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In this work we show that the regioselectivity of the Diels–Alder,
1,3-dipolar, and carbene cycloadditions to C60 changes from the usual
[6,6] addition in neutral species to the [5,6] attack when the number of
electrons added to the fullerenic cage increases. Changes in the aromaticity of the five- and six-membered rings of C60 during the reduction
process provide a rationale to understand this regioselectivity change.

Regioselectivity in the exohedral functionalization of fullerenes and
endohedral metallofullerenes (EMFs) widely depends on the nature
of the fullerene species and the metallic cluster encapsulated.1 This
regioselectivity can change dramatically from the empty fullerenes
to the EMFs. As we have shown in previous studies on C78, both
steric and electronic eﬀects2 due to the presence of the metallic
cluster play an important role in the regioselectivity changes
observed when the metallic cluster is encapsulated in the fullerenic
cage.3 Fullerenes following the isolated pentagon rule (IPR)4 have
two types of bonds, namely, the [6,6] and [5,6] bonds. As a general
trend, empty fullerenes tend to favor cycloadditions to [6,6] bonds,
while the [5,6] addition is most common among EMFs. This is e.g.
the case with C80 for which the principal adduct with the Ih and D5h
hollow isomers corresponds to a [6,6] bond of type B while for
M3N@Ih-C80 and M3N@D5h-C80 (M = Sc and Lu) the most favored
attack takes place on a type D corannulenic [5,6] bond.5
Fullerenes are good electron acceptor molecules.6 The electrochemistry of C60 exhibits six chemically reversible reductions corresponding to the successive one-electron additions to the low-lying
three-fold degenerate LUMO of C60 until the C606 species is formed.7
In EMFs, the cage is similarly reduced as the encapsulated metallic
cluster formally transfers between two and six electrons to the
LUMOs of the fullerene. The electron charge transferred is mainly
a
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Fig. 1 Schematic representation of the energy profiles of the Diels–Alder
addition of cyclopentadiene to the [6,6] and [5,6] bonds of C60.

located in the five-membered rings (5-MRs) of the fullerene structure.8 The reactivity and the regioselectivity of an EMF as compared
to that of the free fullerene change mainly because of the (formal)
charge transfer of the encapsulated metallic cluster to the LUMOs.
Because of the fundamental role of the charge transfer in the
reactivity of EMFs, one may hypothesize that negatively charged empty
fullerenes could be suitable chemical models to study the reactivity of
EMFs. Following this idea, we decided to analyze the reactivity of C60n
(n = 0 to 6) as a simple model for the reactivity of C60 EMFs. The IPR C60
fullerene has only two diﬀerent non-equivalent bonds, a pyracylenic
[6,6] and a corannulenic [5,6] bond (see the inset of Fig. 1). In many
cases a change in the regioselectivity from [6,6] to [5,6] bonds is
observed when going from empty fullerenes to EMFs. Here, we study
the reactivity changes when going from neutral C60 to C606 with the
aim to discuss whether it is possible to electrochemically control
the regioselectivity of the reaction. We focus our discussion on the
Diels–Alder (DA) cycloaddition between C60 and cyclopentadiene (Cp),
but we anticipate that our conclusions are also valid for the 1,3-dipolar
addition of N-methyl azomethine ylide and dichlorocarbene addition
(see ESI†). All calculations were performed at the BP86-D2/TZP//
BP86-D2/DZP level9 with the Amsterdam Density Functional (ADF)
program10 including relativistic eﬀects through the ZORA approach11
and dispersion corrections (D2)12 as recommended in previous
studies13 (see ESI† for more details).
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Fig. 2 Schematic representation of the reaction energies for the DA addition of
cyclopentadiene to the [6,6] and [5,6] bonds of C60 and MCI values (dashed lines)
of the 5-MRs and 6-MRs in C60 when the fullerene is reduced by n electrons.

Fig. 1 depicts the reaction profiles of the DA addition of Cp over
the [6,6] and [5,6] bonds of neutral C60. As can be seen, the [6,6]
addition is clearly favored both from the kinetic and thermodynamic points of view. This concurs with experiments,14 where
this reaction takes place over the [6,6] bond with an activation
energy of 6.9 kcal mol 1 (compared to 4.2 kcal mol 1 at BP86-D2/
TZP//BP86-D2/DZP for the energy diﬀerence between the van der
Waals intermediate and the transition state) and a reaction
energy of 19.8  2.2 kcal mol 1 ( 24.7 kcal mol 1 at BP86-D2/
TZP//BP86-D2/DZP).
In Fig. 2 we have presented the reaction energies (DER) for the DA
addition of Cp to the [6,6] and [5,6] bonds of neutral C60 and when
the fullerene is reduced by n (n = 0–6) electrons (see numerical values
in Table S1, ESI†). Our results show that thermodynamically the [6,6]
addition is the preferred one for neutral C60, whereas the regioselectivity is reversed for C606 , with the [5,6] bond being the most favored
for attack. For n = 1, the major product of the reaction is still clearly
the [6,6] one. In the intermediate region, n = 2–5, the regioselectivity
of the reaction is less well defined. For two and three electron
reductions the attack over the [6,6] position is still slightly favored by
3.4 and 2.7 kcal mol 1, respectively, while for five added electrons
the [5,6] bond is the most favored product by 3.4 kcal mol 1. The
reactivity crossing takes place between four and five electrons added,
although between n = 2 and 5, both additions have similar behavior
and one could predict that experimentally a mixture of the two
regioisomers would be obtained. The BP86-D2/TZP//BP86-D2/DZP
energy diﬀerences between [6,6] and [5,6] reaction energies and
reaction barriers are reported in Table 1. As can be seen, the
reactivity crossing (both reaction energies and energy barriers) is
clearly located between the C604 and C605 species. BP86-D2/TZP//
BP86-D2/DZP calculations for the DA reaction with C60 and C606
including the solvent eﬀects in a 1,2-dichlorobenzene solution using
the COSMO method show that the reactivity crossing is also present
in solution.
It is usually considered that the attack on a given bond of
fullerenes and EMFs is favored when this bond has a short bond
Table 1 BP86-D2/TZP//BP86-D2/DZP energy diﬀerences (kcal mol 1) in reaction
energies and reaction barriers for the additions on [6,6] and [5,6] bonds when
the C60 is reduced by n electrons (n = 0–6)

0

n=
DDER ([6,6]–[5,6])
DDE‡ ([6,6]–[5,6])
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16.75
12.35

1
10.44
8.19

2

3

4

3.68
3.60

2.74
1.47

1.67 3.35 6.66
0.15 4.58 7.84
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distance, large pyramidalization angles, and LUMOs with the correct
shape for the interaction with the diene.1b,2a,b As can be seen in
Table S4 and Fig. S4 (ESI†) successive reductions of the C60 molecule
implies an increase in the [6,6] bond distance, while that of the [5,6]
bond remains practically constant. Moreover, during the reduction
process, pyramidalization angles remain invariant in all cases (see
Table S4, ESI†). So, from this geometrical point of view, the reduction
of the reactivity of the [6,6] bond can be justified by the change in the
bond length (larger [6,6] bond distances when n increases). However,
the higher reactivity of the [5,6] bonds cannot be explained since
neither the [5,6] bond distance nor the pyramidalization angles
change with the successive C60 reduction. Moreover, in all cases
(n = 0 to 6) some of the LUMOs have the appropriate shape for both
the [6,6] and [5,6] attacks and cannot be used to make predictions
about regioselectivity diﬀerences.
Because neither bond distances nor pyramidalization angles nor
LUMO shapes provide a rationale for the regioselectivity change, we
decided to investigate changes in aromaticity. It is well-known that
C60 and C606 have quite diﬀerent aromatic character. Thus, while
C60 is spherically p-antiaromatic, its hexaanion form, C606 , is
p-aromatic.15 Table S5 in the ESI† reports the calculated HOMA16
(harmonic oscillator model of aromaticity) and MCI17 (multicenter
electronic index) indicators of aromaticity for the 5-MRs and 6-MRs
of the diﬀerent C60n (n = 0–6) species. We have also calculated the
NICS18 (nucleus independent chemical shift) as a magnetic index of
aromaticity for some selected cases (see Table S5, ESI†). HOMA
indices calculated at the BP86-D2/DZP level (see Table S5, ESI†),
which depend only on the C–C bond distances of the considered
ring, show a 6-MR decrease in aromaticity when the number of
added electrons increases, and remain practically constant for the
5-MR. These results are in accord with the C–C bond distance trends
described above. As the HOMA index has some limitations, we have
evaluated also the MCI index, which is considered one of the most
reliable descriptors of aromaticity.19 The tendency described by the
MCI results calculated at the BP86/cc-pVDZ//BP86-D2/DZP level,
listed in Table S5 (ESI†) and presented in Fig. 2, is very similar to
that found for the reaction energies. The MCI values show that the
aromaticity of the 5- and 6-MRs increases and decreases, respectively, with the successive addition of electrons to the C60 molecule.
The increase in the 5-MR aromaticity is probably the result of the
extra charge being located mainly over these rings. The BP86/
cc-pVDZ//BP86-D2/DZP computed NICS(1) values for the singlet
C60 and C606 molecules show a similar trend for the 5-MR.
However a slight increase in the aromaticity of 6-MR is also observed
(Table S5, ESI†). It is likely that this increase in the aromaticity of
6-MRs pointed out by NICS(1) is an artifact due to the magnetic field
created by the neighboring diatropic 5-MR currents.20
From this observation we can rationalize the changes induced
in the regioselectivity of the reaction. A higher aromaticity of a given
ring implies more resistance towards an attack over one of its
bonds because the addition destroys the out-of-plane (p) favorable
conjugation in the ring (and vice versa for lower aromaticity). As can
be seen in Fig. 1, when the addition takes place on a pyracylenic
[6,6] bond type, the p-conjugation of two 5-MRs and two 6-MRs is
lost. On the other hand, when the addition is on a corannulenic
[5,6] bond, the conjugation vanishes in three 6-MRs and one
5-MR. Table 2 lists the C60n MCIPyr, C60n MCICor, C60Cpn
Chem. Commun., 2013, 49, 1220--1222

1221

View Article Online

ChemComm

Communication

Table 2 MCIPyr and MCICor indices (in 10 2 electrons), [product – reactant]
increments (DMCI) and their diﬀerences (DDMCI(Pyr–Cor)) for the pyracylenic and
corannulenic units for the diﬀerent n = 0–6

n=
n
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C60 MCIPyr
C60n MCICor
C60Cpn MCIPyr
C60Cpn MCICor
DMCIPyr
DMCICor
DDMCI(Pyr–Cor)

0

1

2

3

4

5

6

4.48
4.83
0.91
0.96
3.57
3.87
0.30

4.43
4.59
0.96
0.89
3.47
3.70
0.23

4.39
4.52
1.03
0.84
3.37
3.69
0.32

4.33
4.26
0.94
0.86
3.40
3.40
0.00

4.13
3.89
0.82
0.89
3.30
3.00
0.31

4.21
3.90
0.93
0.90
3.29
3.00
0.29

4.19
3.69
1.07
0.91
3.12
2.78
0.34

MCIPyr, and C60Cpn MCICor values, where C60n MCIPyr (MCICor) is
the sum of the MCI values of the four rings involved in the
pyracylenic (or corannulenic) unit of C60n . We can quantify the loss
of local aromaticity when going from reactants to products with the
MCI increment (DMCI). DMCI is the diﬀerence between the sum of
MCI values of the four rings involved in the addition (those depicted
in Fig. 1) in the product C60Cpn and the same sum in the reactant
C60n (n = 0 to 6). Table 2 gathers these DMCI values together with the
diﬀerences between the additions on pyracylenic and corannulenic
units (DDMCI(Pyr–Cor)). When DDMCI(Pyr–Cor) is positive the addition to
the [5,6] bond of the corannulenic unit implies a larger reduction in
the local aromaticity than the reaction on the [6,6] bond of the
pyracylenic ring. Conversely, a negative sign indicates that the loss of
aromaticity is larger for the pyracylenic addition.
Thus, by comparing the tendencies for the regioselectivity
presented in Table 1 and the trends in local aromaticity changes
in Table 2, we can conclude that there exists a direct relationship
between the energetically most favored addition site and the
position that induces a smaller loss in aromaticity when going
from reactants to products. Moreover, the reaction takes place at
the position where the initial local aromaticity of the four rings
involved in the attacked bond is lower, as can be seen in Table 2.
The relationship between aromaticity and regioselectivity is not
only found for the DA reaction, but also for the 1,3-dipolar addition
(see Tables and Fig. S2 and S3, ESI†), whose reactivity trends parallel
those of the DA reaction. This is in agreement with previous studies on
the DA and 1,3-dipolar additions involving EMFs where the same
regioselectivity and reactivity patterns were obtained for both
attacks.21 For the carbene addition we found that the regioselectivity
crossing takes place earlier (around n = 1), but the mentioned
relationship remains valid. In fact, trends are identical and the earlier
crossing occurs simply because the energy diﬀerence for the
additions on either the [6,6] or [5,6] bond is much smaller (only
2.9 kcal mol 1 in favor of the [6,6] product) than that found for the DA
(16.8 kcal mol 1) or the 1,3-dipolar (14.5 kcal mol 1) cycloadditions.
In summary, we have shown that the eﬀect of successive reductions of the C60 molecule dramatically changes the regioselectivity of
the DA, 1,3-dipolar, and carbene additions, from the usual [6,6]
addition in neutral species to addition to the [5,6] bond when the
number of electrons added to C60 increases. Thus, our results show
that it is possible to electrochemically control the regioselectivity of
the exohedral functionalization of fullerenes such as C60. Moreover,
we have demonstrated that this regioselectivity change can be
rationalized in terms of local aromaticity variations in the 5- and
6-MRs of the fullerene due to the reduction process. Finally, we
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argue that charged fullerenes can be used as a simple model to
describe the changes in reactivity when a metallic atom or cluster is
encapsulated inside a fullerene cage. Therefore, the results presented
above can help in explaining why in the EMFs the attack on [5,6]
bonds is in general more favored than on the [6,6] one, in contrast to
what happens in the empty and neutral fullerenes.
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ICREA Academia 2009 prize of the Catalan DIUE.

Notes and references
1 (a) M. N. Chaur, F. Melin, A. L. Ortiz and L. Echegoyen, Angew.
Chem., Int. Ed., 2009, 48, 7514; (b) S. Osuna, M. Swart and M. Solà,
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