 
8.5(S) 
9.7(9j 

123(1.2) 

D Numbers in parentheses here andin subsequent tables are estimated standard deviations in the least 
significant digits. 

TABLE 3 

PFUSCIPAL INTETUTOh~IC DET.4NCES AND ANGLES 

~dat~ces (A) 
Co-P 
co-c 
co-o 
P-cl 
c,-c, 
Q-G 
G-G 
c-o 
co-co 

2-178 (15) 
1.753 (33) 
2.878 (28) 
1.818(37) 
1.53 (4) 
l-58(5) 
1.53 (5) 
l-12(3) 
266S(L4) 

h&s (7 
Co-Co-P 
co-C-0 
C-Co-P 
Co-P-C, 
P-cr-C2 
C,-c,-C, 
C,-c,-c, 

C,-P-c; 

lSO(0) 
178 (3) 
92.3 (1.0) 

117(l) 
114(j) 
108(3) 
112(3) 

101(l) 

taken of the expected increased electron density at special positions in the cell, 
then this peak has a height about twice background, and no significance need be 
attached to it+. In view of the large thermal motion of the butyl group, no attempt 
was made to Iocate the hydrogen atoms in this difference Fourier map. Consequent- 
ly, the contributions of hydrogen atoms to the structure factors were not taken into 
account. This fact, along with the high symmetry, probably accounts for large 
discrepancies between [F,I and IF,[ for a few low-angle reflections_ 

TabIe 1 lists the fmal values of IF,( and I&[ (in eIectronsj for the 383 observed 
intensities. Table 2 lists the final structure parameters, along with standard deviations 
of these parameters as estimated from the inverse matrix. Table 3 lists principal 
interatomic distances and angles, along with their associated standard deviations. 

* The detection of possibly occluded soIvem moIecuIes does not seem feasible from the present X-my 
data_ The presence ofsuch molecules is certainly consistent with the high observed density. Yet the amount 
of possibly occluded solvent appears to be smalL Freshly crystahized material was lightly dried and was 
then anaIyzed for any isooctane solvent that might have been present. An upper limit of 4 wt.% was set 
by mass-spectrometric analysis. This corresponds to an upper limit of 1 molecule of isooctane per 4 
moIecuIe5 of the dimet 

_l_ OrgandmetaL Chem.. 14 (1965) 423428 
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DESCRIPTION OF THE STRUCTURE 

Figure 1 displays the molecular structure and the principal interatomic 
distances and angles. Each cobalt atom is bonded to one ph&phorus atom, to three 

Fig. I. A perspective drawing of one molecule of [Co (CO),Bu,E$. The P-CL-C• -P axis is a threefold 
axis and there is a center of symmetry midway between the Co atoms. The sizes of the various spheres 
provide an indication of the relative thermal motions of the atoms. 

carbonyl groups, and to another cobalt atom-A given cobalt atom may be considered 
to be situated near the center of a trigonal bipyramid. Bond lengths and angles in 
this compound appear to be normal, within the estimated standard deviations. For 
example, the Co-P distance of 
of 2.17 to 2.22 A in 

2.18(2) is, compares favorably with Co-P distances 
CoH{N,)(PPh,), 6;- similarly, the Co-C distance of l-75(3) A 

compares well with those of 1.75 to 1.79 A in Co(SiC13)4(CO)47. In both of these 
structures the Co is near the center of a trigonal bipyramid..The Bu,P group in the 
present compound has its expected geometry. In addition, all intermolecular contacts 
(neglecting hydrogen atoms) appear to be normal and all are greater than about 3.8 a. 

The most interesting feature of the present structure is the presence of a metal- 
metal bond. The parent complex, COAX, contains two carbonyl bridges and 
has a Co-Co interaction of 2.52 A’. However, it is known9 that thii carbonyl-bridged 
form of Co,(CO)s is in rapid equilibrium in so!ution with the species containing a 
metal-metal bond. The stabilization of the metal-metal bonded species upon substi- 
tution of phosphine for carbonyl may be simificant, especially for the hydroform$a- 
tion reaction. However, equilibrium studies in solution would be n&essary to 
establish this, since the solids precipitated from the solutions of both the parent and 
the phosphine substituted product are those that are least solubIe and not necessarily 
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those that are present in highest proportion. 
The Co-Co bond length of 2.66 (1) A in the present structure exceeds somewhat 

those Co-Co interactions in neutral species tabulated by Lewislo_ It is, of course, 
shorter than the Co-Co bond in highly charged species, such as the Co,(CNCH&,+ 
ion”. It is interesting that the Mn-Mn bond length in Et,P-(CO),Mn-Mn(CO),- 
PEt,, the trans-Et,P substitution product of Mn,(CO),, does not differ significantly 
from that in MII~(CO)~~ itseIfz2. On this basis it is probable that the Co-Co bond 
length in the present species is near to that of the metal-metal bonded species of 
CO,(CO)~ Half the Mn-Mn bond distance in MII~(CO)~~, 1.46 A, has been taken as 
an appropriate single bond radius for the Mn atom13. Accordingly, half the present 
Co-Co bond length, namely 1.33 A, may be an appropriate single bond radius for 
the Co atom in transition metal complexes_ 

Compounds of the type CO,(CO)~(PR,), were previously prepared by Hieber 
and Freyer14 and their spectra were analyzed by Vohlerl’. Vohler correctly concluded 
that these compounds do not contain carbonyl bridges, but rather contain metal- 
metal bonds. He suggested that the overall symmetry of the complexes was either D3h 
(carbonyl groups eclipsed) or Djd (carbonyl groups staggered). In the present com- 
pound, the P-Co-Co-P axis is a threefold axis and the presence of a center of sym- 
metry between the two cobalt atoms imparts symmetry Dsd to the molecules. 
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