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The structures of [Co4(CO)iz], [Rh4(CO),,] and [Ir4(CO)i2] are considered 
from the viewpoint of electron pair repulsion theory. It is shown that the 
change from the icosahedral arrangement of ligands in the cobalt and rhodium 
compounds, to the cuboctahedral arrangement in the iridium compound, can- 
not be completely explained by the steric requirements of the M4 cluster within 
the (CO),, polyhedron. It is necessary to invoke either an increase in metal- 
metal bonding in the iridium compound, or changes in metal-carbonyl bond- 
ing_ 

Introduction 

The structures of [Co4(CO),,] [l], [Rh,(CO),,] [2] and [Ir,(CO),,] [3] are 
similar, each consisting of a tetrahedral arrangement of four metal atoms sur- 

Fig_ 1. (a) Icosabedral -&%ment of twelve earbony groups around a tetrahedron of metal atoms_ B1. 
& and B3 are bridging atoms._ (b) Cuboctahedral axrzngement of twelve carbony groups around a tetra- 
hedron of metal atoms. There are no bridging atoms. 
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Fig. 2_ (a) Icosahedral axrangement of twelve carbonyi groups around a tetrahedron of metal atoms. There 
are no bridging atoms. (b) IcosabedraI arrangement of twelve carbonyl grouts around a tetrahedron of 
metal atoms. Cl. e. C,. D1. Dz and D3 are bridging atoms. (c) Cuboctahedral arrangement of twelve car- 
bony1 groups around a tetr;+hedron of metal atoms. DI, D2 and DJ are bridging atoms. 

rounded by twelve carbonyl groups. In the cobalt and rhodium compounds the 
carbonyl groups are arranged at the apices of an icosahedron (Fig. la) oriented 
so that three of the carbonyl groups (labelled Bi, Ba and BS in Fig. la) are in 
bridging positions between pairs of metal atoms. In the iridium compound 
however, the carbonyl groups are at the vertices of a cuboctahedron, oriented 
so that each metal atom is bonded to three nonbridging ligands (Fig_ lb)_ In all 
molecules there is exact or a good approximation to three-fold symmetry, the 
three-fold axis being normal to the page in Figs. la and lb. There has been con- 
siderable speculation concerning these structural differences_ Albano, Ciani and 
Marttiengo 143 using bonding considerations have argued that the lower ioniza- 
tion potentiaIs of cobalt and rhodium will increase the metal-to-carbonyl 
r-bonding, stabilising the structure with bridging carbonyl groups. It shculd be 
noted however that both the icosahedron and the cuboctahedron can be 
oriented about a tetrahedron either with or without symmetrical bridging 
groups (Figs. 1 and 2). 

On the other hand, Johnson and Benfield [5,6] have used the steric argu- 
ment that the tetrahedral Co, and Rh4 clusters, but not the larger Ir, cluster, 
can fit inside an icosahedral arrangement of carbonyl ligands provided the size 
of the icosahedron is determined by placing the carbonyl groups in contact, but 
it is not clear why this restriction should apply. That is, the expansion of the 
[Co4( CO),,] polyhedron to the [Irk,,] polyhedron is pictured as lengthen- 
ing six of the 30 edges of an icosahedron to 42 of the previous value so that 
they become the diagonals of square faces of the cuboctahedron, with the 
length of the other 24 edges remaining constant. The alternative expansion of 
slightly lengthening all 30 edges with retention of the icosahedral geometry was 
not considered. 

In contrast to these steric interactions between atoms, Gillespie [7] con- 
siders that the structures will be determined by the electron pair repulsion 
between both the metal-carbonyl and the metal-metal bonds. There are six 
metal-metal bonds required by the l&electron rule which are assumed to be 
directed along each edge of the tetrahedron. However, no firm structural pre- 
dictions were made. 

Ii-r this work we extend these ideas using a more quantitative approach to 
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electron pair repulsion theory. We have shown that this approach is very useful 
when considering the stereochemistry of compounds containing.a shell of elec- 
trons around a single metal atom [S-12] _ 

Calculations 

The calculations follow prtivious work [8-121 and are based on the minimi- 
sation of the total repulsion energy, U, obtained by summing over all individual 
repulsion terms, Lcii. For the purposes of these repulsion energy calculations, 
the twelve repelling centres associated with the twelve earbonyl groups are situ- 
ated at the vertices of a polyhedron_ These repelling centres are the carbon 
atoms if the interactions are assumed to be purely ligand-ligand repulsions, or 
are somewhat displaced towards the metal atoms if the interactions are 
assumed to be electron pair repulsions. The nature of the repelling centres will 
be considered again later. The repulsion uji between two centres of repulsion, i 
and j, is assumed to be inversely proportional to some power n of the distance 
d, between them: 

U Z.4, = a,X 
ii 

where a, is the proportionality constant and X is the repulsion energy coeffi- 
cient, which is a function of n and the geometry of the molecule. The most sta- 
ble stereochemistry is simply calculated by the minimisation of X as a function 
of geometry_ The geometries generated by this model are usually insensitive to 
the value chosen for n. In those cases where the results to depend on n, the best 
agreement with experiment is obtained for n - 6. 

This method is similar to that used by Johnson and Benfield 161, except 
they have taken the distance between a pair of points on the surface of a sphere 
as directly proportional to the angle ~ii subtended at the centre of the sphere, 

Fig. 3. Polar coordinates. Fig. 4 Truncated tetrahedron. 
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rather than using the relation: 

dii = 2 sin(SZjj/2) 

All results are presented in terms of polar coordinates about the centre of 
the molecule, as defined in Fig. 3. 

For purposes of comparison with the results from the [M,(ligand)Iz] calcula- 
tions, it is convenient to first calculate the relative energies of the [M(ligand),,] 
polyhedra. The polyhedra relevant to this work are the icosahedron, cuboctahe- 
dron, truncated tetrahedron and anticuboctahedron. The icosahedron is a regu- 
lar polyhedron with aU vertices identical, all faces equilateral triangles, and all 
edge lengths equal to 1.0515 r, where r is the radius of the polyhedron. 

The cuboctabedron is a semiregular polyhedron containing both equilateral 
triangular and square faces, with alI vertices identical and all edge lengths equal 
to 1.0000 ?-. 

The truncated tetrahedron is another semiregular polyhedron with twelve 
identical vertices and is composed of equilateral triangular and hexagonal faces 
(Fig. 4). For the “hard sphere model”, ali edge lengths are equal to 0.8528 r, 
the hexagonal faces are regular, and the angle 4 defined by Fig. 4 is equal to 
30.0p _ Depending on the form of the repulsion law, this “hard sphere” trun- 
cated tetrahedron distorts to a more favourable truncated tetrahedron by 
slightly increasing @, increasing the size of the smaller triangular faces at the 
expense of the larger hexagonal faces. 

The cuboctahedron in Fig. 5a can be considered to consist of a regular hexa- 
gonal arrangement of atoms DEFGHI coplanar with the central metal atom, 
with equilateral triangular arrangements of atoms above (ABC) and below 
(JKL) this plane. Rotation of the top half of the cuboctahedron by 60” relative 
to the bottom half forms the anticuboctahedron (Fig. 5b). The structure is 
defined by @A, the angle the ABCJKL metal-ligand bonds make with the three- 
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Fig_ 5. Cuboctahedron and anticuboctahedron. 
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TABLE 1 

REPULSION ENERGY COEFFICIENTS AND ANGULAR PARAMETERS FOR [M<LIGAND)l21 

1 
u a--n ua I6 

d n 

n=1 n=6 II= 12 

Icosahedron X 49.165 23.531 16.481 16.718 

Anticuboctahedron @A<? 35.6 35.5 35.4 35.5 
oD(‘) 32.2 31.1 30.8 31.3 
X 49.315 26.280 23.938 19.120 

Cuboctahedron X 49.342 26.483 24.222 19.288 
Truncated Tetrahedron Q co, 31.8 30.5 30.1 30.5 

X 50.540 48.692 118.485 38.855 

fold axis, and tin, which defines the shape of the central hexagon. For a hard 
sphere model, the edge lengths of the anticuboctabedron are the same as the 
cuboctahedron and equal to 1.0000 r. Significant distortions occur on going to 
the most favourable polyhedron, principally arising from a small increase in on 
that increases the size of the eight triangular faces and decreases the size of the 
six larger square faces, turning them into trapezoids. If this distortion is 
allowed, the anticuboctahedron becomes more stable than the cuboctahedron, 
but if this distortion is not permitted the erroneous conclusion is reached that 
the anticuboctahedron is less stable than the cuboctahedron, as in Johnson and 
Benfield’s work (61. Such distortions are not possible for the cuboctahedron, 
as every edge is part of both a triangular face and a square face. 

The repulsion energy coefficients for these polyhedra are collected in Ta- 
ble 1, calculated for n = 1,6 and 12 in the repulsion law and for polyhedra 
radii of unity. Also shown are the results obtained using the Johnson and Ben- 
field angular repulsion law. 

Two geometric models were used for the extension of these repulsion energy 
calculations to complexes of the type [M,(ligand),2]. Both models could be 

Fig-6.Generalstereochemistry forthe [M<CO)&model. 
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modified by inclusion of interactions between the twelve polyhedral vertices 
and the six metal-metal bonds. 

The [M[CO)J4 model_ In this model the compounds are considered to be 
composed of four M(C0)3 fragments_ Three polyhedral vertices are constrained 
to the surface of a sphere around each metal atom, the four metal atoms being 
placed at the comers of a regular tetrahedron (Fig. 6). The size of the tetrahe- 
dron is given by Rtet (Fig. 6) and the radius of the sphere about each metal 
atom is defined as r. A three-fold axis passes through metal atom J which gener- 
ates the polyhedral vertices A2 and A3 about J from A,. Similarly B2, Cz aud D2 
about atom L and B3, C, and D, about M are generated from B1, Cr and D1 on 
atom K. 

The [M4(CO)12] model. The results from the [M(CO),], model show that all 
twelve polyhedral vertices he on the surface of a sphere centred about the 
centre of the M4 tetrahedron_ In the [M,(CO),,] model, all polyhedral vertices 
were simply placed on the surface of a sphere of radius Rpoly about the tetrahe- 
dron, with no particular linkage assumed between any car-bony1 group and any 
metal atom. In the absence of any interaction with the metal-metal bonds, this 
model is the same as that described above for mononuclear complexes 
IM(ligand)121 - 

Results 

The angular coordinates calculated from the first model, [M(CO),14 with no 
interactions from the metal-metal bonds, are shown in Fig. 7, obtained using 
n = 6 in the repulsion law. At low values of R,,./r the twelve polyhedral ver- 

Rtet 11 
Fig_ 7. Angular coordinates. in degrees. as a function of R&r for [M(CO)-J~ with no contributions from 
metal--metal bonding. n = 6. 
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Fig. 8. Angular coordinates, in degrees. as a function of Rt,t/r for [M(C0)314 with the inclusion of 
metal-metal bonding. n = 6. 

0 o-2 o-4 0.6 O-8 

%et poly /R 

Fig- 9. Angular &ordinates. in degrees. as a function of R tetlRpoly for [h%&O),,l:witb the ixxh.&on of 
metal-metal bonding. n = 6. 
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tices form an icosahedron as expected. However, the orientation of the icosahe- 
dron about the tetrahedron is not that shown in Fig. la, but is that shown in 
Fig: 2a. Each of the three metal atoms at the base of the tetrahedron is found 
to he behind a face of the icosahedron, so that all carbonyl groups are non- 
bridging. As the radius of the tetrahedron is increased, the triangular faces 
AlASAS and BiCiDi are rotated so that a cuboctahedron is formed. This gradual 
distortion toward the cuboctahedral stereochemistry occurs at lower values of 
R,,,/r as the value of n in the repulsion law is decreased [13]. A feature of 
these results is that all polyhedral vertices are equidistant from the centre of 
the polyhedron, although this is not required by the model. 

These calculations can be modified by inclusion of electron pairs as repelling 
centres at the midpoint of each tetrahedral edge. If the repulsions from the 
metal-metal bonds and the metal-hgand bonds are weighted equally, the 
variation of angular parameters with R,,t/r is shown in Fig_ 8 The results are 
qualitatively similar to those obtained previously, again corresponding to a con- 
tinuous change from an icosahedron with no bridging carbonyl groups to a 
cuboctahedron with no bridging car-bony1 groups. A comparison of Figs. 7 and 
8 shows that the inclusion of metal-metal bonding into the model results in 
the cuboctahedral stereochemistry being attained at lower values of R&r_ 

The angular coordinates derived from the second model, (M4(C0)12] with 
the inclusion of metal-metal bonding, are shown in Fig. 9. As Rtet/rpoly is 
increased from zero, the stereochemistry again smoothly changes from an icosa- 
hedron with no bridging car-bony1 groups until a cuboctahedron with no bridg- 
ing carbonyl groups is attained at Rtet/Rpolu - 05 

For purposes of comparison, calculations were also carried out with repul- 
sions from the centres of the M4 tetrahedral faces, rather than from the mid- 
points of the tetrahedral edges. In both models, [M(CO),14 and [Ms(CO),,], 
increasing R, et resulted in the icosahedral structure with no bridging carbonyl 
groups being converted into a truncated tetrahedral structure with no bridging 
carbonyl groups. The four metal atoms are projected towards the triangular 
faces of the truncated tetrahedron, and the centres of the tetrahedral faces are 
aligned with the centres of the hexagonal faces of the truncated tetrahedron. 
The truncated tetrahedral stereochemistry is also obtained if four tetrahedrally 
placed metal atoms are considered to repel the twelve carbonyl groups, that is, 
if the twelve carbonyl groups are arranged to provide as large a hole as possible 
to accommodate the metal atoms. In this case it is the metal atoms rather than 
the electron pairs which are projected towards the hexagonal faces of the trun- 
cated tetrahedron. 

Discussion 

The results show that there is a smooth and continuous change in stereo- 
chemistry from an icosahedron to a cuboctahedron as the size of the metal 
tetrahedron is increased, as predicted by Johnson and Benfield [5,6]. However, 
two problems remain which are discussed in more detail below. Firstly, the 
changeover from the icosahedron -to the cuboctahedron as Rtet is increased is 
much too gradual to explain the observed large structural differences if the 
repulsion energy simply originates from the carbon atoms- Secondly, the cal- 
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TABLE2 

Wl 
MK,L.M (av-) 
CA <av-) 
CB (av.1 
Cc <av.) 
CD (av-) 

Get 
I- 

*tetP 

%OlY 
*ietJ*polY 

M=Co M=Rh 

%A) ti”> oe> R<& OC", oc", 

1.52 0.0 - 1.67 0.0 - 

1.52 110.0 0.0 1.67 108.5 0.0 
2.90 35.2 54.9 3.16 33.4 59.8 
2.33 99.5 300.8 2.27 101.0 300.4 
3.02 78.0 -0.6 3.22 82.3 -1.1 
2.93 138.2 0.0 3.34 135.3 0.6 
1.52 1.67 
1.92 1.97 

0.79 0.85 

2.80 3.00 
0.54 0.56 

M=Ir" 

1.65 
1.65 
3.36 
3.05 
3.10 
3.12 
1.65 
1.87 

0.88 

3.16 
o-52 

0.0 - 
109.7 0.0 
32.0 61.4 
92.2 332.6 
91.2 2'1.9 

143.8 4.7 

= Ordered molecule in unit cell_ 

culated orientation of the (CO),z icosahedron about the M4 tetrahedron is not 
that experimentally observed. 

The experimental crystal structures, expressed as polar coordinates about the 
centre of the molecule, are summarised in Table 2, the values of Rtet , r and 
R poly corresponding to the metal and carbon atoms. The experimental range of 
&Jr or RtetlRpo~y. is much.too small to explain the gross changes in structure 
observed for the dodecacarbonyls, and it is necessary to include some differ- 
ences in bonding between the three compounds. This could take one of three 
forms: 

(i) The changeover to the cuboctahedron in the iridium compound can be 
brought about by an increase in metal-metal bonding along the tetrahedral 
edges. The midpoint of each tetrahedral edge lies beneath one of the square 
faces of the cuboctahedron, these being the least crowded parts of the mole- 
cule. This structural change is shown, for example, by comparison of Fig. 7 in 
which metal-metal bonds were assumed to be absent, with Fig. 8 in which the 
metal-metal bonds and metal-carbon bonds were equally weighted_ 

(ii) If the origin of the repulsion interacticn lay not simply with the carbon 
atoms but with the metal-carbon bond, an increase in the u-donation of the 
carbonyl group will decrease r and increase the tendency to form the cubocta- 
hedral structure. That is, the increase in I?,,&- and the resulting cuboctahedral 
stereochemistry can be brought about by a decrease in r as well as by an 
increase in Rt et. A similar decrease in r will result from any decrease in metal- 
to-carbon T-bonding in the iridium compound. 

(iii) As mentioned in the Introduction, AIbano, Ciani and Martinengo [4] 
have suggested that the greater metal-to-carbonyi x-bonding in the cobalt and 
rhodium compounds will favour the formation of bridging carbonyl groups. 
The preference of the individual metal atoms is also indicated by the structure 
of [CO&~(CO)I~], which has the bridging icosahedral stereochemistry with one 
of the iridium atoms preferentially occupying the site containing rio bridging 
carbonyl groups ]4 ] _ Bridging carbonyl groups can occur in an iridium cluster if 
some of the carbonyl groups are replaced by ligands with weaker x-acceptor 
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Fig. 10. Projection of the potential energy surface for CMq<unidentate)l2] onto the 0~4~ plane. in 
degrees. The five faint contour lines are for successive 0.1% increments above the minima. and the two 
heavy contour lines are for 1% and 2% increments above the minima. at Ni_ Rtet(Rpoly = 0.4. n = 6. 

Fig_ 11. Projection of the potential energy surface for [bQ(unidentate)l2] onto the 0~4~ plane. in 
degrees. The five faint contour lines are for successive 0.1% increments above the minima, and the two 
heaw contour lines are for 1% and 2% increments above the minima. at C. Rtet/Rpoly = 0.5, n = 6. 
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character, thereby strengthening the metal-to-ligand x-bonding of the remaining 
carbonyl groups. Thus [Ir_,(CO),,] and [Ir,(CO),,(CNBu)] [14] contain no 
br@$ng groups, whereas CIr,(COMPPh,Ll CW, Ck4COMPPW31 WI, 
[Ir4(CO)IO{C6H4(AsMe2);)] [16] and (Ph,P)[Ir,(CO),,Br] [17] have bridging 
structures. 

The relation between the different stereochemistries, particularly between 
the different orientations of the (CO),, icosahedron about the M4 tetrahedron, 
can be illustrated by projecting the potential energy surface onto the 8,-0, 
plane (Figs. 10 and II). 

The surface calculated for the [M4(CO),,] model with Rtet/Rpoly = 0.4 is 
shown in Fig. 10. The icosahedron exists as a long valley running diagonally 
across the surface from BA = on = 0 to eA = eB = 90”. Identical parallel valleys 
run through 6, = O,& = 60”, and 13~ = O,f3 B = 120”) and so on. The minima 
correspond to no bridging carbonyl groups (marked NI in Fig. lo), but these 
minima are separated by only a low saddle corresponding to the icosahedron 
with bridging carbonyl groups (marked BI in Fig. 10). Movement along this 
relatively flat valley corresponds to facile rotation of the ligand icosahedron 
about the metal tetrahedron. The highest points along the floot of these valleys 
(for example at 8 A = eB = 0) correspond to the icosahedral structure with six 
bridging carbonyl groups (Fig_ 2b) which is not experimentally observed. 

The high ridges separating the icosahedral valleys correspond to cubocta- 
hedra, anticuboctahedra or intermediate structures. The lowest point on the 

-ridge corresponds to a cuboctahedron with no bridging carbonyl groups 
(marked C in Fig. lo), whereas the highest points on the surface correspond to 
an anticuboctahedron with bridging car-bony1 groups (marked A in Fig. 10). 
Movement along this ridge does not correspond to rotation of the complete 
cuboctabedron about the tetrahedron, and the cuboctahedron with bridging 
carbonyl groups (Fig. 2c) does not occur on this projection of the surface. 

As Rte./Rpoiy is increased to 0.5 (Fig. ll), the cuboctahedron with no bridg- 
ing carbonyl groups exists as a relatively deep minimum. Two such minima are 
shown in Fig. 11, at f3* = 60” and eB = 30” and 90”) separated by a saddle at 
eA = 8, = 60” corresponding to the icosahedron with three bridging carbonyl 
groups. 
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