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Introduction

Since Smalley and co-workers confirmed the existence of
La@C82 in 1991,[1] endohedral metallofullerenes (EMFs)

have attracted intense interest as a result of their unique
structures and properties.[2] As a novel hybrid material of
metals and fullerenes, EMFs are expected to have a wide
range of potential applications in chemistry, physics, bio-
ACHTUNGTRENNUNGmedicine, and nanomaterials science.[2,3] The chemistry of
EMFs has recently received much attention and a variety of
fullerene-related reactions have been applied to EMFs.[4–7] It
has been found that the reactivities of EMFs are quite dif-
ferent to those of empty fullerenes. In particular, several
monoadditions to EMFs have been revealed to occur with
remarkable regioselectivity and to afford only a few or even
only one regioisomer.[4,5b,c,6] The selectivity of these addition
reactions has been ascribed to the encapsulated metal atoms
or clusters which influence the electronic structure and reac-
tivity of the fullerene cage by electron transfer. The electro-
chemical behavior of EMF derivatives has also been studied.
Exterior modifications have been demonstrated to be a
useful way of tuning the electronic properties of fullerene
cores.[6a,7c] These efforts have made it possible to prepare
specific fullerene materials with desired properties by inter-
nal doping with metal atoms and by exterior modification of
the fullerene cage.

We have a particular interest in the Bingel reaction,
which is one of the most widely applied reactions in fuller-
ene chemistry. The first attractive Bingel adduct of EMFs to
be obtained was Gd@C60[CACHTUNGTRENNUNG(COOC2H5)]n (n=1–10) report-

Abstract: The reaction of La@C82 with
diethyl bromomalonate in the presence
of base (the Bingel reaction) generated
five monoadducts which have been
fully characterized. It was found that
four of them (mono-A, -B, -C, and -D)
are ESR-inactive, suggesting singly
bonded regioisomers. In contrast, the
fifth product (mono-E) is ESR-active,
indicating that it possesses a cyclic
moiety between the appended malon-

ACHTUNGTRENNUNGate group and the fullerene cage, anal-
ogous to conventional Bingel adducts.
The differences in the molecular struc-
tures of mono-A, -B, -C, and -E result
in varying thermal stabilities and elec-

trochemical behavior. In particular, the
singly bonded monoadducts undergo
the retro-Bingel reaction either under
thermal treatment or during electron
transfer on the cyclic voltammetric
timescale. However, mono-E shows re-
markable thermal stability and perfect
reversibility under the same experi-
mental conditions.

Keywords: cycloaddition · electro-
chemistry · endohedral metalloful-
lerenes · regioselectivity · structure
elucidation

[a] Dr. L. Feng, Dr. T. Wakahara, Dr. T. Nakahodo, Dr. T. Tsuchiya,
Q. Piao, Dr. Y. Lian, Prof. Dr. T. Akasaka
Center for Tsukuba Advanced Research Alliance
University of Tsukuba, Tsukuba, Ibaraki 305-8577 (Japan)
Fax: (+81)29-853-6409
E-mail : akasaka@tara.tsukuba.ac.jp

[b] Dr. Y. Maeda
Department of Chemistry, Tokyo Gakugei University, Koganei,
Tokyo 184-5801 (Japan)

[c] Prof. Dr. E. Horn
Department of Chemistry, Rikkyo University, Tokyo 171-8501 ACHTUNGTRENNUNG(Japan)
Fax: (+81)5992-3434
E-mail : ehorn_chem@grp.rikkyo.ne.jp

[d] Dr. K. Yoza
Bruker AXS K.K., Yokohama 221-0022 (Japan)

[e] Prof. Dr. T. Kato
Josai University, Sakado 350-0295 (Japan)

[f] Dr. N. Mizorogi, Prof. Dr. S. Nagase
Institute for Molecular Science, Okazaki 444-8585 (Japan)
Fax: (+81)564-53-4660
E-mail : nagase@ims.ac.jp

Supporting information for this article is available on the WWW
under http://www.chemeurj.org/ or from the author.

I 2006 Wiley-VCH Verlag GmbH&Co. KGaA, Weinheim Chem. Eur. J. 2006, 12, 5578 – 55865578



ed by TDA researchers.[8] Its hydroxylated derivative (Gd@
C60[CACHTUNGTRENNUNG(COOH)]n, n=1–10) has been proved to have favor-
ACHTUNGTRENNUNGable properties as a magnetic resonance imaging (MRI) con-
trast reagent.[3a, 8] More recently, another Bingel adduct of
an EMF (Y3N@C80) was reported. As suggested by related
NMR spectroscopic analyses, a malonate group has been at-
tached to a specific [6,6] double bond of a C80 cage with ex-
cellent regioselectivity.[5c] However, when we performed the
Bingel reaction on La@C82, its product distribution was
found to be very different to those of empty fullerenes as
well as previously reported EMFs.[5c,8]

Herein we describe all the monoadducts formed in this
unconventional Bingel reaction of La@C82. Their possible
structure assignments are discussed according to not only
experimental characterizations but also theoretical calcula-
tions. In addition, their stabilities and electrochemical be-
havior have been studied and compared with those of the
parent La@C82.

Results and Discussion

Synthesis and isolation : The reaction of fullerenes with di-
ethyl bromomalonate in the presence of 1,8-diazabicyclo-
ACHTUNGTRENNUNG[5.4.0]undec-7-ene (DBU) has been widely used to add mal-
onate groups across the [6,6] double bonds of fullerene
cages.[9] However, the use of DBU in the reaction of metal-
lofullerenes is inadvisable because charge transfer may
occur between them, similarly to the interaction between
metallofullerenes and some basic nitrogen solvents such as
pyridine, aniline and dimethylformamide.[10] To explore the
reactivity of DBU towards La@C82, we added DBU drop-
wise to a solution of La@C82 in toluene whilst stirring,
which led to the formation of a precipitate in a short
time. This precipitate is soluble in a mixture of CS2 and
acetone and exhibits similar absorption characteristics to
[La@C82]

�TBA+ (TBA= tetrabutylammonium) obtained by
electrolysis.[11] This result suggests that [La@C82]

� is formed
by charge transfer from DBU to La@C82. Thus, DBU actual-
ly causes the generation of a side product ([La@C82]

�), and
prevention of an excess formation of [La@C82]

� has to be
taken into account in the Bingel reaction of La@C82. We
first modified the established protocol by reducing the
amount of DBU used in the reaction. For instance, in a typi-
cal reaction, DBU (0.54 equiv) was added dropwise to a
mixture of La@C82 (1 equiv) and diethyl bromomalonate
(1.8 equiv). The total yield of Bingel adducts was about
25% based on the pristine La@C82. The unwanted
[La@C82]

� was formed in a yield of 4–7% and then recov-
ered as La@C82 by controlled-potential electrolysis (CPE).
In fact, no more than one equivalent of DBU is advisable
for this reaction as excess base would otherwise lead to a
dramatic increase in the formation of [La@C82]

� , which is
not wanted in the Bingel reaction of La@C82.

Monoadducts were revealed to be the major products of
this reaction. They were isolated from the reaction mixture
by multistage high-performance liquid chromatography

(HPLC). The separation scheme is shown in Figure 1. In the
first stage (Figure 1a), the soluble reaction mixture was in-
jected into a 5PYE column and a mixture of monoadducts
(fraction a1 (Fra1)) was separated from the multiadducts
and unreacted starting materials. Figure 1b shows the chro-
matogram of the second stage of the product separation,
which was performed on a Buckyprep M column. Mono-E
was isolated from the other monoadducts (fraction b1
(Frb1)) as a result of its longer retention time. Then, in the
third stage (Figure 1c), fraction b1 obtained in the second
stage was recycled on a 5PBB column. Mono-A and frac-
tion c2 were completely separated in the second cycle. In
the fourth stage (Figure 1d), mono-C was isolated from frac-
tion d2 (mono-B and -D) by recycling fraction c2 on a
Bucky ACHTUNGTRENNUNGprep column. However, owing to their very similar re-
tention times, attempts to separate mono-B and -D failed on
all available columns using toluene as the eluent. In the fifth
stage (Figure 1e), a little better isolation was achieved by
using a mixture of toluene and hexane (3:1) as the eluent on
a Buckyclutcher column. Under this condition, mono-D was
eluted on the front shoulder of mono-B and could be re-
moved with the loss of some of mono-B. Therefore, mono-
A, -B, -C, and -E were successfully purified. The HPLC pro-
files of the purified samples on different columns are shown
in the Supporting Information. The product distribution was
estimated to be approximately 55.4% mono-A, 22.1%
mono-B, 5.1% mono-C, 5.5% mono-D, and 11.9% mono-E
according to the analyses of their HPLC profiles.

Product characterizations : First, the magnetic properties of
mono-A, -B, -C, -D, and -E were studied by ESR spectros-
ACHTUNGTRENNUNGcopy. The results are completely unexpected: Mono-A, -B,
-C, and -D were found to be ESR-inactive, whereas mono-E
was the only ESR-active species. As Figure 2 shows, the pa-
rameters of the ESR signal from mono-E, including the g
value (g=2.0019), the hyperfine coupling constant (hfc=
1.173 G), and the peak-to-peak linewidths (DHpp=0.558 G),
are similar to those of the parent La@C82 (g=2.0011, hfc=
1.152 G, DHpp=0.360 G). This suggests that mono-E retains
the paramagnetic properties of the parent EMF and might
be a cycloadduct of La@C82. However, the other monoad-
ducts are believed to have completely different structures.

The absolute structure of mono-A was clearly established
by an X-ray crystallographic analysis performed at 93 K.[12]

As shown in Figure 3, its unique structural feature is the
single-bond between the appended bromomalonate group
and the fullerene cage. As a result, only one electron is di-
verted away from the 85 p-electron system of La@C82. This
gives rise to a closed-shell structure of mono-A, which is in
good agreement with the results of ESR spectroscopy. The
addition site is far from the lanthanum atom and is located
at an apex of two six-membered rings and a five-membered
ring. To the best of our knowledge, this is the first definite
example of a derivative of M@C2n with the addition site far
from the encapsulated metal atom.

Efforts to obtain single crystals of the other monoadducts
have so far been unsuccessful because of their small

Chem. Eur. J. 2006, 12, 5578 – 5586 I 2006 Wiley-VCH Verlag GmbH&Co. KGaA, Weinheim www.chemeurj.org 5579

FULL PAPER

www.chemeurj.org


amounts. However, the NMR spectra of mono-B, -C, and -D
were found to exhibit features comparable to those of
mono-A. In detail, only two sets of signals due to the two
ethoxy groups appear in their 1H NMR spectra. In the 13C
NMR spectra, mono-A, -B, -C, and -D exhibit resonances
from 81 carbon atoms in the range typical of sp2 carbon
atoms (d=180–125 ppm), indicating the diversion of one sp2

carbon atom and the C1 symmetry of the C82 cage. The
other signals can be assigned to the two ethoxycarbonyl
groups and the C�C bond between the malonate functional
group and the fullerene cage (see the Supporting Informa-
tion for the NMR spectra).

Thus, NMR spectroscopic analyses suggest that mono-A,
-B, -C, and -D might be regioisomers of a singly bonded
monoadduct.

The paramagnetic nature of mono-E does not allow direct
NMR analysis, so the anion of mono-E was prepared by the
bulk electrolysis method. The 1H NMR spectrum of [mono-

Figure 1. HPLC separation/isolation scheme for the Bingel monoadducts of La@C82. a) First-stage HPLC chromatogram on a 5PYE column (Nacalai
Cosmosil 20M250 mm, toluene as eluent, 9.0 mLmin�1 flow rate); b) second-stage HPLC chromatogram on a Buckyprep M column (Nacalai Cosmosil
20M250 mm, toluene as eluent, 9.9 mLmin�1 flow rate); c) third-stage HPLC chromatogram on a 5PBB column (Nacalai Cosmosil 20M250 mm, toluene
as eluent, 9.9 mLmin�1 flow rate); d) fourth-stage HPLC chromatogram on a Buckyprep column (Nacalai Cosmosil 20M250 mm, toluene as eluent,
9.0 mLmin�1 flow rate); e) fifth-stage HPLC chromatogram on a Buckyclutcher column [Nacalai Cosmosil 21M500 mm, toluene and hexane (3:1) as
eluent, 9.9 mLmin�1 flow rate].

Figure 2. ESR spectrum of isolated mono-E.

Figure 3. ORTEP drawing of mono-A (major enantiomer). Hydrogen
atoms and CS2 molecules have been omitted for clarity.
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E]� is similar to those of mono-A, B, C, and D, with two
sets of signals due to the two ethoxy groups being observed.
However, [mono-E]� exhibits a different 13C NMR spectrum
(Figure 4): 82 sp2 carbon atoms could be identified between

90 and 160 ppm, corresponding to the conjugated C82 cage,
which undoubtedly suggests that [mono-E]� also possesses
C1 symmetry. Notably, there are two carbon atoms (d=
111.26 and 94.52 ppm) shifted upfield relative to the other
80 standard sp2 carbon atoms. This feature is comparable to
that of the 13C NMR spectrum of [La@C82(Ad)]� in which
the two higher-field sp2 carbon atoms (d=80–100 ppm) have
been assigned to the fullerenyl carbon atoms at [6,6] posi-
tions at which the ’open’ cycloaddition occurs.[6c] Therefore,
it is reasonable to presume that one bond in the [mono-E]�

cage has been opened as a result of cycloaddition of the
malonate group. Since all of the 82 carbon atoms are still
conjugated to each other after open cycloaddition, the elec-
tronic structure of mono-E is expected to be almost unal-
tered compared with the parent La@C82.

Figure 5 shows the UV/Vis/NIR absorption spectra of
mono-A, -B, -C, and -E, as well as of the anion of mono-E.
Mono-A, -B, and -C have clearly lost most of the absorption
features of the parent La@C82. Their most characteristic
near-IR bands are observed at 1416, 1294, and 1014 nm, re-
spectively. Since mono-A, -B, and -C are regioisomers, their
absorption spectra in the near-IR field are believed to be in-
dependent of the nature of the addend and can be distin-
guished by their different addition sites. All their absorption
onsets move to a shorter wavelength (ca. 1600 nm), indicat-
ing larger HOMO–LUMO energy gaps. In contrast, the ab-
sorption features of mono-E are almost identical to those of
La@C82 in the near-IR field. This suggests that mono-E re-

tains the essential electronic structural characteristics of
La@C82, as predicted by NMR spectroscopy. When mono-E
was reduced to [mono-E]� , its color changed from brown to
a little darker brown. [Mono-E]� has an absorption onset at
around 1600 nm, as well as a diagnostic band at 918 nm and
a broad band at 1420 nm in the near-IR field.

The MALDI-TOF mass spectra of mono-A, -B, -C, and
-E are presented in the Supporting Information. Mono-A,
-B, and -C exhibit similar mass spectra in either the positive
or the negative mode: The most distinct peak at m/z 1123 is
that of the parent La@C82, while the weak peak at m/z 1281
arises from the loss of a bromine atom. No molecular-ion
peak was observed for the monoadducts. In the case of
mono-E, its molecular-ion peak (m/z 1281) is the most in-
tense one in either the positive- or negative-mode mass
spectrum, indicating that [mono-E]+ and [mono-E]� are not
so fragile as to be cleaved under the applied laser desorp-
tion conditions.

Theoretical prediction of addition sites : The theoretical cal-
culations of the Mulliken charge densities of La@C82 per-
formed at the B3LYP level of theory have revealed that C23
(the addition site in mono-A) is the most positively charged
carbon atom,[12a] even though La@C82 has a negatively
charged fullerene cage due to the three-electron donation
from the encapsulated lanthanum atom.[13] Also, besides

Figure 4. 13C NMR of [mono-E]� a) with 1H decoupling, b) without 1H
decoupling. The signals marked by ~ are due to the carbonyl carbon
atoms of the malonate functional group. The signals marked by * are due
to impurities. Figure 5. UV/Vis/NIR spectra of a) mono-A, -B, and -C, and b) mono-E

in toluene and its anion in o-dichlorobenzene. The absorption profile of
La@C82 is given as a reference.
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C23, there are three other positively charged carbon atoms
(C18, C21, and C14) in La@C82 (see Figure 6 and Table 1).
Their charge densities decrease in the following order:

C18>C21>C14. On the other hand, the p-orbital axis
vector (POAV) of carbon atoms is usually used as an index
of local strain.[14] According to the results of the calculations,
the POAV of C23 is less than that of C18. However, because
of the dominant yield of mono-A, C23 appears to be the
most reactive carbon atom for this Bingel reaction. The pos-
itive charge density might be more important than the local
strain in the Bingel reaction of La@C82. Accordingly, the ad-
dition site for the second most abundant monoadduct
(mono-B) can be assigned to C18, while mono-C and -D
might have addition sites at C14 and C21 (or C21 and C14),
respectively.

Generally, these positively charged carbon atoms are lo-
cated near the bottom of the C82 cage and far from the lan-
thanum atom. Nucleophilic addition reactions, such as the
Bingel reaction, prefer to occur in this region. The highly
negative charges are mainly delocalized over the top of C82

cage and close to the lanthanum atom. Correspondingly,
electrophilic addition reactions, such as the carbene reac-
tion, have been proved to take place at the top of the C82

cage.[6a,c] Therefore, the patterns of addition to La@C82 are
expected to be selectively controlled by the type of reaction.

Thermal stabilities and electrochemical properties : Since
the Bingel reaction of La@C82 took place at room tempera-
ture, product distribution is believed to be kinetically con-
trolled; the reaction probably affords kinetically favored

products rather than thermodynamically stable ones. To ex-
perimentally probe their thermal stabilities, mono-A, -B, -C,
-D, and -E were heated in anhydrous o-dichlorobenzene for
6 h at 80 8C. Then the treated samples were analyzed by
HPLC. Surprisingly, mono-A, -B, -C, and -D were found to
decompose to give the parent La@C82 as the major product.
These results suggest that these singly bonded monoadducts
have very low thermal stabilities even though they exhibit
high stabilities at low or room temperature. In contrast,
mono-E showed comparatively higher stability and re-
mained almost intact after thermal treatment.

The electrochemical properties of mono-A, -B, -C, and -E
were investigated by differential pulse voltammetry (DPV)
in o-dichlorobenzene (Figure 7). Their redox potentials ob-
tained by DPV are listed in Table 2, together with the redox

potentials of La@C82
[15] and its carbene derivative

La@C82(Ad).[6a] Because of their similar structural charac-
ters, mono-A, -B, and -C showed similar redox behavior. As
Figure 7 shows, these three isomers exhibit three reduction
waves and one oxidation wave in the range of 0.8 to �2.0 V.
Their first oxidation waves are shifted anodically by 0.16–
0.31 V relative to the value of E1

ox for La@C82, while their
reduction waves are shifted cathodically by 0.24–0.41 V rela-
tive to the value of E1

red for La@C82. Although their specific

Figure 6. Schematic drawing of La@C82.

Table 1. Charge densities and POAV values of the positively charged
carbon atoms in La@C82.

Carbon number Charge density POAV value

23 0.006 10.74
18 0.004 11.01
21 0.002 10.50
14 0.000 11.00

Figure 7. Differential pulse voltammograms of a) mono-A, b) mono-B,
and c) mono-C in o-dichlorobenzene (0.1m (nBu)4NPF6, 20 mVs�1 scan
rate).
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redox potentials are different, mono-A, -B, and -C have es-
sentially identical potential gaps between their first oxida-
tion and reduction waves (1.04, 1.06, and 1.08 V, respective-
ly) which are much larger than that for La@C82 (0.49 V).
This also suggests that these singly bonded monoadducts
possess larger HOMO–LUMO energy gaps due to their
higher-lying LUMO levels and lower-lying HOMO levels, as
compared with those of La@C82. Therefore, singly bonded
addition dramatically modifies the electronic structure of
the fullerene core with respect to the pristine one. More-
over, the first oxidation and reduction potentials of mono-A
are shifted to a more positive potential than those of mono-
B and -C, indicating the influence of regioisomerism. Such
differences in the electrochemical behavior of regioisomers
have also been reported for silylated C76 and C84.

[16]

Further studies on the electrochemical behavior of these
monoadducts focused on cyclic voltammetry (CV) measure-
ments. For mono-A, -B, and -C, each redox wave was stud-
ied independently in their potential scale. The first oxidation
waves, as well as the second and third reduction waves, were
found to be reversible. The first reduction waves are irrever-
sible, even when the scan rate was increased up to
100 mVs�1, indicating that [M]� [M=La@C82CBr-
ACHTUNGTRENNUNG(COOC2H5)2] is quite unstable, even on the CV timescale.
In particular, as Figure 8 shows, when potentials are cathodi-
cally scanned beyond R1, a new oxidation wave A0 appears
in the following anodic scan. This new oxidation is clearly
reversible, as shown by the third segment of scans, giving
rise to a reduction wave A0’ that is much more positive than
the adduct-based first reduction wave R1. Moreover, in the
third or even further redox scans, R1 exhibits a lower cur-
rent, whereas A0 and A0’ show an increased current. The E1=2

value (ca. �0.38 V) for this new redox couple (A0 and A0’)
is close to the first reduction potential (�0.42 V) of pristine
La@C82. These results suggest that the first reduction of
these monoadducts is followed by some rapid chemical reac-
tion (by the EC mechanism)[17] to generate La@C82 (the
retro-Bingel reaction). Further evidence for this proposed
chemical decomposition was obtained from HPLC analyses,
which clearly showed the appearance of La@C82 in the sam-
ples after electrochemical measurements, confirming effi-

cient addend removal during the electron-transfer proce-
dure.

Mono-E exhibits two reduction waves and one oxidation
wave in the range of 0.8 to �2.0 V (Figure 9a). Its first oxi-
dation potential (0.08 V) is almost identical to that of

Table 2. Redox potentials[a,b] of the Bingel monoadducts of La@C82.

E1
ox E1

red E2
red E3

red

mono-A 0.38 �0.66 �1.31 �1.47
mono-B 0.23 �0.83 �1.32 �1.48
mono-C 0.26 �0.82 �1.33 �1.50
mono-E 0.08 �0.28 �1.19
La@C82(Ad)[c] �0.01 �0.49 �1.44 �1.79
La@C82

[c] 0.07 �0.42 �1.37 �1.53

[a] Values are in given in volts relative to a ferrocene/ferrocenium redox
couple and were obtained by DPV. [b] Conditions: working electrode:
platinum disk (1 mm diameter); counter-electrode: platinum wire; refer-
ence electrode: saturated calomel reference electrode (SCE); supporting
electrolyte: 0.1m (nBu)4NPF6 in o-dichlorobenzene. CV: scan rate,
50 mVs�1. DPV: pulse amplitude, 50 mV; scan rate, 20 mVs�1. [c] The
redox potentials of La@C82 and La@C82(Ad) are given for reference.

Figure 8. Cyclic voltammograms of a) mono-A, b) mono-B, and c) mono-
C in o-dichlorobenzene (0.1m (nBu)4NPF6, 50 mVs�1 scan rate).

Figure 9. a) Differential pulse and b) cyclic voltammograms of mono-E in
o-dichlorobenzene (0.1m (nBu)4NPF6, 50 and 20 mVs�1 scan rate, respec-
tively).
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La@C82 (0.07 V), while its first reduction potential is shifted
positively by 0.14 V relative to the E1

red of La@C82, which
evidences the strong electron-withdrawing ability of the ap-
pended malonate group. Since all the redox waves of mono-
E are reversible (Figure 9b), mono-E is expected to be very
stable in any of its redox states (cation, anion, and dianion)
under argon on the CV timescale. In addition, [mono-E]�

was prepared by the bulk electrolysis method which was per-
formed at a potential 250 mV more negative than the first
reduction potential of mono-E. [Mono-E]� is also very
stable in air, like [La@C82]

� . NMR measurements are there-
fore practicable for [mono-E]� .

Conclusion

Herein, we report an unconventional Bingel reaction of
La@C82. Five monoadducts (mono-A, -B, -C, -D, and -E)
have been synthesized and characterized. Among them,
mono-A, -B, -C, and -D were revealed to be regioisomers of
a singly bonded monoadduct. Mono-E was suggested to be a
cycloadduct that is similar to conventional Bingel adducts.
Thus, this research has provided another example of an
EMF with a distinctly different reactivity to those of empty
fullerenes. Furthermore, the thermal stabilities and electro-
chemical behavior of these monoadducts were investigated.
Mono-A, -B, and -C exhibited nearly identical physicochem-
ical properties due to their similar structural features,
whereas mono-E possessed different properties, in good
agreement with its unique structure. Generally, these studies
have not only elucidated the structures and properties of the
Bingel monoadducts of La@C82, but also provided a synthet-
ic route to novel carboxylated derivatives of EMFs, which
are expected to be useful species with biological and medi-
cal applications.

Experimental Section

General : All chemicals and solvents were obtained from commercial
sources (Wako, Aldrich) and used without further purification unless
stated otherwise. Toluene was distilled over sodium/benzophenone. o-Di-
chlorobenzene (ODCB) was distilled over P2O5 and stored with molecu-
lar sieves.

Synthesis : The reaction of La@C82 (4.77 mg, 4.25M10�3 mmol) with dieth-
yl bromomalonate (1.8 mg, 7.53M10�3 mmol) was conducted at room
temperature in the presence of 1,8-diazabicyclo ACHTUNGTRENNUNG[5.4.0]undec-7-ene (DBU)
(0.35 mg, 2.3M10�3 mmol) in dry toluene under argon. The reaction pro-
ceeded very readily over 2 h. The crude reaction mixture was filtered to
remove a small amount of precipitate and separated by multistage sepa-
ration on HPLC.

HPLC separation : During the multistage HPLC separation procedure,
five different columns were used: 5PYE (Nacalai Cosmosil 20M250 mm,
toluene as eluent, 9.0 mLmin�1 flow rate), Buckyprep M (Nacalai Cos-
mosil 20M250 mm, toluene as eluent, 9.9 mLmin�1 flow rate), 5PBB (Na-
calai Cosmosil 20M250 mm, toluene as eluent, 9.9 mLmin�1 flow rate),
Buckyprep (Nacalai Cosmosil 20M250 mm, toluene as eluent,
9.0 mLmin�1 flow rate), and Buckyclutcher [Nacalai Cosmosil 20M
500 mm, toluene and hexane (3:1) as eluent, 9.9 mLmin�1 flow rate].

ESR spectroscopy: ESR spectra of mono-A, -B, -C, -E, as well as the
mixture of mono-B and -D, were recorded with a Bruker ESR 300E spec-
trometer. Before measurements were taken, all samples in toluene were
degassed and sealed in ESR tubes.

NMR spectroscopy : For the NMR measurements, samples of mono-A,
-C, and the mixture of mono-B and -D were dissolved in CDCl3/CS2 (ca.
1:1). The anion of mono-E was dissolved in [D6]acetone/CS2 (4:1). 13C
NMR spectra were recorded at 125 MHz with a Bruker DRX 500 spec-
trometer with a CryoProbe system. [Cr ACHTUNGTRENNUNG(acac)3] and TMS were used as a
relaxant and reference (d=0.00 ppm), respectively. 1H NMR spectra
were recorded at 500 MHz with the same spectrometer.

UV/Vis/NIR spectroscopy : UV/Vis/NIR spectra of mono-A, B, C, and E
in toluene were recorded with a Shimadzu UV-3150 spectrometer using a
quartz cell and 1-nm resolution.

Mass spectrometry : Matrix-assisted laser desorption-ionization time-of-
flight (MALDI-TOF) mass spectra of mono-A, -B, -C, and -E, as well as
the mixture of mono-B and D, were recorded with a Bruker BIFEX-III
mass spectrometer using 1,1,4,4-tetraphenyl-1,3-butadiene as the matrix.
The measurements were performed in both positive and negative ion
modes.

Electrochemical measurements : Differential pulse voltammetry (DPV),
cyclic voltammetry (CV), and controlled-potential bulk electrolyses in
ODCB were carried out using a BAS CW-50 instrument. A conventional
three-electrode cell consisting of a platinum working electrode, a plati-
num counter-electrode, and a saturated calomel reference electrode
(SCE) was used for CV and DPV measurements. (nBu)4NPF6 was used
as the supporting electrolyte. All potentials were recorded against a SCE
reference electrode and corrected against Fc/Fc+ . DPV and CV were
measured at a scan rate of 20 and 50 mVs�1, respectively.

Controlled-potential bulk electrolysis (CPE) was performed using an H-
type cell with two platinum gauze electrodes as the working and counter-
electrodes, respectively. [Mono-E]� was obtained under argon in ODCB
containing 0.1m (nBu)4NClO4 by setting the applied potential at a value
250 mV more negative than the E1=2 value of the [mono-E]�/mono-E
redox couple. The freshly prepared [mono-E]� was then transferred from
the bulk cell to a 1.00 cm quartz cuvette under argon to measure its UV/
Vis/NIR spectrum. The excess supporting electrolyte was precipitated
from the solvent by adding carbon disulfide to ODCB and then removed
by filtration. The solvent was evaporated under reduced pressure. The re-
sidual brown solid was washed by hexane and dissolved in [D6]acetone/
CS2 (4:1) for NMR analysis.

Mono-A : 1H NMR (500 MHz, CDCl3/CS2): d=4.50–4.60 (m, 4H;
OCH2CH3), 1.50 (t, J=7 Hz, 3H; OCH2CH3), 1.48 ppm (t, J=7 Hz, 3H;
OCH2CH3);

13C NMR (125 MHz, CDCl3/CS2): d=164.91 (CO2C2H5),
164.71 (CO2C2H5), 157.27, 156.62, 156.30, 152.33, 150.33, 149.65, 149.48,
149.21, 148.80, 148.61, 148.15, 148.00, 147.55, 147.42, 146.93, 146.32,
145.53, 145.45, 145.32, 144.37, 144.05 (two overlapping signals), 144.02,
143.92, 143.83, 143.78, 143.66, 143.29, 143.21, 143.15, 142.70, 142.68,
142.53, 142.25, 141.87, 141.72, 141.07, 140.84, 140.56, 140.26, 140.23,
140.13, 139.98, 139.92, 138.91, 138.86, 138.74, 138.65, 138.57, 138.44,
138.15, 137.93, 137.79, 137.72, 137.68, 136.91, 136.87, 136.78, 136.58,
136.37, 136.26, 135.90, 135.85, 135.47, 135.40, 135.17 (two overlapping sig-
nals), 134.78, 134.56, 134.34, 134.25, 134.22, 133.84, 133.77, 133.36, 132.64,
132.52, 131.69, 130.97, 130.44, 130.36, 69.42 (CBrACHTUNGTRENNUNG(CO2C2H5)2), 63.99
(OCH2CH3), 63.71 (OCH2CH3), 60.46 (fullerenyl sp3 carbon), 14.16
(OCH2CH3), 14.13 ppm (OCH2CH3); MS (MALDI-TOF): m/z : calcd for
LaC89H10O4 ([M�Br]+): 1280.96, LaC82: 1122.89; found: 1281.57, 1123.39.

Mono-B : 1H NMR (500 MHz, CDCl3/CS2): d=4.60–4.69 (m, 4H;
OCH2CH3), 1.53 (t, J=7 Hz, 3H; OCH2CH3), 1.52 ppm (t, J=7 Hz, 3H;
OCH2CH3);

13C NMR (125 MHz, CDCl3/CS2): d=178.08, 169.47, 165.14
(CO2C2H5), 164.91 (CO2C2H5), 161.56, 160.81, 151.64, 149.70, 148.79,
148.67, 148.52, 148.06, 147.89, 147.45, 147.16, 146.97, 146.84, 146.79,
146.29, 146.19, 146.08, 146.00, 145.86, 145.60, 144.49, 144.46, 143.64,
143.55, 143.28, 143.11, 143.09, 143.02, 142.89, 142.59, 142.56 (two overlap-
ping signals), 142.40, 142.07, 141.74, 141.67, 141.50, 141.45, 141.18, 140.28,
140.20, 139.85, 139.69, 139.23, 139.01, 138.99, 138.80, 138.73, 138.60,
138.50, 137.73, 137.70, 137.67, 137.61 (two overlapping signals), 137.49,
137.00, 136.44, 136.30, 136.26, 136.20, 136.09, 136.00, 135.71 (two overlap-
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ping signals), 135.42, 135.02, 134.95, 134.43, 134.41, 134.38, 134.15, 133.71
(two overlapping signals), 133.37, 131.99, 131.83, 129.81, 129.25, 68.51
(CBrACHTUNGTRENNUNG(CO2Et)2), 64.11 (OCH2CH3), 63.92 (OCH2CH3), 61.10 (fullerenyl
sp3 carbon), 14.22 (OCH2CH3), 14.16 ppm (OCH2CH3); MS (MALDI-
TOF, positive): m/z : calcd for LaC89H10O4 ([M�Br]+): 1280.96, LaC82:
1122.89; found: 1280.80, 1122.79.

Mono-C : 1H NMR (500 MHz, CDCl3/CS2): d=4.50–4.60 (m, 4H;
OCH2CH3), 1.42 (t, J=7 Hz, 3H; OCH2CH3), 1.40 ppm (t, J=7 Hz, 3H;
OCH2CH3);

13C NMR (125 MHz, CDCl3/CS2): d=175.39, 165.05 (2C;
CO2C2H5), 164.80, 158.38, 152.53, 150.33, 149.63, 149.35, 148.94, 148.66,
147.60, 147.42, 147.39, 146.99, 146.90, 146.86, 146.77, 146.70, 146.54,
145.40 (three overlapping signals), 144.84, 144.55, 144.52, 143.88, 143.70,
143.47, 143.30, 143.21, 143.01, 142.98, 142.80, 142.10, 142.08, 141.90,
141.84, 141.48, 141.44, 141.29, 141.09, 140.91, 140.59, 140.49, 140.36,
140.16, 139.78, 139.56, 138.90, 138.79, 138.03, 138.00, 137.77, 137.50,
137.31, 137.27, 137.23, 137.18, 137.09, 136.82, 136.34, 135.74, 135.49,
135.27, 135.23, 135.09, 134.95, 134.76, 134.41, 134.15, 133.61 (two overlap-
ping signals), 133.48, 133.30, 133.25, 133.12, 133.04, 131.63, 131.21, 131.05,
130.26, 129.41, 69.32 (CBr ACHTUNGTRENNUNG(CO2C2H5)2), 64.09 (OCH2CH3), 64.04
(OCH2CH3), 63.70 (fullerenyl sp3 carbon), 14.07 (OCH2CH3), 14.03 ppm
(OCH2CH3); MS (MALDI-TOF): m/z : calcd for LaC89H10O4 ([M�Br]+):
1280.96, LaC82: 1122.89; found: 1280.97, 1122.91.

Mono-D : 1H NMR (500 MHz, CDCl3/CS2): d=4.35–4.43 (m, 4H;
OCH2CH3), 1.37 (t, J=7 Hz, 3H; OCH2CH3), 1.33 ppm (t, J=7 Hz, 3H;
OCH2CH3);

13C NMR (125 MHz, CDCl3/CS2): d=169.54, 164.33
(CO2C2H5), 164.16 (CO2C2H5), 163.99, 161.22 157.33, 156.72, 156.38,
155.03, 154.14, 153.34, 153.06, 152.39, 151.88, 151.36, 150.73, 150.13,
149.40, 149.10, 148.59, 148.49, 147.63, 146.36, 145.82, 145.78, 145.65,
145.50, 145.49, 145.40, 145.22, 145.16, 145.14, 145.01, 144.29, 144.27,
144.09, 143.97, 143.91, 143.85, 143.74, 143.72, 142.84, 142.35, 141.59,
141.24, 140.53, 140.31 (two overlapping signals), 139.63, 139.52, 139.25,
139.12 (two overlapping signals), 138.57, 138.18, 138.01, 137.25, 137.09,
136.89, 136.83, 136.66 (three overlapping signals), 136.50, 136.36, 135.95,
135.82, 135.29, 134.84, 134.74, 134.05 (two overlapping signals), 133.81,
133.61, 133.51, 133.23, 131.90, 131.17, 131.08, 128.92, 128.22, 128.14,
127.58, 67.84 (CBr ACHTUNGTRENNUNG(CO2C2H5)2), 63.72 (OCH2CH3), 63.64 (OCH2CH3),
57.02 (fullerenyl sp3 carbon), 13.98 (OCH2CH3), 13.94 ppm (OCH2CH3).

Mono-E : The NMR data were obtained from [Mono-E]� . 1H NMR
(500 MHz, [D6]acetone/CS2): d=4.19–4.24 (m, 4H; OCH2CH3), 1.23 (t,
J=7 Hz, 3H; OCH2CH3), 1.21 ppm (t, J=7 Hz, 3H; OCH2CH3);

13C
NMR (125 MHz, [D6]acetone/CS2): d=165.92 (CO2C2H5), 165.84
(CO2C2H5), 158.31, 156.50, 156.40, 153.88, 151.92, 151.89, 151.69, 151.65,
151.52, 151.47, 150.86, 150.79, 150.34, 149.81, 149.22, 149.03, 148.27,
148.09, 147.98, 147.45, 147.34, 146.30, 146.27, 145.99, 145.76, 145.03,
144.69, 144.67, 144.54, 144.36 (two overlapping signals), 144.22, 144.17,
144.10, 143.60, 143.14, 143.09, 142.72, 142.57, 142.22, 141.94, 141.40,
141.18, 141.17, 140.51, 140.37, 139.92, 139.61, 139.49, 139.34, 138.82,
138.65, 138.34, 138.27, 138.19, 137.91, 137.68, 137.52, 137.46, 137.31,
137.27, 137.25, 137.01, 136.86, 136.77, 136.75 (two overlapping signals),
136.35, 136.32, 136.23, 135.76, 135.44, 135.34, 134.75, 133.80, 133.52,
130.96, 129.91, 128.34, 118.72, 111.26, 94.52, 65.74 (C ACHTUNGTRENNUNG(CO2C2H5)2), 63.06
(OCH2CH3), 63.00 (OCH2CH3), 14.37 (OCH2CH3), 14.35 ppm
(OCH2CH3); MS (MALDI-TOF): m/z : calcd for LaC89H11O4 ([M]+):
1280.96; found: 1281.38.
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