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Abstract: The thermal reaction of the endohedral metal-
lofullerene La2@D2(10611)-C72, which contains two pentalene
units at opposite ends of the cage, with 5,6-diphenyl-3-(2-
pyridyl)-1,2,4-triazine proceeded selectively to afford only two
bisfulleroid isomers. The molecular structure of one isomer
was determined using single-crystal X-ray crystallography. The
results suggest that the [4+2] cycloaddition was initiated in
a highly regioselective manner at the C�C bond connecting two
pentagon rings of C72. Subsequent intramolecular electrocyc-
lization followed by cycloreversion resulted in the formation of
an open-cage derivative having three seven-membered ring
orifices on the cage and a significantly elongated cage
geometry. The reduction potentials of the open-cage derivatives
were similar to those of La2@D2-C72 whereas the oxidation
potentials were shifted more negative than those of La2@D2-
C72. These results point out that further oxidation could occur
easily in the derivatives.

Endohedral metal-atom doping in fullerenes provides hybrid
molecules of a new class: endohedral metallofullerenes
(EMFs).[1,2] EMFs have received significant attention owing
to their unique molecular structures and fascinating electronic
and magnetic properties. Because of electron transfer from
the encapsulated metal atoms to the fullerene cages, the
encaged metal atoms are cationic and fullerene cages are
anionic. Accordingly, the electronic structures of EMFs are
largely different from those of hollow fullerenes. However,
the number of synthesizable EMFs is quite limited because of
the difficulty in their preparation. The formation of EMFs has
relied on poorly controlled physical processes, such as co-

vaporization of carbon and metal atoms by arc-discharge[3] or
collisional ion-implantation[4] methods. Furthermore, these
methods are not applicable for every metal element. Accord-
ingly, transplantation of metal ions (or cationic clusters) into
anionic carbon cages remains a challenging issue for the
preparation of novel endohedral fullerenes, such as iron-
encaged EMFs that are unavailable by current methods.[5] The
utilization of cage-opening reactions is a promising approach
to accomplish the organic synthesis of endohedral ful-
lerenes.[6–9] Komatsu and co-workers applied a three-step
cage-opening process with C60 to create a 13-membered ring
orifice that was large enough to enable the introduction of
atoms or small molecules into the cage. The first step involved
the reaction of C60 with a triazine.[10] The reaction proceeded
through an initial [4+2] cycloaddition of the triazine with C60

followed by extrusion of a nitrogen molecule. Sequential
[4+4] and retro [2+2+2] reactions provided an open cage
derivative bearing an eight-membered ring orifice. This
achievement motivated us to apply the cage opening reaction
to EMFs for the eventual transplantation of metal ions.

Herein, we report the cage-opening reaction of a dimetal-
lic EMF, La2@D2(10611)-C72, with 5,6-diphenyl-3-(2-pyridyl)-
1,2,4-triazine (1) (Scheme 1). The chiral dimetallofullerene
La2@D2(10611)-C72, which we will abbreviate as La2@D2-C72,
does not follow the isolated pentagon rule (IPR) and contains
two pentalene units at opposite ends of the cage. We chose
La2@D2-C72

[11] as the scaffold for the present study, because
we expected that its reaction with 1 would proceed at the
strained pentalene units in a highly regioselective manner. In
fact, the carbon atoms at the pentalene units possess the
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highest p-orbital axis vector (POAV)[12] values relative to
other carbon atoms in the cage (Supporting Information,
Figure S9).

A 1,2-dichlorobenzene solution containing La2@D2-C72

and an excess amount of 1 was heated at 180 8C in a sealed
tube for up to 72 h. The reaction solution was analyzed using
analytical high-performance liquid chromatography (HPLC).
A single new peak was observed under the following
conditions: Buckyprep column; eluent, toluene 1 mLmin�1.
After heating for 72 h, 68% of La2@D2-C72 was consumed,
which was quantitatively converted to the new species.
Subsequent HPLC separation using a 5NPE column (eluent,
toluene/n-hexane/methanol (100:100:1)) successfully
afforded two new products (named (�)-2a and (�)-2b) in
a 1:1 ratio (see Figure 1). Matrix-assisted laser desorption
ionization-time of flight (MALDI-TOF) mass spectrometry
revealed (�)-2a and (�)-2b to be two bisfulleroid isomers (m/
z 1423.9; Supporting Information, Figure S1). The similarity
in their absorption spectra implies that (�)-2a and (�)-2b
have the same addition patterns (Supporting Information,

Figure S2). Most absorption features of the parent La2@D2-
C72 are retained in the absorption spectra of (�)-2a and (�)-
2b. However, bathochromic shifts result in both cases.

The formation of the bisfulleroid patterns in (�)-2 a and
(�)-2 b was verified using NMR spectroscopy. The 1H NMR
spectrum of (�)-2a displays 1H signals corresponding to the
two phenyl groups and one pyridyl group (Figure 2). These 1H

signals were assigned based on the HSQC and HMBC
correlations (Supporting Information, Figures S5 and S6).
The 13C NMR spectrum of (�)-2a has 88 signals for the sp2

carbon atoms in the 90–170 ppm region and two signals at 52.6
and 65.7 ppm for the sp3 carbon atoms (Cp and Cq; Supporting
Information, Figure S3), suggesting that (�)-2 a has a C1

symmetry. Twelve CH signals were identified in the DEPT-
135 NMR spectrum of (�)-2a (Supporting Information,
Figure S4). The bisfulleroid structure of (�)-2a was reason-
ably established from the correlations observed in the HMBC
spectrum, in which the correlations between Hd–Cp, He–Cq,
and Hi–Cq were clearly observed (Figure 2c; Supporting
Information, Figure S6). The NMR spectra also suggest that
the rotation of the phenyl ring connecting to the sp3 carbon
atom (Cq) was slower than the NMR timescale. Similarly, the
respective 1H and 13C NMR spectra of (�)-2b indicated the
presence of a bisfulleroid structure (Figure 2; Supporting
Information, Figures S3–S6). The 13C NMR signals for the sp3

carbon atoms were observed at 51.7 and 67.1 ppm in (�)-2b.
Furthermore, 88 carbon signals were found in the 90–170 ppm
region, which were ascribable to the sp2 carbon atoms.

Scheme 1. Reaction of La2@D2-C72 with triazine 1 giving bisfulleroids
(�)-2a and (�)-2b.

Figure 1. a) HPLC profiles of the reaction mixture. Conditions: Bucky-
prep column (4.6 mm 250 mm i.d.); eluent, toluene 1 mLmin�1.
b) HPLC profiles of isolated (�)-2a and (�)-2b. Conditions: 5NPE
column (4.6 mm � 250 mm i.d.); eluent, toluene/n-hexane/methanol
(100:100:1) 1 mLmin�1.

Figure 2. 500 MHz 1H NMR spectra of a) (�)-2a and b) (�)-2b
recorded at 293 K in CS2 ([D6]acetone capillary as lock solvent). c) The
NMR numbering of protons (Ha–Hl) and carbon atoms (Ca–Cr) of (�)-
2.
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Black crystals of (�)-2a·0.5 (CS2) suitable for single-
crystal X-ray diffraction (XRD) were obtained by gradual
diffusion of n-hexane into a solution of (�)-2a in CS2 at 0 8C
for 3 days.[13] The molecular structure was determined and
refined in the space group C2/c for a data set obtained at 90 K.
Based on the crystal structure it is confirmed that the C72

portion is derived from the non-IPR cage D2(10611) possess-
ing two opposing pentalene units.

As shown in Figure 3 a, addition has occurred only at one
end of the D2(10611)-C72 cage. The major La sites (95 % for
La1 and 93 % for La2) are depicted. The La1···La2 distance is
4.357(2) �. This distance is considerably longer than the
La1···La2 distances observed in the structures of three
isomers resulting from carbene addition to the La2@D2-C72

cage, namely 4.171, 4.178, and 4.175 �.[11b] These results
confirmed that the initial reaction took place at the central C�
C bond of one of the two pentalene units (so-called [5,5]
junction), giving three seven-membered ring openings on the
cage. These three orifices are shown in the top-down view
given in Figure 3b. The dashed lines indicate the connectivity
of the non-derivatized cage. Atoms colored in gray are part of
the ring-open adduct derived from reaction of La2@D2-C72

and 1. The bond C35-C56 is the original [5,5] junction and
remains intact. Bonds C55�C56 and C34�C35 have been
broken and have the new interatomic distances shown. The
shortest bond, N1�C74, at 1.27(2) �, is indicative of its
double bond character.

The localization of the high POAV values at the pentalene
units appears to dictate the regioselective reaction of La2@D2-
C72 with 1. On the other hand, frontier orbital theory often has
difficulty in predicting the kinetically reactive sites of
fullerenes, because MOs are, generally speaking, strongly
delocalized over the whole spherical surface. In this context,
DFT calculations suggest that the HOMO, LUMO + 1, and
LUMO + 2 of La2@D2-C72 are delocalized on the carbon cage,
whereas the LUMO is located mainly on the internal La
atoms (Supporting Information, Figure S10). Based on the
fact that the reaction yielded only two regioisomers, it can be
deduced that the first reaction step took place exclusively at
the [5,5] bond. Because the D2-C72 cage is chiral, the [4+2]
addition followed by the N2 extrusion gives two possible
cyclohexadiene intermediates (�)-3a and (�)-3b. Subse-
quent electrocyclization reactions followed by cycloreversion
generated two regioisomers (isomer A and isomer B), respec-
tively (Figure 4; Supporting Information, Figure S11), though
the classification of single- and double-bond character is less
clear than that of empty fullerenes. Apparently, (�)-2 a
corresponds to isomer A, as determined by single-crystal
XRD. The density functional theory (DFT) calculations
suggest that there is a small difference in energy between
isomer A and isomer B, and that isomer B is slightly lower in
energy (0.255 kcalmol�1) compared to isomer A at the

Figure 3. a) A view of the structure of (�)-2a at 90 K with ellipsoids
set at 30% probability.[13] Solvate molecules are omitted for clarity. b) A
top-down view showing the region of adduct formation. Dashed lines
show where the bonds have been broken. Atoms C73/C74/C75/N1 are
parts of the adduct.

Figure 4. Reaction mechanism for the formation of the two isomers (fullerene partially shown for clarity). Ph= phenyl, Py = 2-pyridyl. The two
isomers result from the placement of the addend with the pyridyl group positioned over either the orange or the purple bonds shown in the
Supporting Information, Figure S12.
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B3LYP/6-31G* ~ SDD level. In this context, we speculate that
(�)-2 b corresponds to isomer B based on the similarity in the
absorption and 13C NMR spectra as well as the electronic
properties (see below), though this is not conclusive evidence.

Redox properties are summarized in Table 1. For (�)-2a
and (�)-2b, two single one-electron oxidations and two one-
electron reductions were observed, respectively (Supporting

Information, Figures S7, S8). The redox potentials of (�)-2a
and (�)-2b are almost identical, implying that they have
similar molecular structures. The reduction potentials of (�)-
2a and (�)-2 b were similar to those of La2@D2-C72, whereas
the oxidation potentials were shifted to more negative values
than those of La2@D2-C72. These results point out that further
oxidation could occur easily in (�)-2a and (�)-2b.

In conclusion, we have found that the thermal reaction of
La2@D2-C72 with triazine 1 proceeded sequentially to afford
two separable bisfulleroid isomers ((�)-2a and (�)-2 b).
These results suggest that the initial [4+2] cycloaddition took
place selectively at the [5,5] junction bond of the pentalene
unit. Further work will be devoted to the oxidation of (�)-2a
and (�)-2b with singlet oxygen, which should result in further
enlargement of the orifices.[14]
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Table 1: Redox potentials[a] of (�)-2a, (�)-2b, La2@D2-C72, and 1.

Compound 2Eox
1Eox

1Ered
2Ered

(�)-2a + 0.87[b] +0.12[b] �0.66 �1.59[b]

(�)-2b + 0.88[b] +0.16[b] �0.65 �1.58[b]

La2@D2-C72
[c] + 0.75[b] +0.24 �0.68 �0.92

1 +1.82 �1.98

[a] Values are given in V vs Fc/Fc+ and were obtained using differential
pulse voltammetry. [b] Irreversible. [c] Data from Ref. [11b].
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