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A pictorial MO description of Buckminsterfullerene
and its interactions with transition metal fragments
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Abstract

The highly delocalized distribution of the MOs in Cg, has been analyzed with the aid of extended Hiickel calculations and their
graphic representations. Symmetry and perturbation theory arguments rationalize the MO correlations in terms of the implosion of
12 C, rings distributed at the vertices of an expanded icosahedron. In particular, two distinguishable o and 7 Cg, subsets are each
split into 30 filled and 30 empty MOs belonging to the same species under I, symmetry. As a major difference, whereas 30 new
C-C o bonds add to the 60 pre-existing Cs endocyclic bonds, some partial = bonding at the 6:6 edges of Cg, occurs at the
expense of 7 bonding at the 5:6 edges. This point has been clarified by referring to the electronic structure of the simpler
molecule [5]-radialene which typifies the MO response to the idea of = resonance. An overview at the C—-C bonding / antibonding
roles in all of the = MOs simplifies understanding their possible interactions with the frontier MOs of typical transition metal
fragments. The model complexes considered involve the n2-coordination of the C,, fragment (PH;),Ptto Cgy in 6:1,2:1and 1:1
ratios. The MO analysis highlights the electronic causes of the deformation from sphericity of Cg; when a metal is attached to one
or more 6:6 edge. Attempts to explore alternative, but as yet unsynthesized coordination modes have also been made.
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1. Introduction

The chemistry of fullerenes is rapidly growing [1]
and the exploration of their electronic structure re-
mains a fascinating task. The compactness of buckmin-
sterfullerene with the rare I, symmetry and the intrin-
sically high electron delocalization are a challenge to
the description of the chemical bonding. Over the past
few years, several quantum mechanical studies have
appeared at all levels of sophistication {2]. Neverthe-
less, chemists require a simplified description which, in
addition to the important concept of resonance focuses
on the residual functionalities of single or grouped
carbon atoms typical of elementary organic molecules.
An important step towards an understanding of
organometallic chemistry was made when the transi-
tion metal fragments began to be seen as functional
groups which were isolobal with organic residues [3].
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Growing experimental evidence that C, can coordi-
nate to some typical metal fragments [4] suggests that
sufficiently localized MO frames exist on the surface of
the pseudo-spherical molecule.

In this paper, we first present an overview of the
major bonding components of the C,, skeleton. The
computational method used is EHMO [5] but because
of its well-known shortcomings, arguments based on
the absolute energies, distribution of charges, etc. have
generally been avoided. In contrast, we have tried to
interpret as best we can the symmetry properties which
are a major factor in determining the character of the
various MOs. In particular, an increased understanding
of the topological distribution of the carbon p,, orbitals
helps to rationalize the regioselectivity of Cy in bind-
ing to metal fragments. Furthermore, the lost pseudo-
sphericity of the C,, sphere upon coordination can be
rationalized by some four-electron repulsions which
compete with the binding forces. The CACAO package
is an unique tool to display 3D representations of the
MOs and their related properties on a computer screen

[6].
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2. Carbon-carbon bonding in Cy: o and 7 frame-
works

Buckminsterfullerene is a truncated icosahedron.
Thus, a way of visualizing C, and the ideal genesis of
its MOs, is to imagine the implosion (see I) of an
infinitely expanded icosahedron whose vertices are the
comparably dimension!ess C, rings (assumed C-C av-
erage distance = 1.40 A).
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By maintaining the I, symmetry, modelling of the
process is finalized when the separation between any
pair of carbon atoms from two different rings has
become equal to the C-C intra-ring distance. Such a
constraint for the final C,, model is consistent with
idea that, at the extended Hiickel level, it is better to
avoid any structural bias. Indirectly, the calculated
overlap populations indicate which type of C-C edges
prefer to be shorter. The reliability of the computation
is confirmed by the smaller overlap population of the
C, endocyclic bonds with respect to the bonds (exoc-
yclic) which connect two different five-membered rings
(0.99 vs. 1.05). Most important, however, monitoring
the levels along the ideal implosion pathway helps to
classify the overall C-C bonding/antibonding fea-
tures.

Each carbon atom of the C; ring is characterized by
in-plane (o, sp? hybrid, II) and upright (7, IID)
orbitals which eventually form two distinguishable tan-
gential (¢) and radial (7) networks with a total of 60
MGOs in each. Although such a distinction is not rigor-
ous, since mixing between o and 7 components occurs
along the implosion pathway, the ideal relation with
more elementary systems greatly simplifies the problem
(e.g. olefins with separate ¢ and 7 components un-
questionably set the C—C bond order at two).
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In the isolated Cs ring, the D,, symmetry groups
five o hybrids of type I into &, €| and €, classes, as
shown in IV.

Although ¢/, contains two nodal planes orthogonal
to the C4 plane (8-type function), it is almost degener-
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ate with e which has only one node (p-type function).
This is attributable to the small size of the orbital lobes
overlapping inside the ring. Only a’}, which is an overall
in-phase combination of the five hybrids (s-type func-
tion), is stabilized with respect to the other FMOs by
ca. 1.8 eV. ,

The FMOs IV have little effect on the endocyclic Cs
o bonding which is largely due to the reciprocal inter-
actions between the two additional sp? hybrids at each
carbon atom (not shown). Accordingly, the FMOs IV
remain almost entirely available for exocyclic bonding.
The bonding/ antibonding interactions of the latter
with symmetry-adapted combinations of H,, orbitals in
CsH; (radical or anion) are almost a trivial example. It
is not nearly so easily to visualize the same FMOs
forming the exocyclic C—C bonds of Cg, although the
situation is basically similar to that in cyclopentadienes.

Figure 1 shows a Walsh-type diagram for the implo-
sion of 12 C rings. The I, symmetry combinations of
12 sets of FMOs IV separate into two groups of 30
bonding and 30 antibonding MOs which quickly di-
verge. If each hybrid H is formally assigned one elec-
tron, the 30 bonding MOs are fully populated and 30
new C-C ¢ bonds ensue.

Since the generators of the actual MOs are s-, p- or
8-type functions, it would be useful to follow the rela-
tive weights of the latter along the implosion pathway.
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Whereas the species A, T,, and T,, are generated by
an unique basis function (s, p or 8), all other species
involve the mixing of two or three different sets (e.g.
Hg). This also implies avoided crossings or divergen-
cies between isosymmetric levels. Fortunately, the
analysis of simpler I, molecules (see below) has en-
abled us to recognize the bonding/ antibonding possi-
bilities of the pure basis functions before any mixing.
The trends for any symmetry species are highlighted by
the circles and squares in the upper box of Fig. 2. The
mixings can either increase or reduce a given trend, but
in general good bonding interactions accompany signif-
icant divergencies between filled and empty levels. As
shown in Fig. 1, this holds for the ¢ network, in which
the mixings favoured by the closeness of energy of the
basis FMOs IV take place as soon as the mutual
overlaps become sufficiently large. The sets G,, G,
and H, (p +6) as well as T,, (s +p) and T,, (s + &)
diverge into bonding and antibonding combinations.
The three H, sets correlate with one antibonding
(empty) and two bonding (filled) MOs. Finally, the
symmetry itself imposes bonding (A ;) and antibonding
(T,, and T,,) characters as the genuine s, p and 8
functions.

Tigr T2g, 2Thus2T2ur26g,26u: 3Hg,2H,

Cs0 12Cgrings
~<«— implosion
explosion —=
Fig. 1. The correlation between 12 sets of o hybrids of the Cs rings
(see IV) during the formation of Cyg,.

stype ——> A+ Tiy) +iTzy +1Hg |

ptype —> Tiyl+ Tig|+iGg +Gy+ Hg)+ Hy,

S-type —> @ I+ Gg)+lGu'+/Hg)+ Hu)

29.

12C,—> Cg

) . examples:
implosion 12ML ———> M12L12

Antibonding —> Tp, + Tyg + Tig+ Tyy + Gg+ Gu+Hy+ Hy

Bonding —> Ag+Ty,+ T, + G, + Gg+Hy+ Hg+ Hy

Fig. 2. In the upper box, a schematic representation of the I,
symmetry species obtainable from basis sets of atomic or fragment
orbitals (e.g. Cs) with two (8), one (p) and zero nodes (s), respec-
tively. Circles or squares enclosing the labels indicate the bonding or
antibonding character of the levels as determined from the relation-
ship between the basis functions of a given type (before any mixing).
In the lower box, the MOs of the final icosahedral molecule are
grouped in terms of their overall bonding /antibonding character.

As mentioned, the correlations between the Cg, o
MOs can be distinguished by comparison with simple
icosahedra of the type M;,H,, (M = transition or non-
transition element). The idea is that the carbon atoms
of any C; ring can be imagined as collapsing into an
unique central atom. Accordingly, the nodal properties
of the basis functions in IV would coincide with the
pure atomic orbitals d,,, d,2_,2, p,, P,, and s (with
two, one and zero nodes, respectively).

If the M,, skeletal atoms have no accessible d
orbitals, as is the case for the species B,,HZ%;, the 30
B-B icosahedral edges cannot attain a bond order of 1
(shortage of orbitals or hypervalence). Indeed, the
whole B, bonding results from reciprocal interactions
between 36 orbitals (one sp hybrid and p, and p,
orbitals from any boron atom). As is well known [7],
B,,Hi; is characterized by 13 filled bonding (A, + H,
+ Ty, + G,) and 23 empty antibonding (H, + T, + G,
+H, + T,, + T;,) MOs. In this case, only the H, and
T,, combinations are generated by both the s and the p
orbitals and a total of 8 + 8 bonding and antibonding
levels arises from their reciprocal mixing. The filled
bonding G, set arises from the p orbitals alone. Simi-
larly, the G, and H, symmetries from the p orbitals (as
well as T,;) are antibonding as for Cg,. Finally, in the
absence of mixing with &-based levels, an intrinsic
antibonding character is assigned to the s combinations
of sp hybrids, T,,. Needless tc say, the same sp hybrids
alone give rise to the overall bonding A, MO.
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The relationship between Cg, and icosahedra formed
by 12 transition metals is even more direct because of
the availability of 8-basis functions. In principle, one
electron could be formally assigned to any p,, p,, d,,
and d ,:_,2 orbital and to an sp, hybrid to generate the
30 M-M bonds of a model such as Au,,L,, (when
L = a terminal two-electron ligand). Of the remaining
four orbitals of each metal, one (outpointing sp, hy-
brid) would receive electrons from the terminal ligand
and the other three (d,,, d,, and d,z:) would hold
metal lone pair electrons. A major complication with
such an ideal model, which should have 156 electrons,
is the much lower energy of the & orbitals with respect
to the s and p. Thus, the appropriate pattern of 30
M-M bonding MOs (filled) below 30 antibonding ones
(empty) cannot be attained and indeed the hypotheti-
cal model does not exist. However, 162e species such
as [Au,,Cl,(PR 3);,(1,,-Au)**, containing an intersti-
tial atom, have been characterized [8]. A theoretical
analysis of the latter (to be reported elsewhere [9])
describes the overall MO architecture using the
methodology previously developed for octahedral metal
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Fig. 3. The correlation between 12 sets of 7, orbitals of Cs rings
(see V) during the formation of Cgy,.
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clusters [10]. This gives information on role of the
o-type orbitals in the external Au,, framework. The
information in the upper box of Fig. 2 could be com-
pleted by extrapolating some of these results to Cg,.

The study of the intermixing between s-, p- and
d-type functions which underlies the Cg, skeletal o
bonding is also a good basis for understanding the =
framework formed by the carbon p, orbitals, III. As
shown in V, these organize in C, according to the
symmetries a%, €] and e, the gaps a%—e] and e]-¢’
now being large (ca. 2.5 eV and 5.5 eV, respectively). It
is worth recalling that the same C; m FMOs are
involved in coordination of a cyclopentadienyl anion to
a metal: The donation of the electrons from the FMOs
a’% and e7 is most important but some back-donation
into the higher €} set also occurs. In this case (as well
as in the formation of Cg,), the antisymmetry of the
o, orbitals with respect to the Cs plane is not as
crucial as the nodal properties with respect to the
orthogonal planes which classify the FMOs a7, €] and
€, as s-, p- and §-type functions, respectively. For this
reason all of the # MOs generated along the I, path-
way to buckminsterfullerene by the basis sets V have
the same symmetries as the ¢ MOs IV.

The implicit trends of Fig. 2 do still apply, while the
analogies and the differences between the o and
frameworks can be highlighted by comparing the previ-
ous Walsh diagram of Fig. 1 with that of Fig. 3. In the
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latter, the whole set 60 = MOs evolves (from right to
the left) into 30 lower (filled) and 30 higher (empty)
levels, the symmetry subsets being the same as in the
lower box of Fig. 2. Also, the final separation between
H, and T,, (the 7type HOMOs and LUMOs) com-
pares with several previous calculations and is large
enough (ca. 1.3 eV) to provide thermodynamic stability
to Cg- Even so, the filled and empty 7 levels do not
attain the distinct exocyclic bonding / antibonding char-
acteristics observed in the o subset. Certainly, the
implosion does not lead to the formation of as many as
30 new C-C 7 bonds and in no case can the 5:6 (Cs
endocyclic) and 6:6 (exocyclic) edges be assigned the
limiting bond orders of 1 and 2, respectively.

Whereas the formation of single exocyclic o bonds
is made possible by the dedicated sp? hybrids I (endo-
cyclic bonding is assured by two additional sp? hybrids),
the single 7 orbital per carbon atom (II) implies that
any new exocyclic = bond (or portion of it) occurs at
the expenses of an endocyclic one. This also occurs in
the much simpler [5]-radialene, even though X-ray
analysis [11] shows that in this molecule the endocyclic
C, linkages are definitely longer than the external ones
to methylenes (1.50 vs. 1.35 A). In Cg,, the difference
between 5:6 and 6:6 edges is much less significant
(145 vs. 1.39 A, respectively [12]).

(CH,)

Form 5.

165

A diagram (VI) of the = interactions between the
C, orbitals V and the symmetry-adapted combinations
of five methylene groups, shows five strong bonding/
antibonding interactions of a%, €] and e’ type. In
particular, the C5 a3, FMOs (overall bonding for C;)
and e] (predominantly, but not exclusively, endocycli-
cal bonding) redirect a good part of their electron
density towards the methylenes (see an example in
VID). At the same time, the C; antibonding e’ FMOs
become partially populated. The filled MOs account
for most of the C=C double bonds to methylenes.
However, the endocyclic C; = bonding is not zero, as
shown by one of the 1le] MOs (VII) which, in part,
maintains the endocyclic bonding character of the orig-
inal ¢] FMO shown in V. If this is true for [5]-radia-
lene, even more C; double-bond character remains in
Ceo- In fact, given the single C-C distance of 1.40 A,
reduced overlap values of 0.87 and 1.24 may be calcu-
lated for the endo and exo bonds of [S)-radialene,
whereas the corresponding Cg, values are 0.98 and
1.05, respectively.

A diagram similar to VI in which FMOs V interact
with those of the fragment Css is not very useful for
interpreting the Cg, 7 bonding because the Css FMOs
are themselves complicated combinations of 11 sets of
type V. Thus, the correlation diagram for the implosion

viI
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in Fig. 3 is more significant. Because of the large
energy gaps between the C; components V and the
poor overlap between adjacent p,, atomic orbitals even
when the exocyclic C-C separations become small, the
intermixing between the s, p and & basis functions is
not as large as in the o network (Fig. 1). Ultimately, all
the = MOs share 5:6 and 6:6 edge bonding and
antibonding character, the relative weights being diffi-
cult to determine. The following aspects are empha-
sized:

(i) The unique A, MO, which is already endocycli-
cally bonded, drops in energy on acquiring additional
exocyclic bonding character.

(ii) The filled and empty T,, sets diverge, 2T,
becoming the LUMO of Cg,. The exocyclic bonding
and antibonding trends of the pure s and p T,, func-

2T,, (umo)

‘1Hu(HOM04

tions (see upper part of Fig. 2) are increased by the
reciprocal mixing. Consistent with the idea proposed
for [5]-radialene, three endocylic bonds become par-
tially exocyclic. Drawing VIII of a 2T,, member shows
a small central s-type contribution, which is antibond-
ing with respect to the adjacent p-type functions (upper
Cg hemisphere viewed down the five-fold axis). An
equivalent linear combination of the same MO (shown
later) highlights the 7* character localized at the two
antipodal 6: 6 edges even better. The latter representa-
tion is indeed more appropriate for describing positive
bonding interaction with transition metal fragments.

(iii) The G,, G, and H, species split pairwise into
filled and empty sets by mixing their p and & charac-
ters. In particular, the 1G, set (the original p-based set
is weakly bonding) is definitely stabilizing. The be-
haviour of the filled 1G, and 1H, MOs is instead more
flattened. Their basic p-type components are exocycli-
cally antibonding and hence destabilizing; such a trend
is modulated but not reversed by mixing of the bonding
higher 8§ components [13*]. Drawing IX shows that the
two characters 7 and 7* coexist in one member of the
HOMO (1H ) at the 6:6 edges perpendicular to the z
and x axes, respectively. In particular, the localized =*
character stems from a combination of two original C,
p-type functions (c¢f. the left-most €] FMO in V).
Unfortunately, the & contribution which localizes
bonds at the other edges is not so evident in the
drawing. It will be shown below that the 7 and =*
dicotomy in the HOMO has some important conse-
quences for the attachment to Cg, of metallic frag-
ments or other groups. Regardless of the relative
weights, the 8—p mixing in the various G,, G, and H,
MOs suggest 13 partial bonding interactions occurring
at the exocyclic bonds.

(iv) The two T,, levels appear to be converging
rather than diverging. The respective antibonding and
bonding trends of the original s and & functions (see
Fig. 2) also seem predominant because intermixing is
made difficult by the large a%—e¢, energy gap. The less
the mixing, the more 1T,, retains the original C,
bonding character of the a’, FMO and the more inter-
electronic repulsions are triggered in exocyclic direc-
tions. Recall that in B;,H,,, for example, with no
orbitals available the T,, combination of s orbitals
(antibonding) is high in energy. In Cg,, 1T,, is popu-
lated and, although some & mixing probably avoids
major destabilization, the level is mainly endocyclically
bonding.

* Reference number with asterisk indicate a note in the list of
reference.
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(v) The assignment of definite roles for the three
H, levels is even more intriguing. In particular, the
empty 3H, parallels the behaviour of T,,, and it stabi-
lizes because the & functions are bonding. Conversely,
none of the two filled sets is clearly destabilizing de-
spite the antibonding tendency of their basic compo-
nents (see Fig. 2). Although it is difficult to assign
relative weights, the 20 electrons in the H, MOs con-
tribute both to the 5:6 and 6:6 edge = bonding.
Again, 10 exocyclic C-C m-bonding interactions, how-
ever weak, form at the expense of the endocyclic
bonding.

(vi) The T,; and T,, levels stem only from pure p-
and O-type functions, respectively. Their increase in
energy on implosion confirms the exocyclic antibonding
trends which must be counterbalanced by bonding MOs
(note that amongst the filled levels, A, and at least one
H, set have no antibonding partner of the same sym-
metry). In particular, the 7* character of T,,, similar
to that of 2T, (second and first LUMOs, respectively),
can localize at antipodal 6:6 edges (perpendicular to
the horizontal axis for the T,, member shown in X).
Both T,, and 2T,, can make fundamental interactions
with metal d, orbitals.
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Summarizing, in Cg, as well as in [5}-radialene the =
MOs cannot be separated into two groups responsible
for C5 endocyclic and exocyclic bonding. In contrast,
the C—C bond orders would be defined if the relative
incidence of any populated MO in each type of bond
was known Here we have only addressed the qualita-
tive MO viewpoint which can be related to the concept
of resonance invoked by some authors for Cg, [14].
With reliable values of the C-C overlap populations,
the EHMO method can show how the basis sets (the 7
FMOs of the C, rings) combine in terms of symmetry
and perturbation theory. Some idea has been acquired
about the role of the different highly delocalized Cg,

MO:s. This is a necessary preliminary to any analysis of
the interactions of C, with transition metal fragments.

3. The bonding interactions of Cg with transition
metal fragments

The rapid development of Cg, organometallic chem-
istry [4] has indicated that single or pairs of antipodal
6:6 edges are the favoured sites for dihapto coordina-
tion, the most suitable metal fragments being of the
types L,M and L ,M with C,, symmetry, e.g. (PR;),M
(M = Nj, Pd or Pt; d'°) or [X(COXPR ;),M]* (M =Rh
or Ir, d® X =C or H The frontier orbitals of these
fragments are isolobal and consist of a high o hybrid
and a lower hybridized and filled d,, orbital [15]. The
same fragments are well suited to interact with olefins
via combined donation and back-donation.

Our model complexes are 1:1, 1:2 and 1:6 adducts
of Cq, with (PH,),Pt. Although the most complicated
(378 MOs), the hexametailic species with the highest
T, symmetry is first considered. Figure 4 shows the
major interactions between the frontier MOs of Cg,
with those of six (PH,),Pt fragments. The metal d_
FMOs are grouped according to the T, + T, symme-
tries and find suitable energy and symmetry matches
with the LUMOs of Cg,. Recall that the latter sets with
original 2T,, and T, symmetries have 7* character at
pairs of antipodal 6:6 edges. In Cg,, as well as in the
olefin complexes, back-donation to the C—C #* orbital
is synergistic with donation from the corresponding
m-bonding partner into a metal o hybrid. Figure 4
shows that the latter type of interaction with T, A,

Tig
oT,
Hy—Ty+Ey
2Hg—"Eg +Tg
By
Ih T, Cg {(PH,),M}q

Fig. 4. The interaction between buckminsterfullerene and six
Pt(PH ), fragments disposed according to T; symmetry.
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and E, symmetries involves the Cgq, orbitals deriving
from 1H, 1G, and 2H, sets. From the previous analy-
sis of the C; 7 system, no filled MO has predominant
m-bonding character at the 6:6 edges. To compensate
for the poor localization, additional T,, A, and E,
MOs (from the 1G,, A;and 1H, sets) donate electron
density to the high-lying o hybrids of the metals. For
the sake of simplicity, the latter interactions are not
shown in Fig. 4.

The HOMO of the complex (T,) is somewhat desta-
bilized by the antibonding interaction between the
filled metal d, orbitals and the T, set of Cq, which
arises from 1H,. Remarkably, both the latter FMOs
are already involved in the donation back-donation
interactions fundamental to the formation of the com-
plex. This can be explained by recalling from IX that
H, members have dual ¢ and 7 features at 90° apart.
What is good for o bonding in one direction, induces a
four-electron destabilization of a = type in the other.
It can be shown that this is the major cause of pertur-
bation for all of the Cg, metal complexes as well as for
fulleroids [16] in which a (such as osmyl [17], methy-
lene, diazoalkane, etc. [16]) is attached to C. ';I'he
effect is to lengthen the n*> C-C bond by ca. 0.15 A in
metal adducts, by 0.20-0.25 A in gDiels—Alder adducts
[18] and by as much as ca. 0.5 A in (4-BrC;H,),C,
[16]. Also the C~C edge is pulled out of the pseudo-
spherical surface [4].

XI

In metal-olefin complexes, progressive lengthening
of the C=C double bond with increasing w-back-dona-
tion is well understood, as is the repulsion from the
metal of the two CH, planes in a metallacyclopropane
adduct. In the C, complexes, the two C; groups
formed by one atom linked to the metal and to two
neighbours which are not coplanar, cannot be pushed
further back (i.e. rotated about the axis passing through
the coordinated carbon atom and perpendicular to the
MC, ring). However, each C, plane has an alternative
degree of freedom, a rotation hinged at the axis de-
fined by the two uncoordinated C atoms as schemati-
cally represented in XI. In this way, it is possible to
obtain the experimentally observed structural deforma-
tion.

For the sake of simplicity, we examine the effects of
perturbation alone for the mononuclear complex

Fig. 5. The evolution of the C¢q frontier MOs on elongating one 6: 6 edge through the simultaneous rotation of two C-3 planes connected by the
edge itself (see drawing XI in the text). The orbital diagrams clarify the behaviour of the most affected levels.
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(PH ,;),Pt(1*-Cg,) in which the lengthening of the coor-
dinated C-C bond is more pronougnced than in the
hexanuclear analogue (1.54 vs. 1.49 A) [4c]. The bond-
ing interactions between the metal fragment and the
undeformed Cg;, although complicated by some mixing
due to the lower C,, symmetry, follow the indications
of Fig. 4. Thus electron donation into the high metal o
hybrid involves several filled MOs with 7 character at
the specified 6:6 junction. The 7 back-donation in-
volves two single members from 2T,, and T,, which
intermix and become destabilized. The HOMO is now
a single level, destabilized from the antibonding inter-
action between one 1H, member and the metal d
orbital (four-electron repulsion).

When a deformations are applied to the metal
complex (with the Pt—C distances remaining un-
changed), a well-defined minimum of ca. 0.7 eV is
found for a ca. 15°. For larger angles the energy rises
steeply. The optimized C-C distancs. is somewhat
longer than the experimental (ca. 1.65 A) but the trend
is reassuringly correct. Incidentally, a calculation for
the fulleroid (4-BrC,H ,),C; (a result not further dis-
cussed here) oshows a minimum very close to the value
of ca. 1.84 A for the C-C distance reported in the
experimental structure [16].

The MO basis of the energy minimum are contained
in the Walsh diagram (Fig. 5) for the opening of one
6:6 edge in the free Cq molecule via the two a
rotations. Three MOs, shown in the figure, arise from
the T, 2T,, and 1H, sets. All stabilize because of the
reduced 7* character. In particular, upon decreasing
the energy gap the empty 37* and 27* levels become
better suited for interaction with the metal d,, FMO.
For the converse reason, the filled 17* level becomes
less repulsive towards that metal FMO and also be-
cause their overlap is reduced by the diverging orienta-
tions of the p_ orbitals in 17* (see Fig. 5). In the
complex, the antibonding H,/d, level stabilizes and
eventually loses its original HOMO identity. Upon
deformation, and because of the reorientation of the
sp? hybrids (I), the new HOMO can become a C-C o
level with rapidly increasing energy (see Fig. 5). Evi-
dently, whenever a group is attached to Cg,, the energy
minimum stems from a balance between the optimum
m-type interactions and the destabilization within the
Ce o network. The correct energetics may not be
properly evaluated in all cases by the EHMO method,
but the origin of the affect seems reliably identified.

As seen in Fig. 5, single members of T,; and 2T,
sets are stabilized when the deformation XI is applied
to Cg,. The energy gained by these levels is even larger
if both the antipodal edges are opened up. These
effects on edge stretching also apply to other members
of the T;, and 2T, sets, so it seems reasonable that

deformations of this sort are triggered if there are
electrons in the levels. This may be the case for the
reduced derivatives of Cg, (with up to six electrons)
[19] and for the alkali-doped fullerides [20]. In a similar
manner to the monometallic complex, a well-defined
total energy minimum is calculated for « rotations of
ca. 10° in the Cg monoanion. If this is the case,
anionic fullerenes should be characterized by little cuts
or holes in the pseudo-spherical surface.

Finally, the regioselectivity of coordination of a sec-
ond metal fragment at Cg, has been debated in the
literature [4]. Recent structural evidence [4d] shows
that the preferential disposition of two metal fragments
is at two antipodal 6:6 junctions. Our EHMO calcula-
tions also indicate that such a conformer is slightly
preferred with respect to one in which the two metal
fragments are coordinated at 90° apart. A qualitative
explanation is again provided by the stabilizing trends
of the 7* levels of Cg upon the deformation XI.
Drawing XII shows the =* metal-C, antibonding
level of the complex (PH ;), Pt(n2-C,) which should, in
principle, be the third LUMO (destabilized over the
other two unperturbed 2T,, FMOs of C,). Consistent
with other calculations on (PH,),Pt(%-C,) [20], the
original w* character of the 6: 6 edge furthest from the
metal is barely perturbed so that stabilization of the
level could occur upon deformation of type XI at that
edge. Eventually this can become the actual LUMO,
then available for d,. interaction with a second metal.

The other two unperturbed LUMOs are also sus-
ceptible to similar stabilizations and in principle any
one of the four 6: 6 edges 90° away from the first metal
could be coordinated. Nevertheless, opening of the
trans-metallic 6:6 edge is implicit in the coordination
of the first metal. In fact, the 2T,, FMO of Cg,
involved in XII already receive back-donation from the
first metal coordinated. The metal-C,, bonding part-
ner of XII is populated and gains energy if the =*
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character of the antipodal 6:6 edge can be relieved by
such geometric perturbation.

4. Conclusions and extentions

The highly delocalized distribution of MOs in Cg,
has been analyzed by pictorial representations obtain-
able from EHMO calculations. Symmetry and pertur-
bation theory arguments have been largely used in an
attempt to reveal residual functionalities at the surface
of Cg which in turn promote the coordination of
transition metal fragments. It has been pointed out
that some MOs develop 7-bonding/ antibonding char-
acter at the 6:6 edges but there is also an echo of the
original C, ring 7 system in many MOs. In this re-
spect, the 2T,, (LUMO) and 1H, (HOMO) frontier
levels have been shown to have the nodal properties of
the isolated C rings (for example, the p-type functions
appear in VIII and IX) at some places. The second T,,
LUMO in Cg (X) is also a combination of pure Cs
p-type functions. Accordingly, we have considered the
alternative coordination of a metal above the centre of
one C, ring. Fragments of CpM type or the isolobal
L;M with two degenerate d, orbitals [15] may be
suitable.

A preliminary calculation of the hypothetical adduct
[CpNi(n°-C)]~ (see XIII) indicates the expected sig-
nificant positive interactions between the filled d, or-
bitals of nickel (d'®) and members from the LUMOs of
C¢- However, there are strong four-electron repul-
sions between the same two metal d, orbitals and
members of the 1H, HOMO which also carry p-type
functionality at certain Cs rings (see IX). Because of
the latter, the doubly degenerate HOMO is pushed to
too high an energy for the complex to be stable. In
contrast, the 1H —d_ four-electron repulsions change
to attractive interactions in a complex such as
[CpFe(n°-C¢)l* with four electrons less (the metal is
d® and the two d_ orbitals are empty). The previously
degenerate HOMO is now the LUMO, which is sepa-

rated in turn from the new HOMO by slightly more
than 1 eV. The calculated energy gain for the CpFe*-
Cgo interaction is ca. 2 eV.

However, it can also be argued that w-acceptor
rather than m-donor metals leave too much carboca-
tionic character at Cg, since the original LUMOs re-
main uninvolved and empty. Moreover, the pseudo-
sphericity of the molecule may be perturbed unpre-
dictably, with unknown effects on the energetics of the
complex. Even though the previous arguments may not
be quantitatively reliable for predicting new stable
complexes, they represent a strategy for the future
exploration of the coordination chemistry at C,. Alter-
native regioselectivities or hapticities (n3, n*, n%) are
suggested by the topology of selected MOs (a detailed
examination of the pictorial representations is not re-
ported here) and could all be tested. Even if they are
only metastable, certain adducts could at least be in-
volved in haptotropic rearrangements of a metal and
the spherical molecule.
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Appendix

Calculations of the extended Hiickel type were car-
ried out using a modified version of the Wolfsberg—
Helmholz formula [21]. The atomic parameters used
were Ehose of Alvarez [22]. An single C-C distance of
1.40 A was used in all the calculations, unless stated
otherwise. In the model complexes, the Pt—-C and Pt-P
bonds were fixed at 2.10 and 2.25 1&., respectively.
While this paper was in press two new articles were
published dealing with the theory of the transition
metal complexes of Cg; [23,24].



