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Distinctly different from other carbon allotropes, fullerenes
are the only soluble form of elemental carbon with a
definitive molecular structure.!! Such properties are funda-
mentally important, especially for chemists, because isolation
of pure isomers and further chemical modification and
accurate structural elucidation become possible. At the early
stage of fullerene research, however, the structural consider-
ation of fullerenes was a favorite trick of theoreticians.””
Simple mathematical deduction based on Euler’s theorem
for polyhedra concludes that exactly 12 pentagons are
necessary to form a closed fullerene cage, and the number
of hexagons varies with cage size. Whether the isomer occurs
in nature or not, the smallest conceivable fullerene is C,,,
consisting of merely 12 pentagons. To comply with the
experimental fact that Cg and C,, are always the most
abundant in soot, the visionary isolated pentagon rule (IPR)
was proposed by Kroto, and requires that each of the 12
pentagons are separated by hexagons to avoid high bond
strain.”) Related mathematical works are presented nicely by
Fowler and Manolopoulos in “An Atlas of Fullerenes”, which
includes an exhaustive listing of all possible isomers from C,,
to Cs, and all IPR isomers between Cy and C,.°! An
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impressive feature is that the number of isomers, even
counting only the ones that obey the IPR, increases dramat-
ically with cage expansion.

In theory, the fullerene regime is infinite, but in reality, the
isolated fullerene species are rather limited. The most
abundant and certainly the most widely studied fullerene
species are 1,-Cg¢, and Ds;,-C;, (nomenclature in accordance
with Ref. [3]). The structural transition from Cg, to Cy, is
interesting: the former is cut in half, one half is rotated by 36°
relative to the other, then a 10-carbon ring is added in
between, and thus C,, forms.[! More interestingly, the Ds,-Cg,
isomer (unfortunately no X-ray structure is available) can be
grown directly from Cgq, by adding a 20-carbon ring between
the two halves, whereas the explicitly elucidated Ds;,-Cy, is
similarly produced from C, (Figure 1).! The tubular appear-
ance of higher fullerenes presents a clear connection with
carbon nanotubes and provides valuable clues to the origin of
such carbon allotropes.[®!
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Figure 1. Structures of energetically favorable and truly isolated iso-
mers of Cep,10, (=0, 1, 2, 3) showing the tendency of tubular cage
expansion. From left to right: 1,-Cqy, Dsy-Cyo, Dss-Cgo, and Ds,-Cop.

In addition to the difficulties of isolating pure samples
from numerous possible isomers of higher fullerenes, another
main obstacle hindering the acquisition of giant fullerenes is
their poor solubility in common solvents, which is associated
with their electronic structures, particularly HOMO-LUMO
energy gaps. Consequently, concepts based on in situ exohe-
dral modification, (electro)chemical reduction/oxidation, and
in situ endohedral metal doping have been invented to alter
the electronic structures so as to obtain otherwise insoluble
fullerenes. In situ chlorination is effective to acquire small
fullerenes with non-IPR structures such as Cs,Cl,,, whereas
reduction/oxidation afforded only mixtures of giant ful-
lerenes, for example, C,y—Csq, Which remain insoluble after
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recovery.l Endohedral metal doping therefore appears
promising. Recent studies have obtained some of the missing
metallofullerenes (La@C,,-La@Cy,), but not large ones.[®!

The recent work by Balch and colleagues makes a big step
toward achieving soluble higher fullerenes.”) They innova-
tively used chlorobenzene as an HPLC eluent, which has a
higher affinity to fullerenes/metallofullerenes than the com-
monly used toluene, and thereby succeeded in accumulating a
fraction containing the large and soluble endofullerenes
La,Cy, to La,C,35, together with a second series of mono-
lanthanum metallofullerenes with smaller cages and less
abundance. Finally, a pure isomer with exactly 100 carbon
atoms and two lanthanum centers, La,@D5(450)-C,y, was
isolated and structurally identified with single-crystal X-ray
diffraction (Figure 2).

Figure 2. X-ray structure of La,@ Ds(450)-C,q, showing its relation to
the two surrounding Ni"(OEP) molecules. Thermal ellipsoids shown at
50% probability.

The isolated compound is singular not only because the
iconic cage occupies the last entry of the list proposed by
Fowler and Manolopoulous,”! but it also has fascinating
structural features. Most of all, its tubular appearance
continues to suggest close connection with carbon nanotubes
although it departs from the empty fullerene series shown in
Figure 1 because of its ionic cage nature. It has been an
outstanding observation that endohedral metallofullerenes
always bear different cage structures from their correspond-
ing empty fullerenes because of intramolecular electron
transfer from the metal to the cage. Several instructive
regulations have been proposed to predict the stable isomers
of giant fullerenes encaging metals."”) The X-ray structure of
La,@D4(450)-C,,, complies with the maximal pentagon
separation rule proposed by Poblet et al. for regulating the
structures of highly charged endofullerenes. In addition, the
tubular cage is capped by two Ni"(OEP) molecules (OEP =
2,3,7,8,12,13,17,18-octaethylporphin dianion) in the crystal
unit, with its most curved regions interacting in an unexpected
way with the planar part of the porphyrins.

Solid evidence has been provided from this work to prove
that endohedral metal doping is an effective means to
stabilize large fullerenes and possibly to reduce the number
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of stable isomers. It assumes that pentagons on fullerene
cages are preferentially accumulating negative charge trans-
ferred from the internal metals and that they must be most
separated to avoid strain.'® This might also engender the
maximal separation of the metal cations which interact
strongly with the negatively charged pentagons. La,@Ds-
(450)-C,¢, together with the larger Sm,@D;,(822)-C,, re-
ported earlier by the same groups,'!l represent the largest
cages with X-ray structures. Both show clear tubular shapes
and feature long metal-metal distances, but they are “fatter”
than the empty fullerene series (see Figure 1). Considering
that Gd,C,@D;(85)-C,, encapsulating a planar carbide cluster
is even fatter,'” it seems that the cage shape is highly
dependent on the composition of the internal metallic species.
In this regard, the triangular metal nitride clusters (e.g. La;N)
might not template tubular higher fullerenes, but more likely
round ones.

In conclusion, detection of soluble lanthanum-containing
higher fullerenes (La,Cy, to La,C,3) opens an avenue to a
new scenario in the fullerene community. The tubular
appearance of the isolated La,@D(450)-C,,, ensures its close
kinship with carbon nanotubes, and proves the maximal
pentagon isolation rule as well. We have reason to envision
future successes in obtaining larger fullerenes, providing
brand-new structures, and possibly bringing novel regulations
related to metal-cage interplay and formation mechanisms.
The metal-enriched electronic configuration and the tubular
structure, which enhances charge carrier mobility, together
with the solution processable character of such giant fullerene
hybrids promise a brilliant future for their use as energy
materials.

Received: November 29, 2011
Published online: February 6, 2012

© 2012 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

[1] H. W. Kroto, J. R. Heath, S. C. Obrien, R. F. Curl, R. E. Smalley,
Nature 1985, 318, 162 -163.

[2] H. W. Kroto, Nature 1987, 329, 529 -531.

[3] P. W. Fowler, D. E. Manolopoulos, An Atlas of Fullerenes, Dover
Publications, Inc. Mineola, New York, 2006.

[4] R.F. Curl, Angew. Chem. 1997, 109, 1636 —1647; Angew. Chem.
Int. Ed. Engl. 1997, 36, 1566 -1576.

[5] a) C.R. Wang, T. Sugai, T. Kai, T. Tomiyama, H. Shinohara,
Chem. Commun. 2000, 557-558; b) H. Yang, C. M. Beavers,
Z.M. Wang, A.Jiang, Z. Y. Liu, H. X. Jin, B. Q. Mercado, M. M.
Olmstead, A.L. Balch, Angew. Chem. 2010, 122, 898-902;
Angew. Chem. Int. Ed. 2010, 49, 886 —890.

[6] Aspect ratios of [,-Cgy, Ds,-Cyg, Dss-Cgy, and Ds,-Cy, are,
respectively, 1, 1.12, 1.28, and 1.50.

[7] a) S. Xie, F. Gao, X. Lu, R. Huang, C. Wang, X. Zhang, M. Liu, S.

Deng, L.S. Zheng, Science 2004, 304, 699; b) J. W. Raebiger,

J. M. Alford, R. D. Bolskar, M. D. Diener, Carbon 2011, 49, 37—

46.

a) T. Wakahara, H. Nikawa, T. Kikuchi, T. Nakahodo, G. M. A.

Rahman, T. Tsuchiya, Y. Maeda, T. Akasaka, K. Yoza, E. Horn,

K. Yamamoto, N. Mizorogi, Z. Slanina, S. Nagase, J. Am. Chem.

Soc. 2006, 128, 14228-14229; b) H. Nikawa, T. Yamada, B. P.

Cao, N. Mizorogi, Z. Slanina, T. Tsuchiya, T. Akasaka, K. Yoza,

S. Nagase, J. Am. Chem. Soc. 2009, 131, 10950-10954; c) T.

Akasaka, X. Lu, H. Kuga, H. Nikawa, N. Mizorogi, Z. Slanina, T.

Tsuchiya, K. Yoza, S. Nagase, Angew. Chem. 2010, 122, 9909 —

8

[

www.angewandte.org

2813


http://dx.doi.org/10.1038/318162a0
http://dx.doi.org/10.1038/329529a0
http://dx.doi.org/10.1002/ange.19971091504
http://dx.doi.org/10.1002/anie.199715661
http://dx.doi.org/10.1002/anie.199715661
http://dx.doi.org/10.1039/b000387p
http://dx.doi.org/10.1002/ange.200906023
http://dx.doi.org/10.1126/science.1095567
http://dx.doi.org/10.1016/j.carbon.2010.08.039
http://dx.doi.org/10.1016/j.carbon.2010.08.039
http://dx.doi.org/10.1021/ja064751y
http://dx.doi.org/10.1021/ja064751y
http://dx.doi.org/10.1021/ja900972r
http://dx.doi.org/10.1002/ange.201004318
http://www.angewandte.org

Angewandte
Highlights

9913; Angew. Chem. Int. Ed. 2010, 49, 9715-9719; d) X. Lu, H. [10] a) A. A.Popov, L. Dunsch, J. Am. Chem. Soc. 2007, 129, 11835-

Nikawa, K. Kikuchi, N. Mizorogi, Z. Slanina, T. Tsuchiya, T. 11849; b) A. Rodriguez-Fortea, N. Alegret, A. L. Balch, J. M.
Akasaka, S. Nagase, Angew. Chem. 2011, 123, 6480-6483; Poblet, Nat. Chem. 2010, 2, 955-961.
Angew. Chem. Int. Ed. 2011, 50, 6356 —6359. [11] B. Q. Mercado, A. Jiang, H. Yang, Z. M. Wang, H. X. Jin, Z. Y.

Liu, M. M. Olmstead, A.L. Balch, Angew. Chem. 2009, 121,
9278 -9280; Angew. Chem. Int. Ed. 2009, 48, 9114-9116.

[12] H. Yang, C. Lu, Z. Liu, H. Jin, Y. Che, M. M. Olmstead, A. L.
Balch, J. Am. Chem. Soc. 2008, 130, 17296 —17300.

[9] C. M. Beavers, H. Jin, H. Yang, Z. M. Wang, X. Wang, H. Ge, Z.
Liu, B. Q. Mercado, M. H. Olmstead, A. L. Balch, J. Am. Chem.
Soc. 2011, 133, 15338 —15341.

° ChemnstryVnews L
‘. “

Education &
entertainment

Unique
articles

603701008

New online service
brought to you by

\\’* ChemPubSoc Wl LEY-VCH

k

X Europe

2814 www.angewandte.org © 2012 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim Angew. Chem. Int. Ed. 2012, 51, 2812 -2814


http://dx.doi.org/10.1002/ange.201004318
http://dx.doi.org/10.1002/anie.201004318
http://dx.doi.org/10.1002/ange.201100961
http://dx.doi.org/10.1002/anie.201100961
http://dx.doi.org/10.1021/ja207090e
http://dx.doi.org/10.1021/ja207090e
http://dx.doi.org/10.1021/ja073809l
http://dx.doi.org/10.1021/ja073809l
http://dx.doi.org/10.1002/ange.200904662
http://dx.doi.org/10.1002/ange.200904662
http://dx.doi.org/10.1002/anie.200904662
http://dx.doi.org/10.1021/ja8078303
http://www.angewandte.org

