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Competitive retro-cycloaddition in [60]- and [70]fullerene homodimers (1a,1c) as well as
[60]/[70]heterodimer (1b), linked through 2-pyrazolinopyrrolidino bridges, has been studied by
means of HPLC, mass spectrometry, and theoretical calculations at the density functional theory
(DFT) level by using the two-layered ONIOM approach. The results of these investigations indicate
that the retro-cycloaddition reaction of pyrrolidinofullerenes is favored compared to the retro-
cycloaddition reaction of 2-pyrazolinofullerenes in compounds 1a-c. Evidence of the occurrence of
this process have been observed both by HPLC and MS-MALDI, these findings being in good
agreement with those predicted by theoretical calculations.

Introduction

Since fullerenes1 and other molecular carbon nanostruc-
tures2 were discovered, a remarkable effort has been devoted
to their chemical modification.3 Moreover, owing to their
exceptional electronic and geometrical characteristics, full-
erenes represent an exceptional scenario for testing a wide

variety of new reactions.4 Some of us have previously
reported the thermally induced transition metal catalyzed
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quantitative retro-cycloaddition reaction of pyrrolidino-
[3,4:1,2]fullerenes5 as well as isoxazolino[3,4:1,2]fullerenes,6

and proved its convenience as a new and useful protec-
tion-deprotection protocol.5 Recently, this methodology
also has been applied to induce the retro-cycloaddition
process in 2-pyrazolino[3,4:1,2]fullerenes.7 The results of
that study clearly indicated that C-substitution on the pyra-
zole ring plays an important role on the course of the
reaction, as l,3-diaryl-2-pyrazolino[60]fullerenes are ther-
mally stable under these conditions and form C60 in very
low yields. In contrast, 1-aryl-3-alkyl-2-pyrazolino deriva-
tives are more vulnerable to these experimental conditions,
undergoing an efficient thermally induced transition metal
catalyzed retro-cycloaddition reaction. In a previous paper,8

we have reported the preparation and photovoltaic applica-
tions of a new family of fullerene-based compounds, namely,
soluble [60]- and [70]fullerene homodimers (1a, 1c) and the
[60]/[70]heterodimer (1b), linked through 2-pyrazolinopyr-
rolidino bridges (Figure 1). These dimers represent the first
example of covalently bonded pyrrolidinopyrazolinofuller-
ene dimers, despite the fact that pyrrolidinofullerenes9 and
pyrazolinofullerenes10 are well-known in fullerene chemistry
and have been extensively studied. In the present paper we
report on the competitive retro-cycloaddition reaction that
takes place in these dimers (1a-c), by means of thermally
induced treatment in the presence of an excess of dipolar-
ophile (maleic anhydride), as well as copper triflate
(CuOTf2). The competitive retro-cycloaddition process that
takes place on these dimers has also been studied by mass
spectrometry and the experimental findings are underpinned
by theoretical calculations at the density functional theory
(DFT) level, using the two-layered ONIOM approach.

Analysis of the experimental and theoretical results ob-
tained by these three different approaches reveals that the
retro-cycloaddition occurs preferentially on the pyrrolidino-
fullerene moiety, due to the lower activation barrier and
the slightly more favorable reaction energy for the entire
process.

Results and Discussion

Thermal Treatment. To investigate the thermal stability of
these dimers, compound 1a has been submitted to the same
experimental conditions previously reported for other full-
erene-fused pentagonal heterocyclic rings.5-7 Compound 1a

was first heated at reflux in o-DCB for 24 h (Figure 2), and

then a small amount (0.5 mL) of the reaction mixture was
collected, diluted, and submitted to HPLC analysis (Table 1,
o-DCB-24 h). The results of this experiment showed that
pristine C60 was obtained in moderate yield (50%) under
thermal treatment. Then,we carried out the same experiment
by adding a large excess (30 equiv) of maleic anhydride as an
efficient dipolarophile in order to trap the in situ generated
dipole (Table 1, MA-24 h). Analysis of this experiment by
HPLC showed that pristine C60was obtained in a better yield
(66%) togetherwith a newpeak located at 11.25min (toluene
1mL/min), whichwas identified by the detector of theHPLC
as a fullerene-based compound.

To shed some light on the nature of this new fullerene-
based compound, we isolated a small amount of this new
derivative by semipreparative HPLC chromatography and
submitted this sample toMALDIMS analysis. The recorded
mass spectra, both in positive and in negative mode of
detection, do not exhibit the corresponding molecular ion
proposed for the trapping of the thermally generated azo-
methyne ylide by the maleic anhydride (compound 2, mo-
lecularweight 1134Da). In contrast, a peak atm/z 1104 (M-
30 Da) and a fragment at m/z 1060 (1104 - 44 Da) were
observed both in the negative and in the positive modes of
detection. The structure of the proposed new derivative with
a cyclic anhydride moiety supports the formation of both
fragments. Thus, an elimination of 30 Da (formaldehyde)
and a subsequent loss of 44 Da (carbon dioxide) explain the
formation of these ions, thus indicating that the retro-
cycloaddition of 1a takes place with trapping of the inter-
mediate dipole (see the SI). It is important to note that the
mass spectra of cyclic anhydrides are known to give small or
negligible molecular ion peaks but produce abundant peaks
due to CO2 elimination.11 The fragmentation pattern of
this new derivative therefore can be considered as a proof
of the proposed structure. This conclusion is, indeed, well
supported by our previous research findings: when per-
forming the retro-cycloaddition study with different 2-pyr-
azolinofullerenes, we were not able to observe the
trapped nitrile-imine species in any case.7 On the contrary,
dealing with fulleropyrrolidines, the retro-cycloaddition
process is more favored, and efficient trapping of the ther-
mally generated azomethine ylide has recently been des-
cribed.12

Then, we performed the same experiment but adding
copper triflate, a metal Lewis acid, in order to find out if a
possible coordination with the nitrogen atoms could activate
the retro-cycloaddition reaction (Table 1, entry 3). The
results of this experiment showed that pristine C60 was
obtained in 58% yield, a value that resembles that obtained
with simple thermal treatment, being therefore, the influence
of copper triflate, scarce or negligible on the retro-cycloaddi-
tion process. When the experiment was performed in the
presence of maleic anhydride (30 equiv) and copper triflate
(1 equiv) (Table 1, entry 4), a similar result for the retro-
cycloaddition of compound 1a (67%) to that of entry 2
was observed. The appearance of the new peak at 11.25
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Mill Valley, CA, 1993.

(12) Filippone, S.; Izquierdo-Barroso, M.; Martı́n-Dom�enech, A.;
Osuna, S.; Sol�a, M.; Martı́n, N. Chem.;Eur. J. 2008, 14, 5198.



8176 J. Org. Chem. Vol. 74, No. 21, 2009

JOCArticle Delgado et al.

min was also detected, thus confirming the formation of the
trapped azomethyne ylide in the presence of maleic anhy-
dride.

The experiments performed on derivative 1a suggest that
the best condition to trap the dipole and induce thermal
retro-cycloaddition of fulleropyrrolidines is to add a large
excess of dipolarophile. Therefore, we carried out analogous
experiments with derivatives 1b and 1c. Derivative 1b is
especially important in order to determine which retro-
process is favored, since both fullerene units (C60 and C70)
are present in this compound. Interestingly when compound
1b was heated at reflux in the presence of maleic anhydride
(30 equiv), C70 was obtained in a larger amount (60%) than
that observed for C60 (11%), providing strong evidence
that the retro-cycloaddition of fulleropyrrolidines is more
favored compared to the retrocycloaddition of 2-pyrazoli-
nofullerenes. Moreover, we also observed the appearance of
the peak located at 11.25 min (toluene 1 mL/min.), confirm-
ing the formation of the trapped azomethine ylide in the
presence of maleic anhydride. The same experiment carried
out with derivative 1c showed that C70 was generated in good
yield (84%) together with other peaks that display UV-vis
spectra typical for a C70-based compound, most likely due to
the trapping of the generated azomethine ylide.

Mass Spectrometry. The mass spectrum of an organic
compound provides two types of complementary informa-
tion: one is the knowledge of the molecular weight and
formula based on the molecular ion, and the second one
is the determination of the structure on the grounds of
the fragmentation pattern. Since fragmentation is a chemical

process resulting in bond breaking, the spectrometric frag-
mentation is sometimes closely related to chemical degrada-
tion processes.13 Cycloadditions and their corresponding
retro-processes are one of the most classical reactions which
can be investigated either chemically or under the mass
spectrometric point of view. The well-known retro-Diels-
Alder (RDA) reaction originating in the mass spectrometer
was first recognized by Biemann14 and is actually one of the
most investigated spectrometric reactions.15 Ionization
methods such as electron-impact-ionization (EI) are hardly

FIGURE 1. [60]- and [70]fullerene homodimers (1a, 1c) and the [60]/[70]heterodimer (1b), linked through 2-pyrazolinopyrrolidino bridges.
Thermally generated azomethyne ylide trapped by the maleic anhydride (2).

FIGURE 2. Chromatogram of the thermal retro-cycloaddition of 1a in the presence of maleic anhydride (24 h); the inset shows the UV-vis
absorption spectrum of the new compound observed at 11.25 min.

TABLE 1. Experimental Conditions Used for the Retro-Cycloaddition

Reaction Undergone by the 2-Pyrazolinopyrrolidino[60]fullerenes,a and
Formation of Pristine C60 (%) Determined by HPLC

yield, %

entry compd exptl conditions C60 C70

1 1a o-DCB-24 h 50
2 1a MA-24 h 66
3 1a CuTf2-24 h 58
4 1a MA-Cu(OTf2)-24 h 67
5 1b MA-24 h 11 60
6 1c MA-24 h 84
aAll the reactions were performed in o-DCB at reflux. MA=30 equiv

of maleic anhydride; Cu(OTf2)=1 equiv of copper triflate.

(13) Kametani, T.; Fukumoto, K. Acc. Chem. Res. 1976, 9, 319.
(14) Biemann, K. In Mass Spectrometry-Organic Chemical Applications;

McGraw-Hill: New York, 1962.
(15) (a) Turecek, F.; Hanus, V. Mass Spectrom. Rev. 1984, 3, 85. (b)

Szmigielski, R.; Danikiewicz,W.; Dolatowska, K.;Wojciechowski, K. Int. J.
Mass Spectrom. 2006, 248, 148. (c) Meurer, E. C.; Sparrapan, R.; Eberlin,
M. N. J. Mass Spectrom. 2003, 38, 1075. (d) Ovcharenko, V. V.; Pihlaja, K.;
Stajer, G. J. Am. Soc. Mass Spectrom. 2001, 12, 1011.
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used in the fullerene mass spectrometry field.16 In contrast,
soft ionization methods, especially matrix-assisted laser
desorption/ionization (MALDI) and electrospray ionization
(ESI), are widely used, even overcoming problems like
insolubility and/or degradation of the sample.17

In a previous study by some of us, we reported that the
thermally induced retro-cycloaddition reaction in
isoxazolino[60]- and [70]-fullerene derivatives can also be
observed from the molecular ions generated by ESI-MS.6a

On the other hand, N-methyl-substituted and N-unsubsti-
tuted pyrrolidinofullerenes undergo the thermal retro-
cycloaddition affording pristine fullerene.5 In contrast,
N-benzoyl pyrrolidinofullerenes do not give this reaction.12

The study of the collision-induced dissociation (CID) mass
spectra of the molecular ions generated from these mole-
cules under ESI conditions also supports these findings.18

2-Pyrazolino[4,5:1,2][60]fullerenes also undergo a thermal
retro-cycloaddition,7b and evidence of this process can be
obtained from the CID-ESI mass spectra of these com-
pounds, which form C60 in the main fragmentation pathway
of the corresponding molecular ions.18

We have investigated the HRMSMALDI mass spectra of
compounds 1-3 in order to verify if the observed thermal
retro-cycloadditions also take place when these reactions are
induced in the mass spectrometer. Thus, the homodimer 1a
exhibits a molecular ion [MþH]þ atm/z 1757.19720, which
eliminates 720 Da (C60) to form a fragment at m/z 1037.204
([60]3a) as the main fragmentation through a retro-cycload-
dition process. However, the existence of an open 1,3-dipole
instead of an aziridine ring cannot be ruled out. A second
observed fragment at m/z 874.153 ([60]3b), which corre-
sponds to the formula C70H20N, clearly indicates a cleavage
of the heterocycle bridge with charge retention on the
pyrrolidinofullerene moiety (Scheme 1).

Thus, now the question is to know in which heterocycle
the retro-cycloaddition takes place. The mass spectrum of
heterodimer 1b shows a molecular ion [M þ H]þ at m/z
1877.19720, which undergoes a retro-cycloaddition reaction
with loss of 840 Da (C70) leading to the formation of a
fragment at m/z 1037.307 ([60]3a), identical with the frag-
ment obtained from 1a. This result can only be explained
assuming that the retro-cycloaddition takes place more
easily on the pyrrolidinofullerene moiety. The cleavage of
the heteroring bridge is also observed in this case provoking
the formation of a fragment at m/z 994.160 ([70]3b) with the
formula C80H20N, which indicates that the charge retention
occurs in the pyrrolidinofullerene moiety. The mass spec-
trum of 1c confirms these facts. The molecular ion [MþH]þ

at m/z 1997.19720 (C157H25N4O2) eliminates C70 to form a

fragment at m/z 1157.205 ([70]3a) resulting from the retro-
cycloaddition on the pyrrolidinofullerene substructure with
elimination of C70. Moreover, the cleavage of the heteroring
bridge yields a fragment atm/z 994.160 ([70]3b) identicalwith
the ion found for the cleavage of 1b.

Theoretical Calculations

Under thermal treatment and in the presence of reagent
excess of some dipolarophile such as maleic anhydride,
pyrrolidino[3,4:1,2][60]fullerenes can efficiently revert back to
[60]fullerene and azomethine ylide in what is called the retro-
Prato reaction.5 Experimentally, pyrrolidinofullerenes revert to
the initial reactants (C60þ 1,3-dipole) at lower temperature than
pyrazolinofullerenes do.12 To provide some insight into this
different behavior, in this work, we have theoretically explored
the reaction mechanism for the retro-1,3-dipolar cycloaddition
that leads to nitrile imine and C60. The results obtained have
been compared to the previously studied mechanism for the
same retro-Prato reaction involving azomethine ylide as the
1,3-dipole.12 In this previous work,12 the retro-Prato reaction of
N-methylpyrrolidinofullerene to give C60 and azomethine ylide
was assessed in the presence of maleic anhydride as a dipolar-
ophile. Figure 3 shows the relative energies and Gibbs free
energies of the transition states (TSs) and products for themost
favorablemechanism. Calculations showed that the presence of
maleic anhydride did not improve the efficiency of the reaction
by reducing the barrier of the retro-cycloaddition reaction.
However, the retro-Prato reaction was clearly favored as the
final 1,3-dipole generated was stabilized through reaction with
maleic anhydride, converting the overall reaction from highly
endothermic (the reaction energy for the retro-Prato reaction
was 53.2 kcal mol-1) to substantially exothermic (in the
presence of maleic anhydride, the reaction energy became
-16.4 kcalmol-1) (see Figure 3). Therefore, themost favorable
mechanism was obtained when the assistance of the dipolar-
ophilewasnotproducedalong thewhole reactionpath, butonly
at the final stage of the reaction. The retro-cycloaddition

SCHEME 1. Mass Spectrum Fragmentation Pattern of

Homodimer 1a

(16) Darwish, A. D.; Avent, A. G.; Birkett, P. R.; Kroto, H. W.; Taylor,
R.; Waltom, D. R. M. J. Chem. Soc., Perkin Trans 2, 2001, 1038 and
references therein.

(17) (a) Kotsiris, S. G.; Vasil�ev, Y. V.; Streletskii, A. V.; Han, M.; Mark,
L. P.; Boltalina, O. V.; Chronakis, N.; Orfanopoulos,M.; Hungerbuhler, H.;
Drewello, T. Eur. J. Mass. Spectrom. 2006, 12, 397. (b) Kozlovski, V.;
Brusov, V.; Sulimenkov, I.; Pikhtelev, A.; Dodonov, A. Rapid. Commun.
Mass. Spectrom. 2004, 18, 780. (c) Barrow, M. P.; Feng, X.; Wallace, J. I.;
Boltalina, O. V.; Taylor, R.; Derrick, P. J.; Drewello, T. Chem. Phys. Lett.
2000, 330, 267. (d) Illescas, B. M.; Martinez-Alvarez, R.; Fernandez-Gadea,
J.; Martı́n, N. Tetrahedron 2003, 59, 6569.

(18) Works currently in progress demonstrate that under ESI conditions
substituted N-benzoyl pyrrolidinofullerenes undergo the loss of the benzoyl
group instead of the retro-cycloaddition process. In contrast, the spectro-
metric fragmentation of substituted pyrazolinofullerenes affords C60 as
result of a retro-cycloaddition reaction.
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presented a high-energy barrier of 45.4 kcal mol-1 (ΔGq=
39.2 kcal mol-1), which was smaller than the reaction energy
found (53.1 kcal mol-1, ΔGr=34.0 kcal mol-1). However, no
minimumstructurewas located indicating the existenceof avery
shallowminimum close to the TS. Once the retro-cycloaddition

was produced (4aþ 5fC60þ 6aþ 5), the formed azomethine
ylide reacted immediately with maleic anhydride generating
the final product 7a (C60 þ 6aþ 5 f C60þ7a, see Figure 3).
The latter process was barrierless as neither a TS nor an
intermediate could be located during the approach of 6a and 5.

FIGURE 3. ONIOM2(B3LYP/6-31G(d):SVWN/STO-3G) reactionenergyprofile (Gibbs free energies at 298K in squarebrackets and redcolor) for
the retro-cycloaddition reaction of theN-methylpyrrolidino[60]fullerene in the presence ofmaleic anhydride.All values are taken from ref 12.Hatoms
and colored and dark-gray atoms constitute the layer treated at a high level in the ONIOM approach. All energies are expressed in kcal 3mol-1.

FIGURE 4. ONIOM2(B3LYP/6-31G(d):SVWN/STO-3G) reaction energy profile (Gibbs free energies at 298 K in square brackets and red)
for the retro-cycloaddition reaction of pyrazolino[60]fullerene in the presence of maleic anhydride. H atoms and colored and dark-gray atoms
constitute the layer treated at a high level in the ONIOM approach. All energies are expressed in kcal 3mol-1.
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The same mechanism has been explored for the nitrile imine

case. Figure 4 contains the relative energies and the Gibbs free
energies of the TSs and products of each step of the reaction.
The retro-cycloaddition reaction (4bþ 5fC60þ 6bþ 5) is also
highly endothermic with a reaction energy of 45.4 kcal mol-1

and an activation barrier of 46.7 kcalmol-1.Gibbs free energies
are somewhat smaller, 28.1 and 41.7 kcal mol-1, as expected
from the fact that there is an increase in the entropy along the
reaction coordinate. The reaction energy obtained in the first
step of the reaction is more favorable (less endothermic) for the
nitrile imine dipole (45.4 and 53.2 kcal mol-1 for nitrile imine
and azomethine ylide, respectively). This lower reaction energy
found is basically attributed to the highest stability of nitrile
imine as compared to the reactive azomethine ylide. The much
lower HOMO-LUMO gap for the azomethine ylide (3.62 eV)
than for the nitrile imine (5.85 eV) provides evidence for the
higher stability of thenitrile imine.Although the reaction energy
found for the first stepof the reaction (4bþ 5fC60þ 6b þ 5) is
more favorable for the case of the nitrile imine, the activation
barrier is 1.5kcalmol-1 (or2.5kcalmol-1 in termsofGibbs free
energies) higher than that for the azomethine ylide. The latter
difference computed fromsingle point energy calculations at the
B3LYP/6-31G(d) level by using the optimized ONIOM geo-
metries (i.e., B3LYP/6-31G(d)//ONIOM(B3LYP/6-31G(d):
SVWN/STO-3G)) is 0.9 kcal mol-1. Although the energy
differences found are very low, there is a slight preference for
the retro-cycloaddition for the azomethine ylide case, which is
indeed in accordance with experimental findings. Figure 5
shows the optimized structures for the TSs corresponding to
the retro-cycloaddition reaction in the case of the azomethine
ylide (TS1a) and the nitrile imine (TS1b). In both cases the TSs
structures are concerted.However,TS1a is almost synchronous
whereas TS1b is clearly asynchronous as expected from sym-
metry considerations. The C-C bond distances of those bonds
being broken are longer in TS1a (2.71 Å) than in TS1b (2.59/
2.20 Å) as could be anticipated from Hammond’s postulate.19

Finally, nitrile imine reacts with maleic anhydride giving
the cycloaddition product 7b (C60 þ 6b þ 5 f C60 þ 7b). The
TS involving the formation of this product has a relative energy
of 44.1 kcal mol-1, which is lower in energy than the previous
intermediates (C60 þ 6b þ 5) (45.4 kcal mol-1). Although a
minimum structure should be found between these two station-
ary points, we were unable to locate any intermediate in this
extremely flat regionof thepotential energy surface.The intrinsic
reaction coordinate (IRC) has beenperformed to ensure that the
TS2b found connects with the expected product (7b).

The overall reaction (4b þ 5 f C60 þ 7b) is exothermic
by -15.6 kcal mol-1 (or by -14.4 kcal mol-1 in terms of
Gibbs free energies).However, the final reaction energy found
for azomethine ylide was slightly more favorable (-16.4 kcal
mol-1). The reaction energies computed with single point
energy calculations at the B3LYP/6-31G(d) level with use of
the optimized ONIOM geometries (i.e., B3LYP/6-31G(d)//
ONIOM(B3LYP/6-31G(d):SVWN/STO-3G)) are-20.6 and
-21.3 kcal mol-1 for the nitrile imine and the azomethine
ylide, respectively. B3LYP results do also support that the
retro-Prato reaction is slightly more favored than the nitrile
imine retro-cycloaddition reaction.

These results show that the retro-cycloaddition reaction for
nitrile imine is slightly less favorable than that for azomethine

ylide. The difference in reactivity observed experimentally is
basically attributed to the highest (Gibbs free) energy required
to surmount the TS that involves the formation of the dipole
(first stepof the reaction).The retro-cycloadditionofazomethine
ylide presents not only a lower activation barrier, but also a
slightly more favorable reaction energy for the whole process.

Summary and Conclusions

In summary, we have studied the retro-cycloadition pro-
cess in a new family of fullerene dimers linked through 2-
pyrazolinopyrrolidino bridges (1a-c). According to the
experimental findings, dimers 1a-c undergo an efficient
retro-Prato (retro-cycloaddition on the pyrrolidine ring)
reaction under the experimental conditions of this study. In
contrast, the retro-cycloaddition reaction of 2-pyrazolino-
fullerenes is less favored under these conditions. We have
observed experimental evidence that support these conclu-
sions, which are also in good agreement with the theoretical
predictions.

These studies on the retro-cycloaddition processes are of
interest since the thermal and chemical stability of fullerene
derivatives is a critical issue for their applications in mole-
cular electronics and, in particular, in the development of
photovoltaic devices where fullerene cycloadducts are the
materials of choice as electron acceptors in the construction
of bulk heterojunction solar cells.20 Since light and heat are
key parameters in photovoltaic cells, a better knowledge of
their influence in the stabilityofmodified fullerenes canhelp in
achieving a better understanding of aspects such as morpho-
logy, charge transport, and efficiency in these devices.

Experimental Section

General procedure for the retrocycloaddition experiments: All
the reactions were monitored by HPLC (Cosmosil Buckyprep
column, 4.6mm (i.d.) F 250mm; toluene, flow rate: 1mLmin-1).
Retention times: 13.2 min for C70, 8.5 min for C60.

FIGURE 5. Optimized structures (ONIOM2(B3LYP/6-31G(d):
SVWN/STO-3G)) for (a)TS1a and (b) TS1bwith the most relevant
distances and angles (in Å and in deg). The low level of the ONIOM
approach is constituted by the transparent atoms. H atoms and
colored and dark-gray atoms constitute the layer treated at a high
level in the ONIOM approach.
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Experiment o-DCB-24 h: In a typical experiment, compound
1a (0.005 mol) was heated at reflux in o-DCB (5 mL).

Experiment MA-24 h: Compound 1a-c (0.005 mol) and
maleic anhydride (0.016 mmol) were heated at reflux in
o-DCB (5 mL).

Experiment Cu(OTf2)-24 h: Compound 1a (0.005 mol) and
copper(II) triflate (0.005 mmol) were heated at reflux in
o-DCB (5 mL).

Experiment MA-Cu(OTf2)-24 h: 1a (0.005 mol), maleic anhy-
dride (0.016 mmol), and copper(II) triflate (0.005 mmol) were
heated at reflux in o-DCB (5 mL).

Computational Details

Full geometry optimizations have been carried out with
the two-layered ONIOM approach21,22 with the Gaussian
03 program.23 The density functional theory (DFT) SVWNme-
thod24,25 together with the standard STO-3G basis set26 was
used for the low-level calculations, and the hybrid density
functional B3LYP method27 with the standard 6-31G(d) basis

set28 was employed for the high-level system. The latter ONIOM
methodology was recently shown to give accurate results close
to the full B3LYP (high level method) calculations for studying
cycloaddition reactions in fullerene derivatives.29 All systems
were treated with the spin-restricted formalism. The choice of
DFTmethods was based on previous studies which showed that
DFT (and in particular B3LYP together with 6-31G (d) basis
set) gives accurate descriptions of the reaction mechanism of
pericyclic reactions.30 Hessians were computed to determine the
nature of stationary points (one or zero imaginary frequencies
for transition states and minima, respectively) and to calculate
unscaled zero-point energies (ZPEs) as well as thermal correc-
tions and entropy effects, using the standard statistical-
mechanics relationships for an ideal gas from which Gibbs free
energies have been calculated at 298 K and 1 atm.31
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