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Introduction

Since the discovery of Buckminsterfullerene, its functionali-
zation has been extensively explored and has resulted in a
large number of derivatives.[1–3] Functionalization of C60 has
facilitated the preparation of compounds with potential ap-
plications in the fields of material science, photovoltaics,
and medicinal chemistry.[4–6] Among the numerous fullerene
derivatives, a particular class, the pyrrolidonofullerenes, has
been extensively synthesized. These are prepared via 1,3-di-
polar cycloadditions to C60 at double bond junctions be-
tween two six-membered rings, [6,6]-sites.[7,8] The popularity
of this reaction arises from its simplicity and from the wide
selection of commercially available starting materials that
can be utilized. The reaction usually proceeds with efficient
yields and results in a pyrrolidine ring attached to the fuller-
ene sphere. Even though these compounds were recently
shown to be unstable under thermal and electrochemically
oxidative conditions,[9,10] this reaction is still of great value
from a synthetic point of view since it can be employed as
an intermediate pathway in protection/deprotection strat-
egies.

Functionalized fullerenes, like many other organic com-
pounds, are characterized by common methods such as

TLC, HPLC, MS, and NMR. Since commonly used ful-
lerenes are composed of just carbon atoms, characterization
of their derivatives is often done by focusing on the struc-
ture of the addends. Frequently, NMR experiments are the
methods of choice. In particular, 1H NMR spectroscopy is
often employed because protons are very sensitive to envi-
ronmental electronic effects and their NMR spectra can pro-
vide unambiguous structural assignments.

Pyrrolidinofullerenes can have substituents attached
either to the nitrogen or to the methylene carbons on the
pyrrolidine ring. If a substituent is attached at the nitrogen
(R), the methylene protons are inherently not equivalent
due to the presence of the lone pair of electrons on the ni-
trogen, and their positions are either cis or trans with re-
spect to the R group (see below; N-methyl pyrrolidinofuller-
ene, R=CH3 (1), N-methyl pyrrolidine (2) and 1-methyl-3-
pyrroline (3)). However, nitrogen inversion of the pyrroli-
dinofullerenes has always been regarded as a fast event on
the 1H NMR time scale, and therefore, this inequality has
not been observed. For example, the methylene hydrogens
of the pyrrolidine ring in compounds such as 1 appear as a
single resonance in 1H NMR spectra in carbon disulfide/
[D]chloroform (CS2/CDCl3), and therefore, they are consid-
ered magnetically equivalent.[7]

This observation is consistent with earlier reports describ-
ing the nitrogen inversion of alkylamines[11] and cyclic alkyl-
amines.[12] Generally, the conformers are not resolved on the
1H NMR time scale because of the energetically low nitro-
gen inversion barrier. However, the 1H NMR spectra of
these conformational isomers can be differentiated at low
temperatures. For instance, the N-methyl pyrrolidine 2 was
shown to have magnetically equivalent a-protons (Ha and
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Hb), giving rise to a sharp singlet when the resonance fre-
quencies of the b-protons were irradiated.[13] Upon lowering
the temperature the singlet reversibly broadened and ulti-
mately separated into two signals corresponding to the pro-
tons cis and trans to the methyl group.

Many other factors have been found to affect the inver-
sion frequency. For example, the rate of nitrogen inversion
in compound 3 was found to be much faster than the inver-
sion rate in 2 due to the homoconjugation of the nitrogen
lone pair with the p system.[12] In addition, the nitrogen in-
version was slowed down in compounds with electronegative
substituents on the nitrogen and compounds with higher C-
N-C angle strain.[13] The frequency of inversion was also
found to be dependent on the solvent employed,[12] as well
as on the protonation of the nitrogen, which slows down the
inversion process.[14]

Recently it was established that [60]fullerene has a small
electron-withdrawing effect on a directly fused pyrrolidine
ring.[15] Remarkably, the pyrrolidine nitrogen of N-methyl 2-
[2-(2-methoxyethoxy)ethoxymethyl] pyrrolidinofullerene
was found to be six orders of magnitude less basic than the
nitrogen on a similar pyrrolidine without the fullerene
unit.[15] The lower basicity of the pyrrolidinofullerenes sug-
gests a through-space interaction of the nitrogen lone pair
and the fullerene p system, which makes the lone pair less
available for protonation. Pyrrolidinofullerenes also have
larger C-N-C angles than pyrrolidines lacking the fullerene
adduct. Larger C-N-C angles minimize constrains to the ni-
trogen inversion. Based on the lower basicity, p conjugation
of the nitrogen lone pair with the fullerene, and the near co-
planar C-C-N and C-N-C angles in the pyrrolidine ring, it is
reasonable to expect that the nitrogen inversion of the pyr-
rolidinofullerenes should be faster than that of their non-
fullerene counterparts.

In the course of our studies on the electrochemical stabili-
ty of fullerenes with mixed bis-adducts, bearing a pyrrolidi-
no and a methano addend,[9] we noticed a significant broad-
ening of the resonances of the pyrrolidine ring in CDCl3,
while the resonances of the other groups in the same mole-
cule remained sharp. In some cases the broadening was so
significant that the signal could not be detected. This behav-
ior suggests that the nitrogen inversion of the pyrrolidinoful-

lerenes in chloroform solutions is significantly slower than
commonly believed. A brief reference to the broadening of
the pyrrolidine protons of N-methyl pyrrolidino Sc3N@C80

has been previously mentioned;[16] however, this phenomen-
on has not been properly addressed in the fullerene litera-
ture, especially for pyrrolidine addends on C60. This article
investigates this issue in detail.

Results and Discussion

Our first step was to synthesize and isolate the fullerene
mixed bis-adducts containing both a bis(ethylcarboxy)me-
thano and a pyrrolidino addend (Scheme 1). The reactions
to produce bis-adducts of C60 usually result in a distribution
of isomeric products of which up to eight isomers are possi-
ble when the addends are equivalent and symmetrical. Bis-
addition reactions with this type of addends have been ex-
tensively studied.[17] For example, Hirsch and co-workers
have investigated cyclopropanation reactions in depth, in-
cluding highly selective cycloadditions where bromomalo-
nates were added to C60 to form symmetrical bis-ad-
ducts.[17,18] Among the seven isomers of bis(ethoxycarbonyl)-
methano-C60 products that were isolated, the addition to
equatorial (e) and trans-3 positions were favored. On the
other hand, the 1,3-dipolar azomethine ylide cycloaddition
reactions are much less selective.[19] The distribution of the
bis-pyrrolidino adducts depends on the substituents, but
often trans-2, trans-3, trans-4 and cis-3 adducts are found in
larger quantities.[19,20] Furthermore, when a cycloaddition re-
action forms a bis-adduct with identical and symmetrical ad-
dends, some of the bis-adducts are chiral and racemic mix-
tures are often obtained.[21–24] In particular, trans-2, trans-3
and cis-3 adducts are mixtures of enantiomers due to their
inherently chiral addition pattern. Although there have
been studies of fullerene bis-adducts with two different sub-
stituents, only a few reports describe mixed bis-adducts
bearing a cyclopropane and a pyrrolidine addend.[25,26] If the
addends are different, but symmetrical, all of the regioisom-
ers except for trans-1, e’ and e’’ will be produced as racemic
mixtures.

Due to the higher selectivity and efficiency of the Bingel–
Hirsch reaction, we prepared hybrid pyrrolidino-bis(ethyl-
carboxy)methano-fullerene bis-adducts starting with N-
methyl pyrrolidinofullerene (4). Compound 4 was treated
with bromomalonate under the Bingel–Hirsch conditions
and the products were purified by column chromatography
(silica gel). With this purification, three major fractions
were obtained: fraction I (7a and 7b), II (6a and 6b), and
III (5). All three fractions were characterized with tech-
niques such as MALDI-TOF and NMR. The most notable
feature of the 1H NMR spectra of the three fractions was
the sharp resonances in the regions d 4.75–4.30 ppm (quar-
tet) and 1.65 �1.25 ppm (triplet) in CDCl3 at room tempera-
ture. These signals are characteristic of the ethyl moieties of
the bis(ethylcarboxy)methano group attached to the C60

sphere.[27] The N-methyl group and the methylene protons
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of the pyrrolidine ring are expected to give rise to two sharp
resonances between d 2.80 and 4.3 ppm in CDCl3/CS2.

[7,19]

However, only very broad and hardly discernible peaks
were observed in this spectral region (Figure 1).

On the other hand, when the 1H NMR of 5 (fraction III),
for example, was taken in [D6]acetone/CS2 instead, the pro-
tons of the N-methyl and the pyrrolidine ring were clearly

observed in the expected spec-
tral regions (Figure 2). We attri-
bute the extreme broadness of
the pyrrolidino signals in CDCl3
to intermediate exchange rates
for ring inversion, which has no
effect on the signals of the
ethyl groups of the bis(ethylcar-
boxy)methano moiety.

The solvent employed has
proven to be a major factor in
the nitrogen inversion rates. It
has been reported that the in-
version barrier of the nitrogen
in alkylamines, including pyrro-
lidines, is larger in CDCl3 than
in other less polar organic sol-
vents.[12] To confirm this effect
we recorded the 1H NMR of a
simple pyrrolidinofullerene, 4.
Its spectrum in CDCl3 showed
very broad proton resonances,
which sharpened significantly
when [D8]toluene was used in-
stead (Figure 3). Therefore, the
inversion of the pyrrolidine ni-
trogen seemed to be slower in
CDCl3 than previously report-
ed.[7,19]

The structure of fraction III
was determined based on

1H NMR analysis conducted in [D6]acetone/CS2 (Figure 2)
and unambiguously assigned to the e’ isomer 5 after symme-
try considerations were taking into account. The methylene
protons on the pyrrolidine ring of 5 were not equivalent be-
cause of the presence of the bis(ethylcarboxy)methano
group on one side of the fullerene sphere, and therefore,
these geminal protons exhibited an AB quartet splitting pat-
tern. On the other hand, the ethyl protons of the methano
addend were magnetically equivalent and they resonated as
a quartet and a triplet. The quartet and triplet of the meth-

Scheme 1. N-Methyl pyrrolidino[60]fullerene (4); mixed bis-adducts with N-methyl pyrrolidine and bis(ethoxy-
carbonyl)methano attached to C60 sphere: e’ isomer (5), trans-3 composed of two enantiomers 6a and 6b ;
trans-2 composed of two enantiomers 7a and 7b.

Figure 1. 1H NMR (500 MHz) spectra in CDCl3 of a) fraction I, later as-
signed to compounds 7a and 7b ; b) fraction II, later assigned to 6a and
6b ; c) fraction III (compound 5).

Figure 2. 1H NMR (500 MHz) spectra in [D6]acetone/CS2 of fraction III
(compound 5).
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ano addend in the e’ isomer are also clearly present in the
spectra recorded in CDCl3 (Figure 1c).

The structures of the compounds present in fractions I
and II were also assigned based on their NMR spectra.
Since the polarity of the mixed bis-adducts was expected to
increase with a decreasing distance between the addends,
due to the formation of a molecular dipole moment (e’
> trans-4 > trans-3 > trans-2 > trans-1), the elution order
suggested that the isomers in fractions I and II, the more
non-polar adducts, were trans-2, trans-3 or trans-4. Careful
examination of the 1H NMR spectra of these fractions indi-
cated that the compound in fraction I had the trans-2 iso-
meric structure and fraction II was assigned the trans-3,
which had been reported earlier.[25] Due to the chirality of
the addition site, the trans-2 isomer is a racemic mixture
composed of 7a and 7b, and so is trans-3 (6a and 6b) as de-
picted in Scheme 1. One of the criteria employed to resolve
the structures of those compounds present in the less polar
fractions was the chemical shifts of their resonances. The
proton resonances of bis-adducts composed of bis(ethylcar-
boxy)methano and N-methyl pyrrolidine had been shown to
be more shielded as the distance between the addends de-
creases from trans-1 to cis-3.[19]

2D NMR experiments, such as COSY, were also em-
ployed in the structural assignment. An interesting aspect of
the 1H NMR spectra of the trans-2 and trans-3 regioisomers
was the complexity of the bis(ethylcarboxy)methano reso-
nances. Because of the position of the pyrrolidine addend
on the C60 sphere relative to the methano addend, the two
ethyl groups are not equivalent, resulting in two different
CH2 groups and two different CH3 groups. Furthermore, the
addition patterns of 6a, 6b and 7a, 7b are inherently chiral.
Therefore, the methylene groups of the ethyl moieties in the
bis(ethylcarboxy)methano addend are diastereotopic, and
their prochiral nature was clearly observed in the 1H NMR
spectrum which was easily simulated (see Supporting Infor-
mation) as depicted in Figure 4.

After synthesizing the mixed bis-adducts, we decided to
slow down the nitrogen inversion as much as possible to de-
termine its effect on the 1H NMR spectra. One factor that
affects the rate of inversion of the nitrogen in alkylamines is
protonation of the nitrogen which gives rise to an ammoni-
um salt. In order to understand the changes, if any, we first
assessed the effect of protonation on a mono-adduct. The
formation of the N-methyl pyrrolidino[60]fulleronium was
accomplished by the addition of a drop of [D]trifluoroacetic
acid directly to an NMR tube containing a solution of com-
pound 4 in CDCl3. As a result, the 1H NMR spectrum of 4
exhibited a dramatic change. The broad resonances ob-
served for both the methyl and the methylenes of the pyrro-
lidine group (Figure 5b), were transformed into a sharp sin-
glet and an AX quartet, respectively, as shown in Figure 5c.
The broad N-methyl signal resolved into a very sharp singlet
and it was also significantly shifted downfield from d 3.10 to
3.80 ppm. At the same time, the geminal protons of the pyr-

Figure 3. 1H NMR (500 MHz) spectra of 4 in a) CDCl3 and b)
[D8]toluene (both referenced to TMS).

Figure 4. a) Simulated and b) experimental 1H NMR spectra (500 MHz)
of the racemic mixture composed of 6a and 6b.

Figure 5. 1H NMR (500 MHz) of 4 : a) CDCl3/H2O; b) CDCl3; c) CDCl3/
[D]TFA.
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rolidine group, Ha and Hb, split
into two sharp doublets that
are shifted downfield by one
ppm. These results indicate
that protonation of the pyrroli-
dine nitrogen of 4 gave rise to
two identical structures, 4’
(Scheme 2, bottom). In the
slow exchange regime, struc-
tures 4’ were conformationally
locked and the geminal protons
of the pyrrolidinium ring were
positioned in different environ-
ments, which caused the AX
splitting pattern.

The effect of the solvent on
the nitrogen inversion was also
clearly observed in another re-
vealing experiment. As dis-
cussed above, the NMR reso-
nances of the pyrrolidine pro-
tons of a simple mono N-methyl pyrrolidinofullerene 4 were
unusually broad in CDCl3. Addition of [D]TFA led to a dra-
matic change where an AX quartet appeared and all reso-
nances were shifted downfield due to the deshielding effects
of the positive charge on the nitrogen. On the other hand,
when traces of water were added to a solution of 4 in CDCl3
the inversion rate seemed to increase: the two broad reso-
nances were transformed into two sharp singlets (Figure 5a),
similar to those observed in [D8]toluene at room tempera-
ture (Figure 3). Therefore, NMR experiments of pyrroli-
dinofullerenes conducted in deuterated solvents containing
traces of water exhibit fast inversion rates. We believe that
this is probably the situation for most pyrrolidinofullerenes
reported to date, since extremely broad resonances for the
pyrrolidino addend (Figure 1) are otherwise observed in
very dry media.

In the case of mixed bis-adducts, protonation of the pyrro-
lidine nitrogen would lead to the formation of multiple dia-
stereomers (Schemes 2 and 3). Consequently, we observed a
more complicated splitting pattern in these cases. The e’-bis-
adduct 5 was protonated in the same manner as 4, and upon
the addition of the [D]TFA (Figure 6c), its spectrum con-
firmed the formation of two diastereomeric salts 5’ and 5’’
(Scheme 2). The a-CH2 protons of compound 5’ appeared as
two AX doublets while the other diastereomer 5’’ gave rise
to two other pairs of doublets. Clearly, the AX doublet of
doublets at d �5.4 ppm appeared as a triplet because of ac-
cidental overlap of resonances, which was subsequently con-
firmed by two-dimensional correlation spectra (COSY) ex-
periments. The other two AB doublets resonate at d

�4.6 ppm. The presence of two diastereomers was further
corroborated by the presence of two N-methyl resonances
at 3.55 and 3.56 ppm.

Protonation of the trans-3 racemic mixture of bis-adducts
6a and 6b led to the formation of four species (compare
Figure 1b and 6b). Enantiomer 6a was converted to two dia-

stereomeric salts, 6a’ and 6a’’, and 6b was converted to 6b’
and 6b’’ (Scheme 3).

However, we could only detect two members of this dia-
stereomeric mixture in the NMR spectrum since 6a’ and 6b’
are enantiomers and similarly so are 6a’’ and 6b’. Figur-
es 6b,c and 7 clearly showed the four AX quartets of the
four methylene protons of the pyrrolidine ring in com-
pounds 5 and 6a/b. A careful examination established that
the ratio of the chemical shift to the coupling constant, Dn/J,
was greater than 10.[14] Similar results were obtained for
trans-2 isomers 7a and 7b (compare Figure 1a and 6a).
Close inspection of the NMR spectra of the bis-adducts re-
vealed a deshielding effect in both the non-protonated
(Figure 1) and protonated (Figure 6) bis-mixed adducts
which was directly related to the distance between the ad-
dends. The closer the addends were, the less the deshielding
effect. Thus, the resonances were more deshielded for 7a

Scheme 2. Protonation of compounds 4 (bottom) and 5 (top).

Figure 6. 1H NMR (500 MHz) of compounds a) 7a/7b, b) 6a/6b, c) 5
after addition of [D]TFA.
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and 7b than for 6a and 6b, which in turn were more de-
shielded than for 5. On the other hand, the chemical shifts
of the malonate groups were only slightly altered since they
are farther away from the protonation site (compare
Figure 1 and 6).

Two-dimensional NMR experiments were crucial in the
characterization of the bis-adduct derivatives. The COSY of
5, and of the 6a/6b mixture, allowed us to determine the
identity of the diastereomers since the geminal protons of
the pyrrolidine rings (Ha and Hb) are correlated only to
each other (Figure 7).

Substitution of the N-methyl group for an N-ethyl did not
alter the outcome. The 1H NMR spectra in CDCl3 (see Sup-
porting Information) of the two fractions isolated (Figure
SII and SIII, Supporting Information), after the mixed bis-
adduct were formed from N-ethyl pyrrolidino[60]fullerene
instead of the N-methyl derivative, were very similar to
those of fractions II and III (Figure 1b and c). In addition,
the proton resonances of the methano addend were identical
to those of the N-methyl substituted bis-adducts, and the
pyrrolidine proton resonances were very broad as well.

As an alternative to “freezing” the conformers via proto-
nation of the nitrogen, we conducted NMR experiments at
very low temperatures to slow down the nitrogen inversion.
With this aim, 1H NMR spectra of 4 were taken at various
temperatures in [D8]toluene. As shown in Figure 8, upon

lowering the temperature of the toluene solution, the reso-
nance of the methylene protons, which showed a significant
upfield shift, broadened and ultimately split into a doublet.
These signals corresponded to the protons cis and trans with
respect to the N-methyl group which in turn remained rela-
tively sharp even at low temperatures. We employed the
1H NMR lineshape analysis of the methylene signals at vari-
able temperatures to calculate the rate constants for the ni-
trogen inversion. Dynamic NMR simulations were per-
formed with DNMR3 software, which is included in the
SpinWorks package, and the rate constants were determined

Scheme 3. Expected isomers upon protonation of compounds 6a/6b.

Figure 7. COSY NMR of 5 (top) and 6a/6b (bottom) after addition of
[D]TFA.

Figure 8. 1H NMR spectrum of 4 at various temperatures in [D8]toluene.
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(Table 1) by comparing experimental and theoretical spectra
between �20 and �90 8C. From these data, an Eyring plot
was used to calculate the enthalpy of activation, DH�=

35.6�1.5 kJmol�1, and the entropy of activation, DS�=

�3.3�6.7 Jmol�1 K�1 (Figure 9). The entropy term is close
to zero as expected for an intramolecular process like nitro-
gen inversion.[12] Interestingly, the enthalpy of activation for
the nitrogen inversion of 4 is close to the enthalpy of activa-
tion of an unconstrained nitrogen inversion, such as in the
five-membered cyclic molecule 2.[12,13] Unlike compound 3,
where the presence of the p system makes the inversion
much faster, there appears to be little or no conjugation of
the nitrogen lone pair with the p system of the C60 core in 4,
contrary to the conclusions derived from basicity argu-
ments.[15]

Conclusion

Based on the broadening of the 1H NMR resonances, we
have shown that the pyrrolidine group in pyrrolidinoful-
lerenes can exhibit a much slower inversion of configuration
than expected depending on the solvent media. Employing
1H NMR as a characterization technique may prove ineffec-
tive if the signals are too broad to be noticeable. A drop of

[D]TFA can be added to the NMR tube to “freeze” the ni-
trogen inversion, resulting in sharper peaks with clearly
identifiable correlation patterns. TFA can be later easily re-
moved by simple evaporation.

Though a vast amount of pyrrolidinofullerenes have been
prepared to date, no detailed investigation of the effect of
the media on the NMR characterization had been per-
formed until now. It was assumed that the methylene pro-
tons of symmetric pyrrolidine rings in pyrrolidinofullerenes
are magnetically equivalent, but we have demonstrated that
they are equivalent only if their NMR spectra are taken in
deuterated solvents with traces of water. We recommend
the use of [D]TFA as a standard technique to characterize
the structures of pyrrolidinofullerenes in the future.

Experimental Section

General: Commercially available materials were used as received unless
otherwise specified. 1H spectra were recorded in a Bruker 500 MHz and
referenced to TMS or the solvent used, as noted. Compound 4 was syn-
thesized according the literature procedures.[7]

Compounds 5, 6, 7: DBU (17 mL, 0.12 mmol) was added to a solution of
4 (50 mg, 0.06 mmol) and diethyl bromomalonate (10 mL, 0.06 mmol) in
o-dichlorobenzene. After 5 min the reaction mixture was subjected to
column chromatography (silica gel, CH2Cl2).

Compound 5 was isolated in 9% yield (5.5 mg). The TLC analysis in
CH2Cl2 indicated the retention factor of 0.3. 1H NMR (500 MHz,
[D6]acetone/CS2): d=4.38 (q, 3J ACHTUNGTRENNUNG(H,H)=20 Hz, 4H), 4.22 (d, 3J ACHTUNGTRENNUNG(H,H)=
15 Hz, 2H), 4.13 (d, 3J ACHTUNGTRENNUNG(H,H)=15 Hz, 2H), 2.88 (s, 3H), 1.43 ppm (t,
3J ACHTUNGTRENNUNG(H,H)=11 Hz, 6H); 1H NMR (500 MHz, CDCl3): d=4.45 (q,
3J ACHTUNGTRENNUNG(H,H)=20 Hz, 4H), 2.42 (t, 3J ACHTUNGTRENNUNG(H,H)=11 Hz, 6H); MALDI-TOF MS:
m/z : 936 [M +].

Compound 6 was isolated in 18% yield (11 mg). The TLC analysis in
CH2Cl2 indicated the retention factor of 0.45. 1H NMR (500 MHz,
CDCl3): d=4.53–4.48 (m, 2H), 4.39–4.33 (m, 2H), 1.47 (t, 3J ACHTUNGTRENNUNG(H,H)=
6.5 Hz, 3H), 1.32 (t, 3J ACHTUNGTRENNUNG(H,H)=6.5 Hz, 3H); MALDI-TOF MS: m/z : 936
[M +].

Compound 7 was isolated in 2.4% yield (1.4 mg). The TLC analysis in
CH2Cl2 indicated the retention factor of 0.49. 1H NMR (500 MHz,
CDCl3): d=4.82–4.76 (m, 2H), 4.53 (q, 3J ACHTUNGTRENNUNG(H,H)=7 Hz, 2H), 1.67 (t,
3J ACHTUNGTRENNUNG(H,H)=7.5 Hz, 3H), 1.47 (t, 3J ACHTUNGTRENNUNG(H,H)=7.5 Hz, 3H); MALDI-TOF MS:
m/z : 936 [M +].
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