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than in the less “polar” but better o-donating tetrahydrofuran,
and (iii) in acetonitrile than in the less “polar” but better o- and
w-donating acetone (Figures 6 and 7).

These results, especially point i, suggest a 7 type donor in-
teraction (Chart V) between solvent molecules and a complex such
as (TCNE)M(CO); (“m solvates™); conventional donor numbers
(DN) derived from complexes ClSb-S (S = solvent)?**3 make
only allowance for ¢ type interactions and do not seem to be
applicable here (Table III).

A solvent parameter scale for = type interactions remains to
be constructed;** such information should be valuable to all or-
ganometallic chemistry (including catalysis!) that makes use of
w-coordinating ligands.

While no band structure was observed for the long-wavelength
charge-transfer band of 7, the tungsten analogue 8 displays a
high-energy shoulder and a low-energy separate band in solvents
of very low polarity (Figure 4). In agreement with previous
arguments®93440 we assign these additional features to differently
polarized transitions from the three split levels in a low-spin d®
system; expectedly, this splitting is much smaller for Cr than for
the heavier homologue W. The larger and perhaps less symme-
trically coordinated?® TCNQ 7 complexes 9 and 10 exhibit band
structure in all solvents (Figure 5), which may in part be attributed
to the presence of an IL transition of the TCNQ anion radical
(v = 11880 cm™).% Infrared spectra of such solutions do not
show significant amounts of dissociated TCNQ or M(CO); solvent
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adducts;? there is, however, slow formation of TCNQ"" in ace-
tonitrile with its high dielectric constant®® (cf. eq 5).
Summary. This work illustrates the intriguing variability of
geometrical (¢ and 7 coordination) and electronic structures for
complexes of polynitrile acceptor ligands with transition-metal
carbonyl fragments. The compounds discussed show a continuous
change from systems with MLCT to those with LMCT character
of the major long-wavelength transitions, depending on the
back-bonding capability of coordinated d® metal fragments.’
Electrochemistry, reactivity, and ESR and vibrational (vcw, vco,
vce) as well as charge-transfer spectroscopy indicate the consid-
erably but not completely® reduced nature of ligands such as
TCNE or TCNQ and the weak covalent bonding in such com-
plexes. The equally important chemical consequences of this
situation, viz., the enhanced nucleophilicity of the tetradentate
ligands, has only begun to be exploited, ¢.g. in the formation of
novel tetranuclear complexes with remarkable properties.!4%
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Bonding in Transition-Metal Clusters
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In this paper, the application of Stone’s tensor surface harmonic (TSH) theory to the bonding in transition-metal clusters is reviewed
and developed by using specific examples and comparisons with previous studies. The relationship between TSH theory and the
isolobal principle is described with the aid of Fenske—Hall calculations on some small transition-metal clusters. A detailed analysis
of the results for Rug(CO),s2" shows that the sets of orbitals expected from TSH theory are all clearly identifiable. The application
of the method to nonconical cluster vertices, clusters with interstitial atoms, and some interesting metallaboranes is also discussed.
Clusters with a vertex lying on an idealized principal rotation axis are particularly interesting; their electron counts and the effects

of low symmetry are considered.

Introduction

The problem of understanding the electron counts in both
main-group and transition metal clusters has been investigated
extensively for many years. The debor principle, which emerged
in the early 1970s from the work of Williams,! Wade,? and Ru-
dolph,? first systemized the correlation between structure and
electron counts for closo, nido, and arachno boranes. The isolobal
principle, which allows transition-metal clusters to be understood
in terms of the simpler borane structures, has also proved very
useful.* The term polyhedral skeletal electron pair theory was
later introduced to cover the correlation between electron count
and cluster structure.® Its development has often been facilitated
by means of extended Hiickel calculations.8 More recently Stone’s
tensor surface harmonic (TSH) theory” has been used to provide
a firmer theoretical foundation for these generalizations.®®

* The University of Chicago.
YUniversity of Cambridge.

In the TSH model, approximate linear combinations of atomic
orbitals are formed by using the eigenfunctions for the particle
on a sphere problem (the spherical harmonics) and the tensor
surface harmonics. By analogy with the relation between the
Hiickel wave functions for cyclic polyenes and the eigenfunctions
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Figure 1. The six s° cluster orbitals of an octahedron.

for the particie on a ring problem, we expect these linear com-
binations to be reasonable first-order approximations to the actual
cluster orbitals. Many useful results may be derived by using this
formalism, particularly the rationalization of cluster electron
counts; the reader is referred elsewhere for details.” More recently,
we have investigated the effects of the detailed arrangement of
the vertex atoms on the TSH bonding model and found that many
of the most useful results of the original method remain valid.!
We have also used the model in our investigations of structural
rearrangements in main-group clusters, deriving some useful
symmetry rules and explaining the relative fluxionalities of these
systems.!!

Although TSH theory in its original form enabled the general
7n + 1 occupied orbitals of a simple transition-metal cluster
carbonyl to be identified, the large number of orbitals involved
makes it harder to use than for main-group clusters, and the
predictions are less clear-cut. In this account, we show how TSH
theory and the isolobal principle are related, and use this insight
to strengthen our understanding of the bonding in transition-metal
clusters. In effect, this scheme represents a unification of the
concepts of isolobality, local site symmetry,'? and the fragment
molecular approach.!?

Summary of Tensor Surface Harmonic Theory

TSH theory is essentially an approximate symmetry classifi-
cation. A cluster is treated as if it were spherical, and the ap-
propriate symmetry labels for spherical symmetry are the angular
momentum quantum numbers L and M, as in an atom. There
is also a parity classification: functions may be changed in sign
or unchanged by inversion. The prototype functions that can be
classified in this way are the spherical harmonics, ¥;,,, which have
even or odd parity under inversion for L even or odd respectively.

TSH theory classifies the basis functions of each cluster atom
into o, 7, and & orbitals having respectively 0, 1, and 2 nodal planes
containing the radius vector from the center of the cluster to the
atom. Cluster orbitals are formed from the o basis functions o,
(where the index i labels the cluster atoms) by using the values
of spherical harmonics evaluated at the cluster vertices as ex-
pansion coefficients. That is, the cluster orbital yj,, is a linear
combination of the form '

Vin = LY im(6:0) o

where 8, and ¢; are the spherical color coordinates of the cluster
atom. The sets of yJ,, with L = 0, 1, 2, ... are denoted S°, P°,
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Figure 2. p~ cluster orbitals of an octahedral cluster. Note the rela-
tionships between the partner odd and even orbitals.

Do, ..., while the whole set is collectively denoted L°. For a real
cluster, these labels do not describe genuine symmetry charac-
teristics, but the approximate classification is very valuable
nevertheless. If the molecular orbitals are expressed in terms of
Vin, rather than the original atomic o orbitals, we can expect to
find, and in fact do find, that functions of different L or M do
not mix with each other very strongly. To this extent, the y§,,
are good approximations to the molecular orbitals themselves. The
six o orbitals for the octahedron are illustrated in Figure 1.

However, this is not the whole story. So far we have dealt only
with the ¢ orbitals of the cluster atoms, and we need a way to
handle the = and ¢ orbitals. To do this, we derive from the surface
harmonics two sets of vector surface harmonics V;,, and V,,,,
defined by

VLM=VYLM VLM=rXV,_M=rXVYLM

From each Y, we obtain in this way two vector functions. Both
of them are tangential to the surface of the sphere. V;,, has the
same parity as the parent Y7,,, and may be called a polar (or even)
vector surface harmonic. V,, has the opposite parity (that is,
it changes sign under inversion if L is even and is unchanged if
L is odd) and may be called an axial (or odd) vector surface
harmonic.

The direction and magnitude of the polar vector surface har-
monic V,, at cluster atom i/ are used to give the magnitude and
direction of a w-orbital contribution to a m-type cluster orbital
VI With the same parity as the parent Y;,. In the same way
V. yields a cluster orbital ¥, with the opposite parity. There
is no vector surface harmonic with L = 0, because Y is constant
and its derivative is zero, so there is no S* cluster orbital, but there
are P*, D%, ... orbitals derived from the polar vector surface
harmonics, and P~, B*, ... orbitals derived from the axial ones.
These two sets are denoted generically by the symbols L™ and L~
respectively.

An important feature is that there is a pairing relation between
the orbitals y7,, and ¢7,. Each of these may be obtained from
the other by rotating the w-orbital contribution of each atom by
90° about the radius vector to that atom, all in the same direction.
Repetition of this procedure recovers the original function except
for a change of sign. It also turns out that this pairing operation
converts bonding interactions into antibonding ones and vice versa.’
Indeed, it is after the case that the L* orbitals are bonding and
the L™ ones are antibonding, especially for deltahedral clusters,
in which all the faces are triangular. All the = cluster orbitals
for the octahedron are illustrated in Figure 2. The usual electron
count for closo clusters follows from the fact that the occupied
orbitals are usually the n orbitals of the bonding L* set (or com-
binations of these with the L’ orbitals of the same symmetry)
together with the strongly bonding S¢ orbital.
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Figure 3. Idealized geometry used for the calculations on Rus(CO),¢*".

In certain structures, however, it happens that there is a de-
generate pair of orbitals that are paired with each other, and then
the fact that bonding and antibonding characteristics are ex-
changed by the pairing operation means that both of them must
be nonbonding. This phenomenon occurs in tetrahedral molecules
with an odd number of sets of four equivalent atoms, and in
molecules in which there is an odd number of atoms on a symmetry
axis of order 3 or more.® This results in a modification of the
normal electron-counting rules: if the non-bonding pair is occu-
pied, then there are n + 2 occupied cluster orbitals, and if it is
vacant, there are only n. A total of n + 1 is not possible, because
that would require the degenerate pair to be only half-occupied.

In transition-metal clusters, we have to deal with 6 atomic
orbitals as well as ¢ and w. These are handled by a further
extension of TSH theory, using tensor surface harmonics, which
are second derivatives of Y;,, These too comprise polar harmonics
with the same parity as Y;,, and axial ones with the opposite
parity, and there is a pairing operation that relates the one to the
other. However, it appears that they are not greatly involved in
the bonding in simple transition metal-cluster carbonyls. In the
present paper, we refer to these cluster orbitals collectively as L¢
and L? functions and will not need to enquire into them more
closely.

Analysis of Rug(CO),s*"

First, it will be instructive to consider some Fenske—-Hall
calculations on simple transition metal carbonyl clusters. The
Fenske—Hall method!* is an ab initio SCF technique in which some
of the integrals are evaluated approximately by using a point-
charge model and Mulliken population analyses.!*> One partic-
ularly useful feature of our program for the present application
is the ability to transform the basis functions into the TSH linear
combinations. The cluster orbital basis was constructed by
transforming the required spherical harmonic derivatives in global
axes to local axes; the chain rule and the properties of the unit
base vectors of orthogonal coordinate systems were used.

Calculations were performed on Rus(CO),s*" by using optimized
exponents for the minimal Slater-type-orbital basis calculated for
the ground state of the ruthenium atom.}* The C-Ru—C angles
were all set equal to 90°, and the Ru—C-O angles were set to 180°
(Figure 3). The results illustrated in Figure 4 are for the Cy;
geometry in which three carbonyls lie in the equatorial plane with
Ru-Ru = 2.75 A, Ru-CO = 1.9 A, and C-O = 1.16 A. Several
calculations were performed in which the bond lengths and car-
bonyl positions were varied. A larger HOMO-LUMO gap is
found on decreasing the Ru~Ru and Ru—CO distances from those
used for Figure 4, and the frontier region is shifted to lower energy;
however, the important features for the present purpose are always
present at sensible geometries.

All the predicted TSH theory features are easily identifiable
in the molecular orbitals, and in order of ascending energy we
find the following: (a) 15 carbonyl o bonds (-34.55 to —34.00
eV); (b) 15 CO oxygen lone pairs (—15.79 to —14.51 eV); (c) 30
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Figure 4. Results of a Fenske—Hall calculation on Rus(CO),s*” showing
the TSH features of the frontier region. Sets e—g are described in the
text.

carbonyl 7 orbitals (~13.39 to -12.36 eV); (d) 15 orbitals cor-
responding to Ru—CO bonding which are mostly CO carbon lone
pair in character (60-70%) (-11.21 to -7.26 eV); (e) 15 Ru
orbitals with varying degrees of carbonyl 7* character, consisting
of §¢/,, four d” and ten d® functions (1.00 to 2.37 eV); (f) 6 cluster
bonding (occupied) frontier orbitals, 5 of which are composed
mostly of metal d* orbitals with some carbonyl 7* character while
the other is 80% Sg, 10% Sy, and 7% S; {at shorter bond lengths
this orbital is the HOMO, as observed in extended Hiickel cal-
culations]'” (2.73 to 3.04 eV); (g) 5 cluster antibonding (vacant)
frontier orbitals composed mostly of metal d* with some carbonyl
m* character (3.24 to 3.83 eV); (h) 30 carbonyl x* orbitals with
varying degrees of metal character (5.63 to 10.78 eV); (i) 4 orbitals
mainly composed of s° and p° metal functions (19.30 to 40.37 eV);
(j) 10 Ru—CO antibonding orbitals, which are mainly metal p~
(40.70 to 64.64 eV); (k) S Ru—CO antibonding orbitals, which
are mainly metal s and p° (73.08 to 82.31 eV); (1) 15 carbonyl
g-antibonding orbitals (125.31 to 149.62 eV). It is a simple matter
to distinguish the TSH theory sets of orbitals from the above
picture. The accessible cluster orbitals are identified as S¢, the
HOMO, and a complete set of five LT/LJ orbitals (f), all the L]
and L} orbitals plus a complete set ofP five L orbitals (all mixed
with carbonyl 7*) (e), and 15 metal-carbonyl bonding orbitals,
which are actually mostly carbonyl in character (d). The inac-
cessible cluster orbitals are simply a set of five L} /L7 orbitals (g)
and four inwardly hybridized L;/L{ orbitals (i), which represent
one complete set of o functions, except for the S° member, which
is the HOMO. The clear distinction between these sets is an
excellent vindication of the TSH description of the electronic
structure of these systems, and may be compared with Evans’
schematic diagram.'’

We can now relate the orbitals of conical fragments from the
isolobal viewpoint to the TSH orbitals. The three isolobal cluster
bonding orbitals per vertex are equivalent to (that is, can be
transformed into) one ¢ and two  orbitals in TSH notation, which
give rise to the n + 1 occupied orbitals of set f and the 2n -1
inaccessible orbitals in sets g and i. The three t,, “unhybridized”
orbitals per vertex correspond to all the § orbitals and a complete
set of Lz orbitals, i.e. in local axes the d,z.,2, d,,, and d,: orbitals.
The remaining 3n metal orbitals are outwardly hybridized and
interact strongly with the ligands to give 3n accessible metal-
carbonyl bonding orbitals.

Although these results are very satisfying from the TSH
viewpoint, it is most important to realize that the theory does not
depend at all upon any approximate calculations; these are simply
used for illustration. The method is based upon symmetry prin-
ciples, and our conclusions support Woolley’s view that the isolobal

(17) Evans, D. G. Inorg. Chem. 1986, 25, 4602.
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Figure 5. Os,(CO),;. The osmium atoms define the vertices of the
tetrahedron.

principle follows fundamentally from symmetry considerations.!®
We emphasize this because of the rather controversial nature of
any calculations upon transition-metal clusters.

Nonconical Structures

Let us now consider Os,(CO),;*, which is illustrated in Figure
5. This is a 60-electron species (here and below we count only
the valence electrons of interest) whose bonding may be ration-
alized as follows. There are 13 Os—CO ¢ bonds, and if each metal
uses three orbitals for cluster bonding, there remain 11
“unhybridized” occupied orbitals. Six additional Os—Os edge-
bonds give a total of 30 accessible orbitals, as required. There
are several points of interest in this analysis. First, we note that
the molecule has a cluster bonding orbital count of n + 2 = 6.
This may be interpreted in terms of edge bonding, as above, but
an alternative viewpoint is to note that the tetrahedron is one of
the structures mentioned above for which there is a nonbonding
pair of cluster orbitals, so that the number of occupied cluster
orbitals has to be either #n or n + 2 and not n + 1.

The most important observation is that the nonconical fragment
uses three orbitals for cluster bonding, the same number as the
conical fragments above. These three hybrids correspond in TSH
theory to the 3»n inwardly hybridized orbitals (one ¢ and two «
orbitals per vertex atom) which generate the n+ 1 (or nor n +
2, etc.) cluster bonding orbitals. The remaining 67 metal orbitals
all correlate with accessible orbitals, independent of the precise
distribution of ligands. This is clearly true in the above molecule;
effectively an “unhybridized” Os orbital has been used to bond
to the extra carbonyl and is occupied by two electrons as it would
be in a conical fragment. The relation to the isolobal approach!!®
is immediately apparent, and we can conclude that the isolobal
method will work whenever the assumed TSH theory hybridization
scheme is appropriate. Exceptions arise when each vertex cannot
contribute two = orbitals for skeletal bonding, and examples are
[Os(CO),]; (triangular) and clusters composed of PtL, fragments.
In these cases all the vertices are isolobal to CH, fragments, and
more detailed considerations are required.?® A detailed critique
of cluster hybridization schemes is given elsewhere.?!

The utility of the above method may be illustrated by some
further examples. First we may trivially derive the usual 7n +
1 cluster electron pair count, since 7n + 1 is the sum of 6n and
n+ 1, but we must note that this will often be modified in clusters
with a single atom on the principal rotation axis (more examples
appear in the next section). The 7n + 1 rule is obeyed even by
some clusters whose vertex atoms do not describe the surface of
a sphere very well, for example Pty(CO)g(u,-CO)o>" and Pt,s-
(CO),5(u-CO), 527,22 although a particle on a cylinder analysis
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Chem. 1988, 24, 3519, 3525.
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Figure 6. Idealized geometry of Ni(CO)¢2.

may be more appropriate for these molecules.??

In his calculations on [Pty(CO),],2” and [Niy(CO)¢), % clusters
using the chemical pseudopotential method,?* Bullett identifies
the HOMO as entirely carbonyl #* in character.?® However,
we found that a Fenske—Hall calculation using the same idealized
geometry for Niy(CO)¢> (Figure 6) enabled all the TSH features
discussed above to be identified. The HOMO is the latter cal-
culation does have significant 7* character, but the important point
is that the ligand—metal interaction alters the molecular orbital
composition, not the symmetry-predicted electron count. In fact,
the difference between the amounts of carbonyl =* character found
in the two calculations may be due to the non-Hermitian for-
mulation involved in this pseudopotential method.?

The fluxionality of carbonyl ligands in many clusters is well-
known experimentally, and is consistent with the theory, since the
precise distribution of the ligands is clearly of secondary impor-
tance. The forces determining the exact distribution of carbonyls
around a metal cluster have been the subject of some debate in
the literature. Clearly the above theory is in accord with Johnson’s
argument that the arrangement is governed by packing forces
between the ligands.”? However, Evans’ view that metal-carbonyl
forces are most important!® can also be investigated easily by using
the TSH framework. He notes that in a triad such as Co, Rh,
and Ir the member with the lowest atomic number tends to form
clusters with bridging carbonyls, whereas the heavier metals do
not. He cites Co4(CO)g(uy-CO); and Iry(CO)y,, in which the
metal atoms both define tetrahedra, as examples. TSH theory
in its simplest form predicts that these clusters will have the same
electron count but that the cobalt cluster will have fewer electrons
in “unhybridized” orbitals and more in metal-ligand ¢ bonds.
Evans argues that the bridged structure is more favorable for Co
because the Co d orbitals are less diffuse and are therefore more
poorly stabilized by carbonyl #* overlap. It seems likely that the
correct viewpoint should take both of these effects into account
and that electronic metal-ligand forces may discriminate between
ligand arrangements with similar packing energies.

Application to Metallaboranes

Clearly the TSH method will reproduce the usual electron
counts deduced by using the isolobal principle for simple me-
tallaboranes. Examples include the family of clusters in which
an Fe(CO), fragment replaces a BH vertex. It will be more
interesting to examine some species for which different bonding
schemes have been proposed in the literature. Several cases are
reviewed by Kennedy,?® and we start with (PPh;),HIrBgH,Cl
(Figure 7a). The skeletal geometry is similar to that of BgHg?~
but is somewhat more open, with the Ir atom notionally replacing
a four-coordinate vertex. An essential feature of TSH theory is
that small changes in the arrangement of the vertices will generally
be of minor importance in bonding considerations.>!® Hence we
would expect to find the following accessible orbitals: seven B~H
o bonds, one B-Cl ¢ bond, three Ir-ligand bonds, three Ir
“unhybridized” orbitals, and the cluster skeletal bonding orbitals.
In this case the transition metal lies on a unique 2-fold rotation
axis, and the nonbonding pair will be only approximately de-
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Figure 7. Structures of (a) (PPh,;),HIrBgH,Cl, (b) (PPh,)-

HCIRuByH,;(PPhs),, and (¢) (PPh;);RuB Hg(OEt),. The metal atoms
are shown isolated for clarity.

generate.!! Of course, the axis is only a symmetry element for
the skeletal atoms alone, but we would not expect the ligands to
perturb the picture greatly in this case. The orbitals of the
self-conjugate pair are expected to have appreciable amplitude
at the unique atom on the principal axis, since the = cluster orbitals
of this vertex span a nonbonding, self-conjugate E representation
in idealized symmetry.?® (The effect of a 2-fold axis is similar.!?)
Because the Ir atom is more electropositive than the boron atoms
making up the other vertices, we expect the self-conjugate pair
of orbitals to be destabilized relative to the other cluster orbitals.
Hence n (i.e. 9) occupied cluster bonding orbitals are expected,
not # + 1, and indeed this gives a total of 23 accessible orbitals,
as required.

Two related examples are found in the 10- and 11-vertex iso-
closo compounds (PPh;)HCIRuBgH;(PPh;), and
(PPh,),RuB,(Hg(OEt),,¥ illustrated in Figure 7b,c. The electron

(29) Wales, D. J. Submitted for publication.

(30) Crook, J. E.; Elerington, M.; Greenwood, N. N.; Kennedy, J. D,;
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J. Chem. Soc., Dalton Trans. 1988, 2407. Bould, J.; Crook, J. E.;
Greenwood, N. N.; Kennedy, J. D.; McDonald, W. S. J. Chem. Soc.,
Chem. Commun. 1982, 353.
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Figure 8. Structures of (a) (u;-H)Fe;(CO)o(us-BH,) and (b) HFe (B-
H)(CO)y.

counts of these species may be understood in exactly the same
way as above. The 10-vertex species has 50 valence electrons,
which may be accommodated in 7 B-H ¢ bonds, 2 B-PPh, o
bonds, 3 Ru “unhybridized” orbitals, 3 Ru-ligand bonds and 10
cluster bonding orbitals. The n skeletal orbitals may be described
in the same way as above. Similarly the 11-vertex compound has
54 valence eléctrons, which may be accommodated in 8 B-H ¢
bonds, 2 B-OEt ¢ bonds, 2 Ru-PPh, bonds, 4 “unhybridized” Ru
orbitals, and 11 cluster bonding orbitals. The novel 10-vertex
isocloso species H(PPh,)(Ph,PC¢H,)IrByH? also conforms to
this scheme, as the reader may demonstrate.

Kennedy and his co-workers have favored an alternative bonding
scheme for all three of the above molecules in which the metal
atom makes a four-orbital contribution to the cluster bonding.
However, this clearly does not fit with the three-cluster-hybrid
rule based upon the TSH theory description, which is closer to
Baker’s hypercloso description.’! - Further evidence is provided
by the simple explanation of the »n skeletal electron pairs provided
by TSH theory and some recent calculations.®? The scheme is
particularly compelling when there is an idealized 3-fold rotation
axis or higher, as the pairing principle then indicates that either
three or five metal orbitals could be used for skeletal bonding.
For 8-, 9-, and 11-vertex hypercloso clusters where there is only
an idealized 2-fold axis the analysis is less clear-cut.

However, the argument can be made.more convincing by
considering molecules that have a single main-group cluster atom
and transition-metal atoms at the other vertices. If the main-group
atom lies on the principle rotation axis in such a molecule, we
would now expect the two approximately nonbonding orbitals
localized partly on this more electronegative vertex to be stabilized
relative to the other frontier orbitals. Hence n + 2 skeletal electron
pairs are likely in these species. -

We consider two recently synthesized species as examples:*®
(ﬂz'H)FC;(CO)g(}L;-BH4) and HFC4(BH2)(CO)12, which are il-

(31) Baker, R. T. Inorg. Chem. 1986, 25, 109.

(32) Johnston, R. L.; Mingos, D. M. P. Inorg. Chem. 1986, 25, 3321.

(33) Wong, K. S; Scheidt, W. R.; Fehlner, T. P. J. 4m. Chem. Soc. 1982,
104, 1111, Fehiner, T. P.; Housecraft, C. E.; Scheidt, W. R.; Wong,
K. S. Organometallics 1983, 2, 825. Vites, J. C,; Eigenbrot, C.; Fehiner,
T. P.J. Am. Chem. Soc. 1984, 106, 4633.



Bonding in Transition-Metal Clusters

0 0

7,
7, N
’,
AR

H '/B% m\\ua wH

“'B\ - \
H

Figure 9. Structure of Fe(CO)3B4Hg.

¢
5 <
A
F

Figure 10, The two nonbonding e orbitals of a nido-square-based pyra-
mid. Note that they are related by the TSH theory pairing operation.

lustrated in parts a and b of Figure 8 respectively. The valence
electron count for the tetrahedral species is 50, which may be
accommodated in 9 Fe—(CO) bonds, 9 Fe “unhybridized” orbitals,
one B-H ¢ bond and n + 2 = 6 cluster bonding orbitals. The
tetrahedron is unusual in that all vertices are three-coordinate,
and hence an edge-bonding scheme is possible in which the three
cluster hybrids per vertex are directed toward the three nearest
neighbours. The fact that the four bridging hydrogen atoms lie
directly over four edges of the notional tetrahedron almost certainly
indicates that these are regions of high electron density.

For the five-vertex species there are 62 valence electrons, which
may be accommodated in 12 Fe-CO bonds, 12 Fe “unhybridized”
orbitals and n + 2 = 7 cluster bonding orbitals. In a previous
study, this molecule was considered as an arachno fragment with
the boron atom essentially interstitial. The alternative view with
the cluster atoms describing a trigonal bipyramid is more suited
to the present purpose and probably makes the electron count
easier to understand.

As a final example of this type we note that Fe,C(CO),;* may
be viewed as an arachno octahedron of iron atoms with an in-
terstitial carbon atom in the usual manner.?* However, it also
fits into the above scheme when considered as a closo cluster with
a more electronegative carbon atom on the principle axis.

Some readers may wonder whether Fe(CO);B,Hy is consistent
with the above picture, since it has a single cluster atom (iron)
on the 4-fold principal axis and the usual nido electron count
(Figure 9). In fact, the bonding in this molecule may be un-
derstood by using precisely the same approach: it is a five-vertex
cluster with a single atom on the principal axis and is therefore
expected to have five or seven bonding cluster orbitals. Above
we reasoned that molecules of the isocloso series would have n
skeletal electron pairs because the two approximately nonbonding
orbitals would be destabilized relative to the other frontier orbitals.
For Fe(CO)3B4H8, the argument is modified because this is a nido
species, and we expect the “ mnssmg BH vertex to interact strongly
with the self-conjugate e pair of the orbitals in question.? It follows
that these e orbitals are mainly localized around the open face
of the square-based pyramidal molecule, not on the iron atom
(Figure 10).235 Hence, the n + 2 occupied skeletal orbitals are
consistent with the arguments of the preceding paragraphs. A
systematic analysis of the TSH pairing principle and energy level
patterns in clusters is presented elsewhere.?’

Hence, we have shown that all the above species can be un-
derstood in terms of the three-cluster-hybrid rule deduced from
TSH theory. As Greenwood observes,3® other authors have
suggested bonding schemes for various metallaboranes in which
metal centers contribute anywhere between one and four orbitals
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Figure 11. Structure of Rug(CO),,C.

to the cluster bonding. Molecules for which such schemes are
really necessary are expected to be identifiable as species in which
one or more of the fundamental assumptions of TSH theory breaks
down. This may be because they are too open or because the
assumption that the six orbitals per metal atom which are not
involved in cluster bonding will all correlate with accessible orbitals
does not hold. The large energy gap between the np and (n— 1)d
orbitals in platinum and gold means that clusters of these elements
may also deviate from the usual rules.

The three-cluster-hybrid rule clearly works best for clusters with
closed (or nearly closed) skeletons, as discussed in detail else-
where.2! Further, since TSH theory in its simplest form does not
distinguish between different metal atoms in considering the
electron count, it clearly cannot hope to cope with cases where
the count probably depends on the identity of the particular metal
involved. More detailed considerations are required in such cases.

Large Clusters and Interstitial Atoms

The first step toward an understanding of larger transition-metal
clusters must be a consideration of interstitial atoms. A qualitative
TSH description of the effects of interstitial atoms has already
been given.” To investigate such species in a more quantitative
fashion, a Fenske—Hall calculation was performed on Rug(CO);,C
(Figure 11) in an idealized approximation to the experimental
geometry®” with Ru-Ru = 2.9 K Ru-CO=2054,C-0=1.17
A, and OC-Ru-CO = 90°. The results support Stone’s earlier
conclusion that the valence orbitals of the interstitial atom do not
produce any additional accessible orbitals, and that there are
simply 77 + 1 occupied orbitals. The carbon 2s and 2p orbitals
mix mostly with the S and P§ orbitals to give bonding (accessible)
and antibonding (inaccessible) combinations. These cluster orbitals
were illustrated in Figure | for s basis functions. Since the L§
orbitals are considered to be part of the “unhybridized” occupied
set in the previous examples, we can see that no change results
in the number of formally accessible orbitals. Interaction with
inwardly hybridized inaccessible L orbitals would be expected
to produce new accessible orbitals. However, the L orbitals are
much nearer in energy to the interstitial orbitals, and mixing
between these functions is greatest, in agreement with an extended
Hiickel calculation on the same species.’* Hence, the interstitial
atoms provide additional electrons but no more accessible orbitals
and are therefore an excellent remedy for electron deficiency in
transition-metal clusters. One need look no further than the bulk
metallic limit to see an extreme illustration of this idea.

Although this calculation is again useful for comparison with
theory, the detailed results should not be taken too seriously. For
example, the final Mulliken atomic charge on the interstitial
carbon atom is found to be —-0.82, and there are appreciable
changes in the character of the frontier orbitals. Because the
method involves a one-electron SCF approximation, it is likely
to overestimate the charge polarization involved because electron
correlation is neglected.

05,0C(CO)5(1,-CO);,7, % whose cluster skeleton is illustrated
in Figure 12, is a more complicated example. This molecule may

(34) Wijeyesekera, S. D.; Hoffmann, R. Organometallics 1984, 3, 975.
(35) Mingos, D. M. P.; Zhenyang, L., Struct. Bonding, in press.
(36) Greenwood, N. N. Chem. Soc. Rev. 1984, |3, 353,

(37) Sirigu, A. J. Chem. Soc., Chem. Commun. 1969, 596.
(38) Jackson, P. F.; Johnson, B. F. G.; Lewis, J.; Nelson, W. H. J. Chem.
Soc., Dalton Trans. 1982, 2099.
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Figure 13. Cluster skeleton of Pt;5(CO),,(¢5-CO) o2

be considered as an octahedron of Os atoms, with four faces
tetrahedrally capped by conical Os(CQ), fragments; the interstitial
carbon atom lies in the central octahedral chamber. This molecule
has 134 valence electrons, which may be accommodated in 72 +
1 = 43 orbitals formally associated with the Os¢ octahedron plus
12 Os—CO bonds and 12 “unhybridized” orbitals associated with
the Os(CO); caps. Here the electron count for the octahedron
includes 12 orbitals that may be viewed as edge-bonds to the four
Os(CO); caps, in line with King’s approach to large rhodium
carbonyl! clusters.?®

What does the theory have to say about even larger metal
clusters that may contain more than one interstitial atom?2240
First, consider Pt;o(CO);,(1-CO),o?",*! whose skeleton is illus-
trated in Figure 13. This molecule has 238 valence electrons,
2 short of the number required to fill 77 + 1 = 120 orbitals, where
n = 17 is the number of platinum atoms in the cage. Careful
consideration of the mixing between orbitals of the interstitial
atoms and the surface atoms is needed to explain the detailed
electron counts of a wide variety of high nuclearity clusters,*? and
we will illustrate the method for the above species. The two
interstitial atoms, considered as a dimeric unit, have a total of
16 orbitals that can interact significantly with the n, LT 4 skeletal
bonding orbitals of the n, = 17 atoms in the outer shell. Zl‘his gives
16 bonding orbitals, with one of the L7y levels “left over” and
inaccessible because of the high 6p atomic orbital energy in
platinum. The S¢ orbital interacts strongly with the dimer «
bonding orbital to give strongly bonding and antibonding com-
binations and a total of 17 skeletal bonding orbitals, i.e. 1 less
than the usual #, + 1. We should also note that there are several
species, such as Pty(CO)y3(u,-CO)g%, with three interstitial
platinum atoms, that do not conform to either of the cases
identified by Mingos as “radial” and “tangential”.

(39) King, R. B. Inorg. Chim. Acta 1986, 116, 125.

(40) Chini, P. J. Organomet. Chem. 1980, 200, 37.

(41) Washecheck, D. M.; Wucherer, E. J.,; Dahl, L. F,; Ceriotti, A.; Longani,
G.; Manassero, M.; Sansoni, M.; Chini, P. J. Am. Chem. Soc. 1979, 101,
6110.

(42) Mingos, D. M. P.; Zhenyang, L. J. Chem. Soc., Dalton Trans. 1988,
1657,
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Auss(PPh;),Clg and Rhys(PPh,),,Clg deviate even more
strongly from naive expectations.*> Schmidt?? presents evidence
to suggest that the gold cluster consists of one central gold atom
surrounded by a cuboctahedron of 12 gold atoms, which in turn
is surrounded by a shell of 42 more gold atoms. This arrangement
suggests that a “Russian doll” model might be applicable, in which
we count the inwardly hybridized cluster bonding orbitals of the
inner shell as well as the outer. This model is based on the
reasonble assumption that the inwardly hybridized orbitals of the
inner shell will not interact strongly with those of the outer shell.
However, when we note that the Rh cluster has 110 fewer elec-
trons, it becomes clear that the electron count depends strongly
on the particular transition metal in these species. A limit has
therefore been reached where the orbitals are so densely spaced
that the electron count will probably depend upon how many
carbonyls or other ligands can be found to the limited surface area.
This is hardly surprising, for as the size of the metallic fragment
increases, we would expect it to begin to behave more like a piece
of bulk metal with a variable number of adsorbed carbonyls.

We can estimate where the TSH theory in this form may cease
to be useful. This can be compared with the results of other
authors who have addressed the question of when a transition-
metal cluster begins to “look” more like a metallic fragment.*
First, note that the TSH cluster orbitals have an associated
“quantum number”, L, pertaining to the spherical harmonic, Y}y,
from which the expansion coefficients in the LCAO wave function
are derived. For further details of the generation of the expansion
coefficients the reader is referred elsewhere.! We have previously
estimated the critical value of L, L, for which axial = cluster
orbitals will become bonding in a regular polyhedron of coordi-
nation number A. The result is'®

L2 )\/2

For a spherical shell of n atoms there are 2n w-type cluster orbitals
with associated L quantum numbers 1, 2, ..., L,,, where L, is
approximately given by

LM
2L+ 1) =n
L=

That is, (L,, + 1)2=1=n,0r L,, = (n+ 1)/2-|. Hence, we
expect the polar and axial = cluster orbitals to overlap when (n
+ 1)!/2-1 =~ \/2. Since the largest coordination number observed
in practice for an atom within a single cluster shell is 6, this implies
that overlap is likely to begin for clusters with about 15 atoms
in a single shell. When overlap begins to occur, a qualitative TSH
treatment will no longer give a good idea of the number of cluster
bonding orbitals because the L* and L" sets are not clearly sep-
arated in energy. However, the limit described above assumes
that all the skeletal atoms lie on the surface of a sphere. This
is clearly not a very good approximation for some of the above
species, and there are also a number of approximations involved
in the estimate of L.

The above analysis leads us to recognize two distinct regimes.
For bulk metals, we know that the wave vector in momentum space
provides a useful approximate quantum number for classifying
the eigenstates and eigenfunctions. This limit is the domain of
metal physics. However, for smaller transition-metal clusters the
symmetry-based classification of TSH theory provides the most
useful approximate quantum number, namely L. This quantum
number actually corresponds to the orbital angular momentum
of an electron about the center of the cluster, which we assume
throughout to be approximately spherical. The periodicity of the
bulk lattice in the limit of large fragments determines the most
appropriate approximate quantum numbers to use in this case.
In between these limits, neither classification may be particularly

(43) Mingos, D. M. P. J. Chem. Soc., Dalton Trans. 1976, 1163. King, R.
B. Inorg. Chim. Acta 1986, 116, 109. Mingos, D. M. P. J. Organomet.
Chem. 1984, 268, 275.

(44) Demuynck, J.; Rohmer, M.; Strich, A.; Veillard, A. J. Chem. Phys.
1981, 75, 3443. Datta, N. C.; Sen, B. J. Chem. Soc., Faraday Trans.
2 1986, 82, 977.
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helpful. We are then left with the familiar problem of full di-
agonalization of the Hamiltonian without knowledge of any basis
functions that achieve partial blocking.

Summary

In this paper, we have investigated the detailed application of
tensor surface harmonic theory to the structure and bonding of
transition-metal clusters and related species. We have shown that
a simple, unified treatment may be applied despite the large
number of orbitals involved. The proposed scheme has firm
group-theoretical foundations, and is shown to encapsulate the
ideas of the isolobal principle. When combined with other TSH
results, the theory can rationalize the electron counts of a diverse
range of species, including metallaboranes and transition-metal
clusters with a single main-group atom in the skeleton. We have
also discussed the use of TSH theory to investigate the electron
counts of very large metal clusters.

The main advantage of the method is that it enables generalized
electron counting rules to be deduced from firm theoretical
principles. Such derivations are particularly straightforward for
closo deltahedra. More detailed treatments also enable us to
rationalize the bonding in nido and arachno species and in large

transition-metal cluster carbonyls with interstitial moieties. Such
structure—electron count correlations are useful in making pre-
dictions about real chemical reactions.?® For example, the dis-
position of the nonbonding orbital in polar clusters helps us to
rationalize deviations from the usual electron-counting rules and
predict reactivity.

Further applications to the theoretical study of fluxional pro-
cesses in both main-group and transition-metal clusters!! may be
of great importance in future work. Recent developments include
the development of a qualitative center-of-gravity rule for the
splitting of cluster orbitals,** a tensor solid harmonic theory for
multishell clusters, more detailed studies of cluster hybridization?!
and the pairing principle,” and the use of TSH theory in the
interpretation of cluster NMR data.*
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Frozen-solution EPR spectra were obtained for high-spin iron(III) complexes of seven ortho-spin-labeled tetraphenylporphyrins
and four iron(111) porphyrin complexes with nitroxyl carboxylates as axial ligands. Data obtained at 5-12 K provided examples
of iron—nitroxyl spin—spin interactions ranging from small perturbations of the iron and nitroxyl line widths to |J] = 0.17 cm™.
Increasing iron relaxation rates at higher temperatures caused collapse of the spin—spin splittings due to interactions with |J] <
~0.05 cm™. Multiple conformations with different magnitudes of spin—spin interaction were observed for the complexes of the
ortho-spin-labeled porphyrins. Six-coordination of the iron or = complexation of the porphyrin ring favored population of the
conformations with weaker electron-electron spin-spin interaction. The stronger electron—electron spin—spin interactions are
assigned to conformations with weak orbital overlap between the ortho substituent and orbitals of the porphyrin 7 system or the

metal.

Introduction

Interpretations of EPR spectra obtained for biological samples
including photosynthetic systems,"? spin-labeled cytochrome
P450,>* and spin-labeled iron transferrin® have invoked elec-
tron—electron spin-spin interaction between organic radicals and
paramagnetic iron centers.® Analysis of spectra of this type could
be facilitated by comparison with data for small molecules that
demonstrate the effects of interaction between paramagnetic
iron(111) and organic radicals on the EPR spectra. Studies are
therefore under way to characterize these effects.

A series of spin-labeled iron porphyrins (I-XI, Chart I) were
selected to provide a range of strengths of the iron—nitroxyl
spin—spin interaction. In I-VII the length of the ortho substituent
between the porphyrin and the nitroxyl rings was varied. Fro-
zen-solution EPR spectra of the low-spin iron(III) complexes
Fe(P)L,, P = I-VII, L = imidazole or 1-methyl-imidazole, pro-
vided examples of spectra due to exchange interaction up to 0.28
cm™! and provided a basis for interpretation’ of the previously
reported spectra for spin-labeled cytochrome P450. The fluid-
solution EPR spectra of high-spin VIII-XI and Fe(P)X, P =
I-VIIL, X = F, CI', Br-, I, demonstrated that the nitroxyl signal
broadened and shifted to higher g value as the strength of the
iron-nitroxyl spin-spin interaction increased.!* We now report

*To whom correspondence should be addressed: G.R.E., University of
Denver; S.S.E., University of Colorado at Denver.

EPR studies of high-spin VIII-XI and of the high-spin iron(III)
complexes of spin-labeled porphyrins I-VII in frozen solution.

Experimental Section

Physical Measurements. X-Band EPR spectra were obtained on a
Varian E9 spectrometer interfaced to a Varian 620/L103 or IBM C-
S9000 laboratory computer or on an IBM ER200 spectrometer interfaced
to an IBM CS9000 computer. The lines in most of the EPR spectra were
sufficiently broad that the spectra were unchanged by degassing.
Therefore, the spectra discussed below were obtained on air-saturated
samples unless otherwise noted. Sample concentrations were about | mM
except for experiments designed to check for concentration dependence.
All spectra were obtained at microwave powers that did not cause satu-
ration of the signal and with 100-kHz modulation at amplitudes that did
not distort the line shapes. Quantitation of the nitroxyl EPR signals was
done by comparison of the double integrals of the spectra with double
integrals for solutions of known concentrations of 2,2,6,6-tetramethyl-
piperidin-1-yl or 4-oxo0-2,2,6,6-tetramethylpiperidin-1-yl in the same
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