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. Introduction

When buckminsterfullerene was discovered in 1985,
Kroto suggested that it could be “the first example
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of a spherical aromatic molecule”. Later, at about the
time when Kratschmer and Huffman reported on the
synthesis of fullerenes in bulk quantities,? he pointed
out the vision that “it could be that we are entering
a new age for just as the pre-Columbian assumption
that the earth was flat made way for a round world-
view, it may be that, post buckminsterfullerene, the
traditional assumption that polyaromatic organic
chemistry is essentially a flat field may also make
for a bright, nonplanar future”.® The question whether
fullerenes have to be considered aromatic or not has
been a debate ever since their discovery. This has to
do with initial lack of knowledge of fullerene proper-
ties, different interpretations of their newly discov-
ered and unprecedented behavior,* ! which is diffi-
cult to compare with that of planar aromatics, and
of course also with the fact that the definition of
aromaticity'?~4 itself is controversial and has changed
many times over the last 175 years.

The fullerenes form a unique class of spherical
molecules containing a conjugated xr system. Each
fullerene represents a closed network of fused hexa-
gons and pentagons. This building principle is a
consequence of the Euler theorem which states that
for the closure of each spherical network of n hexa-
gons, 12 pentagons are required, with the exception
of n = 1. The presence of the pentagons allows for
the introduction of the curvature which requires the
C atoms to be pyramidalized. The smallest stable and
at the same time the most abundant fullerene is the
In-symmetrical buckminsterfullerene Cqo (Figure 1).
The next stable homologue is Cyo (Figure 1), followed
by hlgher fullerenes>—17 like C76, Crs, Cgov Cso, Caga,
etc. In terms of valence bond (VB) theory, there are
12 500 Kekulé structures for Cg, suggesting, at a first
glance, that it might be very aromatic. The structure
of the fullerenes, especially that of the icosahedral
representatives such as Cgp, implies that they should
be considered as three-dimensional analogues of
benzene and other planar aromatics. In contrast to
such classical systems, however, the sp? networks of
the fullerenes have no boundaries which are satu-
rated by hydrogen atoms.’® As a consequence, the
characteristic aromatic substitution reactions retain-
ing the conjugated & system are not possible for
fullerenes. This is just one example for the general
problem to evaluate the aromaticity of fullerenes.
What are suitable aromaticity criteria for fullerenes?
Against which standards should the aromatic proper-
ties of fullerenes be measured? Are there count rules
similar to the Huckel rule for planar monocyclic
aromatics which express the occurrence of aromatic-
ity with respect to the number of x electrons?
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Compared to benzene, being the archetype of a two-
dimensional aromatic molecule,'® the discussion of
aromaticity in fullerenes must take into account the
strain provided by the pyramidalization of the C
atoms.'® The rich exohedral chemistry of fuller-
enes,?20726 which is basically addition to the conju-
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Figure 1. Schematic representation of Cg and Cvo.

gated sz system, is to a large extent driven by the
reduction of strain.'® Analysis of the reactivity and
regiochemistry of addition reactions reveals a behav-
ior reminiscent of electron-deficient olefins. However,
especially the magnetic properties of fullerenes clearly
reflect delocalized character of the conjugated =
system, which, depending on the number of & elec-
trons, can cause the occurrence of diamagnetic or
paramagnetic ring currents within the loops of the
hexagons and pentagons (see section V). Neutral Cg,
for example, containing diatropic hexagons and para-
tropic pentagons was labeled “ambiguously aro-
matic”.'® Whereas in the early fullerene days the
debate about the presence or absence of aromaticity
in fullerenes was controversial, the accumulating
amount of experimental and theoretical research
within the last years provided a much clearer inter-
pretation of this term with respect to this new class
of compounds. It is the aim of this review to sum-
marize the research of fullerene aromaticity. The
evaluation of fullerene aromaticity is based on the
classical aromaticity criteria, namely, structure, en-
ergy, reactivity, and magnetism, which are covered
in this sequence in the following sections. Finally, the
nature of fullerene aromaticity considering count
rules involving the whole z-electron system and the
presence of two-dimensional Huckel-aromatic sub-
structures will be discussed.

[l. Structural Criteria

Icosahedral buckminsterfullerene is the only Cgo
isomer and the smallest possible fullerene that obeys
the ‘isolated pentagon rule’ (IPR).222° The IPR pre-
dicts that those fullerene isomers with all pentagons
isolated by hexagons will be stabilized against struc-
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Table 1. Calculated and Measured Bond Distances in

Ceo [A]
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Table 2. Calculated and Experimental Structure of
Cao

method [5,6]-bonds [6,6]-bonds ref
HF(STO-3G) 1.465 1.376 51
HF(7s3p/4s2p) 1.453 1.369 52
LDF(11s6p) 1.43 1.39 53
HF 1.448 1.370 54
MP2 1.446 1.406 55
NMR 1.45 1.40 56
neutron diffraction 1.444 1.391 57
electron diffraction 1.458 1.401 58
X-ray 1.467 1.355 59

tures with adjacent pentagons. The destabilization
of non-IPR fullerenes is due to an increase of strain
energy caused by enforced bond angles accompanied
with higher pyramidalization of the C atoms. In
addition, it was suggested that the pentalene-type 8
m-electron substructures may lead to resonance de-
stabilization.®%3! The destabilizing effect of abutting
pentagons in fullerenes was investigated quantita-
tively by Fowler and Zerbetto.*? If, in addition to IPR
violating fullerenes, open-shell structures and unfa-
vorable para relationships®! of pentagons are avoided,
the huge number of possible isomers reduces consid-
erably. With these constraints, magic numbers33-38
for stable fullerenes C,, can be predicted, which are
n = 60 (one isomer), 70 (one isomer), 72 (one isomer),
76 (one isomer), 78 (five isomers), etc. Next to Cgo
and Cyo, structural assignment based on *C NMR,
X-ray crystallography, and, in some cases by sup-
porting stability calculations was possible for the IPR
fullerenes D2-C76, CZV-C73, D3-C73, sz'-C78, Dz-Cso, C2-
Cs2, D2g-Cags, D2-Cgs,1739747 and recently also for the
endohedral compound ScsN@Cg*® involving the icosa-
hedral Cg, cage, which is unstable as parent fullerene.
IPR satisfying Dsh-Cyo contains, in addition to the
corannulene-type poles, an equatorial belt consisting
of a cyclic phenylene.

The fact that the bonds located at the junctions of
the hexagons ([6,6]-bonds) are shorter than the bonds
in the pentagonal rings ([5,6]-bonds)*®® is very
important for the analysis of the structure criterion
of the aromaticity of Ceo. The bond-length alternation
has been shown theoretically and experimentally
(Table 1) and implies cyclohexatriene and [5]radi-
alene substructures—a view that is strongly sup-
ported by the regioselectivity of addition reactions
(see section 1V). A related structural trend is observed
for Cyo, especially within its polar caps (Table 2), and
for derivatives of 1,-Cgo*® and D»q-Cgs** investigated
by X-ray crystallography.

The degree of bond-length alternation in Cego,
however, is lower than that of linear polyenes and
reminiscent of those found in aromatic polycyclic
hydrocarbons.*® In higher fullerenes such as C7s and
Cas, the bond-length alternation can be even more
pronounced.**%3 For example, the most reactive [6,6]-
bond in D,4-Cgs has a length of only 1.332 (11) A%
thus being much shorter than a [6,6]-bond within Cg
(~1.38 A). Bond order calculations for Cs, C70, C7s,
the five isomers of Czg, and D,-Cg4 as well as Dyg-Csy
are summarized in ref 64.

To determine the origin of the bond-length alterna-
tion within Cg, the influence of the symmetry and

bond length (A)

experiment theory
bond type a b (dzp/SCF)%°

a 1.462 1.462 1.475
b 1.423 1.414 1.407
c 1.441 1.426 1.415
d 1.432 1.447 1.457
e 1.372 1.378 1.361
f 1.453 1.445 1.446
g 1.381 1.387 1.375
h 1.463 1.453 1.451

a Data were taken from the crystal structure of the complex
(7?-C10)1Ir(CO)CI(PPh3),.51 » Data were taken from the crystal
structure of C70°6(Ss).52

Table 3. Electron Ground-State Configurations of the
Fully (Bold) and Partially Filled & Shells of
Icosahedral Fullerences

12 shell electrons/shell n® HOMO (I, symmetry°)
0 S 2 2 ag?
1 p 6 8 8
2 d 10 18 hyt©
24 t2®
3 f 14 26 9.8
32 t2u69u8
40 g¢®
4 g 18 42 hgt°
50 gethgt®
56 tlU?O or ty,
60 h,'°
5 h 22 62 t1,8to8
66 1,820 or tp,%h,1°
72 t1u6t2u6hu10

a Angular momentum quantum number for a spherical shell
of 7 electrons. ® Number of  electrons for closed-shell ground-
state configurations in icosahedral symmetry. ¢ HOMO sym-
metries for all levels of given I; the superscripted digit shows
the number of electrons for complete occupation of the shell.

occupation of the xr orbitals has been evaluated.?365-67
In a first approximation, the z-electron system of an
icosahedral fullerene like Cy, Cso, Or Cgo can be
described with a spherical electron gas incasing the
o framework in a double skin. The wave functions of
this electron gas are characterized by the angular
momentum quantum numbers | = 0, 1, 2, 3, ..
corresponding to s, p, d, and f & shells. These shells
are analogues of atomic orbitals. The most significant
difference is that the sphere defined by the o frame-
work represents a nodal plane and the electron
density in the center of the sphere approaches zero.
The irreducible representations of the icosahedral
group can be found using group theory by lowering
the symmetry from full rotational symmetry to icosa-
hedral symmetry treated as a perturbation (Table
3)_10,23,49,65,66,68

Considering the Pauli principle, it can be seen that
upon occupation with 2(N + 1)? electrons, all & shells
are completely filled. The shape of the molecular s,
p, d, and g orbitals is still very reminiscent of that of
the corresponding atomic H-like orbitals (Figure 2).
The charged fullerene Cgo'",6769 for example, repre-
sents a closed-shell system with n = 50 x electrons
where all & orbitals up to | = 4 (g shell) are
completely occupied. Since the angular momenta are
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Figure 2. PM3//MNDO-calculated 7 orbitals of C¢y'°". The
position of the Cgo skeleton is the same in all orbital
presentations. The s orbital is also shown in wire mesh
presentation. This makes the nodal plane visible, which is
hidden in the other presentations. (Reprinted with permis-
sion from ref 67. Copyright 2000 Wiley-VCH.)

symmetrically distributed, no distortion from spheri-
cal or icosahedral symmetry is expected in cases
where all states are completely filled. Hence, no
significant bond-length alternation is expected for
Cs0'?*. The B3LYP/6-31G*-calculated lengths of the
[6,6]- and [5,6]-bonds of Cg'* (I, symmetry) are 1.48
and 1.44 A.5769 Therefore, the bond-length alternation
is lower than that of neutral Cg and comparable with
that in Th-symmetrical hexakisadducts’ containing
benzenoid substructures (see section 1V).

What are the consequences of filling the | = 5 (h)
shell on the geometry of Cgo? The complete filling of
the | = 5 state would lead to an accumulation of 72
7 electrons, assuming that all the | = 5 states are
filled, before any | = 6 level is being occupied. In
icosahedral symmetry, the | = 5 states split into the
hy, + ti, + ta, irreducible representations (Table

Biihl and Hirsch

Figure 3. Schematic representation of one of the five
degenerate HOMOs (a) and one of the three degenerate
LUMOs (b) of Cg. Each orbital is represented by a front
and side view. Only the exohedral part of the orbitals
projected to the corresponding C atoms is shown for
clarity.?

3).10.23.49.6566.6871 The |owest energy level is the hy
level, which in neutral Cgo is completely filled with
the 10 available electrons. The resulting h,'° ground
state is nondegenerate (Hund’'s rule) and has the
angular momentum quantum numbers L =0, S =
0, J = 0, and the many-electron h,'° configuration
has Ay symmetry within the point group In. A
comparison of the representations of the sets of o*
orbitals along the [6,6]-bonds with that of the &
electrons shows that when filling the hy shell, the
occupied z orbitals form a set which is completely
equivalent to the set of localized o orbitals along the
[6,6]-bonds.®56 Therefore, the molecular orbitals can
be weakly localized at these sides by a unitary
transformation. This distortion exactly corresponds
to the internal structural degree of freedom that the
Ceso molecule has without breaking the I sym-
metry.®566 | ooking at the symmetries of the hy,
orbitals reveals bonding interactions with the [6,6]-
bonds and antibonding interactions in the [5,6]-bonds
(Figure 3).2272 As a consequence, filling the h, orbitals
causes a shortening of the [6,6]-bonds, which leads
to an increase in bond energy and at the same time
favors longer [5,6]-bonds by reducing antibonding
interactions.”® More pronounced distortions were
calculated for the partially filled systems Cgo?", Ceo**,
Ceo®t, and Ceo®'. Here, even a symmetry lowering was
predicted to Dsq or Csy, respectively.5°

Adding 12 electrons into the t;, and ty, orbitals
would lead to a closed-shell situation again. In
contrast to icosahedral Cgo, however, an anomaly is
observed for Ceo, Since the t;4 orbitals derived from
the | = 6 shell are lower in energy than the t,, orbitals
from the I = 5 shell. As a consequence, the ty4 orbitals
are filled before the t, orbitals. In contrast to the h,
orbitals, the nodes of the t;, and t;4 orbitals are
located at the [6,6]-sites and the bonding interactions
at the [5,6]-sites. As a consequence, filling the t;, and
tiy is expected to favor bond length equalization.
Indeed, calculations™ on K¢Cg showed that the bond
lengths become more equalized with the [6,6]-bonds
being 1.42 A and the [5,6]-bonds 1.45 A. The same
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calculations on Cgo*?>~ (Li12Ceo) predict a further
elongation of the [6,6]-bonds (1.45 A) and already a
shortening of the [5,6]-bonds (1.44 A).” In the crystal
structure of K¢Cgp, the lengths of the [6,6]- and [5,6]-
bonds were found to be 1.445(3) and1.432 (10) A,
respectively.”™

The bond-length alternation in Cg is obviously not
only caused by the nature of the o framework. The
difference in bond lengths between [6,6]- and [5,6]-
bonds is directly connected with the symmetry and
the occupation of its molecular =z orbitals. The
shortening of one of the types of bonds is equivalent
to a partial localization of the s orbitals into localized
bonds. It is the filling of the hy, ti,, and ti4 orbitals
which is responsible for the degree of bond-length
alternation. This is closely related to the situation
in the annulenes where depending on the filling of
the molecular orbitals with either 4N or 4N + 2 &
electrons a distortion from the ideal Dy, takes place
or not. Calculations on the icosahedral homologues
C20 and Cgo revealed the same behavior.6” Only the
closed-shell species C2?" (closed | = 2 shell, n. = 18)
and Cge®* (closed | = 5 shell, n, = 72) exhibit ideal I,
symmetry, whereas symmetry lowering is predicted
to C, for Cy and to Dsq for Ca.

The distortion of neutral Cg caused by the filling
of the h, orbitals and the resulting increase in bond-
length alternation has a direct consequence for the
evaluation of the VB structures. The shorter [6,6]-
bonds have more double-bond character than the
longer [5,6]-bonds.” Hence, the VB structure depicted
in Figure 1 consisting of [6,6]-double bonds and a
[5,6]-single bond represents a good description of the
electronic and chemical properties (see section 1V) of
neutral Cg. Moreover, a clear distinction between the
archetypal aromatic benzene can be drawn.”® In
benzene, the fully symmetric charge density requires
a VB description where at least two Dsn-symmetric
VB structures are mixed leading to the equivalence
of all six bonds. The VB structure of Cg, however
(Figure 1), already exhibits the full I, symmetry of
the carbon framework. This VB structure is the only
one of the 12 500 to satisfy the symmetry criterion.
There are 20 Cgo isomers that surpass the count of
12 500 Kekulé structures, although they are less
stable (non-1PR isomers).”® Some mixing in of other
VB structures in I, Cg certainly improves the energy
but in contrast to benzene is not forced by symmetry.
The principal Kekulé structure depicted in Figure 1
is at the same time the most important VB structure
according to the Fries rule.””® The Fries rule is an
empirical rule which states that the Kekulé struc-
tures with the largest number of Kekulé benzene
rings are dominant. On the basis of the aromaticity
criterion of the maximum number of equivalent
resonance structures, Cgo, Where VB structures con-
taining double bonds in pentagons are unimportant,
has to be considered to be not very aromatic. Reso-
nant VB structures have also been considered to
explain electronic properties such as hyperpolariz-
abilities 5 of push—pull fullerene derivatives.” It was
found that two types of resonant structures in terms
of single—double bond alternation are of importance.
The first resonant structure starts and finishes with
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D &

ortho meta para

(IPR
forbidden)

Figure 4. Ortho-, meta -and para-relationships of penta-
gons within fullerenes.

Figure 5. HOMA values® for the pentagons and hexagons
in Cgo (electron diffraction structure in the gas phase) and
C70°6Ss.

[6,6]-double bonds and contributes positively to j; the
second starts and finsihes with [5,6]-single bonds and
contributes negatively. The ratio of their contribution
is roughly 2:1.7 To represent Co properly, in contrast
to Ceo, two VB structures are required. Therefore, in
a first approximation Cy, can be represented by two
corannulene caps connected by an equatorial belt
consisting of five benzene-like rings. These benzene-
like rings form a cyclic phenylene (Figure 1).8

The minimization of double bonds in five-mem-
bered rings is considered to be a general principle
that governs the preferred formation of fullerene
isomers containing the highest number of Kekulé
benzene rings.3! If the pentagons are located in a
meta relationship, an “ideal” bond distribution is
provided (Figure 4). In contrast, a para relationship
does not allow for the formation of Kekulé benzene
rings. The latter arrangement is found throughout
icosahedral Cgo.3!

Application of the structural aromaticity index
HOMA (harmonic oscillator model of aromaticity),
which employs experimental bond lengths and de-
scribes the degree of alternation of bond lengths in
guestion as well as their deviations from the optimal
lengths attributed to the typical aromatic state, leads
to the conclusion that the pentagons in fullerenes and
their derivatives exhibit very weak aromatic or
antiaromatic character, with HOMA values ranging
from —0.26 to 0.25.%48! In contrast, the hexagons
exhibit a much larger variation in aromatic charac-
ter, with values ranging from 0.1 (Cgo™) t0 0.76 in Cyo-
6Ss. For the systems under consideration, the pen-
tagons were found to be less aromatic than the
hexagons, except for the case of Cgo~. On the basis of
this criterion, Cg was found to be less aromatic than
C;o (Figure 5). The results are in good agreement
with magnetic susceptibility studies.
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Table 4. Resonances Engergies (RE) for Ce and Benzene'?

Biihl and Hirsch

scheme of resonance RE/e RE/e benzene
energy calculation Cso RE uncorrected uncorrected? RE RE/e
HRE, 38283 33.16 0.553 0.365 2 0.333
HSRE, 8 1.87 0.031 0.027 0.39 0.065
CCMRE, eV89—-91 7.20 0.120 0.101 0.841 0.140
LM, eVv® 11.18 0.186 0.157 0.821 0.137
AS, % 1.96 0.033 0.029 0.44 0.073
TRE, (585788 1.643 0.027 0.024 0.276 0.046

a According to 3D-HMO model, p = 0.879;% the correction for nonplanarity in CCMRE and LN calculations is 0.84. ® Herdon’s

parameters: R; = 0.841 eV, R, = 0.336 eV, Q; = —0.65 eV.

In conclusion, the evaluation of the structural
criteria of aromaticity shows that Cgo exhibits a
pronounced bond-length alternation between [6,6]-
and [5,6]-bonds. This is a consequence of the incom-
plete filling of the | = 5 shell. Charged Cgo systems
with completely filled shells, especially Cgo't, are
much more aromatic and exhibit a less pronounced
bond-length alternation. The same holds true for the
icosahedral fullerenes C,, and Cgo. The applications
of structural aromaticity indices reveal ambiguous
aromatic character, namely, aromatic hexagons and
antiaromatic pentagons within neutral Cg. The
geometry of the polar caps of C;o are comparable to
Ceo- The geometry of the cyclic phenylene-type belt
with Cy suggests a much more pronounced aromatic
character of this substructure. Also, here, the pen-
tagons are less aromatic than the hexagons. Bond-
length alternation between [6,6]- and [5,6]-bonds is
also a typical phenomenon of the isolated higher
fullerenes.

lIl. Energetic Criteria

The aromatic stabilization of a molecule is the
energy contribution which is due to the cyclic bond
delocalization. This contribution is defined as the
resonance energy (RE).*? Several schemes for calcu-
lating resonance energies, such as Huckel resonance
energies,?28 Hess—Schaad resonance energies,? to-
pological resonance energies,®>8 conjugated circuits
model resonance energies (CCMRE),?°! the aro-
matic stabilization index (AS),% and the logarithmic
model (LM),® have been applied to fullerenes (Table

4).

The problem in determining resonance energies is
to single out the contribution from the cyclic bond
delocalization from the total energy of the molecule.
In other words, model reference structures have to
be defined whose energy would differ from that of the
molecule under consideration precisely by the com-
ponent corresponding to the delocalization in ques-
tion.*? Further approaches to evaluate the amount
of aromatic stabilization in Cgo were based on isodes-
mic calculations’ and on estimations of the heat of
hydrogenation.®7®

1. MO Resonance Energies of Fullerenes

The results of a simple Huckel calculation of Cgg
are represented Table 4 and Figure 6. The lowest
eigenvalue is equal to —3. This is characteristic for
regular graphs, for which the lowest eigenvalue is
equal in magnitude to the valency of their vertexes.

[Nt
o
N

tog _ —T—

2.000

1.618

1.438
1.303

0.382
0.139

-0.618

n 4+
R S L

% + 4+ + -1.562
N tou + H# 4+ -1.820
v AR 2w
t + + + 2.757
34 4 + -3.000

Figure 6. Huckel energy levels in units of the parameter
p of buckminsterfullerene.

The Huckel w-electron energy E, (HMO) is equal to
twice the sum of the occupied orbital energy levels,
that is 93.168p. A simple type of HRE for Cg is given
by eq 1%

HRE(Cg,) = E, (HMO) — 2n._. = 33.175 (1)

where nc—c is the number of C—C double bonds in
the molecule. The HRE per & electron (HRE/e) is
equal to 0.554. This value is higher than the corre-
sponding value for benzene (0.334). However, these
values cannot be compared directly since Cgo is
nonplanar.

To extend the notions of z-electron delocalization
to nonplanar systems, concepts of the s orbital and
o—m separability had to be defined for the three-
dimensional case. Such a scheme, the so-called
m-orbital axis vector (POAV), was introduced by
Haddon.'892-97 The POAV analysis extends o—x
separability into three dimensions with the use of the
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orbital orthogonality which is the basis of standard
hybridization theory. The POAV2 analysis defines a
m orbital to be the hybrid orbital that is locally
orthogonal to the ¢ orbitals. The POAV1 analysis is
a particular case of it when the o—o bond angles are
equal. It allows the fractional hybridization (m/m
+1) of the atomic s orbitals (s™p) obtained from the
orthogonality relations to be defined. The C atoms
of fullerenes are further characterized by their
pyramidalization angle (0,. —90), where 0, is the
common angle made by the z-orbital axis vector and
the three o bonds. For Cg, an average o-bond
hybridization and a fractional s character of 0.085
was found. As a consequence, the s orbitals extend
further beyond the outer surface than into the
interior of Cgp. The POAYV also explains why Cg is a
fairly electronegative molecule, since due to the
rehybridization, low-lying z#* orbitals also exhibit
considerable s character. Associated with the non-
planarity of fullerenes is the introduction of strain
energy. The strain energy in fullerenes was also
estimated based on the POAV analysis. The strain
in Cgp, for example, was deduced to be about 8 kcal/
mol per C atom.'® Calculations of total energies of
Ceo and higher fullerenes have been performed using
various levels of empirical, semiempirical, and ab
initio theory. The heats of formation of Cg and Cy
have been determined experimentally by calorimetry
to be 10.16 kcal/mol per C atom for Cgo and 9.65 kcal/
mol per C atom for C,.8% Upon increasing the cluster
to giant fullerenes, the RE approaches the value for
graphite.®-191 Since fullerenes are among the most
strained organic molecules,8 it is obvious that the
magnitude of aromatic stabilization or antiaromatic
destabilization (energetic criterion of aromaticity)
caused by the conjugated m-electron system repre-
sents an even smaller contribution to the overall
energy than in strain-free systems. Therefore, com-
pared to planar aromatics, it is even more important
for the classification of the degree of aromaticity to
single out the stabilization (destablilization) caused
by the cyclic or spherical bond delocalization. The
POAYV scheme was used to extend the HMO theory
to fullerenes.®>19? The corresponding resonance ener-
gies per m electron are comparable to the values for
benzene (Table 4). However, it has to be considered
that the HRE is used to evaluate the energy of the
electron delocalization rather than the cyclic bond
delocalization,'? and therefore, the HRE scheme is,
in principle, inadequate to evaluate the degree of
aromaticity.

If other models of aromaticity are taken, which are
also based on Huckel x energies but use more
elaborate reference structures, opposite results were
obtained, with benzene being more aromatic than Ce.
The Hess—Schaad scheme,®* in which the reference
structure is given in terms of six independent pa-
rameters, gives a HSRE/e which is about one-half
that of benzene (Table 4). A scheme developed by the
Zagreb group affords values comparable to those
obtained with the Hess—Schaad model.®*

2. Topological Resonance Energies of Fullerenes

The topological resonance energy (TRE)®788 is
considered to be a useful measure of aromatic stabil-
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ity.*? It is defined as
TRE = E g:(x; — x;* (2)
I 1 1 1

where g; is the number of iz electrons populating each
bonding energy level of a molecule, the xj's are
solutions of the Huckel determinant corresponding
to the energy levels represented in Figure 5, and x;®'s
are the solutions of the matching polynomal. Like the
HSRE, the TRE represent the sole contributions
arising from cyclic bond delocalizations. The TRE/e
value for Cgp is about 0.6 that of benzene (Table 4).
Also, these results confirm that uncharged Cgo is
inferior to benzene in aromatic stability and that it
cannot be considered a superaromatic system. Cgo has
a lower % TRE than the unstable hexacene and
heptacene.®®> The % TRE is an aromatic stabilization
energy normalized to the total z-binding energy of
the polyene reference, which is roughly proportional
to the size of the z-electron system. As a consequence,
it was found that larger fullerenes have a higher %
TRE and that positively charged fullerenes exhibit
considerably smaller % TREs than anionic systems.8
The % TREs were correlated with the amount of
aromaticity of the fullerene under consideration.
However, this interpretation is not in line with other
criteria like structures (section IlI) and magnetic
properties (section V), according to which, for ex-
ample, Cgo'®t was found to be much more aromatic
than Cg. Further examples are C;°~ and higher
neutral fullerenes, which experimentally have been
found to be less aromatic than C;,. TRES were also
determined for some fullerene derivatives.®

3. VB Model of Ceo

Kekulé structures were used to calculate the
resonance energy of Cg with a VB model, namely,
the conjugated-circuit model (CCM).89~°1 The concept
of conjugated circuits is based on a graph-theoretical
analysis of Kekulé structures. Conjugated circuits
contain a regular alternation of C—C single and
double bonds. The conjugated circuits were used to
determine resonance energies according to

CCMRE = ¥ (r,R, — 6,Q,)/K ®

with K being the Kekulé-structure count, R, and Qn
oppositely signed parameters corresponding to 4N +
2 and 4N conjugated circuits, and r, and g, the total
counts of R, and Q,, circuits. The parameters R, and
Qn are a measure for the aromatic and antiaromatic
destabilization, respectively. In this way, the reso-
nance energy for Cg, was calculated to be CCMRE =
7.20 eV or CCMRE/60 = 0.12 eV (Table 4). The CCM
also predicts benzene (CCMRE/6 = 0.14 eV) to be
more aromatic than Cego.

4. |sodesmic Equations

A related quantity obtained from ab initio calcula-
tions is the bond separation energy, which was
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defined for Cg by eq 476
Cgo+ 120CH,— 30C,H, + 60C,H;  (4)

This is an isodesmic equation (i.e., it preserves the
number of formal single and double bonds between
heavy atoms). The cost of separating the bonds was
predicted to be 0.855E (2245 kJ/mol). Bond for bond,
it is significantly easier to cleave the Cgo framework
than an aromatic model would suggest. The separa-
tion of 90 benzenoid bonds would cost twice as much
energy.

5. Heat of Hydrogenation

The heat of hydrogenation of Cg has not been
measured yet, since the completely hydrogenated
fullerene CgoHeo is synthetically not available. Theo-
retical estimates based on the reaction Cg + 30H;
— CgoHeo indicated a stablilization per double bond
in Cgo about one-half that in benzene.”® The heat of
hydrogenation of the reaction Cg + H; — CgoH>
leading to the most stable 1,2-isomer was semi-
empirically calculated to be 36 kcal/mol.1% Quite
apart from the effect of strain relief, the interpreta-
tion of these results is not straightforward because
eclipsing interactions between the two H atoms have
to be taken into account. Similar calculations with
comparable results were carried out for C;(.104105

6. Summary

Evaluation of the energy criterium does not reveal
any superior aromaticity of Cgo. Aromaticity is not
an important factor determining the remarkable
stability of Cgo. The stability of Cg is mainly governed
by kinetic factors and by the fact that no substitution
reactions are possible without cage rupture (see
section 1V). The fact that buckminsterfullerene is the
most stable Cgo isomer is mainly due to strain
arguments, since it is the only IPR isomer. However,
the RE stabilizations by means of several schemes
are also the highest among a number of other
isomers.26:35.1% |n conclusion, based on the energetic
criteria of aromaticity, such as resonance energies,
isodesmic equations, and heats of formation, it can
be stated that Cgo clearly exhibits an aromatic
stability which is significantly inferior to that of
benzene. Upon increasing the cluster size to giant
fullerenes, the resonance energies approach the value
for graphite.

IV. Reactivity Criteria

1. Reactivity Indices

The HOMO—-LUMO gap, a qualitative reactivity
index,°” was obtained from Huckel calculations of
C0.1%% The HOMO—-LUMO gap of Cg (0.757p) is
much smaller than that of benzene (HOMO—-LUMO
= 2f). A related index is the absolute chemical

hardness 7,111 which is defined by the expres-
Si0n112'113

n = (HOMO — LUMO)/2 (5)

Since # is defined in terms of frontier orbitals, the
absolute hardness is considered to be a good reactiv-
ity criterion. The harder a molecule (large » value),
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the more unreactive it is. The values of hardness for
Cso and benzene are 0.378 (—f3) and 1.000 (—pf),
respectively. Hence, both molecules can be considered
to be hard, with benzene being much less reactive
than Cgo. Related to absolute chemical hardness 7 is
the T value.l’116 This general index for kinetic
stability was determined for a whole series of
fullerenes.''” As another reactivity index, bond reso-
nance energies (BRE) were defined as the contribu-
tion of a given z bond in fullerenes to the TRE.11®

These evaluations suggest that Cs and related
fullerenes should be more reactive than benzene.
However, it is difficult to directly compare the reac-
tivities of these typical representatives of two- and
three-dimensional aromatics. In contrast to benzene
and other planar aromatics, the & systems of the
fullerenes have no boundaries.® In other words, the
fullerenes contain no hydrogens that can be replaced
via substitution reactions. As a consequence, a chemi-
cal transformation of fullerenes is always accompa-
nied with a change of the structure, whereas reten-
tion of the structural type is characteristic for reactions
of benzene-like aromatics. Two main types of primary
chemical transformations are possible: addition re-
actions and redox reactions.

2. Principles of Fullerene Reactivity

The chemistry of Cgp and that of a series of higher
fullerenes has been intensively investigated in the
last 10 years. Various areas of fullerene chemistry
as well as principles of fullerene reactivity were
summarized in a variety of reviews.* 1120726 Here we
will focus on those chemical properties which are
relevant to aromaticity.

A. Retention of the Structural Type

Since any exohedral modification of a fullerene is
necessarily accompanied with an addition reaction
to the carbon framework, the criterion of retention
of the structural type can only be considered with
respect to (a) reversibility of addition reactions, (b)
rearrangements of the addends on the surface, and
(c) preferred formation of addition patterns involving
the highest possible degree of structural retention.
Due to release of strain energy, addition reactions
leading to sp® C atoms within the fullerene frame-
work are thermodynamically favorable. It was esti-
mated that the advantage of the complexation of a
transition-metal fragment to a [6,6]-double bond for
the pyramidalization of the two C atoms is about 26
kcal/mol.*® Similarly, the difference between the
MNDO heats of formations of Cso and the most stable
isomer of CgH, (1,2-adduct) is 35.6 kcal/mol.1%3
Hence, Cs and higher fullerenes exhibit a pro-
nounced tendency to undergo addition reactions.
However, a variety of additions to Cg are reversible.
For example, the [4+2]-cycloadditions of Cgo with
anthracenes or cyclopentadiene are reversible, in
some cases already at room temperature.*1°-124 Also,
azides bind reversibly and, as a consequence, can be
used as protecting groups for [6,6]-double bonds of
the fullerene core.’® Hydrogenated fullerenes such
as CgoHig or CgHszs can easily be converted into
parent Cg by the action of 2,3-dichloro-5,6-dicy-
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Figure 7. Lowest energy VB structures, PM3-calculated lengths of [5,6]-double bonds, HOMO coefficients, and HOMO

energies of different dihydro[60]fullerenes?:.

anobenzoquinone (DDQ) in refluxing toluene.'?® An-
other reversible reaction of preparative importance
is the retro-Bingel reaction, where malonate addends
can selectively be removed in high yields.*?7712° This
retro-reaction is promoted by exhaustive electrolytic
reduction at constant potential. The Bingel—retro-
Bingel strategy was used, e.g., for the preparation of
pure constitutional isomers of higher fullerenes, such
as C,,-C7s'% and a new Cg, isomer®! as well as of
enantiomerically pure chiral higher fullerenes such
as 'C-Cs and fA-C;'?® and 'C-Cgy and fA-Cgs.13t
Further protocols for reversible addition reactions to
fullerenes are the removal of cyclohexene rings fused
to the carbon cage by Diels—Alder addition with buta-
1,3-dienes'®2132 and the fusion of isoxazoline rings to
the fullerene by dipolar cycloaddition with nitrile
oxides and removal of the addend with Mo(CO)g or
diisobutylaluminum hydride (DIBAL-H).3*
Rearrangements of addends can easily be deter-
mined if they are accompanied by a change of the
addition pattern.13%136 Rearrangements within mul-
tiple cycloaddition adducts leading to different re-
giosiomers were observed, for example, upon heating
of bismalonates!®” or upon two-electron controlled
potential electrolysis (CPE) of bis- and trisma-
lonates.'38 Very remarkable rearrangements are the
thermolytical conversions of fulleropyrazolines or
fullerotrizolines leading to cluster-opened [5,6]-
bridged methano- or imino[60]fullerenes 1 accompa-

Chart 1

1: X=NR, CRR'

nied by the extrusion of N,.13971% In these adducts
the entire 60 s-electron system remains intact. The
presence of a structurally largely retained fullerene
chromophore within adducts 1 (Chart 1) was dem-
onstrated, for example, by electronic absorption
spectroscopy (see also the magnetic properties in
section V.1).189-154

The regiochemistry of addition to Cgo and similarly
to higher fullerenes is driven by the maintenance of
the orbital symmetry, characterized by bonding =«
interactions within the [6,6]-bonds and antibonding
7 interactions within the [5,6]-bonds.?® In other
words, those fullerene adducts are preferably formed
in which the number of [5,6]-double bonds within the
predominant VB structure is minimized. This behav-
ior is in line with the Fries rule (see section I1), which
claims the maximum amount of Kekulé benzene
units for the predominant VB structure of a polycyclic
aromatic system. The introduction of one [5,6]-double
bond costs about 8.5 kcal/mol.2®* Adducts formed
regioselectively by one or several successive 1,2-
additions to [6,6]-double bonds have MO structures
which are closely correlated with that of Cg.>® The
lowest energy VB structures of these adducts contain
only [6,6]-double bonds. 1,2-Additions take place at
[6,6]-double bonds. 1,4-Additions (introduction of one
unfavorable [5,6]-double bond) or 1,6-addition to
position 1 and 16 (introduction of two [5,6]-double
bonds) take place only with sterically demanding
addends.?® The introduction of double bonds within
five-membered rings depicted in the corresponding
VB structure is caused by strong bonding interactions
at these sites (Figure 7). As a consequence, the
corresponding [5,6]-bonds are becoming considerably
shorter than ‘normal’ ones.

All these observations indicate that there is a
certain but hardly quantifiable propensity of Cgo to
preserve its structural type and therefore a certain
degree of aromaticity. The same is true to some
extent for C-0.15 Additions preferably take place at
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Figure 8. Relative positional relationships in a 1,2-adduct

of Ceo.
Q‘&

Figure 9. Charge distribution (A) (Mulliken charges) and
spin distribution (B) in the intermediates t-BuCg,~ and
t-BUC60.23

Figure 10. Two different views of the schematic repre-
sentation of a hexakisadduct of Cgo with a T, symmerical
addition pattern.

the Cqo-like [6,6]-double bonds between C1 and C2
or C5 and C7 at the poles. Only recently, the first
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example for an addition to the [5,6]-bond of C
located between C7 and C8 was discovered.®° In this
case, the [5,6]-bond did not open. An attack to
positions 7 and 8 is probably possible due to the fact
that this [5,6]-bond has considerable double-bond
character (Figure 1).

B. Chemical Indication of Cyclic Electron Delocalization
within Cgo:Cis-1 Reactivity

Analysis of subsequent addition reactions to [6,6]-
bonds of Cg revealed that sterically demanding
addends preferably bind at e positions, whereas
sterically nondemanding addends prefer cis-1 posi-
tions followed by e positions (Figure 8).231% The e
regioselectivity’®135137.155 gnd to some extent the cis-1
selectivity!®® can be explained with the coefficients
of frontier orbitals. Due to the complete orthogonality
of the three LUMOSs and a pronounced orthogonality
of the five HOMOs, the energetically favorable fron-
tier orbitals of monoadducts exhibit high coefficients
in e and cis-1 positions.?® However, this aspect alone
cannot explain the very pronounced cis-1 selectivity
for additions of sterically nondemanding addends.
The fact that the cis-1 bonds in a [6,6]-monoadduct
of Ceo are shorter than the e bonds,®® although the
coefficients in the HOMO are comparable, is due to
the disruption of cyclic bond delocalization within the
six-membered rings involving the cis-1 bonds. Hence,
the cis-1 bonds are more reactive than those of intact
Kekulé rings within the carbon cage.

C. Charge and Spin Localization in Monoadducts with
Nucleophiles and Radicals

The charge or spin density of primary adducts
RCeo~ or RCg° formed by nucleophilic or radical
additions is highest at position 2 and followed by 4
(11) for nucleophilic additions and at position 2
followed by 4 (11) and 6 (9) for radical additions
(Figure 9).23156-158 Thjs is also a result of avoiding

Figure 11. Single-crystal X-ray analysis of T symmetrical Cg(COOELt);, (2) and cyclophane substructure of the remaining
ar system, consisting of eight benzenoid rings. (Reprinted with permission from ref 70. Copyright 1995 Wiley-VCH.)
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Scheme 1. Successive Additions of Sterically Demanding Radicals to Cg?3

formal [5,6]-double bonds. The fact that trapping of
such intermediates with electrophiles or radicals
occurs preferably at C2 demonstrates again that a
pronounced charge or spin delocalization can be ruled
out. From this point of view, an electrophilic attack
or a radical recombination process at the position 2
is also favored, neglecting eclipsing interactions.

D. Fullerene Adducts Containing Two-Dimensional
Aromatic Substructures

Successive 6-fold additions of transition-metal frage-
ments,*>° malonates,?*125137.160-166 dijenes, 167 or azome-
thine ylids®® were used to synthesize Tp-symmetrical
hexakisadducts whose general structure is repre-
sented in Figure 10. The inherent aesthetically
pleasing structural motif is unique in organic chem-
istry. A remarkable aspect of this arrangement is the
establishment of a supercyclophane substructure
within the remaining conjugated & systems (Figure
11). It constists of eight benzenoid rings placed at the
vertexes of a cube.

Recently, a variety of methods including template
and tether techniques?32427.160 have been developed
to make such hexakisadducts available in decagram
quantities. Significantly, not only one but different
types of addends can be introduced systematically.
The driving force for the very regioselective formation
of such hexakisadducts is not only the orbital sym-
metry controlled preference of e additions (Kinetic
control), but also the thermodynamic stability of this
addition pattern itself.?31%° For example, hexakis-
adduct Cgs(COOEL) 2 (2) is stabilized by at least 5
kcal/mol compared to all of the other 43 regioisomeric
hexakisadducts that can be formed from successive
addition of diethyl malonate to e,e,e Cs3(COOETt)s (3)
without introducing unfavorable cis-1 additions.’3” As
confirmed by X-ray single-crystal analysis,”® the
aromatic character of the remaining 7 system is
enhanced compared to parent Cgo, as deduced, for
example, from the less pronounced alternation of
[6,6]- and [5,6]-bond lengths (Figure 11). Relative to
solutions of Cgo (purple), the light yellow solution of
adducts such as 2 exhibit only weak absorptions in

the visible region.’®® During the 6-fold addition of
azomethine ylids next to the corresponding Ty, sym-
metrical hexakisadduct 4 (Chart 2), another isomer
with a Dz-symmetrical addition pattern was formed.68
This hexakis adduct also contains eight planar
aromatic substructures, namely, four naphthalenoid
and two benzenoid rings.

Upon reaction of Cgy with a given excess of free
radicals,6%17 amines,*’* iodine chloride,’’? or bro-
mine,'”® and specific organocopper’* and organo-
lithium reagents,’® the formation of 1,4,11,14,15,30-
hexahydro[60]fullerenes is the predominant if not
almost exclusive process. In these hexa- or penta-
adducts of Cg, the addends are bound in five suc-
cessive 1,4-positions and one 1,2-position. The cor-
responding corannulene substructure of the fullerene
core contains an integral cyclopentadiene moiety
whose two [5,6]-double bonds are decoupled from the
remaining conjugated s-electron system of the Cgo
core (Figure 12)

Mechanistic investigations of the corresponding
reaction sequence'®®170 revealed the presence of an
intermediate 9 containing an aromatic cyclopenta-
dienyl radical as a characteristic substructure (Scheme
1). The formation of species 7 and 9 from Cgo proceeds
by initial addition of one radical leading to the

Chart 2
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Figure 12. Schematic representation of the VB structure
of a 1,4,11,14,15,30-hexahydro[60]fullerene.

monoadduct 5. The unpaired spin in this radical is
mostly localized on carbon 2, and, to a lesser extent,
on carbons 4, 11, 6, and 9 (Figure 9). This electronic
localization as well as the steric requirement of the
benzyl group will direct a second attack accompanied
with a radical recombination to position 4 or 11. A
third attack to the diamagnetic 6 can occur anywhere
on the fullerene surface. However, upon formation
of 7, the unfavorable [5,6]-double bond in 6 disap-
pears and a resonance-stabilized allyl radical is
formed. Significantly, the formation of the intermedi-
ate is also an orbital-controlled process, since high
HOMO coefficients are located in the y positions
whose attack leads to adducts such as 7 and 8,
respectively.

A stable representative 10 of an intermediate 8 was
obtained upon reaction of Cg with potassium fluo-
renide in the presence of neutral fluorene without

Chart 3
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rigorous exclusion of air in 40% yield (Chart 3).17®
Treatment of 10 and with 1-octynyllithium and
subsequent quenching with acid afforded the hexaad-
duct 11 involving a cyclopentadiene moiety. The
reaction intermediate is the cyclopentadienide 12.174

A pentahaptofullerene metal complex 13 was ob-
tained upon reaction of the hexaadduct 14 with
TIOEt demonstrating the acidity of the cyclopenta-
diene (Chart 4).1™* A single-crystal investigation

Chart 4

confirmed the cyclopentadienide character of the
complexed five-membered ring. The synthesis of a
m-indenyl-type fullerene ligand and its metal com-
plexes was recently accomplished by quantitaive
trisarylation of C.,0.'® These investigations also
demonstrate the double-bond character of the C7—
C8 [5,6]-bond within Cso (Figure 1).

A heterocyclopentadiene addition pattern was ob-
tained by reaction of heterofullerene monoadducts
such as 15 with ICLY7 In this case, a pyrrole
substructure within the adduct 16 is decoupled from
the remaining 50 s-electron system (Chart 5).

Chart 5

Ph
15

The cis-1 selectivity of subsequent additions of
sterically nondemanding addends caused inter alia
by bond localization of [6,6]-double bonds within the
six-membered ring containing the first addend(s) was
also observed during hydrogenation®178-180 and
fluorination'81-184 sequences. A few structurally char-
acterized polyhydro- and polyfluorofullerenes such as
Cav-CeoH 18,178 D3g-CeoHa6, 8 Cay-CeoF18 and Cazy-CooF 36
(both T and C; isomers), and D3;—CgF4s are
known 181182184 The high stability especially of the
fluorinated representatives was attributed to the
presence of benzenoid rings, involving pronounced
bond delocalization. Recently, the X-ray crystal struc-
ture of CeoF1s (17, Chart 6) was reported.'8t One
hexagonal face at the center of the fluorinated crown
within the fullerene cage is flat. The corresponding
central hexagon has equal bond lengths, indicating
a pronounced Huckel aromatic character. The lower
hemisphere of CgoF15 does not show any significant
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17

change of bond lengths compared to parent Cg. The
experimental results were reproduced by quantum-
chemistry calculations.18!

3. Summary

In general, the chemistry of higher fullerenes is
very similar to that of Cgo.15"%" This is particularly
true for highly pyramidalized regions, like the pole
caps of C;o. Here the g bonds (Figure 1) are the most
reactive ones. The pyramidalization of the g bonds
within C;q as well as the bond lengths are almost the
same as that of the [6,6]-bonds within Cg (Tables 1
and 2). The equatorial belt of C7, consisting of the a,
b, and ¢ bonds is much less reactive.

In conclusion, the lack of substitution reactions,
which are characteristic of planar aromatics, cannot
be taken as a reactivity criterion of fullerenes, since
they contain no hydrogen atoms that could be sub-
stituted. Therefore, only addition reactions can take
place as primary steps on the fullerene surface. The
reversibility of several addition reactions could be an
indication of the propensity of the retention of the
structural type which is considered to be a reactivity
criterion of aromaticity. The regioselectivity of two-
step additions, such as addition of a nucleophile
followed by the trapping of the fullerenide intermedi-
ate with an electrophile, on the other hand, shows
that the negative charge is not delocalized over the
whole fullerenide. This speaks against a pronounced
aromatic character. Also, other reactions, such as the
additions of transition-metal fragments, are remi-
niscent of olefins rather than of aromatics. In many
cases an important driving force for the regioselec-
tivity of multiple addition reactions is the formation
of substructures that are more aromatic than the
substructures of the parent fullerene.

V. Magnetic Criteria

Cyclic delocalization of & electrons is at the heart
of aromaticity. Besides the structural and energetic
aspects discussed so far, this delocalization has direct
consequences on the magnetic properties and is
reflected in characteristic changes of the diamagnetic
susceptibility and NMR chemical shifts. Both effects
can be rationalized in terms of electric currents
induced by the external field, which extend over
closed cycles comprising several atoms within the
molecule. Ring-current®®> effects have long been
recognized as important indicators for aromaticity of
mono- and polycyclic compounds.186:187
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Even before the advent of NMR spectroscopy, their
magnetic properties made benzene and its derivatives
special because their diamagnetic susceptibilities
were found to be larger than expected from the data
for other unsaturated compounds. For more quanti-
tative purposes, a refined increment system has been
established for the estimation of the molar suscep-
tibilities ym of unsaturated hydrocarbons. A notice-
able excess of the actual, measured value yyu of a
given compound, compared to this estimate, has been
taken as a measure of the aromatic character of this
compound.®8 This so-called diamagnetic susceptibil-
ity exaltation A has proven to be a valuable diag-
nostic for aromaticity and antiaromaticity, as indi-
cated by A > 0and A < 0, respectively. A disadvant-
age of this approach, however, is that it cannot be
easily generalized to heterosubstituted derivatives
because in many cases the derivation of the necessary
increment system is not straightforward or not pos-
sible at all due to the lack of suitable acyclic reference
compounds.

The enhancement of the diamagnetic susceptibility
caused by a ring current is not an isotropic effect but
occurs only when the plane of the ring is oriented
perpendicular to the external magnetic field. Conse-
guently, the presence or absence of a pronounced
anisotropy Ay can, in principle, be taken as evidence
for or against a ring current and can thus be
employed as an aromaticity probe. The need to
correct for local anisotropy effects of single and
multiple bonds, however, and limitations in the
experimental determination of Ay have impeded
widespread applications of this property. Moreover,
for spherical molecules such as fullerenes, this cri-
terion cannot be sensibly applied at all.

Another indirect effect of a ring current is that the
magnetic field it creates modulates the field applied
externally and thus causes characteristic changes of
the NMR chemical shifts of nearby nuclei. The
characteristic deshielding of protons attached to the
outside of an aromatic ring or the shielding of protons
pointing to the inside (both relative to olefinic *H
resonances) are textbook examples of such ring-
current effects, as is the shielding of nuclei placed
above the ring plane. The interpretation of proton
NMR spectra in terms of ring-current effects has been
described in detail.*®® As with y and Ay, chemical
shifts 0 depend on other local factors besides ring
currents and it is difficult to deduce, from the raw 6
values, ring-current strengths which could be used
to quantify the degree of aromaticity. Since ring-
current-induced chemical shifts are on the order of
a few parts per million and have the same magnitude
irrespective of the nucleus, ring-current effects on
nuclei other than H (or nuclei with simarly small
chemical-shift ranges such as SLi'%) are usually
obscured altogether by such local factors.

Even though originally conceived by theoreticians,
the ring-current concept has not been uncontested
in the theoretical community. It has been pointed out
that “ring currents themselves are not physically
observable” and that “the fact that predictions of ring-
current theory may compare favorably with experi-
ment is no proof that ring currents exist”.18 With the
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advent of reliable quantum-chemical methods for the
computation of magnetic susceptibilities and chemi-
cal shifts, additional evidence in favor of the ring-
current model has been accumulated. In particular,
the special magnetic properties of benzene can be
traced back to contributions from the s-electron
system and are fully consistent with a near-free
circular current.*®* On a more pictorial level, induced
current densities have been computed and plotted for
several mono- and polycyclic aromatic systems, 1927195
When, in the planar hydrocarbons, the x electrons
can be treated separately from the o-framework, the
expected current flows are indeed apparent: diatropic
m-electron ring currents are found in Huckel-aromatic
systems and currents in the opposite direction (termed
paratropic) in Huckel-antiaromatic compounds.

In annelated ring systems, one can note a certain
locality of the currents: In biphenylene, for instance,
diatropic current flows are found in the benzene
moieties, much like in the parent benzene itself,
whereas the central cyclobutadienyl-like four-mem-
bered ring is characterized by a distinct paratropic
ring current.’®3 In general, the overall picture ex-
pected from the Hiickel rule is seen in these current—
density plots, but in most cases only when the =
system is regarded separately (which, strictly speak-
ing, is only possible for planar molecules). The total
current density is usually dominated by local dia-
tropic currents around the individual nuclei.

Schleyer and co-workers proposed to employ the
chemical shift at the very center of a ring system?*9
as a probe for ring currents and, thus, for aromaticity
and antiaromaticity. These shifts, termed nucleus-
independent chemical shifts (NICSs), are usually not
accessible experimentally but can be computed reli-
ably with modern quantum-chemical methods and
afford a simple and efficient aromaticity probe: For
monocyclic rings, NICS values correlate with aro-
matic stabilization energies, and for polycyclic com-
pounds, they reflect the abovementioned locality by
furnishing an aromaticity index for each individual
ring. Furthermore, this concept can also be used to
probe for three-dimensional aromaticity in spherical
molecules by calculating the chemical shift at the
center of the cage.

A comprehensive review of these criteria for ring
currents has recently been published by Lazzeretti.>®”
In the following, applications to fullerenes and
fullerene derivatives will be reviewed.

1. Application of Magnetic Criteria to Fullerenes

In their 1985 paper, Smalley and co-workers specu-
lated that icosahedral Cg should have unusual
magnetic properties.! Shortly thereafter, the mag-
netic response of Cg has been computed with the
Huckel-MO-based London method, and a vanishingly
small contribution from the sz system to the magnetic
susceptibilty has been predicted.'® Subsequent de-
termination of yu has indeed afforded a remarkably
small value for Cgp, —260 =+ 20 ppm cgs.**%2% Accord-
ing to estimates for the so-called local contributions
to ywm (i.e., those of the o-bonds), the latter can almost
solely account for the measured value.’®® In other
words, the diamagnetic susceptibility exaltation A of
Ceo is essentially zero.
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Figure 13. z-Electron ring currents in Cg, calculated with
the HMO-based London method.?%12 A section along a 3-fold
axis is shown with the magnetic field parallel to the latter,
and the current strengths are given with respect to that
in benzene. (Reprinted with permission from ref 20la.
Copyright 1992 American Association for the Advancement
of Science.)

Detailed analysis of the theoretical London results
has shown that the lack of a z-electron contribution
to the susceptibility of Cg is not due to the absence
of ring currents. Rather, there are fairly large dia-
tropic ring currents in the hexagons, but the expected
diamagnetism is quenched by paratropic ring cur-
rents in the pentagons, and the magnitude of the
current strengths appeared to be comparable to that
in benzene®®! (see Figure 13). The same general
picture has been obtained for current densities
obtained at the Hartree—Fock ab initio level.2%? In
view of these anomalous magnetic properties and the
reactivity, which has been described as that of a
continuous aromatic molecule, it has been suggested
that Cg is of ambiguous aromatic character.'®

The diamagnetic susceptibility of C7, —550 + 50
ppm cgs, is substantially larger than that of Cg.19%:2%0
The major part of this increase has been ascribed to
m-electron ring currents.’®® The theoretical London
results have afforded a similar picture for Cs as for
Ceo, Nnamely, dia- and paratropic currents in the six-
and five-membered rings, respectively.2°® For Cvo,
the cancellation of these two contributions is incom-
plete and a substantial net diamagnetism remains.
This result has also been reproduced in subsequent
Hartree—Fock ab initio calculations of y, which
afforded a much larger (by ca. 300 ppm cgs) suscep-
tibility exaltation A for C;o than for Cg.2%

If the larger diamagnetism of C;o compared to Cgg
were due to the fact that the former has more six-
membered rings than the latter (the number of five-
membered rings being 12 in all fullerenes), then the
diamagnetic susceptibiliy (or rather its exaltation A
stemming from the =z electrons) should increase
successively with fullerene size. To our knowledge,
no measurements of yv have been reported for the
higher fullerenes (see, however, the endohedral chemi-
cal shifts below). According to London calculations
for selected isomers of C¢, C7s, Cg», and Cgy, the total
m-electron ring-current contributions to y (denoted
xrc) are actually smaller than that of C;o and only
for giant icosahedral fullerenes (Ciso, C240, Cs40) the
expected increase in yrc is obtained.?®* For still larger
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Figure 14. z-Electron ring-current magnetic susceptibilies
(xrc given as fraction of that of graphite) as a function of
fullerene size n, calculated with the London method.204
Note the small convergence toward the graphite value and
the irregular behavior of the higher fullerenes 70 < n <
84. (Reprinted with permission from ref 204. Copyright
1994 American Physical Society.)

fullerenes, the value of the magnetic susceptibility
(on a per carbon basis) should eventually approach
that of graphite, albeit, apparently, very slowly (see
Figure 14). The irregular behavior of the fullerenes
in the size regime n up to ~100 has been attributed
to “guantum size effects”,?%* that is, to the particular
electronic structure of each fullerene and isomer,
which should, of course, be intimately related to the
aromatic character.

As mentioned above, 3C chemical shifts are not a
good probe for ring-current effects in fullerenes. It
has been suggested to group o6(*3C) values of fullerenes
according to the carbon sites into pyracyclene, cor-
annulene, and pyrene types,?®® for which a trend
toward higher shifts with increasing degree of pyra-
midalization (as assessed by the sw-orbital axis vector)
can be noted. In Cy, for instance, the equatorial
carbon atoms are the least pyramidalized and the
most shielded ones in the NMR spectrum. The
London sz-electron results have led to the suggestion
that in fact part of this shielding (on the order of 4—5
ppm) may arise from ring-current effects.201b A
number of caveats regarding the underlying theoreti-
cal model, however, make it unclear to what extent
this suggestion is substantiated beyond speculation.

A. “Exohedral” Probes

To probe for the secondary magnetic field induced
by the ring currents, it would be desirable to bring
hydrogen nuclei close to the & system of fullerenes.
One way to achieve this is through addition of
suitable substituents to the fullerene cage.?% Such a
transformation, however, inevitably alters the =z
system, for instance by effective removal of two
electrons upon addition across a double bond. Fuller-
ene derivatives of that type will be considered in
section V.2.B. Yet there is one family of derivatives
in which the & system of the parent fullerene is
preserved to a large extent, namely, the fulleroids.
Formal addition of a carbene fragment :CRR' to Cg
can occur in two ways, across a [6,6]-bond (that is,
at two abutting hexagons) or across a [5,6]-bond. The
[6,6]-products are usually cyclopropane (or metha-
nofullerene) derivatives,?%” whereas all of the [5,6]-
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adducts have so far been characterized as fulleroids
(methanoannulenes),13%-208-210 Evidence for the small
perturbation of the fullerene & system in the fulle-
roids is given, for instance, by the high similarity of
the UV spectra to that of the parent fullerene,39:209
and by similar endohedral chemical shifts (see section
V.1.B).

The 'H chemical shifts of the parent C¢;H, isomers
18 and 19 are particularly instructive (Figure 15):
In the methanofullerene 18, a noticeable deshielding
of the methylene protons is observed,?®® ca. 3 ppm
with respect to homoacenaphthene 20. The latter has
been shown, unlike the parent 1,6-methano[10]-
annulene, to adopt the closed, norcaradiene-like
structure.?® A similar deshielding of the *H reso-
nance is found in dibenzohomopyracyclene 21, a
closer structural model for 18.2*2 This deshielding
may to a large extent be due to a paratropic ring
current along the pyracyclene perimeter with its 12
7 electrons.?13:214

The fulleroid 19 is characterized by a large differ-
ence between the chemical shifts of the two inequiva-
lent methylene protons, with Ao as large as 3.5
ppm.2% In the initial communication it has been
noted?%®@ that the same shift difference has been
obtained for another hydrocarbon, 22, which is sup-
posedly free of ring currents, suggesting that other
factors could also be responsible for the *H shifts of
19. However, the cyclooctadiene moiety in 22 adopts
a boat conformation which brings the two methylene
groups in close proximity to each other.?!® Since this
structural feature is absent in the fulleroids, it is
reasonable to assume that much of the observed Ad
in the latter is indeed due to different (or “segre-
gated”)?*® ring currents in the two adjacent car-
bocycles. In fact, the above-mentioned predictions of
dia- and paratropicity of six- and five-membered
rings, respectively, have been used in the assign-
ments of the *H resonances in 19 and, by analogy, in
the other derivatives discussed below. Thus, the high-
frequency resonance is attributed to the proton
located above the pentagon, in bearing with the
expected paratropicity, whereas the low-frequency
signal is attributed to the proton above the hexagon,
reflecting the diatropic character of the latter.

The same characteristic patterns in 'H chemical
shifts are found in fulleroid derivatives such as 23—
28 or 29—33,219217 where either a proton or a methyl
group is placed above a fullerene ring (Figure 15).
In the case of the methyl groups, the effects appear
to be somewhat attenuated (for instance, Ad between
30 and 31 is only 1.9 ppm), certainly due to the
averaging of the three methyl protons, only one of
which will be located in close proximity to the ring
at a given time.

The same type of methanofullerene and fulleroid
derivatives as for Cg can be observed for Cs. For
derivatives of the latter, several isomers are possible,
some of which have been observed and character-
ized,?!” namely, the cyclopropane derivatives 34 and
35 and the fulleroids 36 and 37 (Figure 16).2'8 The
o(*H) values of the “polar adduct” 36 are very similar
to those of the corresponding Cgo derivative, 19
(Figure 15). The same is true for the low-frequency
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23 (R=COOEY)
24 (R=COOrBu)

29 (R=p-C,H,0Me)
30 (R=Me)

25 (R=COOEY)
26 (R=COO?Bu)

31 (R=p-C{H,OMe)
32 (R=Me)

27 (R=COOEY)
28 (R=COO(Bu)

33 (R=p-C;H,OMe)
32 (R=Me)

Figure 15. Methanofullerene and fulleroid isomers of Cg adducts, together with the *H chemical shifts (no assignment

was reported for 32).

Figure 16. Methanofullerene and fulleroid isomers of C7
adducts, together with the *H chemical shifts.

resonance of the less abundant isomer 37, whereas
the high-frequency shift of the other proton resonance
is less pronounced in this isomer, 6 = 5.2, compared
to that in 19 (6.4 ppm) or 36 (6.5 ppm). Since one

methylene hydrogen atom in each 36 and 37 is
located above the same six-membered ring, the close
similarity of the two low-frequency proton shifts in
these isomers provides additional evidence for the
assignment of the 'H resonances.

These findings suggest that the ring-current flows
in Cgo and in the polar region of C;o are qualitatively
similar and that the diatropic and paratropic current
strengths in the hexagons and pentagons, respec-
tively, are of comparable magnitude. In contrast, the
paratropicity of the five-membered rings near the
equatorial belt of Cyo is indicated to be considerably
reduced. These observations are fully consistent with
the predictions based on the theoretical London
results?°'® (see also section V.1.C).

Compared to Cgo and Cyo, the chemistry of the
higher fullerenes is still in its infancy and is es-
sentially restricted to reduction and addition reac-
tions of the most abundant isomers of Cs, Czs, and
Cg4.1516 Cyclopropanation has emerged as a versatile
means of derivatization, but no fulleroid-type deriva-
tives have been reported so far. Even if these could
be isolated eventually, assignment of the plethora of
possible regioisomers will be extremely difficult.
Thus, exohedral NMR probes will, at least in the near
future, be of limited use for the study of ring currents
in the higher fullerenes.
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B. “Endohedral” Probes

In the preceding section, exohedrally placed NMR
nuclei were employed as probes for ring currents in
specific five- or six-membered rings. Of course, as
anticipated from the very beginning of the modern
fullerene history,! such ring currents also affect the
magnetic field inside the fullerene. An NMR-active
nucleus placed endohedrally at or near the center
would sense the combined effect of all ring currents
present, be they confined in particular rings or
extended over larger areas. For magnetically isotropic
molecules with s electrons on a sphere with radius
r, there is a simple relation between the ring-current
magnetic susceptibility yrc and the ring-current
contribution ogrc to the chemical shift of a nucleus at
the center'®

Ore = 2xrc! r’ (6)

On the basis of the very small net yrc obtained in
the London calculations for Cgo, a very small value
for drc has been predicted, ca. 0.5 ppm,*®® and a more
pronounced shielding in the center of C70.2%'2 The
development of techniques to produce macroscopic
amounts of fullerenes doped endohedrally with 2He,
an excellent NMR nucleus, eventually enabled M.
Saunders and associates to test this prediction. For
He@Cgo and He@C+o, 6(*He) values of —6.3 and —28.8
ppm, respectively, were measured relative to free
He.?'® The predicted drc and experimental 6(3He) in
the case of Cgo did not agree in a quantitative sense,
but qualitatively, the large difference in the 3He
chemical shifts between Cgo and Cyo was confirmed.
This difference also reflects the susceptibility exalta-
tion of the latter over the former.

Subsequently, theoretical calculations of the en-
dohedral chemical shifts of fullerenes were performed
at increasing levels of sophistication.?01:203.220-222 gay.-
eral technical issues need to be addressed when the
computational results are compared to experiment:
First, when employing the semiempirical London
method, which considers the & electrons only, the
anisotropy effects due to the ¢ bonds should also be
accounted for. Such effects may not be fully negli-
gible, as ab initio Hartree—Fock computations for the
fully hydrogenated He@CgoHgo and He@CoH7o have
afforded a noticeably shielded endohedral helium,
with 0(®He) around —5 ppm.2® Since these saturated
compounds cannot sustain s-electron ring currents,
part of the endohedral shielding observed in the
fullerenes, for He@Cgo in fact most of it, may arise
from the o-framework. Of course, in the ab initio and
density-functional methods, the response from all
electrons is obtained.

Second, is there any interaction between the he-
lium and the fullerene host which would manifest
itself in the chemical shifts and to what extent are
the latter affected by the mobility of the endohedral
noble gas? Mixing between the orbitals of the Cg cage
and those of endohedral guests have long been found
to be negligible.?? In the ab initio Hartree—Fock
calculations, virtually the same result is obtained for
0(®He) of He@Cgo 70 and for the chemical shift at the
center of the pristine cages.??® It is only for the
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heavier noble gases such as Kr and Xe that qualita-
tively different chemical shifts are predicted.??* Kr@Csgo
has recently been isolated, and from the spectroscopic
properties (unfortunately Kr NMR is not feasible), a
“small but detectable interaction between the en-
dohedral krypton atom and the s-electron system of
the Cg cage”?® has been inferred. As for the mobility
of endohedral helium, the magnetic field inside the
fullerenes is computed to be very homogeneous in
quite a large area around the center. This was
apparent from the early London results, as well as
from the later ab initio Hartree—Fock computations,
either by performing them for endohedral compounds
with He atoms displaced from the center by as much
as 1 A203 or by sampling over several points within
this region in the pristine fullerenes?!® (and still
further away from the center, see below). Effects of
He mobility estimated this way have been invariably
small, on the order of 0.1-0.2 ppm. Experimental
support for the homogeneity of the magnetic field
inside the fullerenes has been furnished by the
0(®He) value assigned to He,@C-o, which differs by a
mere 0.01 ppm from that of He@C+,.22 All these data
suggest that endohedral chemical shifts, either ob-
tained experimentally by 3He NMR of the 3He-labeled
fullerenes or theoretically for some point at or near
the center of the pristine fullerene, are true probes
for ring-current effects in the latter and can thus be
used as an aromaticity criterion. In a way, 3He NMR
of endohedral helium—fullerene compounds can be
viewed as applied NICS spectroscopy!

Finally, to what extent do the theoretical values
depend on geometries and, in case of ab initio
methods, on computational details such as basis sets?
In the first London-type calculations for Cg it has
been noted that the sw-electron magnetic susceptibil-
ity, and by consequence also the endohedral chemical
shift, is quite sensitive to the relative bond strengths
of the two bond types (or rather to the ratio of the
corresponding resonance integrals).’®® The same has
been found later in the ab initio Hartree—Fock
computations, which indicated a pronounced depen-
dence of the endohedral chemical shift on the geom-
etry employed, in particular on the extent of bond
alternation in Cg.2% In contrast, results obtained for
Co are less sensitive to the geometry (see entries 1—5
in Table 5)%?7 but require larger basis sets (compare
for instance entries 3 and 6). Going beyond the
Hartree—Fock approximation to a DFT level reduces
the endohedral shielding in C7o to a small extent and
that in Cg to a large extent (compare entries 7 and
9 or 8 and 10). All in all it appears that the results
for Cso are much more sensitive to the computational
setup than those of C7, (and also than those of other
neutral derivatives, see section V.2.B). By analogy
to the data for C;o, computations for the higher
fullerenes are not very critical with respect to geom-
etries or method (HF vs DFT) but should employ a
basis set of at least DZP quality.

As mentioned above, London calculations for se-
lected isomers of Cyg, C7s, Cs2, and Cgq have indicated
that their ring-current magnetic susceptibilities should
be bracketed by those of Cg and C7o and that the
same should be expected for the corresponding en-
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Table 5. Dependence of Computed Endohedral Chemical Shifts of Cs and C7o on the Level of Theory

endohedral chemical shift¢

entry no. GIAO variant? basis set? geometry Ceo Czo
1 HF Dz MNDO —-11.7 —23.0
2 HF Dz SCF/3-21G -12.9 —24.0
3 HF Dz BP86/3-21G —-11.0 —25.2
4 HF Dz MP2/TZzpPd -8.7 —27.0°
5 HF DzP equalized' —2.0¢°
6 HF DzP BP86/3-21G —-11.1 —28.4
7 HF DzP BP86/TZP —10.3 —29.2
8 HF DzP MP2/TZP¢ —8.5 —31.1¢
9 DFT DzP BP86/TZP 0.2 —28.7
10 DFT DzP MP2/TzPd 15 —30.8¢
11 DFT DzP equalizedf 6.7¢
exp. He@CGO,Cmg —6.3 —28.8

a GIAO = gauge-including atomic orbitals; HF = Hartree—Fock; DFT = Becke (1988) + Perdew/Wang (1991) combination of
density functionals; tzp basis on helium for the endohedral He compounds. ? §(*He) for the endohedral He compounds. ¢ From
refs 203, 221b, and 222. 9 For C7: RI-MP2 (Weigend, F. Unpublished results. For the RI-MP2 method, see: Weigend, F.; Haser,
M. Theor. Chem. Acc. 1997, 97, 331—340). ¢ Buhl, M. Unpublished results. f Employing equal CC bond lengths of 1.448 A. ¢ Reference

219.

dohedral chemical shifts.?%* Likewise, ab initio Har-
tree—Fock calculations have found the endohedral
shielding inside C+¢ between those of Cgo and Cy(.22°P
These predictions were borne out by *He NMR
spectroscopy of 3He-labeled and partially separated
mixtures of the higher fullerenes.??® In fact, the He
NMR spectra, in particular those of the fraction
containing Cg4, showed many more signals than
expected from other experimental data on the iso-
meric composition available at that time. These
findings underscored the analytical potential of the
3He labeling and NMR technique.??® Later, additional
isomers of Cgq were isolated*>2%° and some of the
3He signals were recognized, in analogy to He,@C+o,%%%
as those of doubly labeled isomers.?®! The *He NMR
spectra are now interpreted in terms of 1, 3, 7, and
1 different isomers for Cz, C7s, Cgq, and Cgg, respec-
tively. Assignments are difficult where several iso-
mers are present, except perhaps for the major one.
Since most of the signals of these isomers cover a
chemical-shift range comparable to or smaller than
the variations of the ab initio results with the level
of theory (Table 5), the theoretical data are of limited
use for the assignments. An exception may be one
particular isomer of Cgs, D2q(4),%%? the endohedral
chemical shift of which has been computed far outside
the range covered by the other isomers??'® and close
to a resonance that has initially been found in the
Cag4 fraction??® (see second to the last entry in Table
6).

It had been speculated that the five signals as-
cribed to C7g could be due to the five possible isolated-
pentagon isomers.??!® Since two of these resonances
were recently identified as doubly labeled species,?3!
this speculation is refuted. For the three isomers
suspected to be present, the accord between theoreti-
cal and experimental endohedral shifts would be
improved if the recent (unsubstantiated) assignment
of the C,/' and D3 isomers?® would be reversed.

Similar endohedral shifts around —19 ppm are
computed for the symmetrical isomers of the larger
C120 and Cig fullerenes, whereas much larger shield-
ings are found in smaller fullerene structures down
to Cj,.2212234 Both trends reflect the radial depen-
dence of dendo (g 6), from which, together with the

Table 6. Endohedral Chemical Shifts of the Higher
Fullerenes

fullerene isomer? calcd® expt® (He,@C,) assignment

Crs D, —20.4 -—18.70 (—18.56)
Crs Ds -15.0 -11.91 (-11.82) Ca/'
Dapy’ -17.8
Dsn —18.5
Cy/' —-18.7
Ca/' -19.1 -16.89 (—16.77) Ca ¢
—-17.57 Ds
Cas —750 (-7.54)
—8.40  (—8.37)
Day(19) —9.4
Doq(23) —11.9
Dx(22) —-121  —8.96 D¢
—9.61 (—9.65)
—10.01
-11.11
Den(24) —14.8
—14.15
Day(4) —25.0 —24.35
Css —10.58

a Labeling as in refs 232 and 233. ® GIAO—HF/DZP level for
BP86/3-21G geometries, from ref 221b. ¢ 6(°He) from refs 228
and 231 (in parentheses, values for doubly labeled species).
d Major isomer.

monotonic increase of yrc for larger n (Figure 14), it
has already been inferred that endohedral chemical
shifts will be of “less use in the regime of the giant
fullerenes”.?%4

Even though the isomeric composition of the higher
fullerenes (in particular, of the 3He-labeled mixtures)
may well reflect kinetic rather than thermodynamic
stabilities, the most abundant isomers of Cgs and Crg
are also the most stable ones, according to ab initio
calculations. Such calculations also predict that the
energy per carbon atom decreases monotonically as
the fullerenes become larger and that no correlation
between this stabilization and dengo IS apparent
(Figure 17, top). A very rough, common trend is found
when the dengo Values are scaled to account for the
radial dependence in eq 6 (that is, when the trend in
xrc IS sought and assuming that the radius of a
spherical fullerene C, is proportional to n32).204
However, in the regime of the higher fullerenes, 60
< n < 100, large oscillations are apparent in the
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Figure 17. Plot of the relative energy E per carbon atom
in fullerenes C, (relative to Cgo) versus the endohedral
chemical shift dengo (top) and versus OJenqo SCaled for
fullerenes size (bottom), see text. Data are computed at the
ab initio Hartree—Fock/DZP level.214.234

scaled 6 values (which actually reflect the trend in
xre, Figure 14). Thus, there is no relation between
relative stabilities of fullerenes and their aromatic
character, as assessed by the endohedral shieldings.
This is also the case for relative stabilities of fullerene
isomers, i.e., on a smaller energetic scale, as can be
seen, for instance, from the *He NMR spectrum of
the isomeric Cgq mixture: the most abundant isomer
(which is almost certainly also the most stable one)
does not have the highest endohedral shielding
(Table 6). The energetic ordering of fullerene isomers
is emerging as a compromise between steric and
electronic effects.?®® Structures that are the least
strained are not necessarily those that allow for the
most efficient m-electron delocalization. As an ef-
ficient probe for the latter, endohedral chemical shifts
will continue to play a pivotal role in fullerene
chemistry.

Finally, it is interesting to note that the different
magnetic fields inside the fullerenes cannot only be
probed by NMR, but can also be detected by EPR
spectroscopy of endohedrally trapped radicals. It has
been shown that atomic nitrogen can be implanted
into the Cgo cage and that, according to ENDOR and
EPR spectroscopy, the endohedral N atom rests at
the center with its atomic Sz, ground-state config-
uration, preserving spherical symmetry.?% The same
is true for N@Cyo, the g value of which was found to
be smaller by 19 ppm than that recorded for N@Cgo.2%¢
This difference has been interpreted in analogy to the
chemical shift as arising from the different magnetic
field strengths sensed by the N atom in the two
fullerenes. In fact, the value of 19 ppm is surprisingly
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close to the corresponding difference in 6(°He) be-
tween He@Cgp and He@Cyo, ca. 22 ppm. The electrons
of the N atom are probably occupying a larger space
than that covered by the 3He nucleus (the van der
Waals radius of nitrogen is 1.55 A, whereas it has
been estimated that the He atom in Cg Senses the
magnetic field within 0.5 A from the center?!9). Thus,
the similarity of the g-factor and chemical-shift
differences provides further evidence for the homo-
geneity of the magnetic field inside the fullerenes.?%’
Further parallels between the two properties are
found in Cg derivatives (see section V.2).

C. “Theoretical” Probes

Section V.1.A focused on exohedrally attached
NMR nuclei, usually protons, as probes for local
(“segregated”) ring currents in fullerenes. Besides the
direct calculations of current densities, the computed
NICS values, i.e., the chemical shifts in the centers
of the rings, have been established as useful indica-
tors for such local dia- and paratropic ring cur-
rents.!% As with other calculated properties, the
NICS values depend somewhat on the particular
theoretical models employed. Qualitative trends are
very robust, however, especially when the NICS
values of the compound under scrutiny are compared
to that of some standard, typically benzene, computed
at the same level (representative values between
—9.7 and —11.5 ppm?*°62234) For the pentagons and
hexagons of Cgo, NICS values of 5.4 and —6.8 ppm,
respectively (HF/3-21G),*%2 or 8.9 and —5.3, respec-
tively (HF/DZP),?** have been computed. Qualita-
tively, the relative dia- and paratropicities of the two
ring types discussed above are nicely reflected in
these numbers.

For several neutral and anionic fullerenes, the
NICS values have been computed at the ab initio HF/
DZP level.?3* The results for selected neutral isomers
are presented pictorially in Figure 18. From the color
code it appears that the basic finding for Cgo, dia-
tropic hexagons and paratropic pentagons, prevails
in most of the larger fullerenes but that the extent
of the relative dia- and paratropism (i.e., the NICS
values themselves) is not transferable between
fullerenes nor, as evidenced by the data for Cg,,
between isomers thereof. For the large symmetric
fullerenes Ci0 and Cigo, corannulene- and coronene-
like patterns can be discerned, but no uniform
patterns emerge in the size regime between C7, and
C84.

For C;o, noticeably different NICS values are
computed for the two types of five-membered rings
in the polar and the equatorial region, +2 and —2
ppm, respectively.?®* Qualitatively, this result is
consistent with the 'H chemical shifts of the fulle-
roids 36 and 37 (see section V.1.A and Figure 16).
The experimental data for the latter,?’” however,
seems to imply a paratropic ring current in the
equatorial pentagons, albeit reduced with respect to
that in the polar ones, whereas a very small diatro-
picity is obtained computationally (Figure 18).

An attempt has been made to relate the NICS
values of the individual rings of a fullerene to its
endohedral chemical shift.?3* If one assumes that the
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NICS values

1 <-10

Ti-Ciz

Figure 18. Patterns in computed NICS values (nucleus-
independent chemical shifts, HF/DZP level) for neutral
fullerenes. Diatropic and paratropic rings are depicted in
red and blue, respectively (from the data given in ref 234).

chemical shift in the center of a ring originates
exclusively from a circular current loop around that
ring, one can calculate the induced magnetic field Bing
and thus the chemical shift from classical electro-
dynamics. On a line through the center and perpen-
dicular to the loop, Bing should be proportional to

B, O a%/(a® + z9)%? (7)

where a is the radius of the loop and z the distance
from the center. From the NICS value of a given ring,
together with the appropriate geometrical param-
eters, one can thus arrive at an estimated increment
to the chemical shift at the center of the fullerene.
In fact, a reasonable correlation is obtained between
the sum of these increments and the actual computed
Jdendo Value, affording further evidence that the ob-
served endohedral shifts are indeed a direct conse-
quence of ring currents in the fullerene cage.?®* The
slope of 0.7 in this correlation suggests that in fact
the principal part of dendo Can be interpreted in terms
of ring currents localized in the individual pentagons
and hexagons (those in the latter being particularly
important because of the larger radius a). Theoretical
NICS values are thus a useful probe for local aro-
matic and antiaromatic character in fullerenes, which
add up to the total, “ambiguous” one.

2. Application of Magnetic Criteria to Fullerene
Derivatives

As discussed in section 1V, fullerenes are deprived
of the archetypical reactions of aromatic compounds,
electrophilic or nucleophilic substitution, due to the
lack of substituents. Rather, the reactivity of C¢ and
C70 has been compared to that of electron-deficient
olefins (see refs 4—11 and 20—26 for reviews on
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fullerene reactivity). In the frequently observed
reduction and adduct-formation reactions, electrons
are effectively added to or removed from the x
system, respectively. The following two sections are
a summary of the concomitant changes in the NMR
properties. Section V.2.C will deal with similar effects
brought about by replacement of carbon atoms in the
fullerenes with heteroatoms.

A. Anions

The chemistry of fullerene anions, or fullerides, has
recently been reviewed.?®® In solution, reaction of Cgo
and Czo with excess lithium affords diamagnetic
species, presumably the hexaanions.?®® By electro-
chemical reduction, both fullerenes can reversibly
accept up to six electrons.?*® Most of the resulting
anions are paramagnetic, and the magnetic response
properties are dominated by the effect of the unpaired
electrons, rather than by ring currents. Of these
anions, the hexaanion Cg®~ is the only closed-shell
species.?*! London calculations have predicted only
diatropic ring currents, a large diamagnetic suscep-
tibility, and a huge endohedral shielding for Cg®,
indicative of a highly aromatic compound.®¢201 |n
contrast, it has been predicted that a large part of
the diatropicity of C7 will be lost upon formation of
the hexaanion.?®! The same trends were apparent
from subsequent ab initio Hartree—Fock computa-
tions of the endohedral shielding, which afforded
values between —58 and —64 ppm for Cgo® 293234 and
—11 ppm for C70%7.23 The qualitative trends, i.e., the
respective gain and loss of aromaticity upon reduc-
tion, were then confirmed experimentally by 3He
NMR spectroscopy of the lithiated, He-labeled spe-
cies: O(®*He) values of —48.7 and +8.3 ppm were
reported for He@Cgo®~ and He@C®, respectively.?4?
Very similar shieldings and deshieldings with respect
to the neutral complexes are noted in the g-shifts of
N@Ce0®~ and N@C-%~.2* The less satisfactory accord
between theory and experiment is not due to the
effects of ion pairing neglected in the calculations for
the pristine anions, as virtually the same results are
obtained for Ceo®~ and LigCeo.2** Rather, the Hartree—
Fock approximation appears to be less suited for the
fullerides and agreement with experiment is im-
proved at a density-functional level, with computed
endohedral shifts of —47.4%?22 and +17.6 ppm?'* for
Ceo® and C.®, respectively.

The enormous endohedral shielding in Cg® can
be traced back to strong diatropic ring currents, both
in the pentagons and hexagons, as evident from
London and NICS calculations.?°1234 In going from
C7o to C7®, the diatropicity of the five- and six-
membered rings are significantly increased and
decreased, respectively,?°%234 and the latter decrease
is responsible for the endohedral deshielding. These
changes in the local ring currents have recently been
confirmed experimentally by the exohedral *H probes
in the reduced fulleroids: In contrast to 19, 36, and
37, each of which has one strongly deshielded reso-
nance assigned to the proton above a five-membered
ring, the reduced analoga 38,2*> 39, and 40%*6 have
only shielded methylene protons (Figure 19).

Qualitatively similar diatropicities are computed
for both types of pentagons in C7®", as assessed by
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Figure 19. Hexaanions of the Cg and C;o fulleroids
together with the 'H chemical shifts (no assignment was
reported for 38).

the London ring-current strengths and the ab initio
NICS values.?9%234 |n the experiment, a somewhat
stronger shielding is found above the polar five-
membered rings, compared to those close to the
equator (cf. 39 and 40 in Figure 19), which has been
taken as evidence for a higher charge concentration
at the poles.?*® Interestingly, from the exohedral
NMR probes in 39 and 40, no manifestation of
paratropic ring currents is apparent, which would be
expected from the endohedral deshielding. The di-
anion of 21, for example, is a [6,6]-open form, with
notably deshielded methylene protons, 6(*H) = 4.6.212

Ring-current effects may also be responsible for the
deshielding of the 13C resonance of Cg®~ relative to
that of neutral Cg (A0 = 14.0).2%° Usually, an
increased negative charge at an aromatic carbon
atom is paralleled by a higher shielding of its 6(*3C)
value.?*” Qualitatively, a strong diatropic current
localized in a particular ring should indeed reduce
the shieldings of nuclei attached to that ring. London
calculations for Ce®~ have been consistent with such
an interpretation,?°® but the above-mentioned cave-
ats regarding the underlying theoretical model pre-
clude quantitative estimates.

Ring-current effects may also come to the fore in
the 13C NMR spectrum of C7%: Upon reduction of
C70, some signals appear to be shifted to higher
frequency and some to lower frequency, with a small
average deshielding of 0.9 ppm per carbon atom.23°
DFT results for pristine C+®~ are in good accord with
the experimental 12C data but suggest a completely
different assignment of the signals, compared to that
in neutral C;,, (Table 7). Note, in particular, the
pronounced shielding of the polar carbon atoms (a)
upon reduction and the notable deshielding of most
other nuclei.
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Table 7. 13C Chemical Shifts of Ceo, C70, and Their
Hexaanions

neutral hexaanion
fullerene carbon? calcd® expte calcd exptd
Ceo (142.7) 1427 1586  156.7
Co
a 152.6 150.1 132.6 133.7
b 148.1 146.8 161.0 158.3
c 149.5 147.5 155.3 152.3
d 147.5 144.8 142.7 137.9
e 131.4 130.3 153.0 149.6

a Labeling a— e in Cy from pole to equator. ® DFT values
from ref 214, using neutral Ce as primary reference (cf. the
procedure in ref 244). ¢ From Taylor, R.; Hare, J. P.; Abdul-
Sala, A. K.; Kroto, H. W. J. Chem. Soc., Chem. Commun. 1990,
1423-1424. 9 From ref 239; no assignment reported for re-
duced Cro.

All in all, the available experimental and theoreti-
cal data suggest that the degree of aromaticity in Cg
and Cy is substantially increased and decreased,
respectively, upon formation of the hexaanions. Ac-
cording to London calculations,?* further reduction
of Ceo® to the closed-shell dodekaanion should de-
stroy the exalted diamagnetism of the former. Recent
ab initio and DFT results for I,-symmetric Li;2Ceo
came to the same conclusion, since an endohedral
chemical shift of +11.4 ppm (DFT level) has been
computed.?** Li;,Ceo With its Ce'?~ core has been
predicted?*® and observed?*° as a stable entity in the
gas phase. A diamagnetic solid with the same
composition?®% probably contains the hexaanion as
building block, as judged from the 3C chemical
shift: In the solid-state NMR a deshielding (relative
to Ceo) similar to that of Ce®~ is measured,?0°
whereas an analogous shielding is computed for
0(*3C) of Li12Ce0.2** Consistent with this interpreta-
tion, energetic estimates suggest that in the bulk,
Li12Ceo should be unstable with respect to dispropor-
tionation into LisCso and Li metal.?**

London calculations for the higher fullerenes pre-
dict similarly large dependencies of magnetic and
NMR properties on the degree of reduction®®* as
encountered for Cgo and Cs. For the tetra- and
hexaanion of Cg4, endohedral chemical shifts of —26.3
and —32.7 ppm, respectively, have been predicted at
the HF level,?** suggesting that the He labeling and
NMR technique could be a sensitive analytical tool
to study the extent of aromatization of the higher
fullerenes as function of the oxidation state. More
data are probably needed for a consistent interpreta-
tion and for an assessment of magic numbers of
electrons as discussed in section VI.

B. Adducts

Attachment of substituents to the cage has been a
blossoming branch from the onset of fullerene
chemistry.***-26 The concomitant removal of elec-
trons from the & system (by localizing them in ¢
bonds) is bound to affect any resonance mechanism
that might be operative. For multiple adducts of Cgo,
the aromatic character is indicated, by Huckel-type
calculations of the topological resonance energy,?®! to
depend notably on the addition pattern, and the same
is to be expected for the magnetic and NMR proper-
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Table 8. 3He Chemical Shifts of Cso Adducts

Biihl and Hirsch

Adduct
type addend(s)? 8(3He) (assignment)b ref
mono >CH, (18) -8.1 255
SCR'Y, -8.1 229
:@ 9.1 229
Ceo € -8.8 256
/\
\/N-Me 94 229
1,2-(H), 9.7 229
bis (CcRY), ) -8.7 (a,),-9.2 (a,h),-9.7 (a,8), 9.9 (a,e)
-10.2 (a,c), -10.5 (a,d), -11.0 (a,i) 257
/\
(\/N-Me )2 -10.1 (a,/), -10.9 (a,h), -12.3 (a,d),-12.4 (a,g) 257
(H)y d -10.3,-10.8,-11.3,-11.6,-12.7,-12.8, -129 257
Sc®YH-x! -11.4 (ae) 258
tris (Cc®rh,)s -12.0 (a,¢e,j) 257
Soxthy, -10.3 (a,e,k) 258
tetrakis  (JCXH,N(CCR?,) -12.3(aejk) 258
pentakis (SC(X"), ) (CCRY, )y -11.8 (aejkm),-12.0 (a,ejkl) 258
hexakis  (Jcxh),)-
(CCRY, ) >crY),) -11.9 (aejklm) 258
other 1,4-(Ph), -10.5 259
(Ph), 4 -14.4 259
Clg (41) -12.3 259
PhsCl (42a) -15.1 259
(4-F-CgHy)sCl(d2b) -15.0 259
(4-F-CgHy)s* (43)  -12.6 259

aR1=CO,Et, R?=C0O,CH,CO,Et, X1=C02¢©/_h b Addition across the bonds

labeled in Figure 20a. €[2+2] dimer. dAssignment or structure uncertain.

ties. Exohedral NMR probes of the type discussed in
section V.1.A are difficult to apply, as the addition
chemistry of fulleroids is still in its infancy.?®? NMR
nuclei of the addends themselves have been employed
as probes for ring-current effects,?16:253.254 phut these
nuclei are by necessity close to partly saturated ring
systems, and local anisotropy effects of the latter may
actually be dominant. Endohedral probes are thus
preferable, and a sizable amount of *He NMR data
has already been accumulated for endohedral He
compounds of fullerene derivatives.??9255-260 As with
the fullerene isomers, each fullerene derivative has
so far been characterized by a distinct 3He chemical
shift (which is measurable with high precision), a
further testimony to the analytical potential of this
technique.?®

As mentioned above, the entire fullerene 7 system
is largely preserved in the fulleroids. Consequently,

the 6(°He) values recorded for 19 (6 = —6.6) and 36/
37 (0 = —27.5/—27.8) are very similar to those of the
parent fullerenes.?®® More pronounced effects are
encountered for methanofullerenes and other ad-
ducts. 1,2-Addition across one [6,6]-double bond of
He@Cg invariably results in an increased endohedral
shielding, with 6(*He) between —8.1 and —9.7 ppm
(Table 8; Ad with respect to He@Cgo between —1.8
and —3.4 ppm). When carbocycles are formed during
addition, the magnitude of this low-frequency shift
increases with ring size. For methanofullerenes such
as 18, the shielding exaltation with respect to the
parent fullerene is about one-half of that observed
in unstrained or noncyclic adducts. This trend has
been interpreted in terms of a homoconjugative
phenomenon wherein the contributions of the cyclo-
propane-type orbitals are similar to those of double
bonds but smaller in magnitude.?%®
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The increased endohedral shielding in the adducts
is ascribed to the disruption of the paratropic current
flows in the two pentagons that are sharing the
substituents. This conjecture has received support
from NICS calculations for the parent dihydride
CeoH2, which in addition have revealed that the
paratropicity of the next-nearest pentagons is also
reduced and that the diatropicity of all six-memberd
rings (except those abutting at the site of addition)
is slightly but significantly enhanced.?3

Double addition can give rise to several isomers (a
total of eight when occurring pairwise across [6,6]-
bonds in Cgp). In some cases, the *He chemical shifts
could be assigned to specific isomers, either by
separation, purification, and comparison with other
spectroscopic data?®” or by using special tethered
addends which strongly favor particular geometric
arrangements.?%8 In all cases, the endohedral shield-
ing of the bisadducts is increased relative to that of
the corresponding monoadduct (Table 8). When fur-
ther addends are placed at [6,6]-bonds pointing
toward the vertexes of an octahedron (a,e,j,k,l,m in
Figure 20), the endohedral shielding levels off at ca.
—12 ppm (see entries tris to hexakis in Table 8). A
similar value, —11.1 ppm, is computed at the HF
level for the corresponding CesoHi, parent.?* The &
system in these hexaadducts consists of eight inter-
connected benzene moieties occupying the corners of
a cube™ (cf. 2 in Figure 11).

Depending on the reaction conditions, addition can
also occur in a 1,4-fashion rather than 1,2. A few
examples with this pattern are included in Table 8
(last six entries). Again, the endohedral shielding
increases with the number of addends, except for the
hexachloro compound 41 which has a conspicuously
higher endohedral chemical shift compared to the
arylated derivatives 42. Quite interesting is the
deshielding (by 2.4 ppm) in going from 42b to the
cation 43,%° a transformation which leaves the
number of x electrons in the fullerene moiety unal-
tered. The reduced diamagnetism in going to the
cation can be rationalized by formation of a substruc-
ture with appreciable cyclopentadiene-cation char-
acter and partial loss of aromatic character in the
adjacent hexagons.?%®

The degree of hydrogenation of fullerenes depends
on the reaction conditions. With more drastic meth-
ods such as Birch reduction, CeHss is obtained as
the major product, together with smaller amounts of
CsoHis. The former was the first derivative of Cg to
be produced,*?® but its structure is not yet unambigu-
ously proven, as the acquisition of well-resolved 'H
NMR spectra is hampered by stability problems.
SHe NMR of the labeled reaction mixture has re-
vealed the presence of two isomers with very similar
endohedral chemical shifts, —7.7 and —7.8 ppm.260a
Comparison with ab initio data predicted previously
for a number of CgoHzs isomers?®® allowed the initially
proposed,*?® fully nonconjugated Tn-symmetric struc-
ture to be excluded, but no further definite assign-
ment was possible. The composition of CgoHzs sSamples
may also depend on the method of preparation, and
the presence of Dsg- and Se-symmetric isomers has
been supported by IR and Raman spectoscopy.'8° A
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4i®=0=0=Cl
42#0=0= arylo =Cl
43@=0= arylo =+

Figure 20. Schlegel plots of (a) Ceo, (b) Cgo adducts, and
(c) C7o including bond labels for the multiple adducts in
Tables 8 and 9.

tentative assignment of the Birch-reduction products
could later be made by analogy with the correspond-
ing fluoro compounds.*#** Fluorination gives the same
regiochemistry as hydrogenation (for instance the
same Cz, symmetry crown structure is found for both
CeoH1s and CgoF 15,8 see Figure 21 for the Schlegel
plot and Chart 6 for a perspective drawing), and the
two CgoF36 structures could be identified by 2D °F
NMR spectroscopy as the T form 46 and one particu-
lar Cs-symmetric isomer 48 (Figure 21). Interestingly,
the latter is not among the most stable isomers nor
does it contain the structural motif of CgoF15, from
which it can also be generated.184

An enhanced endohedral shielding is apparent for
the fluorinated species as compared to their hydro-
genated counterparts, which is to some extent prob-
ably due to anisotropy effects of the CF vs the CH ¢
bonds: The endohedral shielding in fully saturated
CeoFso Is computed to be ca. 3 ppm larger than that
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*_H 44 (-16.4)
*_F 17 (-16.7)

*-H 45 (-7.9)
*=F 46 (-10.5)

*-H 47 (-7.8)
®=F 48 (-10.5)

Figure 21. Schlegel plots of CgoX1g (top) and the T (middle)
and Cj isomers (bottom) of CgoXsze (X = H, F). In paren-
theses, endohedral chemical shifts (assignment for hydro-
genated species according to that of the fluorinated ones).

in CeoHeo (ab initio HF level).?’* The endohedral
shielding in CgHss isomers is governed by ring-
current and anisotropy effects of the benzene and
ethylene moieties, respectively, and a simple incre-
ment system was suggested on the basis of ab initio
HF data.?%!

Allin all, the ®He NMR data indicate that addition
of substituents to Cgo increases its aromaticity. The
most aromatic derivatives to date are CgoX15 44 and
17, their aromatic character exceeding that of ad-
ducts in which the annelated & system is broken
down into separate or conjugated benzene and olefin
units.

In contrast, by the 3He NMR criteria it is concluded
that addends serve to diminish the aromaticity of
C+0.262:2552%8 Addition predominantly occurs across two
types of bonds (labeled a and b in Figure 20 and
denoted o and 3 in ref 258),25% with distinctly differ-
ent effects on the endohedral shielding: While ad-
dition across bond a affords a high-frequency shift
with respect to C7 (0 = —28.8) between 0.7 and 1.3
ppm (see entries for 34 and 49, respectively, in Table
9), addition across bond b has a larger effect, Ao =
3.2 (35). The observation of a decrease in the endo-
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Table 9. 3He Chemical Shifts of C;o Adducts
Adduct

type addend(s)4 8(3He) (assignment)b reference
mono  CH, -28.1 (a, 34), -25.6 (b, 35) 255
SCRY, 27.7 (a) (-27.6)4 226
SCR?, -27.5 (a, 49) 258
/\
NMe ¢ -27.9,-23.8 262
bis (CC®?, ) -26.1 (a,e), -26.3 (a,c), -26.4 (a,d) 258
tris (CC®RY, )3 -23.6 (a,c.f) 258
tetrakis (SC@RY), W OCR?,)3 -20.7 (a.df.g) 258
(CCRY,)4 211 (a.cfh) 258

a R1=CO,Et, R>==C0,CH,CO,Et. ® Addition across the bonds
labeled in Figure 20c. ¢ Assignment or structure uncertain.
d Doubly He labeled compound.

hedral shielding has been attributed?®® to a disrup-
tion of the large diatropic ring currents around the
polar corannulene perimeter, which have been pre-
dicted by the London calculations.?0!

Qualitatively, the same changes in the endohedral
chemical shifts upon monoadduct formation of He@Cso
and He@Cyy, namely, shielding and deshielding,
respectively, are found in the g-factors of the corren-
sponding endohedral N compounds.236b

When further addends are introduced in 49, a
successive deshielding of 6(°He) is observed. The
effects are additive to a large extent, with incremen-
tal values that depend little on the degree of func-
tionalization but mainly on the type of bond, a or S,
being saturated.?®® Polyaddition to C is being ac-
tively investigated,?®* and several endohedral He
compounds of higher adducts besides those sum-
marized in Table 8 have recently been prepared and
analyzed.?58b¢ Many interesting results of future ap-
plication of this technique can be anticipated. For
instance, if C7oHss or C7oH40 should have only isolated
double bonds, as predicted by semiempirical MNDO
calculations,?®® the expected nonaromaticity should
manifest itself in very small endohedral chemical
shifts.

Despite considerable progress in the addition chem-
istry of the higher fullerenes,'>6 we are not aware
of any 3He labeling and NMR studies of, for instance,
derivatives of Cvg, Crg, Or Cgs. According to a prelimi-
nary calculation at the RHF level,?4 a small increase
in the endohedral shielding by 1.8 ppm is predicted
upon bisadduct formation of Css (C76H4 derived by
addition across the polar [6,6]-bonds connecting the
dark blue pentagons in Figure 18). More work is
needed to elucidate the relation between addition
pattern and aromaticity in derivatives of C; and the
higher fullerenes.

CssHyx and C3sOHy (x = 4,6) have been identified
mass-spectroscopically,? following the proposed syn-
thesis of the C3s fullerene.?®” Neither the structure
of the latter nor those of its possible derivatives are
known. For several symmetric CzsHy isomers (x = 6,
12, 36), large variations have been computed for the
endohedral chemical shifts (between ca. —3 and —44
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Figure 22. “Noncorrelation” of the relative stabilities of
the Dsg- and Ds-symmetric Cs4Ng isomers with their
aromatic character, as assessed from endohedral 6(°He)
values (RHF/DZP level, data taken from ref 273).

ppm) depending on number and positions of the
substituents.?58

C. Heterofullerenes

Replacement of one or more carbon atoms in the
cage with heteroatoms can lead to species with a
perturbed z system and new electronic properties.
The correspondingly doped fullerenes are usually
characterized by mass spectrometry, as pure com-
pounds are rarely available in macroscopic amounts.
The chemistry of azafullerenes is especially well
developed, and a number of derivatives with nitrogen
atoms incorporated in the Cgo or C; framework have
been isolated and characterized.?®® Examples of stable
diamagnetic species comprise CsgNH (50), the (CsgN)2
dimer with its weak CC bond, and the corresponding
(CeoN)2.27° Alas, the magnetic and NMR properties
pertinent to the aromatic character of these mol-
ecules have yet to be determined, but a few theoreti-
cal predictions are available.

At the Hartree—Fock level and employing the
BLYP geometry, the endohedral shielding of the
parent hydroazafullerene 50 is computed to be higher
than that of Cg by ca. 2 ppm,?'427t similar to the
finding for the isoelectronic 1,2-CgoH, (Table 8).
Apparently the lone pair at nitrogen is not involved
in significant cyclic conjugation, even though some
delocalization onto the next-nearest-neighboring sp?
carbon atoms is indicated from the canonical Kohn—
Sham orbitals?’® and from the '3C chemical shifts.?”?

For selected isomers of Cs4Ns, isoelectronic with the
highly aromatic hexaanion of Cgo, huge endohedral
shieldings approaching that of the latter have been
computed.?”® Other isomers with lower symmetry,
however, are predicted to be more stable but less
aromatic (Figure 22). For two particular N-doped Css
fullerenes, i.e., C3oNg and C,4N12, reduced endohedral
shieldings with respect to neutral C3 have been
predicted, whereas for one CyBi, isomer, a large
endohedral shielding has been computed, ca. —45
ppm.2%8 Preliminary calculations for Cgo—2n(BN)p,
formally isoelectronic with Cg itself, indicate a
slightly increased endohedral shielding (A6 ~ —2

ppm)_274
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3. Summary

In conclusion, there is ample evidence both from
experiment and theoretical calculations that fullerenes
and their derivatives can sustain ring currents, just
like their planar cousins, polycyclic aromatic hydro-
carbons, as a consequence of the cyclic delocalization
of  electrons. To the extent that such ring-current
effects are taken as a measure of aromaticity in
planar molecules, the same criterion can be applied
to the three-dimensional fullerenes. Because of the
large number of annelated rings and the particular
connectivity in each fullerene, topologically complex
patterns of ring currents are induced. Reflecting the
frequent presence of both dia- and paratropic ring
currents, the term “ambiguous aromatic character”
has been coined for the fullerenes. The center of each
cage “feels” the combined effects of all ring currents
and is thus probably the best means to assess the
overall degree of aromaticity or antiaromaticity,
either computationally, via the endohedral chemical
shift at the center, or experimentally, via 6(*He) of
the corresponding endohedral helium compound.

It is also apparent, however, that for fullerenes
enhanced aromaticity as assessed by magnetic cri-
teria does not necessarily translate into additional
stabilization. The considerable strain inherent in the
skeletal cages and its variation between isomers or
during chemical transformations can easily dominate
stability and reactivity.

Changes in endohedral shifts upon adduct forma-
tion can often be rationalized qualitatively in terms
of quenching of either dia- or paratropic ring currents
close to the region of addition. Ring currents all over
the molecule tend to be affected, however, and the
nontransferability of localized ring-current contribu-
tions, as assessed by NICS calculations, make quan-
titative predictions difficult. Effects on the magnetic
properties of ionization or reduction, i.e., removal or
addition of electrons to the & system, are even less
amenable to an intuitive understanding. Here the
electronic structures, that is, the energies and nodal
properties of the invidual MOs, will have to be
analyzed in detail. In the following section, the simple
MO shell model outlined in section Il (cf. Table 3) is
taken as the starting point for a first step toward a
conceptual connection between electronic structure
and aromaticity in three dimensions.

VI. Nature of Aromaticity in Fullerenes and Count
Rules

1. Topological Count Rules—“Magic Numbers”

In an early treatment, magic numbers for icosa-
hedral fullerenes (Goldberg-type fullerenes) were
found to be 60n for closed-shell systems and 60n +
20 for open-shell system.33 A geometrical interpreta-
tion of this rule is that open-shell fullerenes have
atoms on the C; axes,while closed-shell fullerenes do
not. Closed shells were predicted for Cgo, Cis0, Coao,
Cua20, Csa0, etc. A tetrahedral structure was found to
be the best candidate for C;20. The open-shell icosa-
hedral fullerenes Cy, Cgo, Ci40, €tc., have a 4-fold
degenerate HOMO occupied by two electrons and a
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Table 10. Calculated Endohedral 3He Chemical Shifts and Symmetry He@C,, and He@Cg, Species with Different

Filling Degree of the #-Electron System®®

species symmetry O0(®He)? NICS(5)° NICS(6)°
C20%" (closed | = 2 shell) Ih —66.2 —-25.1
Cao C, —-31.7 -1.1-12.7
Ceo™1%(closed I = 4 shell) 1,2 —78.9°
Cs0®" (closed | = 5 shell) In -82.9 -29.1 -30.3
Cao®™ Dsq —70.0 —25.1 —26.6
Cgo?" Dsqg —54.5 —17.2 —20.2
Cao (triplett) Dsq -84 —17.2 —4.2
Cgo®™ Dsg +78.6 -3.7 +29.8
Cao®™ Dsq —32.8 —18.9 —13.4

a GIAO—SCH/3-21G//HF/6-31G.*® b Nucleus-independent chemical shifts in the center of the five-membered rings. ¢ Nucleus-
independent chemical shifts in the center of the six-membered rings.

4-fold degenerate LUMO. Conversely, the closed-shell
fullerenes exhibit a 5-fold degenerate HOMO and a
3-fold degenerate LUMO. It was expected that the
neutral open-shell fullerenes would lift the degen-
eracy by Jahn—Teller distortion to a structure of
lower symmetry. Therefore, the equilibrium geometry
of Czo, Cso, Ci40, Ca60, €tcC., Was suggested to be not
icosahedral. Icosahedrally-shaped Cigo, C240, Cs40, and
Coso Were found to be more stable than the spherical-
shaped conformers with an evenly distributed cur-
vature.?’> Although this count rule is able to predict
stable closed-shell fullerenes, it does not consider the
aspect of aromaticity.

In another investigation, a correlation between the
stability of a fullerene, expressed by the HRE, the
CCRE, and the HOMO—LUMO gap, and the cage
structure was found.?’® This investigation is related
to the topological search for magic numbers of
fullerenes,?’~223437.38 fylleride anions,?” and fullerenuim
cations.®” In particular, stable cages C, were pre-
dicted for n = 60 + 6m with m being any nonnegative
integer other than 1. These fullerenes are character-
ized by the presence of hexagons that are completely
sorrounded by other hexagons and were termed as
Clar-sextet?’” cages. It was suggested that these
fullerenes exhibit an enhanced aromaticity. However,
C72 has not been found in isolable quantities and the
Clar-sextet cage of C7g is not among the isolated Cs
isomers. It was found that probably due to strain
effects,53278 the Clar-sextet isomer of Cg is very high
in energy. As a consequence, it could not be demon-
strated experimentally, for instance by 3He NMR
spectroscopy, whether these Clar-sextet cages exhibt
a pronounced diamagnetic shielding in their interior,
which would have been an important measure for the
magnetic criterion of aromaticity. Also, calculations
of the magnetic properties have not been carried out
so far.

2. Spherical Aromaticity in I, Symmetrical
Fullerenes: The 2(N + 1)? Rule

The aromaticity of annulenes and heteroannulenes
can be described with the Huckel rule.*? Due to their
closed-shell structures, annulenes with 4N + 2
electrons are not distorted (D, Symmetry) and show
strong diamagnetic ring currents while singlet 4N
annulenes are often distorted and have paratropic
character. However, the Huckel rule cannot be ap-
plied in polycyclic systems, where, for example,

benzenoid rings are joined by four- or five-membered
rings. Thus, neither biphenylene nor fluoranthene
are antiaromatic, although they represent 12z and
16z systems, respectively. In fact, they are both
typical aromatics, for example, as far as the reactivity
criterion® (electrophilic substitution reactions) and
the diamagnetic shielding of their six-membered
rings is concerned.’® It was emphasized?’® that the
nature of the smallest circuit in a planar polycyclic
aromatic rather than the molecular perimeter gov-
erns its overall classification and behavior. Spherical
fullerenes represent a special group of polycyclic &
systems. To explain the nature of aromaticity of
fullerenes and to deduce a count rule for their
aromatic character, it is important to choose the most
suitable and unambiguous criterion. Due to the
reasons outlined in sections I1—1V, strutural, ener-
getic, and reactivity criteria alone are insufficient to
properly describe the aromaticity of fullerenes. The
magnetic behavior, however, evaluated, for example,
by 3He NMR spectroscopy or by NICS calculations
(section V), seems to be the most independent
criterion. Moreover, in a series of cases it correlates
well with specific structural aspects.®” As demon-
strated in section V, no correlation between the
diamagnetic shielding in the center of the fullerenes
and the cluster size or charge of the fullerenes was
discovered until recently such a correlation was
established for the icosahedral fullerenes Cyg, Ceo,
and Cgo.%” As pointed out in section 11, no distortion
of the s-electron system is expected in these fullerenes
if their shells are fully filled. Closed-shell situations
are realized if the fullerene contains 2(N + 1)2 n
electrons. This is closely related to the stable noble-
gas configuration of atoms or atomic ions. In this
case, the electron distribution is spherical and all
angular momenta are symmetrically distributed. The
correlation of the aromatic character determined by
the magnetic properties is shown in Table 10.

The closed-shell systems Cy?t (N = 2), Cgo'"
(N = 4), and Cgo®" (N = 5) exhibit very pronounced
3He chemical shifts in the center of the cage. With ¢
= —81.4, Cg'°" has the largest theoretically deter-
mined diamagnetic shielding up to now. Both six- and
five-membered rings exhibit very large diamagnetic
ring currents. Therefore, icosahedral fullerenes that
contain 2(N + 1)? x electrons show the maximum
degree of spherical aromaticity. Exceptions are pos-
sible if levels of the most outer shell are occupied
before all “inner” shells are completely filled. This is
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the case for Cgo'2.24 In this case, the tiq levels of the
I = 6 shell are filled prior to the ty, levels of the | =
5 shell. This is in analogy to the filling of the atomic
4s levels prior to the 3d levels. Compared to the cyclic
annulenes which follow the 4N + 2 rule, the spherical
fullerenes show the maximum diatropicity more
rarely and there are numerous intermediate situa-
tions, including molecules with both aromatic and
antiaromatic regions. One key conclusion is that the
entire molecule must be taken into account in order
to understand the aromatic properties of icosahedral
fullerenes. The applicability of this concept to less
symmetrical fullerenes must be examined. A broad
variety of smaller, less symmetrical fullerenes also
obey this rule of spherical aromaticity as demon-
strated with NICS calculations. It is clear that in the
case of fullerenes with a lower symmetry, local
substructures, like the cyclic phenylene belt of Cy,
can also determine the magnetic behavior to a large
extent.

Now, after a decade of extensive fullerene research,
it can be concluded that the early predictions of
Kroto®? became true, namely, that the fullerenes can
exhibit three-dimensional superaromaticity. Of course,
the superior three-dimensional aromaticity does not
appear within neutral buckminsterfullerene Csgo,
whose outer shell is incompletely filled resulting in
the establishment of both moderately aromatic and
antiaromatic character. The three-dimensional coun-
terpart of Huckel aromaticity in pure form requires
a noble-gas configuration of the cluster and can
appear, for example, in charged icosahedral fullerenes.

VII. Conclusion

Are fullerenes aromatic? In this review we have
attempted to summarize the current state of research
related to this question. The classical criteria for
aromaticity of planar, unsaturated compounds,
namely, those based on structure, energetics, reactiv-
ity, and magnetic properties, are applied to fullerenes
and their derivatives. Magnetic and NMR properties
are probably the most general indicators for aroma-
ticity, and the wealth of accumulated data clearly
demonstrates that extensive cyclic delocalization of
7 electrons takes place in fullerenes. The observed
properties are often the result of the simultaneous
presence of locally diatropic and paratropic ring
currents.

According to estimated resonance energies, the
m-electron delocalization in fullerenes, the origin of
their special NMR properties, should indeed provide
some energetic stabilization. However, while such an
aromatic stabilization can be a major driving force
in annulene chemistry, other contributions, in par-
ticular strain, can be competitive or even decisive for
fullerenes. The same is true for structural and
reactivity aspects of fullerenes.

The scope of aromaticity is thus much broader for
Huckel-type annulenes than for fullerenes, where it
is essentially limited to delocalization evidenced by
ring currents. The prediction that according to the
computed NMR criteria Cgo'®" should the most aro-
matic fullerene derivative to date does not mean it
will be easily, or ever, synthesized. Yet the classifica-
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tion of a fullerene or one of its derivatives as “highly
aromatic” will be useful because one can expect
outstanding NMR properties which can lead to its
identification and characterization.

Qualitative relations between spherical aromaticity
and electronic structure are only beginning to
emerge: When the o MOs on the surface of a sphere
are grouped into shells according to their nodal
properties, a simple model predicts that maximum
aromaticity is reached when the individual shells are
completely filled. The shell model appears to be an
attractive starting point for an eventual, generalized
description of three-dimensional aromaticity. To an-
swer the initial question, yes, fullerenes can be
aromatic, but compared to the cyclic annulenes,
which follow the 4N + 2 rule, the maximum diatro-
picity occurs more rarely and there are numerous
intermediate situations, including molecules with
both aromatic and antiaromatic regions.
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