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Abstract: In contrast to N-methyl or
N-unsubstituted pyrrolidinofullerenes,
which efficiently undergo the retrocycloaddition reaction to quantitatively
afford pristine fullerene, N-benzoyl derivatives do not give this reaction
under the same experimental conditions. To unravel the mechanism of the
retrocycloaddition process, trapping experiments of the in-situ thermally generated azomethine ylides, with an efficient dipolarophile were conducted.
These experiments afforded the respective cycloadducts as an endo/exo iso-

meric mixture. Theoretical calculations
carried out at the DFT level and by
using the two-layered ONIOM (our
own n-layered integrated molecular orbital and molecular mechanics) approach underpin the experimental findings and predict that the presence of
the dienophile is not a basic requireKeywords: density functional calculations · fullerenes · nanostructures ·
reaction
mechanisms
·
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Introduction
Since the discovery of fullerenes by Sir H. W. Kroto, R. F.
Curl, and the late R. E. Smalley in 1985,[1] and the closely
related carbon nanotubes by Iijima in 1991,[2] other new
forms of carbon allotropes, namely, endohedral and higher
fullerenes, nanohorns, nanoonions, and graphenes have been
reported.[3] Much effort is currently dedicated to understanding the chemical reactivity of these fascinating three-
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ment for the azomethine ylide to be
able to leave the fullerene surface
under thermal conditions. Once the
1,3-dipole is generated in the reaction
medium, it is efficiently trapped by the
dipolarophile (maleic anhydride or Nphenylmaleimide). However, for N-unsubstituted pyrrolidinofullerenes, the
participation of the dipolarophile in assisting the 1,3-dipole to leave the fullerene surface throughout the whole reaction pathway is also a plausible mechanism that cannot be ruled out.

dimensional all-carbon nanostructures in order to prepare
soluble and easy-to-handle materials in the search for new
properties for practical applications.[4] However, despite the
interest in new carbon allotropes, the chemistry of fullerenes
has not settled down and the synthesis of intriguing new
structures with unexpected properties is still possible on the
fullerene sphere.[5] In fact, the convex surface of fullerenes
formed by the highly reactive double bonds that protrude
from the spherical surface is a unique location for testing a
wide variety of challenging new reactions. Moreover, the reactivity of fullerenes is an excellent benchmark for understanding the chemical behaviour of the above-mentioned
less-accessible and still scarcely known new nanoforms of
carbon.
During recent years, we have studied new reactions on
the fullerene sphere, by using 1,6-fullerenynes as a versatile
building block, such as the well-known [2+2+1] Pauson–
Khand reaction,[6] which despite its usefulness for the creation of carbocyclic rings has been almost neglected in materials science; the thermally induced [2+2] cyclization, which
forms unprecedented cyclobutene-fused carbocycles without
involving the presence of any catalyst[7] and the thermal intramolecular ene reaction which leads to new and lessknown fullerenes decorated with the allene functionality.[8]
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Furthermore, in a preliminary communication we have recently reported the highly efficient thermal retrocycloaddition reaction of the well-known pyrrolidinofullerenes (pyrrolidino[3,4:1,2,60]fullerenes).[9] These modified fullerenes
are among the most useful and studied fullerene derivatives
due to their easy synthetic preparation.[10] In contrast to
other fullerene derivatives, such as Diels–Alder cycloadducts[11] or BingelLs methanofullerenes,[12] which undergo the
corresponding retrocycloaddition reactions, pyrrolidinofullerenes have been considered to be very stable cycloadducts
and, therefore, this functionalization has been chosen as a
suitable procedure for the preparation of a wide variety of
fullerene derivatives of interest in biomedicine and in materials science.[13]
In this paper, we report on new experimental and theoretical studies carried out on the retro-Prato reaction to determine a plausible mechanism by which these modified fullerenes afford pristine fullerenes by thermal treatment in
the presence of a large excess of an efficient dipolarophile.
Whereas trapping experiments were carried out to confirm
the presence of the azomethine ylide as an intermediate 1,3dipole in the retrocyclization process, theoretical calculations at the DFT level by using the two-layered ONIOM
(ONIOM = our own n-layered integrated molecular orbital
and molecular mechanics) approach were performed to underpin the experimental findings.

Results and Discussion
Synthesis and trapping experiments: In a preliminary communication we have shown that the retrocycloaddition of Nmethylpyrrolidinofullerenes
(N-methyl
pyrrolidino[3,4:1,2,60]fullerenes) occurs quantitatively by simply
heating the starting materials at reflux in o-dicholorobenzene (o-DCB) for 24 h in the presence of an excess
(30 equiv) of a good dipolarophile, such as maleic anhydride
or N-phenylphthalimide. This is a very general procedure
with a broad scope of applicability.[9] In fact, the initial
brown solution of the N-methylpyrrolidinofullerenes turns
the magenta color typical of pristine [60]fullerene solutions
after the retrocyclization process. Furthermore, the reaction
has also been shown to be highly efficient with N-methylpyrrolidino[3,4:1,2,70]fullerenes and, even more important, it
allows the transformation of the undesired bis- and tris-cycloadducts—formed as byproducts in the synthesis of pyrrolidinofullerenes—into the respective monoadducts, thus improving significantly the yields of the Prato monoadducts.
In a general sense, the formation of N-methylpyrrolidinofullerenes and their subsequent quantitative thermal retrocyclization results in a new protection–deprotection protocol
that has already been successfully used in the separation of
the two constitutional isomers (Ih and D5h) of trimetallic nitride endohedral metallofullerene Sc3N@C80.[9] We have also
reported the efficient removal of pyrrolidine rings from fullerenes by controlled-potential electrochemical oxidation, to
efficiently afford pristine fullerene.[14] To unravel the mecha-
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nism of this novel and versatile retrocycloaddition reaction,
we have carried out new reactions on pyrrolidinofullerenes,
in which the methyl (alkyl) group on the nitrogen atom has
been substituted by a hydrogen atom (free pyrrolidine) or
by a benzoyl group to determine the scope of the reaction.
To this end, we have also carried out trapping experiments
of the expected azomethine ylide, generated in situ as an intermediate 1,3-dipole, by means of the excess of dipolarophile (N-phenylmaleimide) present in the reaction medium
(Scheme 1).

Scheme 1. Thermal retrocyclization of pyrrolidinofullerenes 1 a–d.

Thus, new pyrrolidinofullerenes (1 a–d) were prepared by
following the standard protocol from glycine and the respective reagents by following PratoLs procedure (see the Experimental Section in the Supporting Information). Compound
1 b was prepared from 1 a by treatment with benzoyl chloride, which allowed the N-benzoylation of the pyrrolidine
nitrogen atom. The thermal retrocycloaddition experiments
carried out with compounds 1 a–d are shown in Table 1.

Table 1. Experimental conditions used in the retrocycloaddition reaction.
Entry Compound Dipolarophile
(30 equiv)

Catalyst Solvent t
Yield
[h] [%]

1
2

1a
1a

–
–

o-DCB 24
o-DCB 24

90.0
95.0

3

1a

CuTf2[a]

o-DCB 24

99.0

4

1a

CuTf2[a]

o-DCB 24

99.0

5
6

1b
1b

–
–

o-DCB 24
o-DCB 24

0.0
0.0

7

1b

CuTf2[a]

o-DCB 24

27.3

8

1c

–

toluene 18

quant.

9

1c

CuTf2[a]

toluene 18

quant.

10

1d

–

toluene 18

quant.

11

1d

CuTf2[a]

toluene 18

quant.

–
maleic
anhydride
maleic
anhydride
N-phenyl
maleidimide
–
maleic
anhydride
maleic
anhydride
maleic
anhydride
maleic
anhydride
maleic
anhydride
maleic
anhydride

[a] Copper(II) triflate (1 equiv).
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A first and significant observation to unravel the mechanism of the retrocyloaddition process in pyrrolidinofullerenes is that compound 1 a can undergo the thermal retrocyclization in the absence of the dipolarophile to afford C60
in 90 % yield (entry 1). The presence of the dipolarophile increases the efficiency of the process (95 %, entry 2), and the
addition of copper triflate as a catalyst results in the formation of [60]fullerene in a quantitative yield.
Interestingly, whereas compounds 1 a,c,d efficiently undergo the retrocyclization process to quantitatively form pristine [60]fullerene (entries 1–4, 8–11), N-benzoyl derivative
1 b did not to any extent afford pristine C60 (entries 5,6).
This behaviour is in contrast to that previously observed for
N-methylpyrrolidinofullerenes which quantitatively lead to
[60]fullerene,[9] and confirms the importance of the nitrogen
lone pair in the retrocycloaddition process. Compound 1 b
affords C60 in the presence of a copper catalyst (Entry 7), although in a very poor yield; this could be accounted for by
previous decomposition of the N-benzoyl derivative. Because the benzoylation of the pyrrolidine ring is a reversible
process, we can take advantage of this discovery and use it
to selectively preserve a benzoylated pyrrolidine in the presence of other unsubstituted or N-methyl substituted pyrrolidine rings under the conditions used for the retrocycloaddition process.
The presence of an aryl substituent on C-5 of the pyrrolidine ring with an ester group on C-2 results in an easier retrocyclization process that now takes place in refluxing toluene over a shorter period of time (entries 8–11). These results clearly indicate that the simultaneous presence of substituents, such as ester and aryl groups, which stabilize the
in-situ-generated azomethine ylide, favor the retrocycloaddition process, which now occurs easily under the standard experimental conditions and, therefore, no additional catalyst
is needed.
To prove that the azomethine ylide is formed as an intermediate in the retrocycloaddition process, we carried out
trapping experiments by using N-phenylmaleimide (NPM)—
instead of the less stable maleic anhydride—as the dipolarophile, under the same experimental conditions. Thus, compound 2 was refluxed in o-DCB in the presence of an excess
of NPM (10 equivalents). In addition to C60 (70 %), the cycloadduct (3), which resulted from 1,3-dipolar cyloaddition
of the in situ generated azomethine ylide to NPM, was obtained in 19 % yield as a 66:33 endo/exo mixture
(Scheme 2). The structure of compound 3 was determined

Scheme 2. Trapping experiment by using NPM as the dipolarophile.
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by spectroscopic techniques and confirmed by an alternative
synthesis from the in-situ-generated azomethine ylide and
NPM as previously reported in the literature.[15]
The above trapping experiment clearly confirms that the
reaction mechanism of the retrocycloaddition process occurs
by thermal removal of the azomethine ylide as a 1,3-dipole,
which is generated in situ under the experimental conditions
used and the stability of which is highly dependent on the
nature of the substituents. Whether the dipolarophile
(NPM) is involved in the mechanism by assisting the 1,3dipole to leave in a concerted way or whether it acts in a
further step is an open question that we have addressed by
means of theoretical calculations (see below).
Theoretical calculations: As discussed above, under thermal
treatment and in the presence of an excess of a dipolarophile, such as maleic anhydride or NPM, pyrrolidino[3,4:1,2,60]fullerenes can efficiently revert to [60]fullerenes and azomethine ylides. This reaction is favored by
the presence of substituents that stabilize the leaving 1,3dipole. The effect of the substituent and the dipolarophile
may be thermodynamic in the sense that they help to stabilize the final separated products and/or kinetic if the energy
barrier that needs to be surmounted is reduced. To analyze
whether the effects of the substituent and the dipolarophile
in the retro-Prato reaction are thermodynamic and/or kinetic in nature, we have carried out a theoretical analysis of the
reaction mechanisms depicted in Schemes 3 and 4 for compounds 4 a (R1 = H) and 4 b (R1 = COOCH3). We have located every intermediate (int) and transition state (TS) involved in the four reactions studied (optimized xyz coordinates of all species are given as Supporting Information).
Retrocycloaddition without a dipolarophile: Our analysis
starts with retrocycloaddition in the absence of any dipolarophile for the unsubstituted case. Theoretical studies of the
1,3-dipolar cycloadditions of different 1,3-dipoles (alkyl
azides,[16, 17] ozone,[18] and 3-phenylphthalazinium-1-olate[19])
to the [6,5]- and [6,6]-bonds of C60 have been made by several authors. In all cases, the cycloadditions that take place on
[6,6]-bonds have been found to be clearly exothermic giving
rise to stable adducts on crossing a relatively small energy
barrier, whereas those that occur on the [6,5]-bonds are less
favorable. In agreement with these previous results, we
found that the retro-1,3-dipolar cycloaddition reaction starting from the [6,6]-adduct 4 a was endothermic by 53.1 kcal
mol1 and had a high energy barrier of 45.4 kcal mol1. The
Gibbs free energy of the reaction and energy barrier are
somewhat smaller, 33.9 and 39.2 kcal mol1 as expected from
the fact that there is an increase in the entropy along the reaction coordinate. The structure of the TS is given in
Figure 1.[20] The dark grey atoms in Figure 1 constitute the
small system treated at a high level of theory within the
ONIOM approach for all species analyzed in this work. As
can be seen in Figure 1, the reaction occurs through a concerted and almost synchronic TS with a distance of about
2.71 P between the two C atoms of the CC bonds that are
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slightly shifting the geometry of
the transition state whilst following the transition vector in
the direction of the products.
Unfortunately, all attempts to
find this minimum structure
failed and the optimization process yielded, in all cases, the
original reactant 4 a. We think
that this behavior indicates the
existence of a very shallow minimum very close to the TS. This
is in agreement with the fact
that the region around the TS is
extremely flat. Indeed, the
imaginary frequency corresponding to the transition
vector is only 33.8i cm1, which
is also in accordance with the
fact that any optimization we
have carried out by starting
from any structure close to the
final products (for instance by
Scheme 3. Schematic representation of the different stationary points found along the pathway of the retrocycloaddition reaction assisted by the dipolarophile only at the last stage of the reaction.
starting from CC bond distances of 4 P) reverts to the initial
reactant. The height for the activation barrier together with
the endothermic nature of the
process prevents the retrocycloaddition from occurring, as
found experimentally.[9]
The second reaction mechanism that we have analyzed is
the retrocycloaddition for the
substituted species 4 b (R1 =
COOCH3, Scheme 3) to examine the effect of the substituent
in the retro-Prato cycloaddition
without a dipolarophile (4 b!
C60 + 6 b). As can be seen from
the values in Figure 3, the substituent favors the retrocycloaddition by reducing the energy
barrier by about 10 kcal mol1
and the reaction energy by
about 15 kcal mol1. The reducScheme 4. Schematic representation of the different stationary points found along the pathway of the retrocytion in the Gibbs free energies
cloaddition reaction assisted by maleic anhydride.
when going from an unsubstituted to a substituted reactant
is somewhat lower (about 2 kcal mol1). The origin of the
being broken. It is worth noting that in all cases we have analyzed both exo and endo approaches and we report here
stabilization (10–15 kcal mol1 along the reaction coordinate) has to be attributed to the electron-withdrawing charonly the most stable TS.
acter from both inductive and resonance effects of the
Since the energy of the products (C60 + 6 a + 5) is higher
COOCH3 substituent[21] that stabilizes the azomethine ylide
than that of the TS (see the whole energy profile in
Figure 2), a minimum structure should be found between
formed. This effect is especially important at the end of the
these two stationary points. To find such a minimum, a full
reaction, and for this reason the reaction energy is lowered
optimization starting from the transition state was done by
more than the energy barrier. To illustrate this fact in more
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Figure 1. Optimized structure (ONIOM2(UB3LYP/6-31G(d):SVWN/
STO-3G)) for TS1 a with the most relevant bond lengths [P] and angles
[8]. H atoms and dark-grey atoms constitute the small system treated at a
high level in the ONIOM approach.

Figure 3. ONIOM2(UB3LYP/6-31G(d):SVWN/STO-3G) reaction energy
profile (Gibbs free energies in square brackets) for the retrocycloaddition
reaction of the substituted system (R1 = COOCH3) without a dipolarophile, except for the last step of the reaction.

the retro-Prato cycloaddition by stabilizing the negative
charge on the carbon atom of the azomethine ylide.
The energy profile for this process (4 b!C60 + 6 b) is given
in Figure 3, whereas Figure 4 depicts the molecular structure
of the TS for this reaction. The imaginary frequency of this
TS is 244.5i cm1. Not surprisingly, the asymmetry of the TS
increases for the substituted species, with CC bond lengths
between the bonds being broken of 2.24 and 2.72 P. As ex-

Figure 2. ONIOM2(UB3LYP/6-31G(d):SVWN/STO-3G) reaction energy
profile (Gibbs free energies in square brackets) for the retrocycloaddition
reaction of the unsubstituted system without a dipolarophile, except for
the last step of the reaction.

detail, we have computed the energy barriers for two more
substituents: R1 = OH and R1 = CN. For the former, the reaction energy increases by 5.1 kcal mol1 relative to the unsubstituted case (53.1 kcal mol1). This is in agreement with
OH being an electron-donating substituent.[21] On the other
hand, for R1 = CN, another electron-withdrawing substituent,[21] the reaction energy decreases by 15.3 kcal mol1, not
far from the 14.4 kcal mol1 reduction observed for R1 =
COOCH3. Thus, there is a clear electronic effect of the pyrrolidine substituent: electron-withdrawing substituents favor
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Figure 4. Optimized structure (ONIOM2(UB3LYP/6-31G(d):SVWN/
STO-3G)) for TS1 b with the most relevant bond lengths [P] and angles
[8]. H atoms and dark-grey atoms constitute the small system treated at a
high level in the ONIOM approach.
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pected from the steric hindrance, the largest CC bond
length occurs between the substituted C atom and the corresponding C atom of C60. In this case, the intermediate
formed by the interaction between the 1,3-dipole and the
C60 cage is more stable because the dipole moment of the
substituted azomethine ylide (4.660 D) is significantly larger
than that of the unsubstituted 1,3-dipole (1.660 D). Despite
the overall stabilization of the TS and the products, the reaction 4 b!C60 + 6 b is still quite endothermic and does not
take place as found experimentally.[9] The energy profile
clearly indicates that the equilibrium between reactants 4 b
and products C60 + 6 b is totally displaced to the reactants
side and possible products formed after severe heating will
revert to reactants.

FULL PAPER
formed after heating they do not revert to reactants.
Figure 6 shows that the TS structure for the endo approach
of the retrocycloaddition assisted by maleic anhydride is

Retro-Prato cycloaddition assisted by maleic anhydride:
Scheme 4 depicts the reaction mechanism studied in this section. Figure 5 contains the relative energies and Gibbs free

Figure 6. Optimized structure (ONIOM2(UB3LYP/6-31G(d):SVWN/
STO-3G)) for TS3 a with the most relevant bond lengths [P] and angles
[8]. H atoms and dark-grey atoms constitute the small system treated at
high level in the ONIOM approach.

Figure 5. ONIOM2(UB3LYP/6-31G(d):SVWN/STO-3G) reaction energy
profile (Gibbs free energies in square brackets) for the retrocycloaddition
reaction assisted by maleic anhydride of the unsubstituted system.

energies of the TSs and products of the retrocycloaddition
assisted by maleic anhydride. For the unsubstituted system
(R1 = H), the energy barrier decreases by about 5 kcal mol1
in the retrocycloaddition assisted by maleic anhydride. However, since entropy decreases when going from 4 a + 5 to
TS3 a, the Gibbs free energy barrier at 298 K increases by
about the same quantity. Therefore, the presence of maleic
anhydride does not improve the efficiency of the retrocycloaddition by reducing the barrier. Rather, the effect we
find in this case is almost purely thermodynamic: the reaction now becomes exothermic by about 16 kcal mol1 because of the increased stability of the final products. The
energy profile depicted in Figure 5 clearly indicates that the
equilibrium between reactants and products is now displaced to the products side and once the products are
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slightly asymmetric. The totally symmetric TS that we have
found is about 0.28 kcal mol1 higher in energy than the
slightly asymmetric TS.[20b] Moreover, the endo approach between the maleic anhydride and the ylide has been found to
have a lower energy barrier, with a TS that is about
2.5 kcal mol1 more stable than the exo TS. It is interesting
to see how maleic anhydride provides assistance in this TS.
The bond lengths between the CC bonds connecting C60
and the azomethine ylide in the reactants are shorter than
the new CC bonds that are being formed between maleic
anhydride and the azomethine ylide and, therefore, this TS
has reactant-like character. The imaginary frequency of this
TS is 179.2i cm1.
There is still another possible mechanism that can be operative for the retrocycloaddition assisted by maleic anhydride. In this case, the reaction would proceed from 4 a to
C60 + 6 a and after that 6 a would react with maleic anhydride
(5) to give the final nitrile oxide product 7 a (see Figure 2).
Thus, in this case, the assistance of maleic anhydride does
not occur along the whole reaction path, but only at the end
of the reaction, just to stabilize the azomethine ylide
formed. All attempts to find the TS of the reaction 6 a + 5!
7 a have been unfruitful. Indeed, any optimization we have
carried out by starting from any structure close to the final
products (for instance by starting from CC bond lengths of
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4 P) reverts to the final product 7 a. This indicates that the
6 a + 5!7 a conversion is an almost barrierless process, and
that, in the presence of a dipolarophile, once 6 a is formed it
is immediately transformed into 7 a. The whole energy barrier for 4 a + 5!C60 + 7 a indicates that the process is assisted
by the dipolarophile only at the end of the reaction
(Figure 2) and is somewhat higher in energy than that of the
retrocycloaddition assisted by maleic anhydride throughout
the whole reaction (Figure 5). However, the free-energy
profile for the latter is entropically unfavorable and, as a
consequence, the free-energy profile at 298 K favors the
mechanism in which the assistance of maleic anhydride does
not occur along the whole reaction path, but only at the end
of the reaction. Given the accuracy and reliability of the
method employed for the calculation, we consider that it is
not possible to rule out either of these two mechanisms for
the retrocycloaddition assisted by maleic anhydride for the
unsubstituted system (R1 = H), and that both mechanisms
can be operative under intense heating of pyrrolidino[3,4:1,2,60]fullerenes in the presence of maleic anhydride.
We have also analyzed the retrocycloaddition assisted by
maleic anhydride for the substituted system (R1 =
COOCH3). The energy profile with the relative energies and
Gibbs free energies obtained for the process assisted by
maleic anhydride along the reaction coordinate is given in
Figure 7. The first TS has a lower energy barrier than the

shown in Figure 8. This TS together with intermediates
int3 b and int4 b reside on a relatively flat plateau. The presence of these intermediates, which were not found for the

Figure 8. Optimized structure (ONIOM2(UB3LYP/6-31G(d):SVWN/
STO-3G)) for TS3 b with the most relevant bond lengths [P] and angles
[8]. H atoms ant dark-grey atoms constitute the small system treated at
high level in the ONIOM approach.

unsubstituted case, is favored by the higher dipole moment
of the substituted azomethine ylide. In these intermediates,
the CC bonds that are being broken are not completely
separated nor are the new CC bonds totally formed. We
have performed a linear transit of five steps from int3 b to
int4 b by increasing/decreasing the four CC bonds that are
being broken or formed. The process has been carried out
by using different uniform steps for each of the four coordinates. The coordinate value Rilinear transit at each step is given
in Equation (1) as:
Rilinear transit ¼ Rint3b þ i

Figure 7. ONIOM2(UB3LYP/6-31G(d):SVWN/STO-3G) reaction energy
profile (Gibbs free energies in square brackets) for the retrocycloaddition
reaction assisted by maleic anhydride of the substituted system (R1 =
COOCH3).

equivalent TS for the unassisted reaction, although the
Gibbs free energy barriers are similar. The structure of this
TS, which has an imaginary frequency of 16.8i cm1, is
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ðRint4b Rint3b Þ
6

ð1Þ

in which, i = 1 to 5 and Rint3b is the coordinate value for
int3b and Rint4b is the coordinate value for int4b. The remaining geometrical parameters are then reoptimized. As a
result we have obtained a linear transit with a continuous increase of energy from int3 b to int4 b as depicted in Figure 6.
Therefore, we have not obtained an energy maximum from
which to initiate the search for the TS that must exist between intermediates int3 b and int4 b. However, with this
linear transit we have proven that this TS is probably quite
close both in energy and structurally to int4 b. The last TS
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corresponds to the formation and separation of the final nitrile oxide and pristine fullerene (TS5 b). As compared to
reactants, the energy of this TS is as high as 46.9 kcal mol1
(Gibbs free energy of 51.7 kcal mol1) and, consequently,
overall the mechanism of retrocycloaddition assisted by
maleic anhydride for the substituted system along the reaction coordinate cannot compete with the mechanism of retrocycloaddition assisted by maleic anhydride only at the end
of the reaction, that is, the reaction proceeds from 4 b to
C60 + 6 b and after that 6 b reacts with maleic anhydride (5)
to give the final product 7 b. The latter process has an overall energy barrier of only 32.9 kcal mol1 (the free-energy
value is 28.8 kcal mol1) as seen in Figure 3.
Finally, we have computed the thermodynamics of the retroreaction for the N-benzoyl pyrrolidinofullerenes with R =
COPh, R1 = COOMe and R2 = H (Scheme 1). The energy
needed to release the 1,3-dipole without the presence of dipolarophile in this system is 40.36 kcal mol1, that is,
1.6 kcal mol1 higher than that found for 4 b. This result indicates that the benzoyl substituent destabilizes the azomethine ylide generated, thus impeding the reaction.

FULL PAPER
Experimental Section
Computational details: Full geometry optimizations have been carried
out with the two-layered ONIOM approach[22] by using the Gaussian 03
program.[23] The DFT Xa exchange (a = 2/3) functional[24a] in conjunction
with the electron gas correlation functional (in Vosko–Wilk–Nusair parametrization)[24b] , that is, the so-called SVWN method together with the
standard STO-3G basis set[25] was used for the low level calculations and
the hybrid density functional B3LYP method[26] with the standard 631G(d) basis set[27] was employed for the high level system. All systems
were treated with the spin-restricted formalism. The choice of DFT
methods was based on previous studies, which showed that DFT (and, in
particular, the relatively inexpensive B3LYP method combined with the
6-31G(d) or similar basis set) provides a reliable description of reaction
mechanisms of pericyclic reactions.[16, 28] All stationary points found have
been characterized as either minima or TSs by computing the vibrational
harmonic frequencies; TSs have a single imaginary frequency with the
corresponding eigenvector (transition vector) related to the approach of
the two reaction centers, whereas minima have all real frequencies.
Gibbs-free-energy differences at 298.15 K and 1 atm. (DG298) were calculated from electronic energies (DE) according to Equations 2 and 3, assuming an ideal gas:[29]
DG298 ¼ DH 298 TDS298

ð2Þ

with T = 298.15 K and

Conclusion
In summary, we have carried out new reactions on pyrrolidinofullerines with different substitution patterns on the C-2
and C-5 atoms of the pyrrolidine ring, which have a strong
impact on the stability of the resulting azomethine ylides
generated in the retrocycloaddition process. The nature of
the substituent on the pyrrolidine nitrogen atom also has a
great impact on the retrocyclization process. Thus, whereas
methyl (or alkyl) and NH groups undergo the retrocycloaddition quantitatively, the presence of a benzoyl group
prevents or hinders this process.
In agreement with the experimental findings, theoretical
calculations carried out at the DFT level and by using the
two-layered ONIOM approach predict that the presence of
the dienophile is not required for removal of the azomethine ylide from the fullerene surface which, after in-situ
generation under thermal conditions, is trapped by the dipolarophile (maleic anhydride or N-phenylmaleimide). However, for the N-unsubstituted pyrrolidinofullerenes, it is possible that the dipolarophile can assist the 1,3-dipole to leave
and, therefore, this alternative mechanism cannot be totally
ruled out.
The results now reported on the scope and trapping experiments of the retrocycloaddition process of pyrrolidinofullerenes have allowed us to unravel the mechanism of this
reaction, which has already been successfully used as a new
and efficient protection–deprotection protocol in fullerene
science, paves the way for further application of this reaction in the construction of new and fascinating fullerenebased carbon nanostructures.
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298
0
DH 298 ¼ DE þ DE0vib þ DE298
trans þ D Erot þ DðDEvibÞ298 þ DðpVÞ

ð3Þ

298
0
in which, DE298
trans, D Erot , and DEvib are the differences between products
and reactants in translational, rotational and zero-point vibrational
energy, respectively; D(DE0vib)298 is the change in the vibrational energy
difference as one goes from 0 to 298.15 K. The molar work term D(pV) is
(Dn)RT (e.g., for two fragments combining to give one molecule Dn =
1).
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