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Abstract: The unexpected isomerization of N-ethyl [6,6]-pyrrolidino-Y3N@C80 to the [5,6] regioisomer is
reported, as well as the synthesis, characterization, and electrochemical analysis of Er3N@C80 derivatives.
A complete electrochemical study of the M3N@C80 species (M ) Sc, Y, Er) and their derivatives is presented.
We introduce electrochemistry as a new tool in the characterization of the [5,6] and [6,6] regioisomers of
trimetallic nitride endohedral metallofullerenes.

Introduction

Detailed knowledege of the properties of endohedral metal-
lofullerenes is at best superficial, even though their existence
was established in the early days of fullerene research.1 The
main limitation in this field continues to be the low production
yields, and it has not been until recently that greater efforts have
been made to increase production of such fullerene species.2

The limited quantities of material have also prevented the
preparation and characterization of derivatives. Functionalization
of these materials is crucial to incorporate them in devices and
to open new avenues of research and potential applications. The
ability of endohedral fullerenes to carry metals with electro-
active, magnetic, or radioactive properties makes them potential
candidates as building blocks for prospective applications in
the fields of biomedical and nanomaterials science.3

As of today, there have been a few reports of functionalization
of endohedral metallofullerenes, and only a handful of these
reports descibed the isolation of well-characterized adducts.4

Among these, we recently described the first pyrrolidinofullerene
derivatives of Sc3N@C80

4j and Y3N@C80,4k as well as the first
methano-endohedralfullerene, which could only be isolated as
the yttrium-based cluster compound.4k

Thus far, cycloaddition reactions on Sc3N@C80 have always
occurred regioselectively at a corannulene-type site (a double
bond at a [5,6] ring junction abutted by two hexagons) on the
icosahedral (Ih) isomer. The resulting monoadducts have been
charaterized by X-ray crystallography and/or NMR experiments.
These adducts include a Diels-Alder derivative4g,h and a 1,3-
dipolar cycloadduct ofN-ethylazomethine ylide, which gave rise
to the N-ethyl pyrrolidinofullerene.4j Very recently, NMR
characterization of anN-methyl pyrrolidinofullerene derivative
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of Sc3N@C80 confirmed the regioselective addition at a [5,6]
double bond.5 Interestingly, similar cycloaddition reactions on
Ih Y3N@C80 have occurred regioselectively at a pyrene-type
site, that is, a double bond at a [6,6] ring junction abutted by a
hexagon and a pentagon.4k Figure 1 depicts the two possible
sites of cycloaddition reactions on theIh C80 fullerene cage, the
[5,6] and [6,6] double bonds.

Isomerization of some regioisomeric derivatives on fullerene
cages has been detected since the early days of fullerene
research, but only on empty cages. Such rearrangements occur
under a variety of conditions. Shevlin and co-workers recently
provided more insight into the mechanism of the rearrangement
of [5,6]-open methanofulleroids to [6,6]-closed methano-
fullerenes,6 which were originally observed by Wudl et al. in
1992.7 This rearrangement was believed to be strictly thermal,
but it actually requires a photochemical step to initiate the
thermal rearrangement.6,7 Then again, 1,6-(N-substituted)-aza-
[60]fulleroids are converted only photochemically to the 1,2-
(N-substituted)-aziridino-[60]fullerenes, as illustrated by two
different examples: the rearrangement of an N-sulfonyl-
azafulleroid to an N-sulfonyl-aziridinofullerene,8 and the re-
arrangement of an N-aryl-azafulleroid to an N-aryl-aziridino-
fullerene.9 Another isomerization process was reported by
Echegoyen, Diederich, and co-workers involving electrochemi-
cally induced bis- and tris[di(ethoxycarbonyl)methano][60]-
fullerene isomerizations.10 One- to two-electron controlled
potential electrolysis (CPE) of the bis or tris adducts results in
the “walk on the sphere” rearrangement of the methano adducts
to the thermodynamically most stable positions on the surface
of the fullerene cage.

In this article we describe an interesting and unexpected
isomerization of the [6,6]-closed monoadduct ofN-ethyl pyr-
rolidino-Y3N@C80 to give rise exclusively to the [5,6]-closed
regioisomer, not previously observed.11 As far as we are aware,

pyrrolidine isomerization processes on fullerenes have never
been reported before. Recently, a related isomerization of a [5,6]-
open oxahomofullerene to a [6,6]-open oxahomofullerene was
reported.12 We also report the synthesis of bothN-ethyl [5,6]-
and [6,6]-pyrrolidino regioisomers of Er3N@C80, as well as a
[6,6]-methano derivative. Finally, we present the unusual
electrochemical properties of these trimetallic nitride derivatives,
including those of the monoadducts of Sc3N@C80, which have
not been reported to date. We propose the use of electrochem-
istry as a technique for the characterization of the [5,6] and
[6,6] regioisomers.

Experimental Section

New Regioisomer ofN-Ethyl Pyrrolidinofullerene of Y 3N@C80.
After reports of the synthesis and characterization of theN-ethyl [6,6]-
pyrrolidinofullerene derivative of Y3N@C80, attempts to crystallize the
compound revealed an intrinsic instability in solution, as evidenced by
the appearance of additional resonances in the1H NMR spectrum. Thin-
layer chromatography (TLC) and high-pressure liquid chromatography
(HPLC) confirmed the appearance of a second compound (Figure 2),
which was separated by column chromatography and characterized by
matrix-assisted laser desorption/ionization time-of-flight mass spec-
trometry (MALDI-TOF MS) and NMR experiments.

Surprisingly, the newly obtained product exhibited a molecular ion
identical to the original [6,6]-pyrrolidine derivative (1313m/z) but
displayed different resonances in the1H NMR spectrum, which in fact
resembled that of the [5,6]-pyrrolidinofullerene of Sc3N@C80.4j This
trasnformation was also observed for a [6,6] regioisomer13C-labeled
at one of the methylene carbons of the pyrrolidine ring, which was
prepared from13C-enriched paraformaldehyde as previously described.4k

The appearance of a single13C NMR signal at 70.19 ppm and the
disappearance of the original two resonances at 70.05 and 63.85 ppm
in CS2-acetone-d6 (Supporting Information, I) indicated that the
methylene groups in the pyrrolidine unit become symmetrical in the
[5,6] regioisomer. Heteronuclear multiple quantum coherence and
correlation spectroscopy experiments corroborated the new plane of
symmetry through the pyrrolidine ring and confirmed its location on a
[5,6] ring junction on theIh C80 cage. This addition pattern results in
symmetric pyrrolidine carbons (70.19 ppm) and unsymmetric geminal
hydrogens (2.73 and 4.02 and ppm) on the pyrrolidine ring.

Interconversion of the [6,6]-Closed to the [5,6]-Closed Regio-
isomer. This reaction seems to take place thermally since it occurs
also in the dark. Noticeably, such an isomerization takes place both in
the presence and in the absence of oxygen. The isomerization process
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Figure 1. Two possible sites of addition to theIh C80 cage: on the left, a
[5,6] ring junction abutted by two hexagons (a corannulene-type site), and
on the right, a [6,6] ring junction abutted by a hexagon and a pentagon (a
pyrene-type site).

Figure 2. HPLC chromatogram of the [6,6]-pyrrolidino-Y3N@C80 (17.05
min) and the newly formed regioisomer (15.94 min). Some Y3N@C80 at
24 min is shown for reference (10× 250 mm2 Buckyprep-M, 1% pyridine/
toluene, 4 mL/min).
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was followed by NMR at several temperatures ino-dichlorobenzene-
d4. About 1.0 mg of the [6,6] regioisomer was completely converted
to the [5,6] regioisomer within 1 h of heating at 180°C, while the
process was slowed by reducing the temperature to 145°C (Figure 3).

Based on the integration area of the NMR resonances, a kinetic
analysis of the reaction progress was conducted which suggests the
isomerization process followed first-order kinetics with a rate constant
of 0.01 min-1 (Supporting Information, II).

A comparison of the NMR spectra of the [5,6]-pyrrolidinofullerenes
of Sc3N@C80 and Y3N@C80 (Supporting Information, III) reveals that
the nature of the metal in the cluster has a small effect on the chemical
shifts of the atoms on the addend moiety. The geminal hydrogens of
the pyrrolidine ring of the Y3N@C80 derivative resonate at 26.39 and
37.15 Hz upfield from the corresponding resonances for the scandium
analogue. Thus, the shielding differences observed for the geminal
pyrrolidine hydrogens (∆δ of 1.26 (628.45 Hz) and 1.29 ppm (639.21
Hz) for the Sc3N@C80 and Y3N@C80, respectively) are mainly due to
surface ring currents on the C80 cage.4j This effect has also been
observed on theN-methyl pyrrolidinofullerene derivative of C70, with
a ∆δ of 0.25 ppm for the 7,8-pyrrolidine adduct, which contains no
metal clusters, and it was also attributed to ring currents on the fullerene
surface.13

In the present case, the [6,6]-pyrrolidine adduct seems to be the
kinetically favored product, while the [5,6]-pyrrolidine is the thermo-
dynamically most stable regioisomer. The isomerization seems to
involve an activation followed by a [1,5]-rearrangement of the
pyrrolidine ring. However, there is also the possibility of a retro-1,3-
dipolar addition14 of the [6,6] isomer, followed by a cycloaddition to
the [5,6] double bond, but based on the high conversion yield this is
unlikely. A possible mechanism is depicted in Scheme 1. A general

[1,5]-sigmatropic shift is not the likely mechanistic path since we have
only observed the isomerization with the heterocyclic derivatives. The
[di(ethoxycarbonyl)methano] adduct on Y3N@C80 remains stable on
the [6,6] site even after heating to 180°C for 24 h.

These observations can be rationalized by a recent study in which
Poblet et al.15 reported that the planar endohedral Sc3N cluster of
Sc3N@C80 causes a local outward pyramidalization of the C-C cage
bonds closest to the scandium nuclei. They concluded that the
coroannulene [5,6] double bonds next to Sc have the highest strain of
all the bonds in theIh C80 cage, and therefore they are the most reactive
toward exohedral cycloaddition. Reaction at this site relieves part of
the bond strain and produces the thermodynamically most stable
monoadduct.(13) Wilson, S. R.; Lu, Q.J. Org. Chem.1995, 60, 6496-6498.
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Figure 3. Following the isomerization process by1H NMR. The [6,6]-pyrrolidino-Y3N@C80 (time 0 min) was heated at 145°C in o-dichlorobenzene-d4,
and as the heating time progressed, the resonances of the [5,6]-pyrrolidine regioisomer appeared, while those of the [6,6] regioisomer disappeared. After
heating for 21 h, the resolution of the NMR spectrum was very poor, and addition of D2O was required to sharpen the signals (spectrum shown at 21 h),
but an undetermined broad signal also appeared at about 2.6 ppm.

Scheme 1. Proposed Mechanism for the Isomerization Process
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Dorn and co-workers reported the first pyrrolidinofullerene mono-
adduct derivative of Er3N@C80, an N-methyl adduct, which was
obtained after heating a solution of Er3N@C80, formaldehyde, and
N-methylglycine (in a ratio of 1:12:4) ino-dichlorobenzene at 110°C
for 10 h.5 Its identification was based on HPLC and MALDI-MS since
high-resolution NMR was not possible due to the paramagnetic nature
of this pyrrolidinometallofullerene.5 Therefore, the position of the adduct
could not be determined on the basis of NMR. In the present work,
two different monoadducts were obtained when the 1,3-dipolar cy-
cloaddition ofN-ethylazomethine ylide to Er3N@C80 was conducted
under different experimental conditions (Er3N@C80, formaldehyde, and
N-ethylglycine, 1:122:28, respectively, ino-dichlorobenzene at 135°C
for 8 min). MALDI-MS of both products confirmed that they are
pyrrolidinofullerene monoadducts (1549m/z). As in the case of
Sc3N@C80 and Y3N@C80,4j,k traces of a mixture of multiadducts were
also recovered and identified by MALDI-MS. HPLC and TLC indicate
that the polarities of these monoadducts closely resemble those of the
well-characterized [5,6] and [6,6] regioisomers of Y3N@C80 (Supporting
Information, IV). On this basis, we propose that the erbium pyrroli-
dinofullerene monoadduct derivatives correspond to the [5,6] and [6,6]
isomers, respectively. Synthesis at lower temperatures (110°C) showed
that the [6,6] regioisomer is also kinetically preferred and is formed in
a matter of minutes on Er3N@C80, and as the reaction proceeds, it
isomerizes to the thermodynamically more stable [5,6] isomer. If the
heating period is extended, the yield of the [6,6] regioisomer decreases.

Interestingly, theN-ethyl [6,6]-pyrrolidino regioisomer could not be
isolated for the Sc3N@C80 case. The product recovered was exclusively
the [5,6] regioisomer, even when the reaction time was shortened to 3
min at 110°C. This indicates that either the [6,6] adduct does not form
at all or the [6,6]-to-[5,6] isomerization process has a relatively low
activation energy on the Sc3N@C80 cage, as opposed to the observation
with Y3N@C80. This difference in reactivity, together with the failed
attempts to synthesize the methanofullerene derivative of (Ih) Sc3N@C80,
is clear evidence of the pronounced control that the trimetallic nitride
cluster has on the exohedral reactivity of the C80 cage.4k Recently,
Yamada and co-workers synthesized and fully characterized a mixture
of [5,6] and [6,6] N-triphenylmethyl pyrrolidine monoadducts of
La2@C80.4s This indicates that the C80 reactivity remains at both sites
even though the metal cluster is different; however, the effect of the
triphenylmethyl group on the nitrogen of the pyrrolidine moiety may
also play a role in this reaction.

Electrochemical Studies of M3N@C80 (M ) Sc, Y, Er) and Their
Derivatives. Electrochemical studies of all of these endohedral met-
allofullerene derivatives provide further insight into the characterization
of the [5,6] and [6,6] regioisomers. Cyclic voltammetry (CV) as well
as Osteryoung square wave voltammetry (OSWV) of all M3N@C80

(M ) Sc, Y, Er) fullerenes and their derivatives was performed in
o-dichlorobenzene.

CV of Sc3N@C80, Y3N@C80, and Er3N@C80 was conducted on
samples purified by HPLC (Buckyclutcher, toluene) without further
separation of their constitutional isomers. The electrochemical behavior
of these samples is characteristic of mixtures ofIh andD5h isomers, as
reported previously.16,17At a scan rate of 100 mV/s (Figure 4), all three
voltammograms show irreversible reductions. While the reductive
electrochemistry of Sc3N@C80 becomes reversible at higher scan rates,16

neither Y3N@C80 nor Er3N@C80 exhibits improved reversibility upon
scanning the potential faster, up to 30 V/s.

The electrochemical reductions of the [6,6]-pyrrolidinofullerene
monoadducts of Y3N@C80 and Er3N@C80 were irreversible at a 100
mV/s scan rate (Figure 5), similar to the behavior of their respective
unfunctionalized parent endohedral metallofullerenes, as shown in
Figure 4. Increasing the scan rate from 100 mV/s to 30 V/s did not

appreciably alter the appearance of the reduction waves of the
derivatized compounds.

The electrochemical behavior of the [5,6] Diels-Alder monoadduct
of Sc3N@C80, which was prepared as described in ref 4g,h, proved to
be surprisingly different from that of the unfunctionalized Sc3N@C80,
even at 100 mV/s. Three one-electron reversible reductions at-1.16,
-1.54, and-2.26 V vs Fc/Fc+, with spacing indicative of a nonde-
generate LUMO and accessible LUMO+1, were observed (Figure 6).
This electrochemical behavior is reminiscent of that of the unfunction-
alizedIh Sc3N@C80 (-1.29,-1.56, and-2.32 V vs Fc/Fc+) at a scan
rate of 20 V/s.16 There are also two minor reduction waves denoted by
asterisks in Figure 6, which may be due to traces of an unidentified
isomeric product which coelutes with the main product under HPLC
conditions (Buckyclutcher, toluene).

Interestingly, the electrochemical behavior of the [5,6]-pyrrolidi-
nofullerene derivatives proved to be startlingly different from that of
their [6,6] counterparts. At 100 mV/s, the reductions of the [5,6]-
pyrrolidinofullerenes of Sc3N@C80 and Er3N@C80 were reversible. The

(16) Elliott, B.; Yu, L.; Echegoyen, L.J. Am. Chem. Soc.2005, 127, 10885-
10888.

(17) Krause, M.; Dunsch, L.ChemPhysChem2004, 5, 1445-1449.

Figure 4. Cyclic voltammograms at 100 mV/s of (a) Sc3N@C80, (b)
Y3N@C80, and (c) Er3N@C8 purified by HPLC (Buckyclutcher, toluene).

Figure 5. Cyclic voltammograms of (b) [6,6]-pyrrolidino-Y3N@C80 and
(c) [6,6]-pyrrolidino-Er3N@C80 in o-dichlorobenzene, 0.05 M TBA+PF6

-,
100 mV/s scan rate. The [6,6]-N-ethyl pyrrolidino-Sc3N@C80 (a) has not
been detected.
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[5,6]-pyrrolidinofullerene of Y3N@C80 also exhibited reversible reduc-
tive electrochemical behavior, but only at faster scan rates, 20 V/s
(Figure 7).

Three reductions for each [5,6]-pyrrolidinofullerene derivative were
visible, each set of waves with a potential spacing indicative of a
nondegenerate LUMO and an accessible LUMO+1. Table 1 compares
the measured reduction potentials of the [5,6]-pyrrolidinofullerene
derivatives of Sc3N@C80, Y3N@C80, and Er3N@C80 as well as the [5,6]
Diels-Alder derivative of Sc3N@C80.

All of the pyrrolidine derivatives described above exhibited a similar
irreversible oxidation wave. This wave has been attributed to the
pyrrolidino adduct since it differs greatly from the reversible or quasi-
reversible first oxidation wave of the respective parent metallofullerene.
Table 2 compares the measured electrochemical potentials for the first
oxidation assigned to theIh cage isomer of pristine and functionalized
M3N@C80.

We have also prepared the first methanofullerene derivative of
Er3N@C80, a [di(ethoxycarbonyl)methano] monoadduct, in the same
manner as the Y3N@C80 malonate monoadduct was made.4k Again,
due to the paramagnetic nature of this erbium metallofullerene, we were
unable to characterize this derivative by NMR spectroscopy, but
MALDI-MS and HPLC indicate that this derivative is a monoadduct
and, most probably, the [6,6] regioisomer (Figure 8).

The CVs of the [6,6]-methanofullerene derivatives of Y3N@C80 and
Er3N@C80 displayed electrochemically irreversible reduction behavior
analogous to that of the [6,6]-pyrrolidinofullerene regioisomers of
Y3N@C80 and Er3N@C80 (Figure 9), and only the first reduction of
the erbium methanofullerene derivative became reversible upon scan-
ning the potential at 20 V/s (Supporting Information, VI).

Results and Discussion

Such a drastic difference in the electronic behavior of the
two regioisomers was surprising since the only difference
between them is the ring junction at which the addend is located.
Previous electrochemical experiments showed that, upon reduc-
tion of Sc3N@C80, an EC mechanism was observed.16 At slow
scan rates, the cathodic waves were electrochemically irrevers-
ible, similar to those of the [6,6] monoadducts of Y3N@C80

and Er3N@C80. When the potential was swept at 20 V/s, the
cathodic CV of Sc3N@C80 became electrochemically reversible,
similar to the electrochemical behavior of the [5,6] monoadducts
of Sc3N@C80, Y3N@C80, and Er3N@C80. It was speculated that
the addition of an electron to the endohedral Sc3N cluster could
cause a change in the cluster-cage interaction, or a chemical
step in an EC mechanism. Consistent with this interpretation,
faster scan rates showed reversible electrochemical behavior.
The striking similarity between the electrochemical behavior
of pristine Sc3N@C80 at fast scan rates and that of the
corresponding [5,6] functionalized M3N@C80 molecules seen
here suggests that not only is the [5,6] double bond more reactive
toward exohedral functionalization, as reported by Poblet,15 but
it is also reactive toward the endohedral cluster after reduction.
Consequently, the general reductive behavior of [6,6] monoad-
ducts (pyrrolidines as well as malonates) resembles that of the
parent metallofullerenes, since the [5,6] double bonds are still
available to interact with the clusters after reduction. Removal
of the [5,6] double bond by exohedral functionalization thus

Figure 6. Comparison of the electrochemical behavior, at 100 mV/s, ofIh

Sc3N@C80 before (a) and after exohedral functionalization at the [5,6] double
bond (b), the [5,6] Diels-Alder derivative. Asterisks denote two minor
reduction waves of unknown origin. These may be due to traces of an
unidentified isomeric product which coelutes with the main product by
HPLC analysis (Buckyclutcher, toluene).

Figure 7. Cyclic voltammograms of (a) [5,6]-pyrrolidino-Sc3N@C80 at
100 mV/s scan rate, (b) [5,6]-pyrrolidino-Y3N@C80 at 20 V/s scan rate,
and (c) [5,6]-pyrrolidino-Er3N@C80 at 100 mV/s scan rate.

Table 1. Electrochemical Reduction Potentials vs Fc/Fc+

(o-Dichlorobenzene, 0.05 M TBA+PF6
-) of [5,6] Adducts of

M3N@C80 Metallofullerenes and Those of C60 and Pristine
Sc3N@C80 for Comparison

E0/- E-/2- E2-/3-

C60 -1.15 -1.55 -2.01
Sc3N@C80 -1.29 -1.56 -2.32
Diels-Alder Sc3N@C80 -1.16 -1.54 -2.26
[5,6] pyrrolidine Sc3N@C80 -1.18 -1.57 -2.29
[5,6] pyrrolidine Y3N@C80 -1.30 -1.65 -2.36
[5,6] pyrrolidine Er3N@C80 -1.28 -1.63 -2.33

a At a scan rate of 20 V/s. All others are at 100 mV/s.

Table 2. Electrochemical Potentials vs Fc/Fc+ for the First
Oxidation Assigned to the Ih Cage Isomer of Pristine and
Functionalized M3N@C80

Sc3N@C80 Y3N@C80 Er3N@C80

pristine 0.59 0.64 0.63
[5,6] Diels-Alder 0.62
[5,6] pyrrolidine 0.62 0.64
[6,6] pyrrolidine 0.65 0.64
[6,6] malonate 0.60 0.60

A R T I C L E S Cardona et al.

6484 J. AM. CHEM. SOC. 9 VOL. 128, NO. 19, 2006



prevents the intramolecular reaction, and the reductive behavior
becomes reversible. Molecular calculations as well as crystal
structures of [5,6] monoadducts of M3N@C80 reveal that, after
exohedral functionalization, the bond becomes elongated and
is pulled away from the center of the C80 cage toward the
addend. Consequently, the cluster-cage interaction at the [5,6]
bond is lessened because the M3N unit is positioned away from
the reactive site.15

The existence of a localized interaction between the endohe-
dral cluster and the [5,6] double bonds could also explain the

initial formation of the [6,6] product as the kinetically favored
one. We are presently performing molecular calculations on a
cluster-cage interaction model that can explain such dramati-
cally different electrochemical behavior for regioisomers that
are so similar otherwise.

Conclusion

In conclusion, we have shown the first examples of quantita-
tive isomerization of the monoadducts of [6,6]-closed pyrroli-
dinofullerenes of Y3N@C80 and Er3N@C80 to the [5,6]-closed
regioisomers. This type of isomerization has never before been
observed for either empty fullerenes or endohedral metallo-
fullerenes.11 We also report the synthesis of the first metha-
nofullerene derivative of Er3N@C80, which occurs regioselec-
tively at a [6,6] bond like that of Y3N@C80. Finally, the general
electrochemical behavior of these derivatives seems to suggest
that this technique can be employed to easily differentiate
between the two possible regioisomers. The general trend
indicates that [5,6] monoadducts display reversible electro-
chemical cathodic behaviors, while the corresponding [6,6]
monoadducts show irreversible behavior similar to that of the
parent endofullerenes.
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Figure 8. HPLC (Buckyclutcher, toluene, 4 mL/min) and MALDI-MS of the [di(ethoxycarbonyl)methano] monoadduct of Er3N@C80.

Figure 9. Cyclic voltammograms of (b) the [6,6]-methanofullerene
derivative of Y3N@C80 and (c) [6,6]-methanofullerene derivative of
Er3N@C80 at a scan rate of 100 mV/s. The [6,6]-methanofullerene derivative
has not been isolated for Sc3N@C80 (a).
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