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Richard Buckminster Fuller.!
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2�Introduction	




History  of  Buckminsterfullerene �
1991! crystal structure of Buckminsterfullerene !

1996! Nobel Prize in Chemistry; discovery of new carbon compounds called fullerenes�

R. E. Smalley!H. W. Kroto! R. F. Curl!

W. I. F. David, R. M. Ibberson, J. C. Matthewman, K. Prassides, !
T. J. S. Dennis, J. P. Hare, H. W. Kroto, R. Talor, D. R. M. Walton, !
Nature 1991, 353, 147.!

Lett. 17, 1353 (1990); D. A. Senske, Earth Moon
Planets 50/51, 305 (1990).

39. S. E. Srnrekar and R. J. Phillips, Earth Planet. Sci.
Lett., in press.

40. R. J. Phillips and M. C. Malin, in Venus, D. M.
Hunten, L. Colin, T. M. Donahue, V. I. Moroz,
Eds. (Univ. of Arizona Press, Tucson, 1983), pp.
159-214.

41. J. W. Head and L. S. Crumpler, Nature 346, 525
(1990).

42. P. Janle, D. Jannsen, A. T. Basilevsky, Earth Moon
Planets 39, 251 (1987).

43. E. R. Stofan and J. W. Head, Icarus 83, 216 (1990).
44. A. A. Pronin and E. R. Stofan, ibid. 87,452 (1990).
45. Quetzalpetlatl has been proposed to the IAU as the

name of this corona, but as of this writing the name
has not been officially approved.

46. A. L. Sukhanov, Geotectonics 20, 294 (1986).
47. D. L. Bindschadler and J. W. Head, Icarus 77, 3

48.
49.

50.

51.

52.
53.

54.

55.

56.

57.

(1989).
, Earth Moon Planets 42, 133 (1988).

D. L. Bindschadler et al., Geophys. Res. Lett. 17,
171 (1990).
W. L. Sjogren et al., J. Geophys. Res. 88, 1119
(1983).
R. C. Kozak and G. G. Schaber, Lunar Planet. Sci.
17, 44 (1986).
J. W. Head, J. Geophys. Res. 95, 7119 (1990).
R. R. Herrick and R. J. Phillips, Geophys. Res. Lett.
17, 2129 (1990).
D. L. Bindschadler and J. W. Head, J. Geophys.
Res., in press.
R. J. Phillips, R. E. Grimm, M. C. Malin, Science, in
press.
R. White and D. McKenzie, J. Geophys, Res. 94,
7685 (1989).
J. Weertman, Phys. Earth Planet. Inter. 19, 197
(1979); D. L. Bindschadler and E. M. Parmentier,

J. Geophys. Res. 95, 21,329 (1990).
58. S. C. Solomon and J. W. Head, Science 252, 252

(1991).
59. We are grateful to the engineering and mission

support teams at the Jet Propulsion Laboratory,
Martin-Marietta Corporation, and Hughes Aircraft
Company whose dedicated efforts ensured the suc-
cess of the Magellan mission. Important contribu-
tions to this work have been made by K. K. Beratan,
D. L. Bindschadler, A. de Charon, S. L. Frank, P. G.
Ford, D. M. Janes, L. Meinke, S. E. Snrekar, S. W.
Squyres, and E. R. Stofan. R. E. Grimm, G. G.
Schaber, R. A. Schultz, S. E. Smrekar, S. W.
Squyres, and J. Suppe are thanked for helpful com-
ments on earlier drafts. This research has been
supported by NASA and by the U.K. Natural
Environment Research Council.

14 January 1991; accepted 13 March 1991

Crystal Structure of Osmylated C60: Confirmation of
the Soccer Ball Framework
JOEL M. HAwKINs,* AXEL MEYER, TIMoTHY A. LEWIS,
STEFAN LOREN, FREDERICK J. HOLLANDER

An x-ray crystal structure that confirms the soccer ball-shaped carbon framework of
C60 (buckminsterfullerene) is reported. An osmyl unit was added to C60 in order to
break its pseudospherical symmetry and give an ordered crystal. The crystal structure
of this derivative, C60(Os04)(4-tert-butylpyridine)2, reveals atomic positions within
the carbon cluster.

IN 1985, KROTO, SMALLEY, AND CO-
workers discovered that 60 carbon at-
oms form a particularly stable cluster in

the gas phase. They proposed a simple and
beautifill truncated icosahedral structure for
C60 with a novel carbon framework resem-

bling the seams of a soccer ball, and chris-
tened the molecule buckminsterfilllerene
(1). Late last year, Kratschmer, Huffman,
and co-workers (2) reported that C60 could
be prepared and isolated in macroscopic
quantities (3-5). Since then, chemists and
physicists have sought to confirm or dis-
prove the soccer ball structure for C60. The
infrared (2, 6), Raman (7), 13C NMR
(3, 8, 9), and photoelectron spectra (10) are
each consistent with icosahedral symmetry
and are collectively highly supportive of the
originally proposed structure, but they do
not strictly prove the soccer ball framework
or provide atomic positions. For example,
the `3C NMR spectrum (8) does not rule
out the possibility of coincident peaks or a
fluxional structure. We (11) and others (2,
12) have attempted to obtain a crystal struc-
ture ofC60, but could not determine specific
atomic positions due to extensive disorder in
the crystals. While the ball-like molecules
pack in an ordered fashion, their nearly
spherical symmetry promotes orientational

disorder (9). We reasoned that if C60 could
be derivatized in a way that broke its appar-
ent spherical symmetry, it might crystallize
with orientational order. We report here the
synthesis of a one-to-one C60-osmium
tetroxide adduct and its crystal structure
displaying the soccer ball framework of C60.
Our recent report of the osmylation of

C60 established that heteroatoms can be
added to buckminsterfilllerene without dis-
rupting its carbon framework (13). Our
conditions favored the addition of two os-

myl units to C60, giving the two-to-one
adduct in 81% yield as a mixture of regioi-
somers (Scheme I). Chromatographic anal-

sharp peak corresponding to toluene-soluble
material. Use of one equivalent of OS04
increased the yield of the toluene-soluble
material to 70%. Osmylation in the absence
of pyridine, followed by dimer disruption
with pyridine (14), gave the same species in
75% yield. The toluene-soluble material was
shown to have one-to-one stoichiometry by
converting it to the mixture of two-to-one
adducts upon further exposure to the osmy-
lation conditions. Solubility and crystal
quality were improved by exchanging the
pyridine ligands for 4-tert-butylpyridine.
The observation of a single sharp chro-

matographic peak for the one-to-one adduct
suggested that it is a single regioisomer,
rather than a mixture of the two regioiso-
mers which are possible from the proposed
soccer ball structure for C60. This would be

Scheme I

ysis of the crude reaction mixture revealed
six peaks: five peaks corresponding to the
precipitate which collectively analyzes with
two-to-one stoichiometry, and a single

Fig. 1. ORTEP drawing (50% ellipsoids) of the
one-to-one C60-osmium tetroxide adduct
C60(OsO4)(4-tert-butylpyridine)2 showing the re-
lationship of the osmyl unit with the carbon
cluster.

SCIENCE, VOL. 252

Department of Chemistry, University of California,
Berkeley, CA 94720.
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J. M. Hawkins, A. Meyer, T. A. Lewis, S. Loren, !
F. J. Hollander, Science 1991, 252, 312.!
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How  to  Produce  Fullerenes? �
laser-vaporization! arc discharge�

篠原久典,  齋藤弥八,  『フラーレンとナノチューブの科学』,  	

名古屋大学出版会,  2011.�

篠原久典,  齋藤弥八,  『フラーレンとナノチューブの科学』,  	

名古屋大学出版会,  2011.�

of both of organic and inorganic chemicals and are ex-
pected to be applied in various fields as a new carbon
nanomaterial. Innovative developments in fullerene
applications are now ongoing, for example, in the fields
of lubricants, hard materials, medicines, superconduct-
ing materials, and semiconductors. Recent develop-
ments suggest that commercial uses of C60 in such
diverse areas as fuel cells and pharmaceuticals for AIDS
and Parkinson!s disease may not be far away. However,
one crucial factor that has limited the development of
such applications is the high cost and limited availability
of fullerenes. Much of this problem is due to the small-
scale, batch nature of fullerene production using carbon
arcs.

In 1987, Homann and co-workers reported that pos-
itive and negative ions of fullerenes such as C60, and C70

had been found in low-pressure premixed hydrocarbon
sooting flames [4–13]. After that, macroscopic quantities
of fullerenes were recovered from soot made in low-pres-
sure benzene flames [14,15]. Howard and co-workers
showed that the fullerene yields and composition was
changed by the flame condition such as C/O ratio, cham-
ber pressure, residence time, diluent concentration, and
gas velocity in combustion of benzene in a low-pressure
premixed flat flames [16–22] and low-pressure benzene/
argon/oxygen diffusion flames [23,24]. They also showed
concentration profiles of fullerenes and polycyclic aro-
matic hydrocarbons (PAHs) (up to 300amu) in a heavily
fullerene forming premixed benzene/oxygen flame [25].
In 1995, Sattler and co-workers detected fullerenes in a
methane/argon diffusion flame at atmospheric pressure
by on-line multiphoton ionization time-of-flight mass
spectroscopy [26,27]. These fullerene production tech-
nologies are known as the combustion method.

Because the combustion method is a continuous and
easily scalable process similar to that employed for com-
mercial carbon black production, it was considered to
have more potential for fullerene production than the
arc process. In 1998, Alford et al. presented a combus-
tion apparatus large enough for industrial use and could
produce fullerenes continuously without halting the full-
erenes synthesis [28]. The key component of the appara-
tus is a porous refractory plate burner, which improves
efficiency and overcomes many of the limitations of the
previous combustion machines that employed water-
cooled burner plates. We have further developed this
apparatus and succeeded in producing fullerenes at the
multitons per year scale.

Although the combustion process is one of the most
efficient methods for producing fullerenes, the mecha-
nism of fullerene formation in flames is not yet well
understood. McKinnon provided the first equilibrium
calculation of C60 for the pyrolysis and oxidation of a
hydrocarbon sources similar to a sooting flame and
demonstrated that fullerenes were stable under these
conditions [29]. Homann presented the concept of ‘‘zip-

per reactions’’ leading from combined PAHs to fullere-
nes [30]. The Howard group computed the equilibrium
yield of PAHs and fullerenes [31], and they have con-
structed a kinetic mechanism for the formation of full-
erenes C60 and C70, based on the molecular weight
growth reaction mechanism including C2H2 addition
[32,33].

In this paper, we will focus mainly on the relationship
between the fullerene content and the combustion condi-
tions in laminar, premixed, low-pressure toluene/oxygen
flames using a pilot apparatus that became the basis of
our industrial fullerene production facilities. We also
compare the experimental results with the computed re-
sults of the thermodynamic equilibrium analysis.

2. Equipment and techniques

A schematic of the reduced pressure fullerene com-
bustion synthesis pilot apparatus is shown in Fig. 1.

The burner with a 0.25m diameter porous refractory
element is enclosed within a vacuum chamber (the com-
bustion chamber of Fig. 1). The porous refractory bur-
ner and the thermal insulation in the chamber create
an adiabatic reaction zone that extends 0.45m from
the burner. The combustion chamber is connected to a
soot collection chamber and a heat exchanger, which
cools the exhaust gases before they enter the vacuum
pumps. The vacuum in the apparatus is supplied by vac-
uum pumps so as to control the pressures in the burner
chamber to 5.33kPa (40Torr). The soot collection
chamber includes a bag filter, which has a filter cleaning
mechanism for dislodging captured soot with a nitrogen
jet pulse and allows the combustion system to produce
fullerenes continuously without halting the synthesis
process. The soot collection chamber also has a ball
valve at its base, which allows the soot to fall into the

Fig. 1. Reduced-pressure, premixed combustion fullerene synthesis
apparatus.

312 H. Takehara et al. / Carbon 43 (2005) 311–319

combustion synthesis �

H. Takehara, M. Fujiwara, M. Arikawa, M. D. Diener, J. M. Alford, Carbon 2005, 43, 311.!

・good generation efficiency of C60!
・small scale synthesis!

・low generation efficiency of C60!
・can obtain soot in gram scale!

98%    1 g  ¥14,600!
99.5% 1 g  ¥34,800!
99.9% 1 g  ¥70,600�

99.9% 1 g  ¥24,700 �

>99.5% 1 g  ¥34,400!
>99.0% 1 g  ¥27,200�
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How  to  Produce  Fullerenes? �
organic synthesis!

Cl

Br
Mg, ether;
acetaldehyde

Cl

OH PBr3

benzene
86% yield

97% yield Cl

Br

PPh3, toluene;
LiOEt, 2-naphthaldehyde, 
EtOH/CH2Cl2

71% yield

Cl

I2, propylene oxide,
hν, cyclohexane
92% yield

Cl

NBS, BPO, CCl4;
KCN, Bu4N(HSO4), H2O/CH2Cl2

93% yield
Cl

NC
KOH, ethylene glycole;
SOCl2;
AlCl3, CH2Cl2

51% yield
Cl

O

TiCl4, ODCB
85% yield

Cl

Cl

Cl

1100 °C, ca. 0.01 mm Hg

total 0.1-1.0% yield
(12 steps)

Flash Vacuum Pyrolysis

L. T. Scott, M. M. Boorum, B. J. McMahon, !
S. Hagen, J. Mack, J. Blank, H. Wegner, !

A. Meijere, Science 2002, 295, 1500. �
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What  is  Aromaticity?�
Aromaticity  of  Fullerenes	


2011 LS by Kumiko Yamamoto�

Reactivity  Criteria �
electrophilic aromatic substitution�

Br2, FeBr3 Br

Energetic  Criteria �
enhanced stability (large resonance energy)�

+ H2

+ H2E

resonance
stabilization

120 kJ/mol
208 kJ/mol

152 kJ/mol

Structural  Criteria �
bond length equalization due to cyclic delocalization�

HOMA etc.�

Magnetic  Criteria �
ring current effects�

H
NMR chemical shift!
diamagnetic susceptibility exaltation (Λ)!
NICS value � etc.�

Aromaticity �
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Structural  Criteria �

Structural  Criteria �
bond length equalization due to cyclic delocalization�

HOMA etc.�

Aromaticity �

the valence bond (VB) structure!

T. M. Krygowski, A. Ciesielski, J. Chem. Inf. Comput. Sci. 1995, 35, 1001.!
M. Bühl, A. Hirsch, Chem. Rev. 2001, 101, 1153. �

tures with adjacent pentagons. The destabilization
of non-IPR fullerenes is due to an increase of strain
energy caused by enforced bond angles accompanied
with higher pyramidalization of the C atoms. In
addition, it was suggested that the pentalene-type 8
π-electron substructures may lead to resonance de-
stabilization.30,31 The destabilizing effect of abutting
pentagons in fullerenes was investigated quantita-
tively by Fowler and Zerbetto.32 If, in addition to IPR
violating fullerenes, open-shell structures and unfa-
vorable para relationships31 of pentagons are avoided,
the huge number of possible isomers reduces consid-
erably. With these constraints, magic numbers33-38

for stable fullerenes Cn can be predicted, which are
n ) 60 (one isomer), 70 (one isomer), 72 (one isomer),
76 (one isomer), 78 (five isomers), etc. Next to C60

and C70, structural assignment based on 13C NMR,
X-ray crystallography, and, in some cases by sup-
porting stability calculations was possible for the IPR
fullerenes D2-C76, C2v-C78, D3-C78, C2v"-C78, D2-C80, C2-
C82, D2d-C84, D2-C84,17,39-47 and recently also for the
endohedral compound Sc3N@C80

48 involving the icosa-
hedral C80 cage, which is unstable as parent fullerene.
IPR satisfying D5h-C70 contains, in addition to the
corannulene-type poles, an equatorial belt consisting
of a cyclic phenylene.

The fact that the bonds located at the junctions of
the hexagons ([6,6]-bonds) are shorter than the bonds
in the pentagonal rings ([5,6]-bonds)49,50 is very
important for the analysis of the structure criterion
of the aromaticity of C60. The bond-length alternation
has been shown theoretically and experimentally
(Table 1) and implies cyclohexatriene and [5]radi-
alene substructuressa view that is strongly sup-
ported by the regioselectivity of addition reactions
(see section IV). A related structural trend is observed
for C70, especially within its polar caps (Table 2), and
for derivatives of Ih-C80

48 and D2d-C84
44 investigated

by X-ray crystallography.
The degree of bond-length alternation in C60,

however, is lower than that of linear polyenes and
reminiscent of those found in aromatic polycyclic
hydrocarbons.18 In higher fullerenes such as C78 and
C84, the bond-length alternation can be even more
pronounced.44,63 For example, the most reactive [6,6]-
bond in D2d-C84 has a length of only 1.332 (11) Å,44

thus being much shorter than a [6,6]-bond within C60

(∼1.38 Å). Bond order calculations for C60, C70, C76,
the five isomers of C78, and D2-C84 as well as D2d-C84

are summarized in ref 64.
To determine the origin of the bond-length alterna-

tion within C60, the influence of the symmetry and

occupation of the π orbitals has been evaluated.23,65-67

In a first approximation, the π-electron system of an
icosahedral fullerene like C20, C60, or C80 can be
described with a spherical electron gas incasing the
σ framework in a double skin. The wave functions of
this electron gas are characterized by the angular
momentum quantum numbers l ) 0, 1, 2, 3, ...
corresponding to s, p, d, and f π shells. These shells
are analogues of atomic orbitals. The most significant
difference is that the sphere defined by the σ frame-
work represents a nodal plane and the electron
density in the center of the sphere approaches zero.
The irreducible representations of the icosahedral
group can be found using group theory by lowering
the symmetry from full rotational symmetry to icosa-
hedral symmetry treated as a perturbation (Table
3).10,23,49,65,66,68

Considering the Pauli principle, it can be seen that
upon occupation with 2(N + 1)2 electrons, all π shells
are completely filled. The shape of the molecular s,
p, d, and g orbitals is still very reminiscent of that of
the corresponding atomic H-like orbitals (Figure 2).
The charged fullerene C60

10+,67,69 for example, repre-
sents a closed-shell system with n ) 50 π electrons
where all π orbitals up to l ) 4 (g shell) are
completely occupied. Since the angular momenta are

Table 1. Calculated and Measured Bond Distances in
C60 [Å]

method [5,6]-bonds [6,6]-bonds ref

HF(STO-3G) 1.465 1.376 51
HF(7s3p/4s2p) 1.453 1.369 52
LDF(11s6p) 1.43 1.39 53
HF 1.448 1.370 54
MP2 1.446 1.406 55
NMR 1.45 1.40 56
neutron diffraction 1.444 1.391 57
electron diffraction 1.458 1.401 58
X-ray 1.467 1.355 59

Table 2. Calculated and Experimental Structure of
C70

bond length (Å)

experiment theory

bond type a b (dzp/SCF)60

a 1.462 1.462 1.475
b 1.423 1.414 1.407
c 1.441 1.426 1.415
d 1.432 1.447 1.457
e 1.372 1.378 1.361
f 1.453 1.445 1.446
g 1.381 1.387 1.375
h 1.463 1.453 1.451

a Data were taken from the crystal structure of the complex
(η2-C70)Ir(CO)Cl(PPh3)2.61 b Data were taken from the crystal
structure of C70‚6(S8).62

Table 3. Electron Ground-State Configurations of the
Fully (Bold) and Partially Filled π Shells of
Icosahedral Fullerences

la shell electrons/shell nc
b HOMO (Ih symmetryc)

0 s 2 2 ag
2

1 p 6 8 tlu6
2 d 10 18 hg

10

24 t2u6

3 f 14 26 gu
8

32 t2u6gu
8

40 gg
8

4 g 18 42 hg
10

50 gg
8hg

10

56 t1u10
6 or t2u6

60 hu
10

5 h 22 62 t1u6t2u6

66 t1u6hu
10 or t2u6hu

10

72 t1u6t2u6hu
10

a Angular momentum quantum number for a spherical shell
of π electrons. b Number of π electrons for closed-shell ground-
state configurations in icosahedral symmetry. c HOMO sym-
metries for all levels of given l; the superscripted digit shows
the number of electrons for complete occupation of the shell.

Spherical Aromaticity of Fullerenes Chemical Reviews, 2001, Vol. 101, No. 5 1155

(Å) �

HOMA values!

calculations on C60
12- (Li12C60) predict a further

elongation of the [6,6]-bonds (1.45 Å) and already a
shortening of the [5,6]-bonds (1.44 Å).74 In the crystal
structure of K6C60, the lengths of the [6,6]- and [5,6]-
bonds were found to be 1.445(3) and1.432 (10) Å,
respectively.75

The bond-length alternation in C60 is obviously not
only caused by the nature of the σ framework. The
difference in bond lengths between [6,6]- and [5,6]-
bonds is directly connected with the symmetry and
the occupation of its molecular π orbitals. The
shortening of one of the types of bonds is equivalent
to a partial localization of the π orbitals into localized
bonds. It is the filling of the hu, t1u, and t1g orbitals
which is responsible for the degree of bond-length
alternation. This is closely related to the situation
in the annulenes where depending on the filling of
the molecular orbitals with either 4N or 4N + 2 π
electrons a distortion from the ideal Dnh takes place
or not. Calculations on the icosahedral homologues
C20 and C80 revealed the same behavior.67 Only the
closed-shell species C20

2+ (closed l ) 2 shell, nc ) 18)
and C80

8+ (closed l ) 5 shell, nc ) 72) exhibit ideal Ih
symmetry, whereas symmetry lowering is predicted
to C2 for C20 and to D5d for C80.

The distortion of neutral C60 caused by the filling
of the hu orbitals and the resulting increase in bond-
length alternation has a direct consequence for the
evaluation of the VB structures. The shorter [6,6]-
bonds have more double-bond character than the
longer [5,6]-bonds.73 Hence, the VB structure depicted
in Figure 1 consisting of [6,6]-double bonds and a
[5,6]-single bond represents a good description of the
electronic and chemical properties (see section IV) of
neutral C60. Moreover, a clear distinction between the
archetypal aromatic benzene can be drawn.76 In
benzene, the fully symmetric charge density requires
a VB description where at least two D3h-symmetric
VB structures are mixed leading to the equivalence
of all six bonds. The VB structure of C60, however
(Figure 1), already exhibits the full Ih symmetry of
the carbon framework. This VB structure is the only
one of the 12 500 to satisfy the symmetry criterion.
There are 20 C60 isomers that surpass the count of
12 500 Kekulé structures, although they are less
stable (non-IPR isomers).76 Some mixing in of other
VB structures in Ih C60 certainly improves the energy
but in contrast to benzene is not forced by symmetry.
The principal Kekulé structure depicted in Figure 1
is at the same time the most important VB structure
according to the Fries rule.77,78 The Fries rule is an
empirical rule which states that the Kekulé struc-
tures with the largest number of Kekulé benzene
rings are dominant. On the basis of the aromaticity
criterion of the maximum number of equivalent
resonance structures, C60, where VB structures con-
taining double bonds in pentagons are unimportant,
has to be considered to be not very aromatic. Reso-
nant VB structures have also been considered to
explain electronic properties such as hyperpolariz-
abilities # of push-pull fullerene derivatives.79 It was
found that two types of resonant structures in terms
of single-double bond alternation are of importance.
The first resonant structure starts and finishes with

[6,6]-double bonds and contributes positively to #; the
second starts and finsihes with [5,6]-single bonds and
contributes negatively. The ratio of their contribution
is roughly 2:1.79 To represent C70 properly, in contrast
to C60, two VB structures are required. Therefore, in
a first approximation C70 can be represented by two
corannulene caps connected by an equatorial belt
consisting of five benzene-like rings. These benzene-
like rings form a cyclic phenylene (Figure 1).80

The minimization of double bonds in five-mem-
bered rings is considered to be a general principle
that governs the preferred formation of fullerene
isomers containing the highest number of Kekulé
benzene rings.31 If the pentagons are located in a
meta relationship, an “ideal” bond distribution is
provided (Figure 4). In contrast, a para relationship
does not allow for the formation of Kekulé benzene
rings. The latter arrangement is found throughout
icosahedral C80.31

Application of the structural aromaticity index
HOMA (harmonic oscillator model of aromaticity),
which employs experimental bond lengths and de-
scribes the degree of alternation of bond lengths in
question as well as their deviations from the optimal
lengths attributed to the typical aromatic state, leads
to the conclusion that the pentagons in fullerenes and
their derivatives exhibit very weak aromatic or
antiaromatic character, with HOMA values ranging
from -0.26 to 0.25.14,81 In contrast, the hexagons
exhibit a much larger variation in aromatic charac-
ter, with values ranging from 0.1 (C60

-) to 0.76 in C70‚
6S8. For the systems under consideration, the pen-
tagons were found to be less aromatic than the
hexagons, except for the case of C60

-. On the basis of
this criterion, C60 was found to be less aromatic than
C70 (Figure 5). The results are in good agreement
with magnetic susceptibility studies.

Figure 4. Ortho-, meta -and para-relationships of penta-
gons within fullerenes.

Figure 5. HOMA values81 for the pentagons and hexagons
in C60 (electron diffraction structure in the gas phase) and
C70‚6S8.
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whole molecule; 0.14!
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the valence bond (VB) structure!

M. Bühl, A. Hirsch, Chem. Rev. 2001, 101, 1153. �

C60 has ambiguous aromatic character; !
aromatic hexagons and antiaromatic pentagons within neutral C60. !

C60
10+!

no significant bond-length !
alternation is expected !

[6,6]-bonds: 1.48 Å!
[5,6]-bonds: 1.44 Å!

symmetrically distributed, no distortion from spheri-
cal or icosahedral symmetry is expected in cases
where all states are completely filled. Hence, no
significant bond-length alternation is expected for
C60

10+. The B3LYP/6-31G*-calculated lengths of the
[6,6]- and [5,6]-bonds of C60

10+ (Ih symmetry) are 1.48
and 1.44 Å.67,69 Therefore, the bond-length alternation
is lower than that of neutral C60 and comparable with
that in Th-symmetrical hexakisadducts70 containing
benzenoid substructures (see section IV).

What are the consequences of filling the l ) 5 (h)
shell on the geometry of C60? The complete filling of
the l ) 5 state would lead to an accumulation of 72
π electrons, assuming that all the l ) 5 states are
filled, before any l ) 6 level is being occupied. In
icosahedral symmetry, the l ) 5 states split into the
hu + t1u + t2u irreducible representations (Table

3).10,23,49,65,66,68,71 The lowest energy level is the hu
level, which in neutral C60 is completely filled with
the 10 available electrons. The resulting hu

10 ground
state is nondegenerate (Hund’s rule) and has the
angular momentum quantum numbers L ) 0, S )
0, J ) 0, and the many-electron hu

10 configuration
has Ag symmetry within the point group Ih. A
comparison of the representations of the sets of σ*
orbitals along the [6,6]-bonds with that of the π
electrons shows that when filling the hu shell, the
occupied π orbitals form a set which is completely
equivalent to the set of localized σ orbitals along the
[6,6]-bonds.65,66 Therefore, the molecular orbitals can
be weakly localized at these sides by a unitary
transformation. This distortion exactly corresponds
to the internal structural degree of freedom that the
C60 molecule has without breaking the Ih sym-
metry.65,66 Looking at the symmetries of the hu
orbitals reveals bonding interactions with the [6,6]-
bonds and antibonding interactions in the [5,6]-bonds
(Figure 3).23,72 As a consequence, filling the hu orbitals
causes a shortening of the [6,6]-bonds, which leads
to an increase in bond energy and at the same time
favors longer [5,6]-bonds by reducing antibonding
interactions.73 More pronounced distortions were
calculated for the partially filled systems C60

2+, C60
4+,

C60
6+, and C60

8+. Here, even a symmetry lowering was
predicted to D5d or C5v, respectively.69
Adding 12 electrons into the t1u and t2u orbitals

would lead to a closed-shell situation again. In
contrast to icosahedral C80, however, an anomaly is
observed for C60, since the t1g orbitals derived from
the l) 6 shell are lower in energy than the t2u orbitals
from the l ) 5 shell. As a consequence, the t1g orbitals
are filled before the t2u orbitals. In contrast to the hu
orbitals, the nodes of the t1u and t1g orbitals are
located at the [6,6]-sites and the bonding interactions
at the [5,6]-sites. As a consequence, filling the t1u and
t1g is expected to favor bond length equalization.
Indeed, calculations74 on K6C60 showed that the bond
lengths become more equalized with the [6,6]-bonds
being 1.42 Å and the [5,6]-bonds 1.45 Å. The same

Figure 2. PM3//MNDO-calculated π orbitals of C60
10+. The

position of the C60 skeleton is the same in all orbital
presentations. The s orbital is also shown in wire mesh
presentation. This makes the nodal plane visible, which is
hidden in the other presentations. (Reprinted with permis-
sion from ref 67. Copyright 2000 Wiley-VCH.)

Figure 3. Schematic representation of one of the five
degenerate HOMOs (a) and one of the three degenerate
LUMOs (b) of C60. Each orbital is represented by a front
and side view. Only the exohedral part of the orbitals
projected to the corresponding C atoms is shown for
clarity.23
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LUMO!

HOMO!

symmetrically distributed, no distortion from spheri-
cal or icosahedral symmetry is expected in cases
where all states are completely filled. Hence, no
significant bond-length alternation is expected for
C60

10+. The B3LYP/6-31G*-calculated lengths of the
[6,6]- and [5,6]-bonds of C60

10+ (Ih symmetry) are 1.48
and 1.44 Å.67,69 Therefore, the bond-length alternation
is lower than that of neutral C60 and comparable with
that in Th-symmetrical hexakisadducts70 containing
benzenoid substructures (see section IV).

What are the consequences of filling the l ) 5 (h)
shell on the geometry of C60? The complete filling of
the l ) 5 state would lead to an accumulation of 72
π electrons, assuming that all the l ) 5 states are
filled, before any l ) 6 level is being occupied. In
icosahedral symmetry, the l ) 5 states split into the
hu + t1u + t2u irreducible representations (Table

3).10,23,49,65,66,68,71 The lowest energy level is the hu
level, which in neutral C60 is completely filled with
the 10 available electrons. The resulting hu

10 ground
state is nondegenerate (Hund’s rule) and has the
angular momentum quantum numbers L ) 0, S )
0, J ) 0, and the many-electron hu

10 configuration
has Ag symmetry within the point group Ih. A
comparison of the representations of the sets of σ*
orbitals along the [6,6]-bonds with that of the π
electrons shows that when filling the hu shell, the
occupied π orbitals form a set which is completely
equivalent to the set of localized σ orbitals along the
[6,6]-bonds.65,66 Therefore, the molecular orbitals can
be weakly localized at these sides by a unitary
transformation. This distortion exactly corresponds
to the internal structural degree of freedom that the
C60 molecule has without breaking the Ih sym-
metry.65,66 Looking at the symmetries of the hu
orbitals reveals bonding interactions with the [6,6]-
bonds and antibonding interactions in the [5,6]-bonds
(Figure 3).23,72 As a consequence, filling the hu orbitals
causes a shortening of the [6,6]-bonds, which leads
to an increase in bond energy and at the same time
favors longer [5,6]-bonds by reducing antibonding
interactions.73 More pronounced distortions were
calculated for the partially filled systems C60

2+, C60
4+,

C60
6+, and C60

8+. Here, even a symmetry lowering was
predicted to D5d or C5v, respectively.69

Adding 12 electrons into the t1u and t2u orbitals
would lead to a closed-shell situation again. In
contrast to icosahedral C80, however, an anomaly is
observed for C60, since the t1g orbitals derived from
the l) 6 shell are lower in energy than the t2u orbitals
from the l ) 5 shell. As a consequence, the t1g orbitals
are filled before the t2u orbitals. In contrast to the hu
orbitals, the nodes of the t1u and t1g orbitals are
located at the [6,6]-sites and the bonding interactions
at the [5,6]-sites. As a consequence, filling the t1u and
t1g is expected to favor bond length equalization.
Indeed, calculations74 on K6C60 showed that the bond
lengths become more equalized with the [6,6]-bonds
being 1.42 Å and the [5,6]-bonds 1.45 Å. The same

Figure 2. PM3//MNDO-calculated π orbitals of C60
10+. The

position of the C60 skeleton is the same in all orbital
presentations. The s orbital is also shown in wire mesh
presentation. This makes the nodal plane visible, which is
hidden in the other presentations. (Reprinted with permis-
sion from ref 67. Copyright 2000 Wiley-VCH.)

Figure 3. Schematic representation of one of the five
degenerate HOMOs (a) and one of the three degenerate
LUMOs (b) of C60. Each orbital is represented by a front
and side view. Only the exohedral part of the orbitals
projected to the corresponding C atoms is shown for
clarity.23
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C60
6-!

[6,6]-bonds: 1.42 Å!
[5,6]-bonds: 1.45 Å!

C60!
[6,6]-bonds: 1.45 Å!
[5,6]-bonds: 1.37 Å!

[6,6]-bonds: double bond character!
[5,6]-bonds: single bond character!
(from calculations & experimental results)!
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Magnetic  Criteria �
ring current effects�

H
NMR chemical shift!
diamagnetic susceptibility exaltation (Λ)!
NICS value � etc.�

Aromaticity �

Magnetic  Criteria �
10�



Magnetic  Criteria �
1H NMR chemical shift!

H
aromatic

diatropic ring current
anti aromatic

paratropic ring current

H

J. F. M. Oth, E. P. Woo, F. Sondheimer, J. Am. Chem. Soc. 1973, 95, 7337.!

H

H

9.28 ppm
–2.99 ppm

(outer protons)
(inner protons)

[18]annulene

H

H2–

H H
H

H
2–

–1.13 ppm
29.5, 28.1 ppm

(outer protons)
(inner protons)

dianion of [18]annulene
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Magnetic  Criteria �
diamagnetic susceptibility exaltation (Λ)!

H. J. Dauben, Jr., J. D. Wilson, J. L. Laity, J. Am. Chem. Soc. 1968, 90, 811.!
H. J. Dauben, Jr., J. D. Wilson, J. L. Laity, J. Am. Chem. Soc. 1969, 91, 1991.!

Λ = χM − χM '

Λ < 0: aromatic compounds!
Λ ~ 0: non aromatic compounds�

χM:!
χM’:!

the experimentally determined molar susceptibility of a compound!
the susceptibility estimated for a cyclopolyene of that structure �

compound! χM � χM’ � compound! χM’ �

－68.1! －68.1�       0.0 � - � - � －17.2**�

－57.5� －58.3�       0.8 � －44.5!
�

－38.0!
�

    －6.5!
(－2.4**)!

－48.6� －49.3�       0.7 � - � - �     32.6** �

－54.8� －41.1� －13.7� *All values of χM, χM’ and Λ are given in units of 10-6 cm3 mol-1 (ppm cgs). !
**The calculated magnetic susceptibility exaltations.�
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Magnetic  Criteria �
NICS (nucleus-independent chemical shift)!

absolute magnetic shieldings, computed at ring centers�
NICS < 0: aromaticity!
NICS > 0: antiaromaticity�

compound! NICS� compound! NICS�

          0.0� －2.2� －17.2**� －14.3�

－13.7� －9.7� －6.5!
(－2.4**)!     －3.2�

    32.6** �     54.2 �

P. v. R. Schleyer, C. Maerker, A. Dransfeld, H. Jiao, N. J. R. van E. Hommes,!
 J. Am. Chem. Soc. 1996, 118, 6317.!

*All values of Λ are given in units of 10-6 cm3 mol-1 (ppm cgs) !
and NICS are given in units of ppm. !
**The calculated magnetic susceptibility exaltations.�

19.0

–5.1
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Magnetic  Criteria �

compound! χM � χM’ �

－54.8� －41.1� －13.7�

C60 � －260±20� －262±40� 2±60�

*All values of χM, χM’ and Λ are given in units of 10-6 cm3 mol-1 (ppm cgs).�

diamagnetic susceptibility exaltation (Λ)!

R. C. Haddon, L. F. Schneemeyer, J. V. Waszczak, S. H. Glarum, R. 
Tycko, G. Dabbagh, A. R. Kortan, A. J. Muller, A. M. Mujsce, M. J. 
Rosseinsky, S. M. Zahurak, A. V. Makhija, F. A. Thiel, K. Raghavachari, 
E. Cockayne, V. Elser, Nature 1991, 350, 46.!

NICS (nucleus-independent chemical shift)!

chemical shift in the center of a ring originates
exclusively from a circular current loop around that
ring, one can calculate the induced magnetic field Bind

and thus the chemical shift from classical electro-
dynamics. On a line through the center and perpen-
dicular to the loop, Bind should be proportional to

where a is the radius of the loop and z the distance
from the center. From the NICS value of a given ring,
together with the appropriate geometrical param-
eters, one can thus arrive at an estimated increment
to the chemical shift at the center of the fullerene.
In fact, a reasonable correlation is obtained between
the sum of these increments and the actual computed
δendo value, affording further evidence that the ob-
served endohedral shifts are indeed a direct conse-
quence of ring currents in the fullerene cage.234 The
slope of 0.7 in this correlation suggests that in fact
the principal part of δendo can be interpreted in terms
of ring currents localized in the individual pentagons
and hexagons (those in the latter being particularly
important because of the larger radius a). Theoretical
NICS values are thus a useful probe for local aro-
matic and antiaromatic character in fullerenes, which
add up to the total, “ambiguous” one.

2. Application of Magnetic Criteria to Fullerene
Derivatives
As discussed in section IV, fullerenes are deprived

of the archetypical reactions of aromatic compounds,
electrophilic or nucleophilic substitution, due to the
lack of substituents. Rather, the reactivity of C60 and
C70 has been compared to that of electron-deficient
olefins (see refs 4-11 and 20-26 for reviews on

fullerene reactivity). In the frequently observed
reduction and adduct-formation reactions, electrons
are effectively added to or removed from the π
system, respectively. The following two sections are
a summary of the concomitant changes in the NMR
properties. Section V.2.C will deal with similar effects
brought about by replacement of carbon atoms in the
fullerenes with heteroatoms.

A. Anions
The chemistry of fullerene anions, or fullerides, has

recently been reviewed.238 In solution, reaction of C60

and C70 with excess lithium affords diamagnetic
species, presumably the hexaanions.239 By electro-
chemical reduction, both fullerenes can reversibly
accept up to six electrons.240 Most of the resulting
anions are paramagnetic, and the magnetic response
properties are dominated by the effect of the unpaired
electrons, rather than by ring currents. Of these
anions, the hexaanion C60

6- is the only closed-shell
species.241 London calculations have predicted only
diatropic ring currents, a large diamagnetic suscep-
tibility, and a huge endohedral shielding for C60

6-,
indicative of a highly aromatic compound.198,201 In
contrast, it has been predicted that a large part of
the diatropicity of C70 will be lost upon formation of
the hexaanion.201 The same trends were apparent
from subsequent ab initio Hartree-Fock computa-
tions of the endohedral shielding, which afforded
values between -58 and -64 ppm for C60

6- 203,234 and
-11 ppm for C70

6-.234 The qualitative trends, i.e., the
respective gain and loss of aromaticity upon reduc-
tion, were then confirmed experimentally by 3He
NMR spectroscopy of the lithiated, 3He-labeled spe-
cies: δ(3He) values of -48.7 and +8.3 ppm were
reported for He@C60

6- and He@C70
6-, respectively.242

Very similar shieldings and deshieldings with respect
to the neutral complexes are noted in the g-shifts of
N@C60

6- and N@C70
6-.243 The less satisfactory accord

between theory and experiment is not due to the
effects of ion pairing neglected in the calculations for
the pristine anions, as virtually the same results are
obtained for C60

6- and Li6C60.244 Rather, the Hartree-
Fock approximation appears to be less suited for the
fullerides and agreement with experiment is im-
proved at a density-functional level, with computed
endohedral shifts of -47.4222 and +17.6 ppm214 for
C60

6- and C70
6-, respectively.

The enormous endohedral shielding in C60
6- can

be traced back to strong diatropic ring currents, both
in the pentagons and hexagons, as evident from
London and NICS calculations.201,234 In going from
C70 to C70

6-, the diatropicity of the five- and six-
membered rings are significantly increased and
decreased, respectively,201,234 and the latter decrease
is responsible for the endohedral deshielding. These
changes in the local ring currents have recently been
confirmed experimentally by the exohedral 1H probes
in the reduced fulleroids: In contrast to 19, 36, and
37, each of which has one strongly deshielded reso-
nance assigned to the proton above a five-membered
ring, the reduced analoga 38,245 39, and 40246 have
only shielded methylene protons (Figure 19).

Qualitatively similar diatropicities are computed
for both types of pentagons in C70

6-, as assessed by

Figure 18. Patterns in computed NICS values (nucleus-
independent chemical shifts, HF/DZP level) for neutral
fullerenes. Diatropic and paratropic rings are depicted in
red and blue, respectively (from the data given in ref 234).

Bind ∝ a2/(a2 + z2)3/2 (7)
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hexagons: -5.31 ppm!
pentagons: 8.89 ppm!
(benzene: -9.7 ppm)!

M. Bühl, Chem. Eur. J. 1998, 4, 734. �

NMR chemical shift!

δRC = 2χM /r3!

r: radius of the sphere� ⇒ 0.57 ppm�
V. Elser, R. C. Haddon, Nature 1987, 325, 792. �

ring-current chemical shift δRC(C60) = ca. －1 ppm�

sophisticated theoretical calculation!
δ(He@C60H60) = －5.2 ppm�

M. Bühl, W. Thiel, H. Jiao, P. R. Schleyer, M. Saunders, F. A. L. Anetl, !
J. Am. Chem. Soc. 1994, 116, 6005. �

R. C. Haddon, Nature 1995, 378, 249.!
M. Bühl, A. Hirsch, Chem. Rev. 2001, 101, 1153. �

He 3He NMR: δ(He@C60) = －6.3 ppm�

M. Saunders, H. A. J.-Vázquez, R. J. Cross, S. Mroczkowski, !
D. I. Freedberg, F. A. L. Anet, Nature 1994, 367, 256. �

= [ring current] + [σ-bond anisotropy]�

C60 has ambiguous aromatic character.!
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Summary �

Reactivity  Criteria �
electrophilic aromatic substitution�

Br2, FeBr3 Br

Energetic  Criteria �
enhanced stability (large resonance energy)�

+ H2

+ H2E

resonance
stabilization

120 kJ/mol
208 kJ/mol

152 kJ/mol

Structural  Criteria �
bond length equalization due to cyclic delocalization�

HOMA etc.�

Magnetic  Criteria �
ring current effects�

H
NMR chemical shift!
diamagnetic susceptibility exaltation (Λ)!
NICS value � etc.�

Aromaticity �

C60  has  	

ambiguous  aromatic  	


character.	
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Endhedral fullerenes which have been synthesized and isolated till May 2011�

篠原久典,  齋藤弥八,  『フラーレンとナノチューブの科学』,  名古屋大学出版会,  2011,  pp.  207.�

endohedral fullerenes: fullerenes with atom(s) or molecule(s) encapsulated�
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Why  Endohedral  Fullerenes?	

Scientific  interest!! �

expected  to  be  important  for  their  potential  use  in  various  fields  such  as… �
+�

molecular electronics�

gate-voltage (VGS) values. Relatively large current flow was
observed even at VGS ) 0 V. Application of positive (negative)
gate bias increases (reduces) the current IDS. These observations
indicate that the electron-type carriers are already unintentionally
doped in the nominally undoped material and that the transistor
operates in the electron accumulation mode. According to the
theoretical3 and experimental11 studies on individual La2@C80
molecules, LUMO is dominantly formed of encapsulated La ions.
Hence, the present observation of n-type operation of the thin film
transistor indicates that the carrier conduction through encapsulated
metals is occurring in metallofullerene La2@C80 solids. The origin
of carriers that exist without application of the gate voltage remains
to be clarified. They may be ascribed to the unintentionally
introduced carriers, though the measurement of Figure 2 was made
in a very high vacuum in the order of 10-9 Torr.
The mobility (µ) and the threshold voltage of the transistor are

estimated to be µ ) 1.1 × 10-4 cm2/V s and -64 V, respectively,

from the standard procedure, namely, (IDS)1/2 vs VGS plot at VDS )
80 V. The low mobility in the order of 10-4 cm2/V s gives a mean-
free-path extremely smaller than the molecular size, indicating that
the band conduction model suggested from Figure 1 is not correct.
A more likely mechanism of carrier transport in the present
La2@C80 film would be hopping between grain boundaries or
between neighboring molecules.
The mobility of electron carriers in La2@C80 is expected to be

intrinsically low, compared to that of C60 (ref 12) and C70 (ref 13),
because of the conduction mechanism through encapsulated metal
ions. Since the LUMO is dominated by the orbital of encapsulated
La, the intermolecular overlap of LUMOs should be very small,
resulting in low mobilities.
The more critical cause of the low mobility is the crystallinity.

We have carried out X-ray and electron diffraction experiments
and found that the film is poorly crystalline displaying amor-
phous features. This indicates that intermolecular hopping is a
more plausible mechanism of conduction and that the activation
energy ∆ observed in Figure 1 is regarded as a hopping barrier
between neighboring molecules, which are irregularly stacked. On
the other hand, the present result implies that the mobility of
La2@C80 can be improved by fabrication of films with better
crystallinity.
In summary, we have first demonstrated the n-type field effect

transistor of dimetallofullerene La2@C80 thin film. Taking the nature
of LUMO into account, the n-type behavior of the device indicates
an occurrence of carrier conduction through encapsulated La ions.
The present experiment revealed the advantage of thin film field
effect transistor technique in determining the carrier types and
charge transport mechanisms of various endohedral metallo-
fullerenes, which should be more investigated.
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Figure 1. Arrhenius plot of conductivity. Right inset shows a schematic
picture of La2@C80 molecule. Left inset displays absorption spectra for thin
film and toluene solution of La2@C80.

Figure 2. Drain-source current (IDS) is plotted as a function of drain-source
voltage (VDS) for several values of gate voltage (VGS). Data sets are displayed
for every 15 V from VGS ) -75 to 75 V. Inset shows a schematic diagram
of La2@C80 thin film transistor. S, D, and G denote source, drain, and gate,
respectively.
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gate-voltage (VGS) values. Relatively large current flow was
observed even at VGS ) 0 V. Application of positive (negative)
gate bias increases (reduces) the current IDS. These observations
indicate that the electron-type carriers are already unintentionally
doped in the nominally undoped material and that the transistor
operates in the electron accumulation mode. According to the
theoretical3 and experimental11 studies on individual La2@C80
molecules, LUMO is dominantly formed of encapsulated La ions.
Hence, the present observation of n-type operation of the thin film
transistor indicates that the carrier conduction through encapsulated
metals is occurring in metallofullerene La2@C80 solids. The origin
of carriers that exist without application of the gate voltage remains
to be clarified. They may be ascribed to the unintentionally
introduced carriers, though the measurement of Figure 2 was made
in a very high vacuum in the order of 10-9 Torr.
The mobility (µ) and the threshold voltage of the transistor are

estimated to be µ ) 1.1 × 10-4 cm2/V s and -64 V, respectively,

from the standard procedure, namely, (IDS)1/2 vs VGS plot at VDS )
80 V. The low mobility in the order of 10-4 cm2/V s gives a mean-
free-path extremely smaller than the molecular size, indicating that
the band conduction model suggested from Figure 1 is not correct.
A more likely mechanism of carrier transport in the present
La2@C80 film would be hopping between grain boundaries or
between neighboring molecules.
The mobility of electron carriers in La2@C80 is expected to be

intrinsically low, compared to that of C60 (ref 12) and C70 (ref 13),
because of the conduction mechanism through encapsulated metal
ions. Since the LUMO is dominated by the orbital of encapsulated
La, the intermolecular overlap of LUMOs should be very small,
resulting in low mobilities.
The more critical cause of the low mobility is the crystallinity.

We have carried out X-ray and electron diffraction experiments
and found that the film is poorly crystalline displaying amor-
phous features. This indicates that intermolecular hopping is a
more plausible mechanism of conduction and that the activation
energy ∆ observed in Figure 1 is regarded as a hopping barrier
between neighboring molecules, which are irregularly stacked. On
the other hand, the present result implies that the mobility of
La2@C80 can be improved by fabrication of films with better
crystallinity.
In summary, we have first demonstrated the n-type field effect

transistor of dimetallofullerene La2@C80 thin film. Taking the nature
of LUMO into account, the n-type behavior of the device indicates
an occurrence of carrier conduction through encapsulated La ions.
The present experiment revealed the advantage of thin film field
effect transistor technique in determining the carrier types and
charge transport mechanisms of various endohedral metallo-
fullerenes, which should be more investigated.
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Figure 1. Arrhenius plot of conductivity. Right inset shows a schematic
picture of La2@C80 molecule. Left inset displays absorption spectra for thin
film and toluene solution of La2@C80.

Figure 2. Drain-source current (IDS) is plotted as a function of drain-source
voltage (VDS) for several values of gate voltage (VGS). Data sets are displayed
for every 15 V from VGS ) -75 to 75 V. Inset shows a schematic diagram
of La2@C80 thin film transistor. S, D, and G denote source, drain, and gate,
respectively.
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field effect transistor �
MRI contrast agent�

might not be well-tolerable. To avoid bone uptake and to
target specific tissues, further surface modification may
be required.

In the utilization of Gd-chelate complexes for the RES
agents, one must be apprehensive of the possible in vivo
Gd3+ dissociation. In contrast, Gd@C82(OH)40 has much
less potency of toxicity because of its solid carbon cage
structure. The unique fullerene structure of Gd@C82-
(OH)40 protects the central metal atom from the outer
environments, hence scarce release of Gd3+ from the
entrapped fullerene cage. Furthermore, our preliminary
3-D MR contrast-enhanced angiography clearly demon-
strated rat blood vessels within a few minutes after i.v.
administration of Gd-fullerenols at the dose of 10 µmol
Gd/kg. It is very likely that this angiogram can be further
improved by simple modification on the fullerene surface
for the prolongation of the blood circulation period and
the avoidance of RES uptake.

The present paramagnetic water-soluble metallof-
ullerenes (Gd-fullerenols), which have extremely strong
MR signal enhancement ability, will be applied as novel
MRI contrast agents for the present anatomical and
functional imaging. Furthermore, this will be a promising
novel core material of MRI probes for high-quality
molecular/cellular and future genetic imaging for next
generation.
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Figure 4. (a) T1-weighted MRI of CDF1 mice before and 30 min after i.v. administration of Gd@C82(OH)40 via tail vein as the dose
of 5 µmol Gd/kg [which was 1/20 of a typical clinical dose of Gd-DTPA (100 µmol Gd/kg)] (n ) 3), and (b) its time dependent signal
intensity change in various organs. MRI conditions: 4.7 T Unity INOVA (Varian), at TR/TE ) 300 ms/11 ms. At 30 min. after i.v.
administration of Gd@C82(OH)40, enormous signal enhancement was observed at lung, liver, spleen, and kidney (Figure 4(b)).

Figure 5. Biodistribution of Gd in CDF1 mice at 30 min, 1 h,
and 24 h after i.v. administration of Gd@C82(OH)40. Assay of
Gd ions was carried out by ICP. The signal enhancement shown
in Figure 3 had good correspondence with the concentration of
Gd@C82(OH)40 found in these organs (Figure 4a and Figure 4b).
The biodistribution indicated that the Gd@C82(OH)40 tends to
be entrapped in the reticular-endothelial system (RES), such
as lung, liver, and spleen.
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NMR analysis�
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He@C60:He@C70 = 7:3
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mono adducts 
Of h 0  
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PPH 

Figure 1. 3He NMR spectrum (381 MHz) of the product of addition of azomethine ylide to a 'He-labeled C&~J mixture. Another spectrum was 
acquired after 1.5 mL of 3He was bubbled through the sample in the NMR tube with a syringe to create a reference peak. 

I I I I I  I I 

1 ' I ' , . I ' I " ' I . ' '  I . I ' ' I ' ~ " " ' , '  ' 
1 5 4 . 0 0  1 5 2 . 0 0  1 5 0 . 0 0  1 4 8 . 0 0  1 4 6 . 0 0  1 4 4 . 0 0  142.00  140.00  1 3 8 . 0 0  

PPH 
Figure 2. 13C NMR spectrum (125.77 MHz) of the same sample as in Figure 1. The large peak corresponds to unreacted CM. 

opened intermediates (temporarily forming Ywindows" in the 
fullerene cage) will result in escape of the helium and can be 
followed by the decrease of the helium peak of that compound 
or the growth of the peak for free helium in a sealed NMR tube. 
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Conventional  Synthesis  of  Endohedral  Fullerenes	

physical  methods  under  harsh  conditions  such  as… �

co-vaporization of carbon and metal atoms!
→ metallofullerenes!

first example: R. E. Smalley et al. J. Am. Chem. Soc. 1985, 107, 7779.!
篠原久典,  齋藤弥八,  『フラーレンとナノチューブの科学』,  名古屋大学出版会,  2011.�

high-pressure/temperature treatment with gases!
→ non-metal doped fullerenes (noble gas atom@fullerene)!

laser-vaporization, arc discharge, etc. !
with composite graphite target rods; made by 
mixing metal powder with graphite powder, 
pressing, and carbonized by baking. !

laser�

composite graphite!
target rod � quartz tube �

tube furnace�

Ar or He �

C60 etc.�

laser-vaporization�

650 ℃, 3000 atm, under noble gas atmosphere!
ca. 0.1% yield�

problems�
difficult to control the reaction; no selectivity in controlling both the cage-size and product distribution. !
low yield & laborious purification; yield only mg quantities of pure product after tedious isolation procedures.�

first example: M. Saunders et al. J. Am. Chem. Soc. 1994, 116, 2193.!
日本化学会編,  『π電子系の化学』,  化学同人,  2013.�
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“Molecular  Surgery”	


1) ‘‘incision’’ of the fullerene cage to form an opening on the surface.!

by Yves Rubin�

1 2 3

2) insertion of some small atom(s) or molecule(s) through the opening.!
3) ‘‘suture’’ of the opening to reproduce the fullerene cage while retaining the guest species. !

Y. Rubin, K. N. Houk, M. Saunders, R. J. Cross et al. Angew. Chem. Int. Ed. 2001, 40, 1543.!
M. Murata, Y. Murata, K. Komatsu, Chem. Commun. 2008, 6083. �
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Insertion  of  He  &  H2  Through  the  Orifice  of  an  Open  Fullerene  	


G. Schick, T. Jarrosson, Y. Rubin, Angew. Chem. Int. Ed. 1999, 38, 2360.!

synthesis!

C60

N3 N3

o-Cl2C6H4
55 ºC, 4 days

+ N NO O

>12% yield

NN
N

N N
N

N N

–N2

1O2

N NO O
N NO O

O2 or DDQ

14-membered-ring orifice!
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“The important step of closing back the fullerene framework also needs to be studied.“!

Insertion  of  He  &  H2  Through  the  Orifice  of  an  Open  Fullerene  	


Y. Rubin, T. Jarrosson, G.-W. Wang, M. D. Bartberger, K. N. Houk, G. Schick, M. Saunders, R. J. Cross, Angew. Chem. Int. Ed. 2001, 40, 1543.!

insertion of He & H2!
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calculated activation barrier�

experimental results�

He 100 ℃,  3-4 atm,  24 h → 0.04% yield!
300 ℃, 475 atm, 7.5 h → 1.5% yield�
3He NMR: δ = -10.10 ppm�

H-H 400 ℃, 100 atm, 48 h → 5% yield �
1H NMR: δ = -5.43 ppm�

He and H2 are strongly shielded 
by the fullerene π-electron shell 
of the open fullerene.�

N NO O

tButBu

N NO O

tButBu
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ologies for ™cracking open fullerenes∫ and ™zipping up
fullerene precursors∫.[11] In connection with the latter ™zip-
ping up∫ process, the formation of C60 has been detected by
mass spectrometry of various precursors,[12] and, most impor-
tantly, the actual organic synthesis of C60 has recently been
achieved by Scott and co-workers using flash vacuum
pyrolysis as the final step of the synthesis.[13] Although this
strategy appears quite promising for providing access to
various kinds of known or as yet unknown fullerenes, it has
not been applied to the synthesis of endohedral fullerene
complexes. Some limited success has, however, been attained
in the ™cracking open∫ strategy for the endohedral complexes.
As the simplest example, rare gases such as helium, neon,
argon, krypton, and xenon have been incorporated into
pristine C60 under forced conditions (such as 600 !C, 3000 atm)
to afford C60 containing these gases, albeit in yields typically as
low as 0.1%,[14] that is only one molecule of C60 out of
approximately 1000 molecules contains the gas atom. It is
supposed that in the transition state, a bond on the C60 cage is
cleaved to form a window that can incorporate these gas
atoms under such conditions.[15] In a recent study, Rubin and
co-workers synthesized a bislactam derivative of C60 having a
14-membered-ring orifice 3,[16] and succeeded in the encap-
sulation of a helium atom (1.5%) or molecular hydrogen
(5%) under the conditions of 300 !C and 475 atm or 400 !C
and 100 atm, respectively.[17]

In our previous work, we demonstrated that the course of
the reaction of C60 with nitrogen-containing aromatic com-
pounds, such as phthalazine,[9] 3,6-di(2-pyridyl)-1,2,4,5-tetra-
zine,[18] and 4,6-dimethyl-1,2,3-triazine,[10c] shows a large
dependence on the reaction phase (solid state or liquid phase)
and the liquid-phase thermal reactions particularly with
phthalazine[9] and with 4,6-dimethyl-1,2,3-triazine[10c] afford
new derivatives of open-cage fullerenes. Interestingly, the
above-mentioned intramolecular [4!4] and retro [2!2!2]
reactions can also take place under the thermal conditions
employed in our work, probably by a radical mechanism.

With the continuation of this study, we became interested in
a thermal reaction of C60 with a 1,2,4-triazine derivative. This
reaction is expected to give a novel aza-open-cage fullerene,
that is, the one containing an eight-membered-ring orifice
incorporating an unsaturated nitrogen atom on the rim of the
orifice. It appeared interesting to clarify the electronic effects
of the presence of this nitrogen atom on the properties and
reactivity of the fullerenyl ! system of this new derivative of
an open-cage fullerene. In the present study we succeeded in
obtaining a series of new open-cage fullerene derivatives with
10-, 12-, and 13-membered-ring orifice containing hetero-
atom(s) on the rim from the first-formed aza-open-cage
fullerene derivatives. Here we report on the synthesis,
structure, and properties of a series of these newly formed
derivatives of open-cage fullerenes.

Results and Discussion

Open-cage fullerene derivatives having an eight-membered-
ring orifice : To avoid the problem of obtaining a product with
low solubility, we chose a 1,2,4-triazine derivative 4

(Scheme 1) having a 2-pyridyl group at the 3-position and
two phenyl groups at the 5- and 6-positions. We conducted a
thermal reaction with one equivalent of C60 in o-dichloro-
benzene (ODCB) at 180 !C for 17 h. The reaction was found

Scheme 1. Synthesis of open-cage fullerene derivative 5.

to proceed smoothly, giving almost a single product, which
exhibits a purple color in solution, together with unreacted C60

in 41% recovery. The product, which was highly soluble in
common organic solvents such as CHCl3, toluene, CS2, and
ODCB, was determined as an aza-open-cage fullerene
derivative 5 (Scheme 1a) based on the characterization
described below. Its yield was 50%, or 85% based on
consumed C60, and no bisfunctionalized product was isolated.

The structure determination of open-cage fullerene 5 was
first attempted by spectroscopy. The FAB mass spectrum
showed the molecular ion peak at m/z 1003 ([M!1])
corresponding to M"C80H14N2, which clearly indicates that
5 is formed by addition of triazine 4 to C60 followed by
extrusion of N2. While the 1H NMR spectrum displayed the
signals for aromatic protons only, the 13C NMR spectrum
showed 65 signals in the sp2-carbon region between !" 167.96
and 122.47 ppm, in which nine signals are apparently over-
lapped, in addition to two signals at !" 73.02 and 56.35 ppm
for the sp3-carbon atoms, suggesting that 5 has C1 symmetry.
The purple color observed for the solution of 5 in CHCl3 and
its maximum absorption at 533 nm in the electronic spectrum
(closely resembling the spectrum of C60), indicate that the 60
original fullerene carbon atoms retain their sp2 hybridization
in a !-conjugated system.[6±9]

The structure of 5 was unambiguously determined by X-ray
crystallography of a single crystal obtained from a solution in
benzene. As shown in Figure 1, an eight-membered-ring
orifice composed of C1 ±C7 and N1 is present on the fullerene
cage of 5. In the eight-membered ring, the C2#C3
(1.406(4) ä), C4#C5 (1.403(4) ä), and C7#N1 (1.270(4) ä)
bonds have double bond character, whereas the others are
single bonds. The eight-membered ring is a tub-form with the
C1-C2-C3-C4 and C3-C4-C5-C6 dihedral angles being
#39.0(4) and 38.8(4)!, respectively, deviating significantly
from 0!. The butadiene system, C2-C3-C4-C5, is almost planar
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Figure 1. The X-ray structure of open-cage fullerene derivative 5 with
displacement ellipsoids drawn at the 50% probability level. Selected
distances [ä], bond angles [!], and dihedral angles [!]: C1!C2 1.521(4),
C2!C3 1.406(4), C3!C4 1.511(4), C4!C5 1.403(4), C5!C6 1.517(4), C6!C7
1.540(4), C7!N1 1.270(4), N1!C1 1.457(3), C2!C13 2.274(4), C5!C14
2.279(4); C1-C2-C3 124.0(3), C2-C3-C4 129.8(2), C3-C4-C5 128.7(2), C4-
C5-C6 124.6(2); C1-C2-C3-C4 !39.0(4) C3-C4-C5-C6 38.8(4), C2-C3-C4-
C5 0.4(5).

with the dihedral angle between the two double bonds being
only 0.4(5)!.

A probable reaction mechanism for the formation of 5 is
shown in Scheme 1b. A [4"2] cycloaddition of triazine 4 to
C60 affords 6, and the following extrusion of nitrogen gives
2-aza-1,3-cyclohexadiene-fused C60 derivative 7, which would
undergo a formal intramolecular [4"4] cycloaddition to give
8, and then a retro [2"2"2] reaction affords 5.

Enlargement of the orifice in open-cage fullerene 5 : It has
been reported both by us and another group that one of the
double bonds in the eight-membered-ring orifice in an open-
cage fullerene can undergo oxidative cleavage by the action of
photochemically generated singlet oxygen.[10]

To clarify the reactivity of 5, DFT calculations were
conducted. The geometry of 5 was fully optimized at the
B3LYP/6 ± 311G** level of theory[19] to give a structure with
the HOMO shape shown in Figure 2. The HOMO was found
to be localized primarily at the two double bonds, C2!C3 and
C4!C5, in the same manner as reported for the carbon
analogues,[10] whereas the LUMOwas found to be spread over
almost all the sp2-carbon atoms on the fullerene cage. The
absolute values of the coefficients of HOMO were 0.33 for
C2, 0.22 for C3, 0.21 for C4, and 0.32 for C5. Thus, the
electrophilic addition of the singlet oxygen was expected to
take place on these double bonds.

In fact, when the photochemical reaction of 5 with oxygen
was conducted in a CCl4 solution under irradiation with a
high-pressure mercury lamp for 6 h, the HPLC separation of
the reaction mixture afforded three oxidation products 9, 10,
and 11, all having the molecular formula corresponding to 5

Figure 2. The optimized structure of open-cage fullerene derivative 5 with
the contour of the HOMO, calculated at the B3LYP/6 ± 311G** level of
theory.

with the addition of O2 as shown by FAB MS, in 60%, 31%,
and 2% yields, respectively. The IR spectra of 9 and 10
exhibited strong carbonyl stretching bands at 1747 and
1748 cm!1, respectively, whereas no carbonyl band was
observed for 11.

Because comparison of the experimental and calculated
13C NMR spectra seemed to be crucial for the structural
determination of 9, 10, and 11, we first examined the validity
of such a comparison using the spectrum of compound 5, for
which the structure was confirmed by X-ray crystallography.
To determine which level of theory is the most accurate for
reproducing the experimental 13C NMR spectrum of 5, the
gauge-independant atomic orbital (GIAO)[20,21] calculations
on 5 were conducted using Hartree ±Fock (HF) and density
functional theory (B3LYP[22] and B3PW91[23]) methods with
both the 6 ± 311G** and TZV[24] basis sets, based on the
structure optimized at the B3LYP/6 ± 311G** level of theo-
ry.[25] All chemical shifts are given as the values relative to that
of tetramethylsilane, also calculated using the same method at
the same level of theory as those used for the corresponding
GIAO calculations.

As shown in Figure 3a , the experimentally observed
spectrum of 5 is characterized by two sp2-carbon signals at
!# 167.96 and 164.81 ppm, which are notably downfield
shifted, the rest of the sp2-carbon signals appearing in the
range !# 149.10 ± 122.47 ppm (63 signals observed out of 76
expected signals for fullerenyl and aryl carbon atoms), and
two sp3 carbon signals at !# 73.02 and 56.35 ppm. As shown
in Figures 3b ± g, all six GIAO calculations, conducted with
B3PW91/6 ± 311G**, B3LYP/6 ± 311G**, B3PW91/TZV,
B3LYP/TZV, HF/6 ± 311G**, and HF/TZV, reproduced the
general characteristics of the experimental 13C NMR spec-
trum fairly well. Of the six calculations, DFT methods were
shown to be generally superior to HF methods in reproducing
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actually takes place in the presence of tetrakis(dimethylami-
no)ethylene (TDAE). Heating a mixture of 9, elemental
sulfur (8 equiv), and TDAE (1 equiv) in refluxing ODCB for
30 min successfully afforded a single product with a FAB MS
data exhibiting a molecular ion peak at m/z 1067 correspond-
ing to 9!S!H, in 77% yield.

In this reaction, TDAE, a typical !-electron donor,[30] is
supposed to activate 9 either by one-electron transfer or by
complexation so that the electrophilic addition of elemental
sulfur to 9 can readily take place. The theoretical calculations
for 9 at the B3LYP/6 ± 311G** level of theory demonstrated
that the LUMO of 9 is relatively localized at the conjugated
butadiene part, C9"C10"C11"C12, on the rim of the orifice
(Figure 6); the numbering is shown in Scheme 3. The absolute

Figure 6. The optimized structure of open-cage fullerene derivative 9 with
the contour of the LUMO, calculated at the B3LYP/6 ± 311G** level of
theory.

Scheme 3. Synthesis of open-cage fullerene derivative 15.

values of the coefficients of the LUMO at C9, C10, C11, and
C12 of 9 are 0.29, 0.35, 0.32, and 0.25, respectively. Thus, it is
assumed that the sulfur atom has been inserted into the
C10"C11 bond to give the novel open-cage fullerene deriv-
ative 15 having a 13-membered-ring orifice (Scheme 3). The
13C NMR spectrum of this product exhibited two signals for
the carbonyl carbon atoms at !# 193.06 and 185.02 ppm, 52
signals (out of possible 76 signals) corresponding to the

fullerenyl and aryl sp2-carbon atoms in the range !# 166.40 to
122.68 ppm, and two signals corresponding to the sp3-carbons
at !# 74.42 and 52.33 ppm (Figure 7a). This spectrum showed
good agreement with the spectrum calculated for the structure

Figure 7. The experimental and calculated 13C NMR spectra of 15. The
GIAO calculations were conducted at the B3PW91/6 ± 311G** level of
theory: a) observed for 15 and b) calculated for 15.

15 by the GIAO±B3PW91/6 ± 311G** method using the
optimized structure at the B3LYP/6 ± 311G** level of theory
(Figure 7b).[28] Finally, the validity of the assignment of the
structure 15 to this product was proved by the X-ray
crystallography for the single crystal grown from a solution
in toluene (Figure 8).

As shown by the X-ray crystal structure given in Figure 8a,
compound 15 has a 13-membered-ring orifice on the fullerene
cage (shown in red) containing sulfur and nitrogen atoms. The
bond lengths of C9"C10, C10"S1, S1"C11, and C11"C12 are
1.398(4), 1.780(3), 1.754(3), and 1.367(4) ä, respectively. Thus
a divinyl sulfide moiety was formed in the 13-membered ring
as a result of the sulfur-atom insertion into the C10"C11 bond
of 9. Determination of this X-ray structure also confirmed the
validity of the structural assignment of the starting material 9,
which was made based on the comparison with the DFT±
GIAO calculated spectrum, as described above.

From the top view of the X-ray structure shown in
Figure 8b, it can be seen that the 13-membered-ring orifice
in 15 has a somewhat more circular shape as compared to the
rather elliptic shape observed for the 14-membered-ring
orifice (counting the fused benzene-ring carbon atoms) in
the bislactam derivative of an open-cage fullerene 3 reported
by Rubin and co-workers.[16, 17] This is the largest hole
constructed thus far on the surface of C60. Thus, the insertion
of a small molecule or atom is expected to be possible through
the 13-membered-ring orifice in 15.

Properties of open-cage fullerene derivatives : The UV/Vis
spectra of the obtained open-cage fullerene derivatives, 5, 9,
10, 11, and 15, taken in CHCl3 are shown in Figure 9. As
mentioned previously, compound 5, having an eight-mem-
bered-ring orifice, displayed a similar absorption pattern to
that of C60 itself, reflecting the fact that 5 retains the
conjugated system composed of 60 sp2-carbon atoms.[6±9]
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Figure 8. The X-ray structure of open-cage fullerene derivative 15 with the
displacement ellipsoids model drawn at the 50% probability level: a) side
view and b) top view. Selected distances [ä]: N1!C1 1.445(3), C1!C2
1.584(4), C2!O1 1.209(3), C2!C9 1.492(4), C9!C10 1.398(4), C10!S1
1.780(3), S1!C11 1.754(3), C10!C11 2.546(4), C11!C12 1.367(4), C12!C3
1.518(4), C3!O2 1.202(3), C3!C4 1.553(4), C4!C5 1.380(4), C5!C6
1.552(3), C6!C7 1.545(4), C7!N1 1.281(3).

Compounds 9 and 10, which are isomeric, showed quite
similar absorptions, that is, strong maximum absorptions in
the UV region (257 and 325 nm for 9 ; 259 and 324 nm for 10),
which are commonly observed in C60 derivatives, and a small
absorption in the visible region (424 nm for 9 ; 423 nm for 10)
as well as the long-wavelength visible absorption extending to
approximately 700 nm. These absorptions are different from
those of an enol-ketone derivative 16, which has a similar 12-
membered-ring orifice. This showed maximum absorptions at
453 and 751 nm.[10a] Compound 11 showed maximum absorp-

Figure 9. UV/Vis spectra of open-cage fullerene derivatives: blue line (5),
black (9), green (10), red (11), and brown (15).

tions at 253, 317, and 442 nm. Compound 15, which has the
largest orifice among the compounds examined in this study,
showed maximum absorptions at 257 and 319 nm as well as a
broad absorption at 430 nm. With the increase in the size of
the orifice in the order 5, 9 and 10, and 15, the absorption at
the visible region lost their structure. The colors of the
solutions of 5, 9, 10, 11, and 15 in CHCl3 were purple, brown,
brown, red-brown, and bright red, respectively.

To examine the electronic properties of the open-cage
fullerene derivatives 5, 9, 10, 11, and 15, their redox behaviors
were studied by cyclic voltammetry (CV) and differential
pulse voltammetry (DPV) in ODCB using Bu4NBF4 as a
supporting electrolyte. Despite the significant change in the !-
electronic system resulting from the transformation in the
fullerene skeleton made for these derivatives, all compounds
showed four quasi-reversible redox waves in the negative
scans upon CV. These were quite similar to those observed for
C60 itself. The corresponding four one-electron reduction
peaks were observed upon DPV measurements. As an
example, the CV and DPV results for compound 10 are
shown in Figure 10, together with those for C60.

The reduction potentials determined by DPV are summar-
ized in Table 1, together with the LUMO energy levels
calculated by the B3LYP/6 ± 31G* level of theory. As shown
by the values in Table 1, the reduction potentials of com-
pounds 5 and 11 were found to be rather similar to those of
C60, indicating that the fully conjugated !-electron systems
made of 60 sp2 carbons in 5 and 11 retain the high electron
affinities characteristic of C60. Most noteworthy is the
observation that compounds 9 and 10 exhibited first reduction
waves at potentials as low as !0.97 and !0.98 V versus the
ferrocene/ferrocenium couple, respectively, which are ap-
proximately 0.2 V lower than that of C60 measured under the
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Endohedral fullerene complexes incorporating noble gases1 or
atomic nitrogen2 have been prepared by insertion of these atoms
into pristine C60 under forced conditions. However, the yields of
these materials have been as low as 0.4% to 10-5%. If a sufficiently
large orifice is opened on a fullerene surface, such atoms would
be encapsulated efficiently by insertion through the orifice. In this
respect, Rubin et al. prepared an open-cage fullerene derivative 23
and succeeded in introducing a He atom and a H2 molecule in 1.5%
and 5% yields, respectively.4 To achieve 100% encapsulation of
these gas molecules, it is desirable to have a larger orifice on the
fullerene surface. We recently synthesized an open-cage fullerene
derivative 1, which has a 13-membered-ring orifice on a C60 cage
(Figure 1). The derivative 1 has an orifice of 5.64 Å along the
long axis and 3.75 Å along the short axis5 and is expected to be a
better host molecule for small atoms and molecules than 2. Here
we show that encapsulation of a H2 molecule into 1 does take place
to produce the endohedral complex H2@1 in 100% yield, and that
H2@C60 can be generated in the gas phase by restoration of the
C60 cage from H2@1 upon laser irradiation.
To examine the feasibility of insertion of small atoms and

molecules through the orifice of 1, theoretical calculations using
hybrid density functional theory (B3LYP/6-31G**//B3LYP/3-21G)
were conducted.6 The energies required for insertion of He, Ne,
H2, and Ar into 1 were calculated to be 18.9, 26.2, 30.1, and 97.7
kcal/mol, respectively, considerably lower than the corresponding
energies for 2 (24.5, 40.6, 41.4, and 136.3 kcal/mol),4 indicating
that encapsulation of atoms and molecules as small as He, Ne, and
H2 in 1 is quite promising.
Molecules or molecular systems based on carbon that can freely

absorb and eject hydrogen are currently attracting great interest as
hydrogen storage materials.7 Thus, the encapsulation of H2 gas into
1 was attempted by treatment of a powder of 1 with a high-pressure
of H2 (800 atm) at 200 °C in an autoclave. After 8 h, formation of
the endohedral complex H2@1 without any decomposition of 1 was
confirmed by HPLC and 1H NMR, as described below.
First, the HPLC analysis (Buckyprep/toluene) showed a single

peak at exactly the same retention time as that for 1. Next, the 1H
NMR spectrum of the resulting material showed a new sharp signal
at high field, δ -7.25 ppm, in addition to the signals for aromatic
protons appearing with exactly the same chemical shifts as those
for 1 itself (Figure 2). This new signal is assigned to the resonance
of the encapsulated H2 molecule, which is subjected to the strong
shielding effect of the fullerene cage. This signal is 1.82 ppm more
upfield-shifted than the H2 signal of H2@2 (δ -5.43).4 The value
of δ -7.25 is between the 1H NMR chemical shifts for H2 inside
of 1 calculated using the gauge-invariant atomic orbital approach8
by use of the Hartree-Fock method (GIAO-HF/6-311G**//
B3LYP/6-31G**) (δ -9.00) and density functional theory (GIAO-
B3PW91/6-311G**//B3LYP/6-31G**) (δ -5.76), confirming the
strong shielding effect inside of 1. The integrated relative intensity
of the signal was determined to be 2.00 ( 0.02 H by comparison

with the intensities of well-resolved aromatic-proton signals at δ
8.55 (1 H), 8.38 (2 H), and 8.26 (1 H), clearly demonstrating that
100% encapsulation was achieved.
The encapsulation rate was highly dependent on the pressure of

H2: the yield of H2@1 was 90% under 560 atm of H2 and 51%
under 180 atm of H2, with all other conditions the same.
To gain insight about the properties of the H2 molecule inside

of 1, the spin-lattice relaxation time (T1) of each proton in the
1H NMR was measured, using both a solution sealed under
vacuum (<10-4 Torr) and an oxygen-saturated solution of H2@1
in o-dichlorobenzene-d4. The T1 values for the signals at δ 8.55
(6-pyridyl), 8.38 (2,6-phenyl), and 8.26 (3-pyridyl) were 3.9 s (0.9
s), 1.2 s (0.7 s), and 1.2 s (0.6 s), respectively, which are in the
range of normal values for aromatic protons. In sharp contrast, a
very short T1 value of 0.2 s (0.2 s) was obtained for the encapsulated
H2 protons. [The values in parentheses are those obtained from the
oxygen-saturated solution.] Generally, T1 values are sensitive to
freedom in the motion of the molecule and to an interaction with
paramagnetic species such as O2.9 The T1 value for the encapsulated
H2 molecule was found to suffer no influence of oxygen at all,
confirming that it is completely isolated from the outside by the
fullerene cage. The remarkably short T1 value observed for this
encapsulated H2 molecule might be ascribed to the interaction with
the 13C atom(s) in the fullerene cage or to its hindered rotation
caused by the cage.10

Figure 1. Structures of open-cage fullerene derivatives 1 and 2 and the
optimized structure of H2@1 calculated at the B3LYP/6-31G** level of
theory. The H2 molecule is shown as a space-filling model, and the host
molecule is shown as a stick model.

Figure 2. 1H NMR spectrum (300 MHz, o-dichlorobenzene-d4) of H2@1
together with the values of the spin-lattice relaxation time T1 obtained for
a vacuum-sealed sample for some selected signals. In parentheses are shown
the T1 values obtained for the oxygen-saturated sample.
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experimental results�

200 ℃, 800 atm, 8 h → 100% yield�

1H NMR: δ = -7.25 ppm�
MALDI-TOF mass: H2@open-cage fullerene !
                               open-cage fullerene!
                               C60!

                                              H2@C60 �

stable at room temp. for more than 3 months.�
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characterization of H2@ATOCF!
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electron density was observed at the center of the fullerene cage.!
the number of electrons was calculated to be 2.0 ± 0.1 (= H2).!

image, which enabled us to construct a three-dimensional
electron-density map from the diffraction data by using the
maximum entropy method (MEM). The MEM analysis was
carried out with the Enigma program[7] at a resolution of 128 !
128 ! 128 pixels. The R factors of the final MEM charge
density were 0.028 and 0.024 for H2@ATOCF and empty
ATOCF, respectively. Three-dimensional representations of
the final MEM charge densities of H2@ATOCF and empty
ATOCF are shown in Figure 2. The equal-density levels are at

0.4 electrons"!3. The MEM charge-density maps clearly
show an area of electron density, which is colored red in
Figure 2, floating at the center of the cage in the H2@ATOCF
molecule. In sharp contrast, no such electron density was
observed in the case of the empty ATOCF cage. These
characteristic density features are also shown as contour maps
in Figure 3.

The main charge density within the fullerene cage is
condensed almost at the center of the cage, and a much lower
density seems to exist in the area between the center and the
inside wall of the cage (Figure 3: vertical division, map 2).
However, it is difficult to determine whether the shape of the
encapsulated charge density is spherical or elliptical. This
ambiguity is most probably caused by the motion of the H2

molecule, because there is no chemical bond between the
trapped H2 and the carbon cage. Very recently, Carravetta
et al. investigated the rotational motion of encapsulated H2 in
H2@ATOCF by low-temperature solid-state NMR measure-
ments.[8] Their results show that the motional anisotropy of
the H2 molecule inside the ATOCF cage is very small, and
that the orifice in the ATOCF molecule only slightly perturbs
the rotational motion. In the contour vertical division map
(Figure 3) there is no electron density along the neck of the
ATOCF molecule, which indicates that the H2 molecule is
electronically segregated from the outside of the cage.
Therefore, this H2 molecule is considered to be completely
isolated from the outside. In that sense, the environment of
the encapsulated H2 is assumed to be similar to that of the H2

molecule incorporated in the pristine C60 itself, that is,
H2@C60.

Is there any charge-transfer interaction between the
encapsulated H2 molecule and the cage? In the case of
metallofullerenes M@C82, the presence of significant charge-
transfer interaction between the encapsulated metal and the
cage has been reported, which also causes the selection of
cage symmetry according to the stability of different iso-
mers.[9, 10] In striking contrast, there is no difference in cage
structure between H2@ATOCF and empty ATOCF. Thus, we
conclude that there is no appreciable charge transfer between
the encapsulated H2 and the cage.

The precise electron-density profile obtained by the MEM
analysis is visualized by the dependence of the electron
density on the radius (r), or distance from the center of the
cage (Figure 4). The filled and open circles represent the
profiles for H2@ATOCFand empty ATOCF, respectively. The
maximum peaks at around r" 3.6 " apparently correspond to
the cage frame of the ATOCF molecule itself. In the case of
an empty ATOCF cage, no charge density is observed in the
region of r< 1.8 ". In contrast, the electron density of
H2@ATOCF, which appears to show a local maximum at

Figure 2. MEM electron densities of a) empty ATOCF and
b) H2@ATOCF as an equal-density contour surface and as a vertical
division. The equicontour level is at 0.4 e!!3. The electron density of
the encapsulated H2 molecule is colored red in (b).

Figure 3. MEM electron-density distributions of a) empty ATOCF and
b) H2@ATOCF for 1) horizontal division and 2) vertical division. The
center figure shows the positions of division for (1) and (2). The
contour maps are drawn from 0.01 to 0.11 e !!3.
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H2@C60

FAB mass!
MALDI-TOF mass!
elemental analysis!
1H NMR!
13C NMR!

characterization of H2@C60!

observed at steps B and C reflects the for-
mation at each step, within the fullerene cage,
of a fully p-conjugated pentagon, which exerts
a strong deshielding effect through its para-
magnetic ring currents (22).

Finally, complete closure of the orifice
was achieved by heating powdery H2@5 in a
glass tube at 340-C for 2 hours under
vacuum (Fig. 1, step D). The desired product
H2@C60 (118 mg, contaminated with 9%
empty C60) was obtained in 67% yield by
passing a carbon disulfide solution of the
crude product through a silica-gel column.
Similar results were obtained when H2@5
was heated at 300-C for 24 hours, at 320-C
for 8 hours, or at 400-C for 2 min. Thus,
H2@C60 was synthesized in a total yield of
22% from H2@2, which can be obtained in
40% yield from consumed C60 (18, 19).

We presume that the closure of the orifice
takes place by way of a thermally allowed
Ep2s þ p2s þ p2s^ electrocyclization re-
action that produces two cyclopropane rings
(Fig. 2). Sequential radical cleavage and a
retro Es2s þ s2s þ s2s^ reaction produce
C60 by splitting off 2-cyanopyridine and
diphenylacetylene.

The 13C NMR spectrum of the desired
product exhibited a signal at d 0 142.844 ppm
together with a very small signal at d 0
142.766 ppm (Fig. 3A), the latter cor-
responding exactly to the signal of empty
C60. In an expanded spectrum obtained with
56,576 data points for a 50-ppm spectral
width, the integrated peak areas of these
signals yield an estimated ratio of H2@C60

and empty C60 of 10:1.
We separated H2@C60 from C60 through

recycling high-performance liquid chroma-
tography on a semipreparative Cosmosil
Buckyprep column (two directly connected col-
umns, 25 cm by 10 mm inner diameter, with
toluene as a mobile phase; flow rate, 4 ml
minj1; retention time, 395 min for C60 and
399 min for H2@C60). Isolated H2@C60

was judged to be 100% pure on the basis of
a single 13C NMR signal at 142.844 ppm
(Fig. 3B), the results of high-resolution fast-
atom-bombardment mass spectrometry (calcu-
lated molecular weight for C60H2: 722.0157;
found: 722.0163), and the agreement of the

Fig. 1. Size reduction
and closure of the
orifice of the open-
cage fullerene encap-
sulating hydrogen, in
a four-step process.
Percentage values are
product yields; that
shown in parenthesis
is that based on the
consumed precursor.
m-CPBA, r.t., and o-
DCB stand for m-
chloroperbenzoic acid, room temperature, and o-dichlorobenzene, respectively.

Fig. 2. Proposed reaction mechanism
for the formation of C60 from com-
pound 5 by heating. Only the tops of
the molecules are shown. Ph and Py
stand for phenyl and 2-pyridyl groups,
respectively.

Fig. 3. Structural char-
acterization of H2@C60.
(A) Expanded 13C NMR
spectrum (75 MHz, o-
DCB-d4) of H2@C60
contaminated by 9%
C60. (B) Expanded 13C
NMR spectrum (75
MHz, o-DCB-d4) of
purified H2@C60. (C)
MALDI-TOF mass spec-
trum (positive ionization
mode, dithranol matrix)
of purified H2@C60. (D)
Predicted isotope dis-
tribution pattern for
H2@C60.
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observed at steps B and C reflects the for-
mation at each step, within the fullerene cage,
of a fully p-conjugated pentagon, which exerts
a strong deshielding effect through its para-
magnetic ring currents (22).

Finally, complete closure of the orifice
was achieved by heating powdery H2@5 in a
glass tube at 340-C for 2 hours under
vacuum (Fig. 1, step D). The desired product
H2@C60 (118 mg, contaminated with 9%
empty C60) was obtained in 67% yield by
passing a carbon disulfide solution of the
crude product through a silica-gel column.
Similar results were obtained when H2@5
was heated at 300-C for 24 hours, at 320-C
for 8 hours, or at 400-C for 2 min. Thus,
H2@C60 was synthesized in a total yield of
22% from H2@2, which can be obtained in
40% yield from consumed C60 (18, 19).

We presume that the closure of the orifice
takes place by way of a thermally allowed
Ep2s þ p2s þ p2s^ electrocyclization re-
action that produces two cyclopropane rings
(Fig. 2). Sequential radical cleavage and a
retro Es2s þ s2s þ s2s^ reaction produce
C60 by splitting off 2-cyanopyridine and
diphenylacetylene.

The 13C NMR spectrum of the desired
product exhibited a signal at d 0 142.844 ppm
together with a very small signal at d 0
142.766 ppm (Fig. 3A), the latter cor-
responding exactly to the signal of empty
C60. In an expanded spectrum obtained with
56,576 data points for a 50-ppm spectral
width, the integrated peak areas of these
signals yield an estimated ratio of H2@C60

and empty C60 of 10:1.
We separated H2@C60 from C60 through

recycling high-performance liquid chroma-
tography on a semipreparative Cosmosil
Buckyprep column (two directly connected col-
umns, 25 cm by 10 mm inner diameter, with
toluene as a mobile phase; flow rate, 4 ml
minj1; retention time, 395 min for C60 and
399 min for H2@C60). Isolated H2@C60

was judged to be 100% pure on the basis of
a single 13C NMR signal at 142.844 ppm
(Fig. 3B), the results of high-resolution fast-
atom-bombardment mass spectrometry (calcu-
lated molecular weight for C60H2: 722.0157;
found: 722.0163), and the agreement of the

Fig. 1. Size reduction
and closure of the
orifice of the open-
cage fullerene encap-
sulating hydrogen, in
a four-step process.
Percentage values are
product yields; that
shown in parenthesis
is that based on the
consumed precursor.
m-CPBA, r.t., and o-
DCB stand for m-
chloroperbenzoic acid, room temperature, and o-dichlorobenzene, respectively.

Fig. 2. Proposed reaction mechanism
for the formation of C60 from com-
pound 5 by heating. Only the tops of
the molecules are shown. Ph and Py
stand for phenyl and 2-pyridyl groups,
respectively.

Fig. 3. Structural char-
acterization of H2@C60.
(A) Expanded 13C NMR
spectrum (75 MHz, o-
DCB-d4) of H2@C60
contaminated by 9%
C60. (B) Expanded 13C
NMR spectrum (75
MHz, o-DCB-d4) of
purified H2@C60. (C)
MALDI-TOF mass spec-
trum (positive ionization
mode, dithranol matrix)
of purified H2@C60. (D)
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10:1�
HPLC

by recycling HPLC (20 cycles)!

M. Murata, Y. Murata, K. Komatsu,!
 J. Am. Chem. Soc. 2006, 128, 8024.!

⇒ “very weak but appreciable van der Waals 
interaction must be operating between the inner 
hydrogen molecule and the π-electron cloud of 
outer C60”.!
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Figure S2 Infrared spectrum (KBr) of C60.

1429.2 1182.3

575.7

526.5

Figure S1 Infrared spectrum (KBr) of H2@C60.

S7/S11 

Spectroscopic Data 

 

 

4600 4000 3000 2000 1500 1000 400

100

90

80

%T

wavenumber / cm−1

4600 4000 3000 2000 1500 1000 400

wavenumber / cm−1

100
%T

80

60

40

20

1429.2 1182.3
576.7

526.5

Figure S2 Infrared spectrum (KBr) of C60.

1429.2 1182.3

575.7

526.5

Figure S1 Infrared spectrum (KBr) of H2@C60.

S8/S11 

 

wavelength / nm

Figure S3 Ultraviolet-visible spectrum (cyclohexane) of H2@C60 (3.18 x 10−5 M).
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Figure S4 Ultraviolet-visible spectrum (cyclohexane) of C60 (5.99 x 10−5 M).

UV-vis spectrum!

⇒ UV-vis spectrum is also the same !
as that of C60.!

IR spectrum!

⇒ “slight repulsive interaction with the inner 
H2 molecule caused a very slight deformation 
of the spherical cage of H2@C60”.!
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13C NMR �
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about 1H NMR chemical shift!
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1H NMR (300 MHz, ODCB-d4) spectra of H2@4, H2@5, H2@6, and H2@7 
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1H NMR (300 MHz, ODCB-d4) spectra of H2@4, H2@5, H2@6, and H2@7 
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1H NMR (300 MHz, ODCB-d4) spectra of H2@4, H2@5, H2@6, and H2@7 
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1H NMR (300 MHz, ODCB-d4) spectra of H2@4, H2@5, H2@6, and H2@7 
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Figure S5 1H NMR (300 MHz, o-dichlorobenzene-d4) spectrum of H2@C60.
* Impurities of the solvent.
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Figure S6 13C NMR (75 MHz, o-dichlorobenzene-d4) spectrum of H2@C60.
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the paramagnetic property of the encapsulated species. In accord
with a very minute effect of encapsulated hydrogen, the IR
spectrum was almost the same as that of empty C60, exhibiting
four absorption bands at 1429.2, 1182.3, 576.7, and 526.5 cm-1

(to be compared with 1429.2, 1182.3, 575.7, and 526.5 cm-1

for empty C60 measured under exactly the same conditions).
Only the band at 576.7 cm-1 of H2@C60, corresponding to an
out-of-plane vibration mode,32 is slightly higher in energy than
that of empty C60 by 1.0 cm-1. This might be taken as evidence
that a slight repulsive interaction with the inner H2 molecule
has caused a very slight deformation of the spherical cage of
H2@C60. The UV-vis spectrum was also the same as that of
empty C60. An attempt to measure the Raman spectrum of
H2@C60 was unsuccessful because of strong fluorescence from
the outer C60 cage. Further trials are now underway.
The endohedral fullerene H2@C60 is thermally stable. Upon

heating the pure sample of H2@C60 at 500 °C for 10 min under
vacuum, there was no decomposition or release of incorporated
hydrogen at all, as judged from the 13C NMR and HPLC.
1H NMR Chemical Shift of Hydrogen Inside the Open-

Cage Fullerenes. At each step in the chemical transformation
to reduce the orifice size, gradual downfield shifts were observed
for the 1H NMR signal of encapsulated hydrogen: H2@5, δ
-7.25 ppm; H2@6, δ -6.33 ppm; H2@7, δ -5.80 ppm; H2@8,
δ -2.95 ppm; H2@C60, δ -1.45 ppm. To examine if theoretical
calculations can reproduce this tendency, we first conducted
the GIAO (gauge-independent atomic orbital) calculations at
the B3LYP/6-311G** level of theory for the structures opti-
mized at the B3LYP/6-31G* level, on a series of the open-
cage and closed-cage fullerenes containing H2.33 All chemical
shifts are expressed as the values with reference to tetrameth-
ylsilane also calculated using the same level. As shown in Table
1, the GIAO calculations were found to reproduce the trend of
gradual downfield shifts, although there was a tendency to
underestimate the magnetic shielding effects of the fullerene
cage in the extent which gradually increased in the order of
H2@5 (∆δ 1.38) to H2@C60 (∆δ 3.24). A similar tendency of
underestimation of the NMR chemical shift of encapsulated
species in the GIAO-DFT method has been reported and
discussed in detail.33,34

The observed gradual downfield shift must be due to the
change in magnetic environment of this hydrogen, resulting from
the change in diamagnetic and paramagnetic ring currents of
hexagons and pentagons, and the consequent total ring currents,
of the fullerene cage. To prove this, the diamagneticity and
paramagneticity of all the π-conjugated five- and six-membered
rings in the open-cage fullerenes 5-8 and of C60 were assessed
by the NICS (nucleus-independent chemical shifts) calcula-
tions.33,35,36 The obtained NICS values for each pentagon and
hexagon are shown in the Schlegel diagrams of Figure 9. Upon
removal of the sulfur atom from the orifice of 5, which caused
a 1.45 ppm downfield shift, the aromatic character of most of
the hexagons (14 out of 18) decreased (decrease in absolute
NICS value, 0.5-2.2 ppm) with the exception of two rings
(increase in absolute NICS value, 0.1-0.6 ppm), whereas the
antiaromatic character of most pentagons (8 out of 9) increased
by 1.1-2.2. A similar trend is also seen in the case of the
chemical transformation of 7 to 8,37 which caused further
downfield shift by 2.85 ppm (calculated value, 3.68 ppm). In
this way, the size reduction of the orifice in each step is shown
to lower the aromatic character of the fullerene cage as a whole.
A series of these orifice size reduction processes should also
be accompanied by very slight but gradual increase in strain of
the fullerene’s σ-frameworks, which should gradually weaken
the extent of the total π-conjugation on the fullerene surface.19m
These are all taken together as the reason for observed downfield
shifts upon the reduction of the orifice size.
In the final step, in which the organic addends were

completely removed and the original C60 structure was restored

(32) Bakowies, D.; Thiel, W. Chem. Phys. 1991, 151, 309.
(33) (a) Bühl, M.; Kaupp, M.; Malkina, O. L.; Malkin, V. G. J. Comput. Chem.

1999, 20, 91. (b) Bühl, M.; Hirsch, A. Chem. ReV. 2001, 101, 1153.
(34) Wang, G.-W.; Zhang, X.-H.; Zhan, H.; Guo, Q.-X.; Wu, Y.-D. J. Org.

Chem. 2003, 68, 6732.

(35) Schleyer, P. v. R.; Maerker, C.; Dransfeld, A.; Jiao, H.; Hommes, N. J. R.
v. E. J. Am. Chem. Soc. 1996, 118, 6317.

(36) (a) Bühl, M. Chem.sEur. J. 1998, 4, 734. (b) Chen, Z.; Cioslowski, J.;
Rao, N.; Moncrieff, D.; Bühl, M.; Hirsch, A.; Thiel, W. Theor. Chem. Acc.
2001, 106, 364.

(37) The aromatic character in all hexagons decreased (by the absolute value,
0.7-3.1 ppm), and the antiaromatic character of all pentagons increased
(by the absolute value, 0.7-5.3 ppm).

Figure 9. NICS patterns of the open-cage fullerene derivatives 5, 7, and 8, calculated at the B3LYP/6-31G* level of theory: red regions are for δ < -5
ppm, pink for δ ) 0 to -5, pale blue for δ ) +5 to +10, and blue for δ > +10.

Table 1. Experimental and Calculated NMR Chemical Shifts for
Encapsulated Hydrogen of a Series of Open-Cage Fullerene
Derivatives and H2@C60

H2@5 H2@6 H2@7 H2@8 H2@C60

expa -7.25 -6.33 -5.80 -2.95 -1.45
calcdb -5.87 -4.72 -3.85 -0.17 +1.79
∆ 1.38 1.61 1.95 2.78 3.24

a At 300 MHz, in ODCB-d4. b Calculated at the GIAO-B3LYP/6-
311G**//B3LYP/6-31G* level of theory.
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from H2@8, 1.50 ppm downfield shift was observed. The NICS
values for C60, calculated in the same way as above, are -2.4
for the hexagon and+11.8 for the pentagon,36a clearly indicating
that the aromaticity of the hexagon is considerably decreased
and the antiaromaticity of pentagons is increased, despite the
formation of a completely π-conjugated system. Again, the
pyramidalization of all 60 carbons and the resulting increase of
strain should be related to the lowering of the overall aroma-
ticity. In addition, this last step is accompanied by the formation
of two fully π-conjugated antiaromatic pentagons compared to
8. All these effects are assumed to be added together to cause
the downfield shift of the H2 NMR signal.
Upon oxidation of the sulfur atom of H2@5, a 0.92 ppm

downfield shift was observed, even though the structure of the
fullerene skeleton itself was not affected. The NICS values of
sulfoxide 6 indicated that the oxidation of S to SO influenced
not only the carbocycles in its vicinity but also almost all of
the cyclic systems of the fullerene cage (Figure 10): the
magnetic characteristics of most hexagons and pentagons are
changed to make the overall aromaticity of 6 lower than that of
5. This is presumably due to an electronegative characteristic
of the SdO group. As a related example, it has been reported
by Taylor and co-workers that the 3He NMR signal of 3He@C60-
Cl6 (δ ) -12.3 ppm) is 2.8 ppm downfield shifted compared
to that of 3He@C60Ph5Cl (δ ) -15.1 ppm) due to the
electronegative chloro addends.19m
To examine the effect of encapsulated hydrogen upon the

reactivity of the outer fullerene cage, the solid-state mechano-
chemical dimerization of H2@C60 was conducted under the same
conditions as we previously reported.38 It was found that the
dumbbell-shaped dimer, (H2@C60)2, was obtained in 30%
isolated yield similarly to the reaction of empty C60. Apparently,
the inside hydrogen does not affect the reactivity of the outer
C60 cage. The NMR signal for the inside hydrogen was observed
as a singlet at δ -4.04 ppm,39 which is 8.58 ppm upfield shifted
from free hydrogen, similar to the case for 3He@C60 (8.81 ppm
upfield shift from free 3He).38b
Three additional fullerene derivatives, H2@16, H2@17, and

H2@18, were synthesized by the Bingel reaction,40 benzyne
addition,41 and Prato reaction in order to further investigate this

issue.42 The NMR signal for encapsulated hydrogen was
observed in ODCB-d4 at δ -3.27 ppm for H2@16 (upfield
shifted from dissolved free hydrogen by ∆δ, 7.81 ppm), -4.30
ppm for H2@17 (∆δ, 8.84 ppm), and -4.64 ppm for H2@18
(∆δ, 9.18 ppm). These upfield shifts are quite similar to those
reported for the NMR signal of 3He encapsulated in the
corresponding derivatives for 3He@C60 (∆δ, 8.06, 9.11, and
9.45 ppm, respectively) being constantly less shielded by 0.23-
0.27 ppm.2a Thus, the inside molecular hydrogen of C60 can
also be used as a good probe to investigate the chemical
reactions at the exterior of the fullerene cage, just as the 3He
atom inside the fullerene cage has been utilized.19

Electrochemical Behavior of H2@C60. To clarify the
electronic properties of H2@C60 in more detail, we conducted
cyclic voltammetry (CV) and differential pulse voltammetry
(DPV). Upon measurements at room temperature for the range
of 0.0 to -2.0 V (vs Fc/Fc+) in ODCB and for the range of 0.0
to+1.0 V in 1,1,2,2-tetrachloroethane, three reversible reduction
waves (E1/2 ) -1.13, -1.54, -1.99 V vs Fc/Fc+) and one
irreversible oxidation peak (Epa ) +1.62 V) were observed,
respectively, virtually at the same potentials as those for empty
C60. However, when we applied more negative potential using
the conditions reported by Echegoyen in toluene-acetonitrile
(5.4:1) at -10 °C under vacuum,43 the reduction of H2@C60
was found to become slightly but gradually more difficult than
empty C60 as the fullerene cage acquires more numbers of
electrons up to six. As shown in Figure 11, the reduction
potentials estimated from the differential pulse voltammogram
were -0.95, -1.37, -1.89, -2.39, -2.95, and ca. -3.5 V for
H2@C60 to be compared with -0.95, -1.37, -1.88, -2.35,
-2.88, and -3.35 V for empty C60. Thus the difference in
reduction potential reaches nearly 0.15 V at the stage of six-
electron reduction. Although the extent is so minute, this result
is taken as clear evidence that hydrogen, as a slightly electro-
positive molecule, exerts an appreciable electronic repulsion with
the outer C60 cage when the π-system of the latter is charged
with more than four electrons.

Summary
In the present study, we have demonstrated that an entirely

new endohedral fullerene encapsulating molecular hydrogen,
(38) (a) Wang, G.-W.; Komatsu, K.; Murata, Y.; Shiro, M. Nature 1997, 387,

583. (b) Komatsu, K.; Wang, G.-W.; Murata, Y.; Tanaka, T.; Fujiwara, K.
J. Org. Chem. 1998, 63, 9358.

(39) No magnetic interaction was observed between two hydrogen molecules
in the two fullerene cages.

(40) Camps, X.; Hirsch, A. J. Chem. Soc., Perkin Trans. 1 1997, 1595.

(41) Hoke, S. H., II; Molstad, J.; Dilettato, D.; Jay, M. J.; Carlson, D.; Kahr,
B.; Cooks, R. G. J. Org. Chem. 1992, 57, 5069.

(42) Maggini, M.; Scorrano, G.; Prato, M. J. Am. Chem. Soc. 1993, 115, 9798.
(43) Xie, Q.; Pérez-Cordero, E.; Echegoyen, L. J. Am. Chem. Soc. 1992, 114,

3978.

Figure 10. NICS pattern of the open-cage fullerene derivatives 6, calculated
at the B3LYP/6-31G* level of theory.
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the paramagnetic property of the encapsulated species. In accord
with a very minute effect of encapsulated hydrogen, the IR
spectrum was almost the same as that of empty C60, exhibiting
four absorption bands at 1429.2, 1182.3, 576.7, and 526.5 cm-1

(to be compared with 1429.2, 1182.3, 575.7, and 526.5 cm-1

for empty C60 measured under exactly the same conditions).
Only the band at 576.7 cm-1 of H2@C60, corresponding to an
out-of-plane vibration mode,32 is slightly higher in energy than
that of empty C60 by 1.0 cm-1. This might be taken as evidence
that a slight repulsive interaction with the inner H2 molecule
has caused a very slight deformation of the spherical cage of
H2@C60. The UV-vis spectrum was also the same as that of
empty C60. An attempt to measure the Raman spectrum of
H2@C60 was unsuccessful because of strong fluorescence from
the outer C60 cage. Further trials are now underway.
The endohedral fullerene H2@C60 is thermally stable. Upon

heating the pure sample of H2@C60 at 500 °C for 10 min under
vacuum, there was no decomposition or release of incorporated
hydrogen at all, as judged from the 13C NMR and HPLC.
1H NMR Chemical Shift of Hydrogen Inside the Open-

Cage Fullerenes. At each step in the chemical transformation
to reduce the orifice size, gradual downfield shifts were observed
for the 1H NMR signal of encapsulated hydrogen: H2@5, δ
-7.25 ppm; H2@6, δ -6.33 ppm; H2@7, δ -5.80 ppm; H2@8,
δ -2.95 ppm; H2@C60, δ -1.45 ppm. To examine if theoretical
calculations can reproduce this tendency, we first conducted
the GIAO (gauge-independent atomic orbital) calculations at
the B3LYP/6-311G** level of theory for the structures opti-
mized at the B3LYP/6-31G* level, on a series of the open-
cage and closed-cage fullerenes containing H2.33 All chemical
shifts are expressed as the values with reference to tetrameth-
ylsilane also calculated using the same level. As shown in Table
1, the GIAO calculations were found to reproduce the trend of
gradual downfield shifts, although there was a tendency to
underestimate the magnetic shielding effects of the fullerene
cage in the extent which gradually increased in the order of
H2@5 (∆δ 1.38) to H2@C60 (∆δ 3.24). A similar tendency of
underestimation of the NMR chemical shift of encapsulated
species in the GIAO-DFT method has been reported and
discussed in detail.33,34

The observed gradual downfield shift must be due to the
change in magnetic environment of this hydrogen, resulting from
the change in diamagnetic and paramagnetic ring currents of
hexagons and pentagons, and the consequent total ring currents,
of the fullerene cage. To prove this, the diamagneticity and
paramagneticity of all the π-conjugated five- and six-membered
rings in the open-cage fullerenes 5-8 and of C60 were assessed
by the NICS (nucleus-independent chemical shifts) calcula-
tions.33,35,36 The obtained NICS values for each pentagon and
hexagon are shown in the Schlegel diagrams of Figure 9. Upon
removal of the sulfur atom from the orifice of 5, which caused
a 1.45 ppm downfield shift, the aromatic character of most of
the hexagons (14 out of 18) decreased (decrease in absolute
NICS value, 0.5-2.2 ppm) with the exception of two rings
(increase in absolute NICS value, 0.1-0.6 ppm), whereas the
antiaromatic character of most pentagons (8 out of 9) increased
by 1.1-2.2. A similar trend is also seen in the case of the
chemical transformation of 7 to 8,37 which caused further
downfield shift by 2.85 ppm (calculated value, 3.68 ppm). In
this way, the size reduction of the orifice in each step is shown
to lower the aromatic character of the fullerene cage as a whole.
A series of these orifice size reduction processes should also
be accompanied by very slight but gradual increase in strain of
the fullerene’s σ-frameworks, which should gradually weaken
the extent of the total π-conjugation on the fullerene surface.19m
These are all taken together as the reason for observed downfield
shifts upon the reduction of the orifice size.
In the final step, in which the organic addends were

completely removed and the original C60 structure was restored
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(37) The aromatic character in all hexagons decreased (by the absolute value,
0.7-3.1 ppm), and the antiaromatic character of all pentagons increased
(by the absolute value, 0.7-5.3 ppm).

Figure 9. NICS patterns of the open-cage fullerene derivatives 5, 7, and 8, calculated at the B3LYP/6-31G* level of theory: red regions are for δ < -5
ppm, pink for δ ) 0 to -5, pale blue for δ ) +5 to +10, and blue for δ > +10.

Table 1. Experimental and Calculated NMR Chemical Shifts for
Encapsulated Hydrogen of a Series of Open-Cage Fullerene
Derivatives and H2@C60

H2@5 H2@6 H2@7 H2@8 H2@C60

expa -7.25 -6.33 -5.80 -2.95 -1.45
calcdb -5.87 -4.72 -3.85 -0.17 +1.79
∆ 1.38 1.61 1.95 2.78 3.24

a At 300 MHz, in ODCB-d4. b Calculated at the GIAO-B3LYP/6-
311G**//B3LYP/6-31G* level of theory.
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the paramagnetic property of the encapsulated species. In accord
with a very minute effect of encapsulated hydrogen, the IR
spectrum was almost the same as that of empty C60, exhibiting
four absorption bands at 1429.2, 1182.3, 576.7, and 526.5 cm-1

(to be compared with 1429.2, 1182.3, 575.7, and 526.5 cm-1

for empty C60 measured under exactly the same conditions).
Only the band at 576.7 cm-1 of H2@C60, corresponding to an
out-of-plane vibration mode,32 is slightly higher in energy than
that of empty C60 by 1.0 cm-1. This might be taken as evidence
that a slight repulsive interaction with the inner H2 molecule
has caused a very slight deformation of the spherical cage of
H2@C60. The UV-vis spectrum was also the same as that of
empty C60. An attempt to measure the Raman spectrum of
H2@C60 was unsuccessful because of strong fluorescence from
the outer C60 cage. Further trials are now underway.
The endohedral fullerene H2@C60 is thermally stable. Upon

heating the pure sample of H2@C60 at 500 °C for 10 min under
vacuum, there was no decomposition or release of incorporated
hydrogen at all, as judged from the 13C NMR and HPLC.
1H NMR Chemical Shift of Hydrogen Inside the Open-

Cage Fullerenes. At each step in the chemical transformation
to reduce the orifice size, gradual downfield shifts were observed
for the 1H NMR signal of encapsulated hydrogen: H2@5, δ
-7.25 ppm; H2@6, δ -6.33 ppm; H2@7, δ -5.80 ppm; H2@8,
δ -2.95 ppm; H2@C60, δ -1.45 ppm. To examine if theoretical
calculations can reproduce this tendency, we first conducted
the GIAO (gauge-independent atomic orbital) calculations at
the B3LYP/6-311G** level of theory for the structures opti-
mized at the B3LYP/6-31G* level, on a series of the open-
cage and closed-cage fullerenes containing H2.33 All chemical
shifts are expressed as the values with reference to tetrameth-
ylsilane also calculated using the same level. As shown in Table
1, the GIAO calculations were found to reproduce the trend of
gradual downfield shifts, although there was a tendency to
underestimate the magnetic shielding effects of the fullerene
cage in the extent which gradually increased in the order of
H2@5 (∆δ 1.38) to H2@C60 (∆δ 3.24). A similar tendency of
underestimation of the NMR chemical shift of encapsulated
species in the GIAO-DFT method has been reported and
discussed in detail.33,34

The observed gradual downfield shift must be due to the
change in magnetic environment of this hydrogen, resulting from
the change in diamagnetic and paramagnetic ring currents of
hexagons and pentagons, and the consequent total ring currents,
of the fullerene cage. To prove this, the diamagneticity and
paramagneticity of all the π-conjugated five- and six-membered
rings in the open-cage fullerenes 5-8 and of C60 were assessed
by the NICS (nucleus-independent chemical shifts) calcula-
tions.33,35,36 The obtained NICS values for each pentagon and
hexagon are shown in the Schlegel diagrams of Figure 9. Upon
removal of the sulfur atom from the orifice of 5, which caused
a 1.45 ppm downfield shift, the aromatic character of most of
the hexagons (14 out of 18) decreased (decrease in absolute
NICS value, 0.5-2.2 ppm) with the exception of two rings
(increase in absolute NICS value, 0.1-0.6 ppm), whereas the
antiaromatic character of most pentagons (8 out of 9) increased
by 1.1-2.2. A similar trend is also seen in the case of the
chemical transformation of 7 to 8,37 which caused further
downfield shift by 2.85 ppm (calculated value, 3.68 ppm). In
this way, the size reduction of the orifice in each step is shown
to lower the aromatic character of the fullerene cage as a whole.
A series of these orifice size reduction processes should also
be accompanied by very slight but gradual increase in strain of
the fullerene’s σ-frameworks, which should gradually weaken
the extent of the total π-conjugation on the fullerene surface.19m
These are all taken together as the reason for observed downfield
shifts upon the reduction of the orifice size.
In the final step, in which the organic addends were

completely removed and the original C60 structure was restored
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(33) (a) Bühl, M.; Kaupp, M.; Malkina, O. L.; Malkin, V. G. J. Comput. Chem.
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Rao, N.; Moncrieff, D.; Bühl, M.; Hirsch, A.; Thiel, W. Theor. Chem. Acc.
2001, 106, 364.

(37) The aromatic character in all hexagons decreased (by the absolute value,
0.7-3.1 ppm), and the antiaromatic character of all pentagons increased
(by the absolute value, 0.7-5.3 ppm).

Figure 9. NICS patterns of the open-cage fullerene derivatives 5, 7, and 8, calculated at the B3LYP/6-31G* level of theory: red regions are for δ < -5
ppm, pink for δ ) 0 to -5, pale blue for δ ) +5 to +10, and blue for δ > +10.

Table 1. Experimental and Calculated NMR Chemical Shifts for
Encapsulated Hydrogen of a Series of Open-Cage Fullerene
Derivatives and H2@C60

H2@5 H2@6 H2@7 H2@8 H2@C60

expa -7.25 -6.33 -5.80 -2.95 -1.45
calcdb -5.87 -4.72 -3.85 -0.17 +1.79
∆ 1.38 1.61 1.95 2.78 3.24

a At 300 MHz, in ODCB-d4. b Calculated at the GIAO-B3LYP/6-
311G**//B3LYP/6-31G* level of theory.
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H2@C60, can be synthesized in a macroscopic amount by
chemically closing the 13-membered ring orifice of open-cage
fullerene 5 incorporating hydrogen. The endohedral chemical
shift for the molecular hydrogen in a series of open-cage
fullerenes is particularly sensitive to the transformation of the
outer cage, and the GIAO and NICS calculations are helpful to
rationalize the chemical shift change even for such highly
derivatized fullerenes. The endohedral hydrogen’s NMR signal
of representative derivatives of H2@C60 has indicated that it
can serve as a sensitive probe for the exohedral transformation
of the fullerene cage. Although the 13C NMR, IR, and UV-vis
spectra of H2@C60 are virtually the same as those of empty
C60, the existence of repulsive interaction between the inside
hydrogen and the outer π-electron system of C60 in its highly
reduced states has been confirmed by electrochemical measure-
ments. The new endohedral fullerene, H2@C60, can be taken
as an ideal model to examine specific characteristics of a
hydrogen molecule placed in a totally isolated state. A conver-
sion between ortho- and para-hydrogen is certainly one of such
issues. On the other hand, the critical temperature for the
appearance of superconductivity upon alkali-metal doping
should undergo a change. These studies are now under
investigation in collaboration with teams in the areas of physical
chemistry and physics. It is evidently possible to apply the
present molecular surgery method to synthesize endohedral
fullerenes, such as D2@C60, HD@C60, He@C60, as well as a
homologous series with C70. Investigations along these lines
are now in progress in our group.

Experimental Section
General. 1H and 13C NMR measurements were carried out on a

Varian Mercury 300 instrument, and chemical shifts are reported in
parts per million with reference to tetramethylsilane. In some cases,
the signal of o-dichlorobenzene (ODCB) in the ODCB-d4 solvent was
used as internal standard (δ ) 7.20 ppm in 1H NMR). UV-vis spectra
were recorded on a Shimadzu UV-3150 spectrometer. IR spectra were
taken with a Shimadzu FTIR-8600 spectrometer. MALDI-TOF mass
spectra were measured with an Applied Biosystem Voyager-DE STR
spectrometer. FAB mass spectra were recorded on a JEOL MStation
JMS-700. APCI mass spectra were measured on a Finnigan-MAT TSQ
7000 spectrometer. GC/MS analyses were conducted on a Shimadzu
GCMS-QP5050A spectrometer. The high-pressure liquid chromatog-
raphy (HPLC) was performed by the use of a Cosmosil Buckyprep
column (4.6 mm × 250 mm) for analytical purpose and wider columns

of the same kind (two directly connected Buckyprep columns, 10 mm
× 250 mm) for preparative purpose. Fullerene C60 was purchased from
Matsubo Co. m-Chloroperbenzoic acid was purchased from Aldrich
Co. Zinc (sandy) and titanium(IV) chloride were purchased from Wako
Co.
Computational Method. All calculations were conducted using the

Gaussian 98 series of electronic structure program. The geometries were
fully optimized with the restricted Becke hybrid (B3LYP) method for
all calculations. The GIAO calculations were performed at the B3LYP/
6-311G** level of theory using the optimized structures at the B3LYP/
6-31G* level of theory. NICS calculations were performed at the
B3LYP/6-31G* level of theory using the optimized structures at the
B3LYP/6-31G* level.
Cyclic Voltammetry and Differential Pulse Voltammetry of

H2@C60. The measurements were conducted on a BAS electrochemical
analyzer ALS600A using a four-necked flask equipped with three
platinum wires serving as reference, counter, and working electrodes.
About 2 × 10-4 M solutions of H2@C60 and C60 were used. TBAPF6
(0.1 M) was used as supporting electrolyte. For a low-temperature
measurement, toluene and acetonitrile (5.4:1 by volume) were dried
over P2O5, degassed by repeated freeze-pump-thaw cycles under 10-4
mmHg, and vapor transferred into an electrochemical cell connected
to a vacuum line (10-4 mmHg). The voltammograms were recorded at
-10 °C at the scan rates of 100 mV s-1 for CV and 25 mV s-1 for
DPV. The potentials were corrected against ferrocene used as an internal
standard which was added after each measurement.
Oxidation of H2@5. A mixture of H2@5 (107 mg, 0.0988 mmol)

and m-chloroperbenzoic acid (34 mg, 0.20 mmol) in 200 mL of toluene
was stirred at room temperature for 13 h under nitrogen atmosphere.
The solvent was evaporated under reduced pressure, and the residual
brown solid was washed twice with 50 mL of methanol and dried under
vacuum to give H2@6 (106 mg, 0.0977 mmol, 99%) as a brown solid.
H2@6: IR (KBr) ν 1746 (CdO), 1073 (SdO) cm-1; UV-vis

(CHCl3) λmax (log ε) 258 (5.14), 320 (4.70) nm; 1H NMR (300 MHz,
CS2-CD2Cl2 (5:1)) δ 8.63 (m, 1H), 8.32 (m, 1H), 8.26-8.23 (m, 2H),
8.05 (m, 1H), 7.68 (m, 1H), 7.42-7.34 (m, 4H), 7.17-7.03 (m, 4H),
-6.18 (s, 2H); 13C NMR (75 MHz, ODCB-d4) δ 193.61, 187.54, 167.08,
163.54, 155.72, 154.97, 150.41, 149.06, 148.94, 148.21, 148.00, 147.99,
147.96, 147.79, 147.71, 147.68, 147.40, 147.34, 147.32, 147.14, 147.03,
146.96, 146.89, 146.71, 146.44, 146.29, 146.14, 145.35, 144.27, 143.79,
142.89, 142.54, 142.06, 141.82, 141.79, 141.69, 140.86, 140.81, 140.80,
140.62, 140.46, 140.25, 139.94, 139.79, 139.41, 139.11, 139.05, 138.85,
138.59, 138.58, 138.46, 137.46, 136.01, 135.68, 133.56, 133.08 (132.15,
131.36, 131.29, 131.02, 130.80, 128.87, 128.76), 125.84, 125.09,
122.81, 122.75, 75.10, 52.60 (the signals at the range of δ 132.4-
126.8 were overlapped with the signals of ODCB-d4); HRMS (+FAB)
calcd for C80H16O3N2S (M+), 1084.0882, found 1084.0929.
Photochemical Desulfurization of H2@6. A stirred solution of

H2@6 (52 mg, 0.048 mmol) in 150 mL of toluene in a Pyrex glass
flask was irradiated with a xenon lamp (500 W) placed at the distance
of 20 cm at room temperature for 17 h under argon atmosphere. After
removal of the solvent under reduced pressure, the residual brown solid
was subjected to flash column chromatography over silica gel. Elution
with CS2-ethyl acetate (30:1) gave H2@7 (21 mg, 0.020 mmol, 42%)
as a brown solid, and following elution with CS2-ethyl acetate (10:1)
gave unreacted H2@6 (20 mg, 0.018 mmol, 38%).
H2@7: IR (KBr) ν 1747 (CdO) cm-1; UV-vis (CHCl3) λmax (log

ε) 257 (5.09), 324 (4.67) nm; 1H NMR (300 MHz, CS2-CD2Cl2 (5:1))
δ 8.57 (m, 1H), 8.40 (m, 1H), 8.10-7.99 (m, 3H), 7.82 (m, 1H), 7.40-
7.35 (m, 4H), 7.27-7.07 (m, 4H), -5.69 (s, 2H); 13C NMR (75 MHz,
ODCB-d4) δ 196.45, 189.88, 168.35, 163.06, 149.82, 148.75, 148.62,
148.42, 147.66, 147.52, 147.17, 146.88, 146.51, 146.08, 145.92, 145.59,
145.56, 145.55, 145.50, 145.43, 145.38, 145.16, 145.08, 144.95, 144.92,
144.59, 144.47, 143.95, 143.89, 143.73, 142.98, 142.60, 142.41, 142.15,
141.82, 141.72, 141.33, 140.93, 140.64, 140.33, 140.11, 139.96, 139.94,
139.70, 139.66, 139.61, 139.15, 138.43, 137.55, 137.43, 137.25, 136.28,

Figure 11. CV and DPV of (a) H2@C60 and (b) C60 in toluene-CH3CN
(5.4:1) at -10 °C.
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C60

C60

5 µA
(CV)

V vs Fc/Fc+0 −1 −21

2 µA
(DPV)

−1.11
−1.52 −1.99

−1.15 −1.56 −2.02
−2.49

−1.13 −1.54 −1.99

−1.16 −1.57 −2.02
−2.50

V vs Fc/Fc+0 −112

10 µA

−1.44

−1.07
−1.44

−1.07

+1.63

+1.62

H2@C60

H2@C60

Figure S7 Cyclic voltammetry (CV) and differential pulse voltammetry (DPV).
a, H2@C60 and b, C60: 0.5 mM in o-dichlorobenzene, 0.05 M Bu4NBF4, scan 
rate 0.02 V s−1.  Values of potential are read with reference to ferrocene-
ferrocenium couple.

Figure S8 Cyclic voltammetry (CV).  a, H2@C60 and b, C60: 0.5 mM in 

1,1,2,2-tetrachloroethane, 0.1 M Bu4NPF6, scan rate 0.02 V s−1.  Values 
of potential are read with reference to ferrocene-ferrocenium couple.

a

b

a

b

CV and DPV of H2@C60 and C60!

⇒ H2@C60 becomes more difficult 
to be reduced as it acquires more 
than three electrons.!
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summary!

C60

+
N

N

HN

Ph

PhPy

o-Cl2C6H4
180 ºC, 17 h
50% yield

N
Ph

Py Ph

1O2

CCl4, hυ
under air, 6 h

60% yield

N
Ph

Py PhO
O

o-Cl2C6H4
180 ºC, 30 min

77% yield

S8 (1 eq)
TDAE (1 eq)

O

N
Ph

PhPy
O

S

H-H

O

N
Ph

PhPy
O

S

(800 atm)
200 ºC

8 h
100% yield

m-CPBA

toluene
rt, 13 h

99% yield

toluene
visible light

rt, 17 h
42% yield

O

N
Ph

PhPy
O

S
O

N
Ph

Py PhO
O

TiCl4, Zn

o-DCB/THF
80 °C, 2 h
88% yield

N
Ph

Py Ph

H2@C60

340 °C, 2 h
61% yield

total 5.2% yield �

・H2@C60 and C60 showed almost the same properties.!
・the endohedral chemical shift for the H2 is sensitive !
　to the transformation of the outer cage.�
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synthesis!

C60

+
NN

ArAr

1-ClNp
260 ºC, 40 h

Ar Ar

1O2

1-ClNp-CS2, hυ
rt, 23-27 h

43% yield (2 steps)

Ar ArO
O

Ar =
N

tBu

NMMO

THF
rt, 3 h

88% yield

O
O

O

Ar
O

Ar

O
O

Ar
O Ar

HO
HO

H2O

5a was observed and a new species, probably 4a
(fig. S19), was detected with high-performance
liquid chromatography (HPLC) (Buckyprep,
toluene) analysis. However, because this com-
pound quickly went back to hydrate 5 at room
temperature, characterization of 4was not achieved
yet. As a similar reaction is known in the litera-
ture (17), the conversion between 5a and 4a
would be performed quantitatively. The size of
the opening on tetraketone 4 is greater than that
of hydrate 5, implying that insertion of an H2O
molecule into 4 could be possible.

When hydrate 5b was refluxed in wet toluene
(15 mL of water in 10 mL toluene) and the result-
ing product was analyzed by 1H nuclear magnetic
resonance (NMR), an H2O molecule encapsulated
inside 5b was detected in 8% yield by comparison

of the integrated peak areas. The encapsulation
ratio is apparently lower than the reported values
by Iwamatsu et al. (75%) (11) and by Gan and co-
workers (88%) (12), reflecting the smaller size of
the opening on tetraketone 4b than those on their
compounds. However, quantitative encapsulation
of an H2O molecule inside 5b was achieved when
this process was conducted under the high pres-
sure of 9000 atm at 120°C for 36 hours (Fig. 2
and figs. S20 to S22). The high pressure is critical;
only 40% encapsulation was observed under
5000 atm under the similar conditions.

The formation of H2O@5b can be explained
by the dynamic control of the opening size. Elim-
ination of a water molecule from 5b generates 4b.
The insertion of an H2O molecule into 4b takes
place through the 16-membered-ring opening gen-

erated in situ, followed by addition of a water
molecule to regenerate 5b encapsulating an H2O
molecule. The 1H NMR spectrum of H2O@5b
displayed a strongly shielded sharp signal at –9.87
parts per million (ppm), corresponding to the en-
capsulated H2O molecule (11, 12). The encapsula-
tion was also supported by fast atom bombardment
mass spectrometry analysis displaying the mo-
lecular ion peak at a mass-to-charge ratio m/z
1139 (M+H+), corresponding to H2O@5b (15).

Our synthetic pathway for closing the 13-
membered-ring opening on H2O@5b is a coupling
reaction of two carbonyl groups with a phosphite
ester (18). As shown in Fig. 2, the reaction of
H2O@5b with excessive amounts of P(Oi-Pr)3
(i-Pr, isopropyl) in refluxing toluene gave H2O@2b
in 50% isolated yield without the loss of the

Fig. 1. (A) Synthetic route of open-cage C60 5 (1-chloronaphthalene being abbreviated as 1-ClNp) and (B) the x-ray structure of 5a at the 50% probability
level. The solvent molecules were omitted for clarity.

Fig. 2. Encapsulation
of an H2O molecule to
open-cage C60 5b and
restoration of the open-
ing for the synthesis of
H2O@C60.

29 JULY 2011 VOL 333 SCIENCE www.sciencemag.org614
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X-ray� Ar = tBu
K. Kurotobi, Y. Murata, Science 2011, 333, 613.!
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synthesis!

O
O

Ar
O Ar

HO
HO

–H2O

O
O

O

Ar
O

Ar
O

O

O

Ar
O

Ar

–H2O H2O

O
O

Ar
O Ar

HO
HO

toluene/H2O (667:1)
9000 atm

120 °C, 36 h
quant

O
O

O

Ar
O

Ar

encapsulation of H2O was supported by!
  1H NMR: δ = -9.87 ppm!

  FAB mass!

K. Kurotobi, Y. Murata, Science 2011, 333, 613.!
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synthesis!

O
O

O

Ar
O

Ar

O
O

Ar
O Ar

HO
HO

–H2O H2O

–2 O=P(OiPr)3
ca. 60% yield

Ar ArO
O

–2 O=P(OiPr)3

Ar Ar

toluene
120 °C, 15 h
50% yield

P(OiPr)3

O
O

O

Ar
O

Ar

H2O@C60

360 °C, 1 h
29% yield

Al2O3

K. Kurotobi, Y. Murata, Science 2011, 333, 613.!
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evidence for the existence of the encapsulated H2O!

H2O@C60

encapsulated H2O molecule (figs. S23 to S25).
The reaction eliminated one water molecule from
H2O@5b to generate H2O@4b, followed by two
successive carbonyl couplings on H2O@4b and
then on H2O@3b, to give H2O@2b. As a control
experiment, empty 3a was converted into 2a in
80% under the same conditions. The first carbonyl
coupling from H2O@4b to H2O@3b appeared
to proceed with ~60% yield. This one-pot pro-
cess is very simple compared with our previous
method for the synthesis of H2-encapsulating
endofullerenes, in which three reactions were
needed to reduce the size of the openings from
13-membered rings to 8-membered rings, with
purification being necessary at each step (8, 9).

The final step in the synthesis of H2O@C60

is removal of the organic addend from H2O@
2b. We mixed H2O@2b (50 mg) with neutral
Al2O3 (1 g) in a mortar, and the resulting mix-
ture was heated at 360°C for 1 hour under vac-
uum to give H2O@C60 as brown powder in 29%
yield after purification with silica gel chroma-
tography. This step likely proceeded though a
[4+2]cyclization, retro[4+4]reaction (19, 20), and
formation of a bicylo[2.2.0]hexene moiety fol-
lowed by a retro[4+2]reaction, which would be the
reverse of the reaction of the addition, or radical
cleavage of four C-C single bonds (8). The Al2O3

support might help such reactions as a solid acid,
which dilutes the substrate and helps prevent un-
desirable intermolecular reactions. Without the
Al2O3 support, the yield of H2O@C60 decreased
to 3%. When a mixture of H2O and D2O, instead
of pure H2O, was applied to 5b under the same
conditions described above, it was possible to
obtain a mixture of H2O@C60, HDO@C60, and
D2O@C60 (15).

Direct evidence for the existence of the encap-
sulated H2O molecule inside C60 was obtained
from single-crystal x-ray analysis (tables S2 to S4).
Although single crystals of H2O@C60 without any
solvated molecules were obtained from o-xylene
solution, the x-ray diffraction data analysis showed
that this crystal has severe orientation disorder of
the C60 cage, even at –173°C. Such problems of
orientation disorder can be solved by formation
of molecular complexes with porphyrin derivatives
developed by Balch and co-workers (21). From
the 1:2 mixture of H2O@C60 and nickel (II) octa-
ethylporphyrin (NiOEP) in o-xylene solution, the
single crystals with enough size and quality were
obtained. The x-ray diffraction data was collected
at –173°C and analyzed without any restraints. No
such disorder was observed for the molecular
complex H2O@C60•(NiOEP)2 with the final R1
value of 3.64% (Fig. 3). The oxygen atom of the
encapsulated H2O molecule is located just at the
center of the C60 cage. This positioning is similar
to that seen for Kr@C60 (21) and H2@C60 (22)
but different from that of Li@C60SbCl6, where the
encapsulated Li atom is located off-center (23).
The position of the hydrogen atom of the encap-
sulated H2O molecule was refined experimen-
tally, and the OH bonds were found to be directed
toward the Ni atoms through the C60 cage (Fig.
3B). The single crystals of empty C60•(NiOEP)2
were also obtained with the same space group
and similar cell constants. Comparison of the bond
lengths and bond angles between H2O@C60•
(NiOEP)2 and empty C60•(NiOEP)2 revealed that
the encapsulated H2O molecule does not affect
the structure of the outer C60 cage (15).

No escape of the encapsulated H2O molecule
from H2O@C60 was observed when the powder

of H2O@C60 was heated at 420°C for 30 min
under vacuum and the resulting material was anal-
yzed by HPLC. Atmospheric-pressure chemical-
ionization mass spectrometry analysis of H2O@C60

(fig. S26) predominantly showed peaks at m/z 738
with the isotopic distribution pattern of C60H2O.
The ultraviolet-visible spectrum of H2O@C60 in
toluene (fig. S27) is almost superimposable with
that of empty C60, indicating no detectable
electronic interaction present between the en-
capsulated H2O molecule and the outer C60

cage. The 1H NMR spectrum of H2O@C60 in
o-dichlorobenzene-d4 (ODCB-d4) (fig. S28)
revealed a sharp singlet signal at –4.81 ppm,
reflecting a strong shielding effect of the C60

cage. The signal of dissolved H2O in ODCB-d4
appeared at 1.39 ppm. The value of upfield shift
(6.2 ppm) for H2O@C60 is very close to that of
H2@C60 (5.9 ppm) (8) and 3He@C60 (6.1 ppm)
(24). Interestingly, apparent couplings between
the proton and the deuteron of HDO@C60 were
detected with JH-D 0.9 Hz in the 1H NMR and
JH-D 0.9 Hz in the 2H NMR (figs. S29 to S30),
indicating no exchange of the proton and the
deuteron inside the C60 cage.

The 13C NMR (ODCB-d4) spectrum (fig.
S31) showed a sharp signal at 142.89 ppm, sug-
gesting rapid rotation of the encapsulated H2O
molecule inside the C60 cage with respect to the
time scale of NMR. In a series of endohedral C60

encapsulating rare gases and an H2 molecule, the
differences in 13C NMR chemical shifts com-
pared with that of empty C60 (142.78 ppm in
ODCB-d4) reflect the van der Waals radii of the
encapsulated species: Dd 0.02 ppm for He (25),
Dd 0.08 ppm for H2 (8), Dd 0.17 ppm for Ar
(26), Dd 0.39 ppm for Kr (27), and Dd 0.95 ppm

Fig. 3. X-ray structure of the molecular complex H2O@C60·(NiOEP)2 at the 50% probability
level. (A) The viewpoint from the two five-membered rings overlapped with hydrogen atoms

omitted for clarity and (B) the viewpoint from the two six-membered rings overlapped with displaying hydrogen atoms determined experimentally for H2O
and generated geometrically for NiOEP.

www.sciencemag.org SCIENCE VOL 333 29 JULY 2011 615
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X-ray of H2O@C60・(NiOEP)2 �

just at the center of the C60 cage �
1H NMR: δ = -4.81 ppm!
13C NMR: δ = 142.89 ppm (C60: 143.78 ppm)!
!
APCI mass!
no escape of H2O was observed (420 ℃, 30 min)!

properties!

UV-Vis spectra �
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Figure S28. 1H NMR (300 MHz, ODCB-d4) spectrum of H2O@C60.
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⇒ “no detectable electronic interaction present !
between the encapsulated H2O and C60 cage”.!

K. Kurotobi, Y. Murata, Science 2011, 333, 613.!

⇒ “rapid rotation of the encapsulated H2O”.!

“wet fullerene”!
“polar C60” �

CV and DPV!

⇒ encapsulated H2O is electrochemically stable.!
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Figure S36. Differential pulse voltammetry (DPV) of H2O@C60 (solid) and C60 (dot).
1 mM in o-dichlorobenzene, 0.1 M Bu4NPF6, scan rate: 20 mVs-1.
Values of potential (C60 in parentheses) are read with reference to ferrocene/ferrocenium
couple.
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summary!

toluene
120 °C, 15 h
50% yield

P(OiPr)3

Ar Ar

360 °C, 1 h
29% yield

Al2O3

H2O@C60

・single molecule of H2O without any hydrogen bonds!
　can be completely isolated.!
・bulk synthesis of H2 O@C60 allow the study of !
　the intrinsic properties of a single molecule of H2O.!

toluene
9000 atm

120 °C, 36 h
95% yield

O
O

Ar
O Ar

HO
HO

OH
H

total 5.2% yield �

Ar =
N

tBu

C60

+
NN

ArAr

1-ClNp
260 ºC, 40 h

Ar Ar

1O2

1-ClNp-CS2, hυ
rt, 23-27 h

43% yield (2 steps)

Ar ArO
O

NMMO

THF
rt, 3 h

88% yield

O
O
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O Ar
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-synthesis of new endohedral fullerenes which can’t be obtained by conventional methodologies!
-highly efficient (gram scale) synthesis of endohedral fullerenes → material sciences!
-control π-electron system from the inside of fullerenes!
-completely “isolated” molecule!
-encapsulation of highly active species!

etc.�


