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ABSTRACT: Fullerenyl radicals can be generated by addition
of a free radical to a fullerene surface, by nucleophilic addition
followed by one-electron oxidation, or by thermal dissociation
of singly bonded fullerene dimers. However, fullerenyl radicals
are usually very reactive and generally cannot be isolated. On
the contrary, we have found that the reactions of the dimetallic
endofullerenes, La2@Ih-C80 and La2@D5h-C80, with 3-chloro-
5,6-diphenyltriazine resulted in mono-addition of the triazinyl
radical to the fullerene cages to yield isolable fullerenyl radicals.
The unusual stability of these fullerenyl radicals arises from the
confinement of the unpaired electron to an internal, metal−
metal bonding orbital. Accordingly, the fullerene cage protects
the radical center from other reactive species. Furthermore, we
demonstrate that the fullerenyl radical adduct of La2@Ih-C80 reacts with toluene to afford additional benzylation. Interestingly,
the benzylated derivative is diamagnetic in solution, while it forms a paramagnetic dimer when crystallized.

■ INTRODUCTION

Neutral free radicals are fundamentally important chemical
species that are useful for applications in polymer chemistry,
materials science, and biochemistry.1 Fullerenes exhibit high
radical scavenging activity by virtue of their high electron
affinity and the large number of conjugated double bonds that
can be readily attacked by free radicals.2,3 Monoaddition of a
radical to C60 yields fullerenyl radicals (R−C60•).4−11
Alternatively, fullerenyl radicals can be generated by nucleo-
philic addition and subsequent one-electron oxidation or by
thermal dissociation of singly bonded fullerene dimers.
However, such fullerenyl radicals are usually very reactive and
cannot be isolated. EPR studies of C60-based fullerenyl radicals
showed that an unpaired electron was not delocalized over the
C60 surface but rather confined to the carbon atom ortho and
the two carbon atoms para to the point of attachment of the
addend. Nevertheless, fullerene-based neutral radicals can be
considered to be intriguing candidates for photoactive materials

in organic photovoltaics (OPVs).12,13 Indeed, C60 and its
derivatives are known to exhibit excellent performance in
donor−acceptor heterojunction-type OPVs.14 In this respect,
Nakamura et al. have recently demonstrated that thermal
treatment of a solid fullerene dimer (R−C60−C60−R) resulted
in generation of a long-lived fullerenyl radical intermediate (R−
C60•), which led to an increase in the electron mobility of the
solid.15 The relatively long lifetime of the fullerenyl radical
intermediate is attributable to the plastic nature of these
fullerene crystals.
Encapsulation of metal atoms in fullerene cages can result in

electronic configurations that are more complex than those of
empty fullerenes.16−18 For example, dimetallic endofullerenes,
such as La2@Ih-C80, exhibit endohedral redox activity, in which
the encaged La atoms act as the reduction-active species,
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whereas the fullerene cage scarcely takes part in the reduction
process.19 In fact, the LUMO of La2@Ih-C80 is associated with
the La−La σ-bonding orbital, whereas the HOMO and other
occupied molecular orbitals (MOs) near HOMO are
distributed over the carbon cage.20,21 Consequently, an
unpaired electron could be confined to the internal La atoms
rather than delocalized onto the fullerene cage when La2@Ih-
C80 is reduced under chemical or electrochemical condi-
tions.22,23 This type of electron uptake is known as an
endohedral electron-transfer process, though it is not known
whether such electron transfer occurs through the intermediate
state with the charge localized on the fullerene cage or whether
the electron tunnels through the fullerene cage. We consider
that such an internal LUMO could stabilize fullerenyl radicals.
In this article, we report the first example of an isolable

fullerenyl radical, synthesized by the thermal reaction of La2@
Ih-C80 with 3-chloro-5,6-diphenyltriazine. The extraordinary
stability of the fullerenyl radical is due to confinement of the
unpaired electron to the isolated La−La σ-bonding orbital
inside the fullerene cage. Similar reactivity was also found in a
second isomer of La2@C80, La2@D5h-C80. The corresponding
radical was successfully isolated and characterized. Additionally,
the reactivity of the fullerenyl radical of La2@Ih-C80 toward
toluene and the unusual dimerization/dissociation character of
the resulting benzylated derivative were investigated, as
described below.

■ RESULTS AND DISCUSSION
Reaction of La2@Ih-C80 with 3-Chloro-5,6-diphenyl-

triazine. A 1,2-dichlorobenzene (1,2-DCB) solution contain-
ing La2@Ih-C80 and an excess amount of 3-chloro-5,6-
diphenyltriazine (1) was heated under reflux for 24 h (Figure
1). The mixture was analyzed using analytical high-performance

liquid chromatography (HPLC), and a single new peak was
observed. The product (2) was easily isolated by preparative
HPLC using a Buckyprep column. The matrix-assisted laser
desorption ionization−time-of-flight (MALDI−TOF) mass
spectrometry of isolated 2 showed a strong peak at m/z
1470, suggesting that 2 consists of a radical coupled product of
triazinyl radical with La2@Ih-C80 (i.e., La2@Ih-C80−C3N3Ph2).
Moreover, this radical 2 is stable in air. The analytical HPLC
and mass spectrometric analyses revealed that further coupling
of 2 with other radicals did not proceed under our experimental
conditions.
There are only two nonequivalent carbon atoms in the Ih-C80

cage, named [5,6,6]- and [6,6,6]-carbon atoms; the former is
shared by one pentagon and two hexagon rings, and the latter is
shared by three hexagon rings. The position of addition in 2

was determined using single-crystal X-ray diffraction (XRD).
The structure shown in Figure 2 confirms that the addition of

the carbon-centered triazinyl radical took place at one of the
[5,6,6]-carbon atoms. The crystal displays some disorder.
There are two overlapping orientations of the cage with refined
occupancies of 0.79 and 0.21. The cage disorder comes from
rotation along the single bond to the triazinyl group. The
lanthanum atoms are also subject to disorder. There is one
prominent La pair with 0.67−0.69 site-occupancy. Twelve
additional sites have been identified with occupancies ranging
from 0.03 to 0.10.
The electronic absorption spectrum of 2 exhibits broad

absorption bands over the near-IR region down to 1300 nm
(Figure 3a). As a consequence of the paramagnetic nature in 2,

no meaningful NMR spectra were observed. The paramagnetic
character of 2 was confirmed by X-band EPR measurements. As
illustrated in Figure 3b, the EPR signal of 2 resembles that of
La2@Ih-C80 anion radical. In this context, the electronic
structure of 2 can be formally described as (La2)

5+(Ih-C80−
C3N3Ph2)

6−. The unpaired electron, formed by the radical
coupling process, is not distributed on the carbon cage but is
confined to the internal, La−La σ-bonding orbital. The

Figure 1. Reactions of La2@C80s with 1.

Figure 2. ORTEP drawing of 2 and with thermal ellipsoids shown at
the 50% probability level for 90 K. Solvate molecules are omitted for
clarity. Only the major lanthanum sites and the major cage orientation
are shown.

Figure 3. (a) Electronic absorption spectra of La2@Ih-C80 (black line),
2 (blue line), and 4 (green line) in CS2. (b) Observed (red line) and
simulated (blue line) X-band EPR spectra of 2 in CS2 observed at
room temperature.
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observed spectrum is well reproduced by the simulation using
the parameters: S = 1/2, g = 1.899, A(La1) = A(La2) = 35.9 mT,
ΔHpp = 7 mT. The simulation reveals two important
observations: one, a large spin density is associated with each
La atom; two, each La atom has the same spin density.
Although the two La atoms are found at inequivalent sites in
the X-ray structure, the rotation of the La ions within the cage
can readily average out the spin density during the time scale of
EPR spectroscopy. To rationalize the assumption of averaging
by the rotation of La ions, we refer to the result of ESR
measurement of La2@C80 anion radical, see Figures S19−S22.
The spectrum of 2 was similar to that of La2@C80 anion radical
at 180 K. The equally spaced hyperfine structure at the higher
magnetic field never fits the simulation without using the
isotropic parameters of A(La1) = A(La2) = 35.9 mT.
The redox potentials of 2 were investigated using cyclic (CV)

and differential pulse voltammetry (DPV) measurements (see
Figure S5 and Table S1). The fullerenyl radical 2 exhibited two
reversible reduction processes and one reversible oxidation
process followed by an irreversible oxidation process.
Compared with those of La2@Ih-C80, the first reduction
potential of 2 was shifted cathodically by 430 mV, whereas
the first oxidation potential of 2 was shifted cathodically by 410
mV.
To gain deeper insight into the formation and the electronic

properties of 2, density functional theory (DFT) calculations
were conducted at the B3LYP/6-31G(d) ∼ sdd level. As shown
in Figure S6, the SOMO of 2 is associated with the internal
La−La σ-bonding orbital, as found in the case of La2@Ih-C80
anion radical.23 The spin densities on the La atoms were
calculated to be 0.487 and 0.469, showing that the unpaired
electron was not distributed to the carbon cage but rather
localized on the internal La atoms. Energy diagrams of La2@Ih-
C80 anion radical and 2 are depicted in Figure S17. The SOMO
(α-HOMO) of 2 (−4.74 eV) is much lower in energy than that
of La2@Ih-C80 anion radical (−2.06 eV). The results also
support the unusual chemical stability of 2.
One can consider the other possible isomer, in which the

triazinyl radical is connected to one of the [6,6,6]-carbon
atoms. However, the DFT calculations reveal that the [6,6,6]-
adduct is 8.51 kcal mol−1 higher in energy than the [5,6,6]-
adduct. Therefore, thermodynamic considerations probably
control the regioselective formation of 2. Interestingly, the
SOMO of the [6,6,6]-adduct is delocalized not only on the La
atoms but also on the carbon cage (see Figure S6). In this
context, the [6,6,6]-adduct could also be kinetically unstable.
Overall, the results indicate that the unpaired electron is
confined to the internal La−La σ-bonding orbital where it is
protected from external attack by the diamagnetic carbon
cage.24

Reaction of La2@D5h-C80 with 3-Chloro-5,6-diphenyl-
triazine. The second isomer of La2@C80, La2@D5h-C80, was
first reported in 1997.25 However, the much lower yield of
La2@D5h-C80 compared with that of La2@Ih-C80 has inhibited
the study of its properties. In this study, we succeeded in the
preparation of a sufficient amount of La2@D5h-C80 to examine
its structure and reactivity. The Ih-C80 and D5h-C80 cages have
very similar structures. If one cuts the D5h-C80 cage along the
horizontal mirror plane, rotates the top half by 36°, and
reattaches the top to the bottom, the Ih-C80 cage is obtained.
The D5h-C80 cage has six different types of carbon atoms. The
13C NMR spectrum of La2@D5h-C80 exhibited six carbon
signals (see Figure S2), thus providing the first evidence for the

identification of the second isomer as La2@D5h-C80. Sub-
sequently, La2@D5h-C80 was reacted with 1 (see Figure 1) to
examine its reactivity. Several new peaks were observed in the
HPLC chromatogram after the reaction. Nevertheless, one
dominant product 3 was obtained by a preparative HPLC
technique using a Buckyprep column. The MALDI-TOF mass
spectrum of 3 displayed a molecular ion peak at m/z 1470,
corresponding to the rational formula of the triazinyl radical
coupled La2@D5h-C80, La2@D5h-C80−C3N3Ph2.
Compound 3 was also characterized by single-crystal XRD,

though the final R value was relatively high owing to the low
quality of the crystals. Similar to the case of 2, the carbon cage
is disordered. There are two overlapping orientations of the
cage with refined occupancies of 0.64 and 0.36. In addition,
there are eight lanthanum sites with occupancies ranging from
0.03 to 0.54. Nevertheless, it was apparent that the triazinyl
radical was connected to one of the carbon atoms shared by
one pentagon and two hexagon rings via a single bond, as
shown in Figure 4.

The paramagnetic character of 3 was clarified by electronic
absorption and EPR spectroscopy. The broad absorption bands
over the near-IR region down to 1300 nm in the electronic
absorption spectrum of 3 indicate the possession of the
paramagnetic nature (see Figure 5a). In addition, the EPR
spectrum of 3, shown in Figure 5b, resembles those of La2@Ih-
C80 anion and 2. The observed spectrum is reproduced by the
simulation using the parameters: S = 1/2, g = 1.884, A(La1) =

Figure 4. ORTEP drawing of 3 with thermal ellipsoids shown at the
50% probability level for 90 K. Solvate molecules are omitted for
clarity. Only the major lanthanum sites and the major cage orientation
are shown.

Figure 5. (a) Electronic absorption spectra of La2@D5h-C80 (black
line) and 3 (blue line) in CS2. (b) Observed (red line) and simulated
(blue line) X-band EPR spectra of 3 in CS2 observed at room
temperature.
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A(La2) = 36.5 mT, ΔHpp = 5 mT. The simulation again
suggests a large, and identical, spin density is associated with
each La atom. Although the two La atoms are found at
nonequivalent sites in the crystal structure, the mobility of the
lanthanum ions in the cage averages their individual environ-
ments. The spectrum of 3 is similar to that of 2. The equally
spaced hyperfine structure at the higher magnetic field never
fits the simulation without using the isotropic parameters of
A(La1) = A(La2) = 36.5 mT.
Reactivity of the Radical 2. The chemical reactivity of 2

was tested to assess whether the internally localized radical
center can couple further with another radical (Figure 6).

Heating of the mixture of 2 and an excess of toluene in 1,2-
DCB yielded at least three products, among which the main
product (4) was successfully purified using preparative HPLC
(Figure S6). The MALDI-TOF mass spectrum of 4 displayed a
molecular ion peak at m/z 1561, suggesting mono-addition of a
benzyl radical to 2. The asymmetric unit of 4 is La2@Ih-C80−
(C3N3Ph2)(CH2Ph). In fact, no EPR spectrum could be
observed for 4 in CS2, suggesting that 4 is diamagnetic in
solution. Compared with that of 2, the longest absorption band
was red-shifted in the absorption spectrum of 4, a situation that
is consistent with its diamagnetic nature (see Figure 3a). The
1H NMR spectrum of 4 exhibited an AB quartet comprised of
doublets at 3.43 (2JH−H =12.8 Hz) and 3.53 (2JH−H =12.8 Hz)
for the geminal hydrogen atoms of the benzyl group and signals
for the phenyl group hydrogens at 7.11−7.64 ppm. These
NMR signals are similar to those for a diamagnetic,
dibenzylated derivative of Sc3N@Ih-C80 reported by Dorn et
al.26

The molecular structure of 4 was determined by single-
crystal XRD. Crystals suitable for data collection were obtained
from a solution of 4 in CS2/n-hexane by slow evaporation of

CS2. Interestingly, the crystal structure shows that 4, which
possesses a triazinyl group and a benzyl group on the carbon
cage, forms a dimer (i.e., {La2@Ih-C80−(C3N3Ph2)(CH2Ph)}2)
in the solid (Figure 7a). The intercage C−C distance between

the two fullerene units is 1.587(14) Å, which is indicative of the
formation of a C−C single bond between the two cages. The X-
ray data revealed that the benzyl group was functionalized
through the 1,7-position, whereas the dimer formation occurred
at the carbon numbered as C11 (see Figure S14). Disorder
involving the La atom locations is apparent in the cage interior.
There is one prominent La pair with 0.89 site-occupancy. The
other sites have small site-occupancies around 0.04 at 90 K. All
the La sites are positioned along a band of 10 contiguous
hexagons inside the cage.
DFT calculations show that the dimer formation is

energetically favorable with an energy gain of 18.39 kcal
mol−1 at the B3LYP/6-31G(d)∼sdd level, in which the

Figure 6. Reaction of 2 with toluene.

Figure 7. (a) ORTEP drawing of 4 as a dimeric form with thermal
ellipsoids shown at the 30% probability level for 90 K. Solvate
molecules and minor La sites are omitted for clarity. (b) The higher
SOMO isoelectronic plot of the dimeric form of 4 in the triplet state
calculated at the B3LYP/6-31G(d)∼sdd level.
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dimerization energy converts two monomers to the singlet state
dimer. Therefore, we speculate that the dimer formation of 4 in
crystals was thermodynamically controlled. Calculations at the
B3LYP/6-31G(d)∼sdd level also suggest that the triplet state is
lower in energy by 22.81 kcal mol−1 than the singlet state.
Therefore, the dimeric form of 4 should possess diradical
character. The intercage C−C distance of the X-ray structure
was also well reproduced by the DFT calculations (see Table
S2). Figures 7b and S18 display the SOMO isoelectronic plots
of the dimeric form of 4. Apparently, two unpaired electrons
occupy the internal La−La σ-bonding orbitals in the dimeric
form of 4. A broad signal was observed in the EPR spectrum of
the crystal of 4, as shown in Figure 8. On the other hand, the

signal disappeared when the crystal of 4 was dissolved in CS2.
The EPR-silent character of the solution indicates that 4 exists
as a diamagnetic monomer in solution. The dimerization/
dissociation process is reversible.27

■ CONCLUSION
We have shown that the radical reactions of two isomers of
La2@C80 with 3-chloro-5,6-diphenyltriazine proceeded regiose-
lectively to form isolable fullerenyl radicals. The molecular
structures including the addition positions were determined
using single-crystal XRD analyses. These results showed that
the unpaired electrons are confined to the internal metal atoms
in the fullerenyl radicals, where an endohedral (La2)

5+ dimer is
formed. In addition to this finding, the structure of the second
isomer of La2@C80 was successfully identified to be La2@D5h-
C80 for the first time. DFT calculations suggest that the
formation of the fullerenyl radicals is not only thermodynami-
cally but also kinetically controlled. The resulting fullerenyl
radicals are stable in air despite their radical nature, showing
that the internally isolated distribution of SOMOs is an
effective means to stabilize the fullerenyl radicals. Furthermore,
we have found that the fullerenyl radical 2 reacts with toluene
under thermal conditions, to form a disubstituted derivative
that is diamagnetic in solution. Remarkably, this benzylated
derivative forms a paramagnetic dimer bearing diradical
character when it is crystallized. Our results demonstrate the
unique ability of endohedral fullerenes to stabilize an unpaired
electron by localizing it on the La2 unit inside the cage. This
stabilization results in the formation of isolable radicals, 2 and
3, and in the formation of dimeric 4, where two cages couple
and unpaired electrons are again placed on each La2 unit.

■ EXPERIMENTAL SECTION
Preparation of La2@Ih-C80 and La2@D5h-C80. Both samples were

obtained from the same synthetic and isolation procedure. The soot
containing lanthanum EMFs was prepared using a composite anode

that contains graphite and lanthanum hydroxide with the atomic ratio
of La/C of 2.0%. The rod was subjected to an arc discharge as an
anode under 150 Torr He pressure. The raw soot was collected and
extracted with 1,2,4-trichlorobenzene for 15 h. The soluble fraction
was injected into HPLC. Multistage HPLC separations were
performed to give the purified products (see the Supporting
Information for details). The purity of La2@Ih-C80 and La2@D5h-C80
was examined with HPLC and mass spectrometry.

13C NMR Data for La2@D5h-C80.
13C NMR (125 MHz, CS2

(CD3COCD3 in capillary as lock solvent), 293 K) δ 159.93, 150.17,
144.02, 141.21, 137.14, 129.78 ppm.

Preparation of 2. A 1,2-DCB solution (1.3 mL) of La2@Ih-C80

(1.0 mg, 0.81 μmol) and 1 (23 mg, 0.086 mmol) was degassed by
freeze−pump−thaw cycles under reduced pressure. The mixture was
heated at 200 °C for 12 h in a sealed Pyrex tube in the dark. After the
reaction finished, the mixture was separated by preparative HPLC
using a Buckyprep-M column (Φ20 × 250 mm, Nacalai Tesque Inc.)
to afford pure 2 as a dark-brown solid. Yield, ca. 30% based on HPLC.
MALDI-TOF MS (matrix = 1,1,4,4-tetraphenyl-1,3-butadiene): m/z
1470 ([M]+).

Crystal Data for 2. Black plate, 0.28 × 0.17 × 0.04 mm,
monoclinic, space group P21/c, a = 22.0705(16), b = 10.9858(8), c =
22.3824(17) Å, β = 114.202(4)°, V = 4949.9(6) Å3, Fw = 1547.01, λ =
0.71073 Å, Z = 4, Dcalc = 2.076 Mg m−3, μ = 1.861 mm−1, T = 90 K;
42201 reflections, 11306 unique reflections; 8486 with I > 2σ(I); R1 =
0.1638 [I > 2σ(I)], wR2 = 0.4044 (all data), GOF (on F2) = 1.171. The
maximum residual electron density is 5.874 eÅ−3. Crystallographic data
have been deposited in the Cambridge Crystallographic Data Center
(CCDC 1010739).

Preparation of 3. A 1,2-DCB solution (6.0 mL) of La2@D5h-C80

(2.5 mg, 2.2 μmol) and 1 (54 mg, 0.20 mmol) was degassed by
freeze−pump−thaw cycles under reduced pressure. The mixture was
heated at 200 °C for 24 h in a sealed Pyrex tube in the dark. After the
reaction finished, the mixture was separated by preparative HPLC
using a Buckyprep-M column (Φ20 × 250 mm, Nacalai Tesque Inc.)
to afford pure 3 as a dark-brown solid. Yield, ca. 66% (based on
HPLC). MALDI-TOF MS (matrix = 1,1,4,4-tetraphenyl-1,3-buta-
diene): m/z 1470 ([M]+).

Crystal Data for 3. Black plate, 0.25 × 0.14 × 0.05 mm,
monoclinic, space group P21/c, a = 23.242(11), b = 10.988(5), c =
22.219(10) Å, β = 112.174(5)°, V = 5255(4) Å3, Fw = 1585.07, λ =
0.71073 Å, Z = 4, Dcalc = 2.004 Mg m−3, μ = 1.794 mm−1, T = 90 K;
46953 reflections, 11803 unique reflections; 8020 with I > 2σ(I); R1 =
0.1652 [I > 2σ(I)], wR2 = 0.3680 (all data), GOF (on F2) = 1.176. The
maximum residual electron density is 4.356 eÅ−3. Crystallographic data
have been deposited in the Cambridge Crystallographic Data Center
(CCDC 1010738).

Preparation of 4. A 1,2-DCB solution (0.63 mL) of 2 (0.50 mg,
0.34 μmol) and toluene (0.63 mL) was degassed by freeze−pump−
thaw cycles under reduced pressure. The mixture was heated at 110 °C
for 24 h in a sealed Pyrex tube in the dark. After the reaction finished,
the mixture was separated by preparative HPLC using a Buckyprep
column (Φ20 × 250 mm, Nacalai Tesque Inc.) to afford pure 4 as a
dark-brown solid. Yield, ca. 20% based on HPLC. 1H NMR (400
MHz, CS2/CD2Cl2 1:1) 3.43 (d, J = 12.8 Hz, 1H), 3.53 (d, J = 12.8
Hz, 1H), 7.11−7.64 (m, 20H). MALDI-TOF MS (matrix = 1,1,4,4-
tetraphenyl-1,3-butadiene): m/z 1561 ([M]−), 1470 ([M −
CH2Ph]

−).
Crystal Data for 4. Black plate, 0.20 × 0.06 × 0.04 mm,

monoclinic, space group P21/c, a = 14.9753(4), b = 28.8596(7), c =
14.1361(4) Å, β = 111.710(2)°, V = 5676.0(3) Å3, Fw = 3124.01, λ =
0.71073 Å, Z = 2, Dcalc = 1.828 Mg m−3, μ = 1.553 mm−1, T = 90 K;
53122 reflections, 12974 unique reflections; 5715 with I > 2σ(I); R1 =
0.0578 [I > 2σ(I)], wR2 = 0.1802 (all data), GOF (on F2) = 0.993. The
maximum residual electron density is 1.274 eÅ−3. Crystallographic data
have been deposited in the Cambridge Crystallographic Data Center
(CCDC 1010737).

Theoretical Calculations. All calculations were carried out with
the Gaussian 09 program package28 using the B3LYP functional with

Figure 8. X-band EPR spectra of 4 measured in CS2 (upper) and in
crystal (lower).
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the 6-31G(d) basis set for H, C, N atoms and the sdd basis for La (see
the Supporting Information for details).
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