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SUMMARY

The salt Cs,[Cog(CO), s} 3H,O crystallizes in the space group P2,, with the
following cell constants: a=926 A,b=2397A, ¢c=1431A, f=122°54, z=4.
1300 independent non-zero reflections were measured on precession photographs.
The anion [Cog(CO),5}>~ is built up of an octahedral cluster of cobalt atoms
surrounded by 15 carbonylic groups. Three of these are triply bonded on faces, three
doubly bonded on edges and nine are terminal. The idealized symmetry of the anion
is C;,. Layers of these anions are parallel to (1,0,0) plane and present channels, along
{1,0,0] direction, in which cesium ions and water molecules are located.

INTRODUCTION

The synthesis of some compounds containing a cluster of six cobalt atom
derivatives, which has been performed recently! =3 has proved that [Rhg(CO),6] is
not exceptional® and also that the presence of an excess of two electrons is a general
characteristic of this class of compounds. This is confirmed also by the compounds
containing a cluster of six ruthenjium atoms®”. This electron excess appears to be re-
lated to the stability and chemical behaviour of these octahedral clusters, as there is
no tendency to lose or gain electrons.

Therefore it is of considerable interest to obtain structural information on
these cluster compounds in order to correlate the structures within a common
electronic scheme of bonding. The present analysis is part of this program, and it is
primarily concerned with the elucidation of the geometry of these complexes.

EXPERIMENTAL

The pentadecacarbonylhexacobaltate dianion can be obtained in association
with several cations. The cesium salt was chosen for the present investigation because
it crystallizes in a suitable form and it is stable enough upon exposure to the atmos-
phere, at least for the time needed to be sealed in a capillary tube.

The unit formula, as determined in the present analysis is Cs,[Cog(CO),5]-
3H,0. The chemical analysis suggests a largely variable composition with respect
to the water, from 4 to O molecules per cation®. These numbers depend upon the drying
conditions but correspond to different individuals: one is described in the present
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CRYSTAL STRUCTURE OF THE ANIONIC CLUSTER [C04(CO),5]*~ 425

paper, another is obtained as a crystalline powder when the compound is drastically
dehydrated.

The salt Cs,[Cog(CO),;5]-3H,O crystallizes monoclinic in the space group
P2, ., with the following cell constants®:a = 9.26(2) A ; b = 2397(3) A ;c = 1431(2)4;
B =122°54(10); V = 2668 A3. The density measured with the picnometric method is
3.0 g/cm? and compares with a density of 2.93 g/cm® which can be computed if one
assumes 4 formula units per cell. The unit cell dimensions and the intensities were
measured from precession photographs taken with Mo-Kx radiation, using samples
of nearly regular mean radius of0.12 mm.

The measurement of the intensities was made photometrically on the following
levels of the reciprocal lattice : hOl, h1i, h2l, h3l, h4l, 0kl, 1kl, 2kl, and hhl. A total of
1300 non-zero reflections have been measured. The intensities were corrected for
Lorentzand polarizaticn factors and the data taken on the different ievels were scaled
using the procedure described by Hamilton, Rollet and Sparks’. No absorption
corrections were applied (i = 66 cm ™).

STRUCTURE RESOLUTION AND REFINEMENT

The structure has been resolved using the Sayre method applied to the 200
strongest normalized structure factors. A Fourier map obtained with these coeffi-
cients showed the heavy atom positions. After a preliminary refinement of positional
and thermal parameters of these atoms, a difference Fourier computed with all the
observed structure factors showed 30 peaks interpreted as 15 CO groups. No clear
indications were obtained regarding the water molecules. The model was refined by
block-diagonal least squares® using the following procedure: first the heavy atoms
were refined isotropically with constant contributions of the light atoms, then the re-
finement was extended to all the atoms, the heavy ones being refined anisotropically.
After the convergence of this refinement, a difference map showed the presence of 3
residual peaks, which could be recognized as the oxygen atoms of the water molecules.
A final refinement was then performed by least squares. The reliability index was at
end R =0.058 and the minimized function (Ew-A%/Zw- F3)* = 0.08.

The atomic scattering factors, from self-consistent wave functions for carbon
and oxygen and from a Thomas—Fermi-Dirac statistical model for cobalt and cesium
atoms, were used®. The weights were assigned according the Cruikshank criterion
assuming w = 1/(a+ Fo+c- F§)witha = 50and c = 0.02.

The results of the refinement are reported in the tables: Table 1 gives atomic
positional and thermal parameters, Table 2 is a list of the observed and calculated
structure factors.

PACKING AND COORDINATION AROUND THE CATIONS

Fig. 1 shows ihe projection of the structure along the {1,0,0] axis. The crystal
consists of anionic layers paraliel to the (1,0,0) plane. Along the axis there are channels
which are occupied by the cesium ions and the water molecules.

The two non equivalent cesium ions define a direction nearly parallel to the
a axis, as it can be seen from Table 1, and their separation is exactly a/2. Each cation
exhibits eight contacts with oxygen atoms of water and of carbonyl groups, ranging
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TABLE 2

OBSERVED AND CALCULATED STRUCTURE FACTORS MODULI IN ELECTRONS

L FD JFCS

x

L EC JFC2

x

L FO IFCZ

L F0 JFC7

[3

v FO s¥cs

L FQ sFCs

x

L FO JFCS

L FO /FCr
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Fig. 1. Projection of the structure along the [1,0,0] axis.

2.8-29 A. This seems to exclude the presence of a definite hydrogen bond in favor ofa
clathrating situation.

STRUCTURE OF THE ANION [Cog(CO),s}*~

The anion is built upon an octahedral cluster of cobalt atoms surrounded by
15 carbonylic groups. Three of these are triply bonded on faces, three are doubly
bonded on edges, and nine are terminal.

The overall symmetry is C;,. Fig. 2 shows a projection along the threefold
symmetry axis of the anion. Figs. 3 and 4 record distances, with e.s.d., and some of the

J. Organometai. Chem., 15 (1968) 423-432



428 V. ALBANO, P. CHINI, V. SCATTURIN

Fig. 2. Projection of the anion [Co,(CO),;5]*~ along the threefold symmetry axis.

bond angles. The distances involving the metal atoms bridged by edge carbon
monoxide groups, labelled Co4, Co5, and Co6, have a mean value of 2.47 A whereas
the other nine metal-metal distances have a mean value of 2.52 A. The difference of
0.05 A although small is significant in relation to the es.d. The overall mean of
2.51 A is in agreement with a number of Co—Co distances which have been reported!°.

Bond shortening between metal atoms supporting multiple bridges of car-
bonyl groups has been often reported, e.g. in [Fe;(CO),,] {ref. 11), [HFe3(CO),,]
(ref. 12), [Fe,(CO),;31% (ref. 13),and in [Rh;(-Cp)3{CO); ] (ref. 14). This effect is not
present in compounds e.g. [Co,(CO), ] (ref. 11), [Rh,(CO),;,] (ref. 15), [Ir,(CO),0-
(PPh;), | (ref. 16) and [ Ir,(CO)o(PPh;); ] (ref. 16), having single bridges between metal
atoms.

The various kinds of carbonyl groups display a variety of Co—C and C-O
bond lengths. For terminal groups the mean Co—C and C—O distances are 1.74 A
and 1.15 A, respectively. These groups are essentially linear, the angle Co—C-O
varying between 171° and 180°, as it is generally found. Double bridging CO groups
have the following Co—C, C—O and Co—C~0 mean values: 1.90 A, 1.17 A, and 140°.
These bridges are symmetric within the standard deviations. We can compare the
above distances and angles with those found in [Co,(CO)s] (1.19 A, 1.21 A, 137°)'7,
in [Co,(CO),HCCH] (198 A, 1.19 A)'%, in [C0,(CO),0(Et,C,)] (1.84-197 A,
1.17 A)'® and in several carbonylic compounds of other transition elements?°. The

J. Organometal. Chem., 15 (1968) 423-432
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Fig. 3. Bond distances in the anion [Cog(CO);5]*~ with theires.d.

face bonded carbonyls have the following average distances: Co—C 2.00 A and C-O
1.19 A. However the carbon atoms are coordinated to a single face in such a way that
nnly the overall C;, symmetry of the molecule is respected. In fact two of the Co—C
distances systematically are longer than the third one with averages 2.02 A (from six
values) and 1.97 A (from three values).

The bond angle Co—C—O for these carbonyls has a mean value of 133.3°.
If we take into account the above bond asymmetry, the three Co—C—O angles have
averages : 134°, 134° and 131°. The mean angle Co—C—Co is 78°. These distances and
angles are comparable with those found in [Rhe(CO),6] (2.17 A, 1.20 A, 132°,
79.5°)*, in [Fes(CO);512~, (200 A, 120 A, 134°, 77.9°)!3, in [Ni;(n-Cp);(CO),],
(194 A, 1.19 A, 134°, 77°)*! and in [Fe,(n-Cp)4(CO)4] (80°)*2.

DISCUSSION

It is interesting to compare the structure of this anion with that of the neutral
molecule [Cog(CO),¢]- The latter should have the same structure as [Rh¢(CO),¢] in
view of the strict crystallographic isomorphism® and the IR spectral similarity?.

J. Organometal. Chem.; 15 (1968) 423432
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Fig. 4. Some bond angles in the anion [Co,(CO),51*"-

The present cluster can be derived from a neutral M¢(CO),¢ molecule by
subtraction of one of the four face bridging carbonyl groups. At the same time one
termninal carbon monoxide group on each cobalt atom of this face becomes bridged to
the edges, so that the entire process results in a change of symmetry from 7; of the
neutral molecule to C;, of the present anion.

The geometry of coordination around each metallic atom can be rationalized
by keeping the intermetallic bonds separated from the cobalt-carbon bonds. Fixing
attention on the latter, we note that the atoms Col, Co2, Co3, are linked to two linear
carbonyls and to two bridged carbonyls on the faces. The planes passing through
these groups and the metallic atom are perpendicular to each other: furthermore the
angle of the terminal CO’s to the cobalt is little different from a tetrahedral angle
(C~Co—C, = 100°).

Bearing in mind that the face carbonyl bond may be considered to have four
centres, and that therefore the measured angle C;,—Co—C, may be greater than that
between the atomic orbitals of the metal which contribute to the bond, it may be
assumed that the atoms Col, Co2, Co3 use sp> hybrids to link to the two terminal
carbonyls and to the two carbonyls bridged on the faces.
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The metallic atoms Co4, Co5. Cob6 are on the other hand each linked to one
terminal, two bridged on edges and one bridged on face CO groups. The carbon
atoms of the bridging groups are on a plane roughly perpendicular to the terminal
bond Co—-C and to the body diagonal of the octahedron. The arrangement of these
four carbonyls is that of a triangular pyramid, with the cobalt atom practically on the
base plane (0.05 A outside the triangle of the carbon atoms). Again the bond between
the metal and the bridged carbonyls may be considered polycentric, and the geometry
suggests that the cobalt uses planar hybrids of sp? type for these carbonyls, while the
orbital p, interacts with the terminal carbonyl.

This mode of using the s and p orbitals of the metal leaves all five d orbitals
available for the intermetallic bond and for back-donation. Furthermore, with an
orientation such as to maintain d,._,» and d,, essentially non-bonding, d,, and d,,
directed along the edges and d,. along the diagonal of the body of the octahedron,
the orbitals d,, and d,, can combine with each other in octahedral O, symmetry to give
12 M.O. of the type ty,, L2, L1y L24, the dy2 to give 6 MLO. of the type a,,, €, and t,,.

We assume also that the non-bonding orbitals d,._,= and 4, have suitable
energy to back-donate on the * orbitals of the terminal carbon monoxide groups, and
that the polycentric bonds on the faces require 6 electrons for each occupied face
(a; + e). If this interpretation is correct, the 86 valency electrons (54 of cobalt, 30 of the
carbonyls and 2 anionic) are distributed as follows: 48 in molecular orbitals, formed
by hybrids of sp type of the metal and ¢ orbitals of the ligands, 24 in non-bonding d
orbitals, 12 in £,  and t,, molecular orbitals formed by overlapping the orbitals 4., and
d,. and finally 2 electrons in the bonding orbital a, .. This interpretation is also applic-
able to the cluster [Co4(CO);6]. In this case the six metallic atoms at the vertices of
the octahedron are equivalent and each is linked to two terminal carbonyls and to
two carbonyls bridged on the faces. The molecular symmetry 7 involves the use of
hybrids sp> by the metal, leaving the d orbitals in orientations suitable to form inter-
metallic molecular orbitals of the type described.
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