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Abstract: We report the details of our study to synthesize a new endohedral fullerene, H.@Cgo, in more
than 100 mg quantities by closure of the 13-membered ring orifice of an open-cage fullerene using four-
step organic reactions. The 13-membered ring orifice in a previously synthesized open-cage fullerene
incorporating hydrogen in 100% yield was reduced to a 12-membered ring by extrusion of a sulfur atom at
the rim of the orifice, and the ring was further reduced into an eight-membered ring by reductive coupling
of two carbonyl groups also at the orifice. Final closure of the orifice was completed by a thermal reaction.
Purification of H,@Cgo was accomplished by recycle HPLC. A gradual downfield shift of the NMR signal
for the encapsulated hydrogen observed upon reduction of the orifice size was interpreted based on the
gauge-independent atomic orbital (GIAO) and the nucleus-independent chemical shift (NICS) calculations.
The spectral as well as electrochemical examination of the properties of H,@Cso has shown that the
electronic interaction between the encapsulated hydrogen and outer Cgo 77-system is quite small but becomes
appreciable when the outer w-system acquires more than three extra electrons. Four kinds of exohedral
derivatives of H,@Cso were synthesized. The tendency in the shift of the NMR signal of the inner hydrogen
was found to be quite similar to that observed for the 3He NMR signal of the corresponding derivatives of
3He@C50.

Introduction because of its great potential and versatility. This method is
comprised of steps for opening an orifice on the surface of
fullerene, insertion of a small atom or a molecule through the
orifice, and closure of the orifice, making use of rational

techniques of organic synthesis. In this way, the efficient
production of various endohedral fullerenes in a much larger
amount is expected.

The preparation of endohedral fullerenes, the spherical carbon
molecules incorporating atom(s) or a molecule inside the
framework! has so far relied on hardly controllable physical
processes, such as co-vaporization of carbon and metal’&toms
or high-pressure/high-temperature treatment (853000 atm)

with noble gase3which yield only limited quantities (e.g., only .
a few milligrams) of a pure product after laborious isolation As the first step of the molecular surgery approach, Wudl

procedures. This situation has been a severe obstacle to théﬁlnd EO wgrkers p;oneereg an (fafflment ro?'ﬁ to open an 11-
development of fundamental as well as application-oriented membered ring orifice on the surface (). However, even

studies on these molecules of great importance. To bring about® small atom, such as helium, was found to be difficult to pass
a breakthrough to this situation and to make their science thrqugh this (.mf'Cé' Su.bsequently, ;gveral open-cage fullerene
developed, an entirely new approach for their production is derl\_/atlves with a relatively "T"fge orifice have been repo?tééi._

highly desired. In this regard, a molecular surgery approach to Rubin and co-workers, for instance, reported the synthesis of

endohedral fullerenes proposed by Rahis quite appealin cobalt(lll) complex2, whose cobalt atom was ideally located
prop y d PP ¢ above a 15-membered ring orifice, but the insertion of this metal

T Kyoto University. atom into the G cage through the orifice was not possible even

#PRESTO, JST. by application of such high pressure as 40 000 atm in a solid

(1) (a)Endofullerenes A New Family of Carbon Clusterékasaka, T., Nagase, 6a.12 : . s
S Eds.: Kluwer Academic Publisher: Dordrecht, The Netherlands, 2002, State?®+=A great progress in this research field was brought

(b) Fullerenes Chemistry Physics and Technologitadish, K. M., Ruoff,

R. S., Eds.; John Wiley & Sons: New York, 2000; pp 3503. (c) (4) (a) Hummelen, J. C.; Prato, M.; Wudl, &.Am Chem Soc 1995 117,
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about again by Rubin’s group, who found an elegant strategy examined in detail for a series of open-cage fullerene derivatives

to synthesize open-cage fullerene derivat¥ewith a 14-
membered ring orific€® Although the shape of the orifice is
rather elliptic, the second step of the molecular surgery was
first achieved usin@, that is, insertion of a helium atom (1.5%
yield) or a hydrogen molecule (5% vyield) in the hollow cavity
of 3 through the orifice under the conditions of 28805 °C/
ca. 475 atm and 400C/100 atm, respectiveliz. Recently,
Iwamatsu and co-workers reported a fullerene derivatiwgth
a surprisingly huge orifice, with its molecular shape almost
looking like a bowl, and showed that a water molecule can get
inside the cage even at room temperature under a normal
pressuréd

On the other hand, we synthesized & @Gerivative with a
13-membered ring orific® by thermal reaction of g with a
1,2,4-triazine derivativéln the case 0§, the shape of the orifice
is less elliptic, and the size is slightly larger than thaBofa
distance between the closest atoms situated at the orifice is 3.9
A for 5 and 3.3 A for3. Actually, we could achieve insertion
of molecular hydrogen int®d to give H@5 in 100% vyield
without any decomposition by treating a powdebafith high
pressure of hydrogen gas (800 atm) at 2G0n an autoclavé?
This complete encapsulation made it possible to directly observe
a single hydrogen molecule at the center of the fullerene cage
by the use of the synchrotron X-ray diffraction technitpand
also with the solid-state NMR spectroscoiy.

Now, as the final process of the molecular surgery, we

incorporating H as well as some of the derivatives of@ Cso.

H H

(Py=2-pyridyl)

recently succeeded, for the first time, in complete closure of Results and Discussion

the orifice of H@5 by four-step organic reactions to afford an
entirely new endohedral fullerene,@GCso, in an amount of
more than 100 m¢’ Here we describe a full account of our
research on organic synthesis of@Csp and its properties. So
far, the NMR chemical shift ofHe incorporated in fullerenes,

Size Reduction of the 13-Membered Ring Orifice of H@5.
In our previous work, we found that, upon strong laser
irradiation in the MALDI-TOF mass measurement of@b, a
weak peak atm/z 722 corresponding to ¥ Csg is observed,
indicating that the orifice of H@5 can be closed by the laser

a|bEI'[ in a Sma” amount (029.'[0 10/018), haS been SUCCGSSfU”y power in a gas phagé_However, not Only the peak intensity

used as a probe sensitive to the structure of fulleréh¥s.  \as weak but also about 70% of the originally encapsulated
Similarly, the endohedral Hchemical shifts should be highly hydrogen was shown to escape from thg €age during the

sensitive to the fullerene structure, and this has been a|50process to close the orifice. This result indicated that it is
necessary to reduce the size of the orifice in order to produce
H.@GCso without a serious loss of the encapsulated hydrogen.

(8) (a) Murata, Y.; Murata, M.; Komatsu, KChem—Eur. J. 2003 9, 1600.
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W.; Gonzalez, A.; Arguello, D.; Alemany, L. B.; Marriott, T.; Saunders,
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Figure 1. MALDI-TOF mass spectrum 06 (positive ionization mode,
_ hv (Xe lamp) dithranol matrix).
toluene, r.t.
17 h
(42%)

H.@7

Since the hydrogen molecule in@5 was found to be gradually
released with the half-life of 54.4 h at 16C or 4.2 h at 190
°C,4 such a high temperature must be avoided in the process
to close the orifice.

At a first glance of the molecular structure ®fremoval of
a sulfur atom appeared as the most facile procedure for the
orifice size reduction. Thus we first conducted an oxidation of
the sulfide unit of H@5 by m-chloroperbenzoic acid (MCPBA)
to make the sulfur atom readily removaBfeThe oxidation Figure 2. The optimized structure of @7 (B3LYP/6-31G*).
reaction proceeded at room temperature smoothly to give the
corresponding sulfoxide #®6 quantitatively (Scheme 1a). The
product was easily identified: the FAB mass spectrum exhibited expected? To chemically remove the SO unit, first we
amolecular ion peak aw/z 1084 (M) corresponding to b@6,  4tempted its thermal extrusion by heating@6 in refluxing
and the IR spectrum showed a prominent sulfinyl stretching o) ene or at 140C in ODCB, but there was practically no
band at 1073 cm, in addition to NMR data (Experimental  oaction. In contrast, simple irradiation of a solution ci@6
Section). Between the two possible stereoisomes&6fexq in benzene with visible light through a Pyrex glass flask by the
and H@6(endg, the exoisomer is considered to be formed ;56 of a xenon lamp at room temperature afforded desired
since it can avoid steric repulsion between the sulfinyl group product H@7 in 42% yield (Scheme 1b), with 38% recovery
and two carbonyl groups. Indeed, theoretical calculations at the ¢ \,nreacted W@6.2% The structure of H@7 was confirmed
B3LYP/6-31G* level of theor$t indicated theexaisomer to by NMR, FAB mass, IR, and U¥vis spectra, which were
be more stable than trendoeisomer by 8.6 kcal mof.. The'H identical to those of7® except the following. ThéH NMR
NMR spectrum of H@6 showed a sharp signal for the  gpectrum (in ODCBY,) clearly exhibited a signal for the
encapsulated hyd.roggncht: —6.33 ppm |_rD-d|chIorobenzene- encapsulated hydrogen &t= —5.80 ppm, which is 0.53 ppm
ds (ODCB-ds), which is 0.92 ppm downfield shifted compared  y,ynfield shifted compared to 86, with the integrated ratio
to that of H@5 (6 = —7.25 ppm), with the integrated peak corresponding to 2.6 0.02 H.
area of 2.0+ 0.02 H. As shown by the optimized structure of@&7 at the B3LYP/
6-31G* level of theory in Figure 2, removal of the sulfur atom
from the 13-membered ring orifice of f@®5 brought about a
significant size reduction of the orifice. The distance between
two carbonyl carbons across the orifice is reduced from 3.89 A
for H,@5 to 3.12 A for H@7. Accordingly, the calculated
activation energy for the escape of the hydrogen molecule from
H,@7 is estimated as 50.3 kcal md| which is significantly
H.@6 (endo) greater than that of 28.7 kcal miélfor H,@5%* (both calculated

at the B3LYP/6-31G** level with optimized structures at the

As shown in Figure 1, the MALDI-TOF mass spectrum of B3LYP/3-21G level). In fact, we could not observe any escape

empty 6 exhibited three strong peaks, that is, a molecular ion of the encapsulated hydrogen at all upon heating an OBLB-

peak and peaks f&and for a derivative having a 12-membered
ring orifice generated by fragmentation of an SO unit, as

(20) For MCPBA oxidation of G, see: (a) Balch, A. L.; Costa, D. A.; Noll, (22) (a) Nelson, C. R.; McCabe, P. Hetrahedron Lett1978 19, 2819. (b)
B. C.; Olmstead, M. MJ. Am Chem Soc 1995 117, 8926. (b) Takeuchi, Kobayashi, K.; Mutai, K.Tetrahedron Lett1981, 22, 5201.
K.; Tajima, Y.J. Org. Chem 2002 67, 1696. (23) Kobayashi, K.; Mutai, KPhosphorus Sulfut985 25, 43 and references
(21) Frisch, M. J.; et alGaussian 98revision A.11; Gaussian, Inc.: Pittsburgh, therein.
PA, 2001. (24) The experimentally determined value is 30.1 kcal Thadee ref 15.
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H@Cso
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Figure 3. MALDI-TOF mass spectrum of 67 (positive ionization mode,
dithranol matrix). Inset shows an expanded spectrum.

Scheme 2

TIel=26

ODCB/THF
80°C,2h
(88%)

solution of H@7 even at 190C for 3 days under vacuum, as
examined by'H NMR. This is in a sharp contrast with the case
of H,@5, from which the hydrogen molecule was gradually
released with the half-life period of 4.2 h under the same
conditions!* The MALDI-TOF mass spectrum of 4®7 (Figure
3) showed a dramatic change from that ofd®b6.1 Now a peak
for Ho.@GCso was observed as a base peak, indicating its highly
enhanced accessibility frompt@®7. Unfortunately, however, the
spectrum showed that about 20% of the hydrogen molecule
escaped during the transformation tgy@pon laser irradiation
(see inset of Figure 3). As a preliminary study, the powder of
H.@7 was heated at 350C under vacuum (ca. 1 mmHg), but
this resulted in the formation of 3 Csp only in a trace amount.
Hence, further reduction of the orifice size was apparently
required to produce a macroscopic amount e@Hso.

For this purpose, the McMurry reacti®rworked efficiently
for reductive coupling of the two carbonyl groups at the orifice
of H,@7, leading to the formation of open-cage fullerene
derivative H@8 with an eight-membered ring orifice in 88%
yield (Scheme 2). The high efficiency of this reaction is quite
reasonable since the two carbonyl groups e@H are fixed at
the parallel orientation in a close proximity, as mentioned above.
The structure of H@8 was confirmed by'H and 3C NMR,
FAB mass, IR, and UMvis spectra, which were identical to
those of empty8 except theH NMR (see below). The MALDI-
TOF mass spectrum of A®8 is quite simple, exhibiting only
two peaks over the range affz > 500, that is, a base peak
corresponding to H@GCso and a smaller molecular ion peak for
H.@8 (Figure 4). The NMR signal of the encapsulated hydrogen
of H,@8, with integrated area of 2.& 0.02 H, was observed
ato = —2.95 ppm in ODCBd,, which was 2.85 ppm downfield
shifted compared to that of 4&®7.

It is to be noted that the encapsulated hydrogen was

completely retained at each step of the process for orifice size

(25) McMurry, J. E.Chem Rev. 1989 89, 1513.

100
H2@Cso
2
§
= 50
R H,@8
0
500 700 900 1100 1300
miz

Figure 4. MALDI-TOF mass spectrum of )8 (positive ionization mode,
dithranol matrix).

Ho@Cso
(8.11 min)

6 8 10 12 14
retention time (min)

Figure 5. HPLC chart of the crude products obtained by thermal reaction
of H,@8. Column, Cosmosil Buckyprep (4.6 mx 250 mm); solvent,
toluene; flow rate, 1 mL mint.

reduction, which was confirmed by comparing the integrated
peak area for the encapsulated hydrogen with reference to that
for the aromatic protons in eadhl NMR spectrum.

Complete Restoration of the Fullerene Cage: Formation
of H,@Cso. The final step to completely eliminate extra organic
addends and to close the orifice was accomplished by heating
a brown powder of H@8 (245 mg) in a vacuum-sealed tube
placed in an electric furnace at 34Q for 2 h. The resulting
black material completely dissolved in carbon disulfide {CS
and was analyzed by HPLC on a Cosmosil Buckyprep column
eluted with toluene. As shown in Figure 5, the chromatogram
exhibited one prominent peak at the retention time of 8.11 min,
which was exactly the same as that for emptyg, @hile the
peak for H@8 at the retention time of 4.52 min disappeared.
A preparative-scale separation of thgy@ortion was readily
made by flash chromatography over silica gel eluted with CS
to give a purple solution containing desired@ICso (118 mg,
67%), contaminated by 9% of emptydwhich was proven as
described below. Similar results were obtained whe@Blwas
heated at 300C for 24 h or at 40C0°C for 2 min.

The mechanism for this thermal reaction is considered as
shown in Figure 6. An initial §2s + 72s + 72s] electrocy-
clization produces intermediafincorporating two cyclopro-
pane rings, which undergo subsequent radical cleavage to give
intermediatel 0. As to the following step, conceptually the most
reasonable one is a retrads + 72s + 72s] reaction to give
Ceo together with 2-cyanopyridinel() and diphenylacetylene
(12) (Figure 6a). Indeedl1 and12 were detected in the crude
product as described in the Experimental Section. However, the
reaction was not so clean, and, to our surprise, benzoniti®e (
and 2-(phenylethynyl)pyridineld) were also found to be formed
together with an unknown compound having a molecular
formula of PRPYGN. This latter fact indicates that occurrence

J. AM. CHEM. SOC. = VOL. 128, NO. 24, 2006 8027
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(a)

Ph Ph
PN\ P [n2s+m2s+n2s] Pyél’_”%”‘
¢ = (c)
8 9

/ HZ@CBO
o
Ph _,_J A o

o Py—=N 11 190 200 210 290 300 310

Py I
Ph—=-Ph 12 retention time (min)

D —;> ¢ 1 ,L; § ; Figure 7. Recycle HPLC chart for the separation of@GCso and empty

10 Cso. (a) Before recycle, (b) after 10 recycles, and (c) after 15 recycles.

on NP
M |
Py Ph Py ~Phl4qs Ho@Cegp
)

(b)

~Z

g

142.844

ODCB-d,

142.766

s

143.0 1428 1426

Py=N 11 _i_/WL

Ph Ph B
j‘f__l[ - j\lj Ph-=-Ph 12 220 180 140 100 60 20 &/ppm
Py Ph Py ~Ph 15 Ph—=N 13 Figure 8. 3C NMR spectrum (75 MHz, ODCBBl) of the Gy portion of
Py—=-Ph 14 the thermolysis product. Inset shows the expanded spectrum.

Figure 6. Possible reaction mechanisms for the formation ef ffom ) ) ] )
compoundB. For the fullerene derivatives, only top parts of the molecules t0 this separation. Also in the case of a mixture @b @nd

are shown. E@Gso (E = Ar,2 Kr,22and X&9), E@Gy is known to be more
strongly adsorbed than emptyd3o the PYE columri® which

of the reaction pathway shown in Figure 6b cannot be rigorously giso has the pyrenyl groups on the stationary phase. The
ruled out, although we regrettably do not have a reasonable ;.g|ectron distribution of & is considered to be slightly pushed
explanation for the occurrence of this reaction, which has to gytward by the encapsulated noble gas atdims.
involve an extrusion of highly unstable byproduct, such as  The 13c NMR spectrum of the crude ¢ portion of the
azacyclobutadiene (azete) derivatii&2° thermolysis product readily obtained by passing the €fution

It was also unexpected that 9% of encapsulated hydrogenthrough a silica gel column is shown in Figure 8. Between the
molecule had escaped from the cage during this thermal reactiontwo signals a® 142.844 and 142.766 ppm with an integrated
Theoretical calculations as well as inspection of the molecular ratio of 10:1, the one at 142.766 ppm is identical to that of
model suggest that it is impossible for a hydrogen molecule to empty G, and the other signal is assigned to that e@Cso.
pass through the eight-membered ring in compo&ndVe The difference in chemical shift is only 0.078 ppm, indicating
assume that cleavage of some additional single bonds in thethat an electronic or van der Waals interaction between the inner
fullerene skeleton of H@8 (not shown in Figure 6) also takes  hydrogen and outer fullerene cage is quite minute. After the
place at a temperature higher than 3@Qwhich instantaneously  HpC separation, the main product,@Cso, exhibited alC
opens a window to release a small portion of the encapsulatedNMR signal only atd 142.844 and &H NMR signal for the
hydrogerr? inside hydrogen as a sharp singledat —1.44 ppm in ODCB-

Purification and Characterization of H>@Cs. Although ds, which is 1.51 ppm downfield shifted compared to that of
the desired product of the thermal reaction,@{€so, was H.@8. This is also 5.98 ppm upfield shifted from dissolved
contaminated by 9% of emptys, the purification of H@Cso free hydrogen. This value is comparable to the 6.36 ppm upfield
was achieved by recycling HPLC on a semipreparative Cosmosil shift of a 3He NMR signal observed fofHe@Gso.22P This
Buckyprep column (two directly connected columns; 250 mm  similarity proves that the total shielding effect of the fullerene
length, 10 mm i.d.; mobile phase, toluene; flow rate, 4 mL cage is nearly constant and indifferent to the paramagnetic
min~1) as shown in Figure 7. After 20 recycles;@Cso was species inside the cage. The slight difference in chemical shift
completely separated, with its total retention time being 399 (A¢ 0.38 ppm) might be attributed to the geometry of each
min, while that of Go was 395 min. The adsorption mechanism hydrogen atom in the molecule, which should be off-centered

of the Buckyprep column is based onra  interaction with compared to &He atom3! or, otherwise, to the difference of
the pyrenyl groups in the stationary phase. Therefore, a very
weak but appreciab|e van der Waals interaction must be (27) DiCamillo, B. A.; Hettich, R. L.; Guiochon, G.; Compton, R. N.; Saunders,

X . M.; Jimenez-Vaquez, H. A.; Anthony, K.; Cross, R. J. Phys Chem
operating between the inner hydrogen molecule and the 1996 100, 9197q Y Y

- i i (28) Yamamoto K.; Saunders, M.; Khong, A.; Cross, R. J.; Grayson, M.; Gross,
sr-electron cloud of outer £, and this must have contributed L B anedeio A E - Weisman . B. Am Chem Soc 1098 151

1591

(26) (a) Regitz, M.; Lenoir, D.; Lippert, T. I'Methoden der Organischen (29) Syamala, M. S.; Cross, R. J.; SaundersJVMAmM Chem Soc 2002 124,
Chemie: Houben-WeyKlamann, D., Ed.; Georg Thieme Verlag: Stuttgart, 6216.
New York, 1992; Vol. E 16c, p 936. (b) Regitz, M.; Bergssar, U. In (30) Klmata K.; Hosoya, K.; Areki, T.; Tanaka, N. Org. Chem 1993 58,
Science of Synthesis: Houben-Weyl Methods of Molecular Transformations 282.
Maas, G., Ed.; Georg Thieme Verlag: Stuttgart, New York, 2001; Vol. 9, (31) Sternfeld, T.; Hoffman, R. E.; Saunders, M.; Cross, R. J.; Syamala, M. S;
p 135. Rabinovitz, M.J. Am Chem Soc 2002 8786.
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5

’ 7
(—5.20 for the outer hexagon) (—4.13 for the outer hexagon) (—4.05 for the outer hexagon)

Figure 9. NICS patterns of the open-cage fullerene derivatives, and8, calculated at the B3LYP/6-31G* level of theory: red regions aredfor —5
ppm, pink foré6 = 0 to —5, pale blue ford® = +5 to +10, and blue fow > +10.

h . fth lated - %able 1. Experimental and Calculated NMR Chemical Shifts for
the paramagnetic property of the encapsulated species. In accor ncapsulated Hydrogen of a Series of Open-Cage Fullerene

with a very minute effect of encapsulated hydrogen, the IR Derivatives and H.@Cso

spectrum was almost the same as that of empty &xhibiting H,@5 H,@6 H,@7 H,@8 H,@Coo
four absorption bands at 1429.2, 1182.3, 576.7, and 526:% cm 75 6,33 580 05 145
(to be compared with 1429.2, 1182.3, 575.7, and 526.5'cm  cajcd —5.87 —4.72 ~3.85 —017 +1.79
for empty Go measured under exactly the same conditions). A 1.38 1.61 1.95 2.78 3.24

Only the band at 576.7 cm of H,@GCso, corresponding to an
out-of-plane vibration mod&, is slightly higher in energy than
that of empty Go by 1.0 cnt. This might be taken as evidence

that a slight repulsive interaction with the innep Kholecule The observed gradual downfield shift must be due to the
has caused a very slight deformation of the spherical cage of change in magnetic environment of this hydrogen, resulting from
H2@Cso. The UV-—vis spectrum was also the same as that of the change in diamagnetic and paramagnetic ring currents of
empty Go. An attempt to measure the Raman spectrum of pexagons and pentagons, and the consequent total ring currents,
H.@GCso was unsuccessful because of strong fluorescence fromgs the fullerene cage. To prove this, the diamagneticity and
the outer G cage. Further trials are now underway. paramagneticity of all the-conjugated five- and six-membered
The endohedral fullerene®Cgo is thermally stable. Upon  rings in the open-cage fullerengs-8 and of Gy were assessed
heating the pure sample oL@ Cso at 500°C for 10 minunder  py the NICS (nucleus-independent chemical shifts) calcula-
vacuum, there was no decomposition or release of incorporatedions 333536 The obtained NICS values for each pentagon and
hydrogen at all, as judged from th&C NMR and HPLC. hexagon are shown in the Schlegel diagrams of Figure 9. Upon
H NMR Chemical Shift of Hydrogen Inside the Open- removal of the sulfur atom from the orifice 6f which caused
Cage Fullerenes At each step in the chemical transformation a 1.45 ppm downfield shift, the aromatic character of most of
to reduce the orifice size, gradual downfield shifts were observed the hexagons (14 out of 18) decreased (decrease in absolute
for the 'H NMR signal of encapsulated hydrogen:,@5, ¢ NICS value, 0.5-2.2 ppm) with the exception of two rings
—7.25 ppm; H@6, 6 —6.33 ppm; H@7, 0 —5.80 ppm; H@8, (increase in absolute NICS value, 80.6 ppm), whereas the
6 —2.95 ppm; H@Ceo,  —1.45 ppm. To examine if theoretical  antiaromatic character of most pentagons (8 out of 9) increased
calculations can reproduce this tendency, we first conductedby 1.1-2.2. A similar trend is also seen in the case of the
the GIAO (gauge-independent atomic orbital) calculations at chemical transformation o¥ to 8,37 which caused further
the B3LYP/6-311G** level of theory for the structures opti- downfield shift by 2.85 ppm (calculated value, 3.68 ppm). In
mized at the B3LYP/6-31G* level, on a series of the open- this way, the size reduction of the orifice in each step is shown
cage and closed-cage fullerenes containing®All chemical to lower the aromatic character of the fullerene cage as a whole.
shifts are expressed as the values with reference to tetramethA series of these orifice size reduction processes should also
ylsilane also calculated using the same level. As shown in Table be accompanied by very slight but gradual increase in strain of
1, the GIAO calculations were found to reproduce the trend of the fullerene’so-frameworks, which should gradually weaken
gradual downfield shifts, although there was a tendency to the extent of the totat-conjugation on the fullerene surfat!
underestimate the magnetic shielding effects of the fullerene These are all taken together as the reason for observed downfield
cage in the extent which gradually increased in the order of shifts upon the reduction of the orifice size.
H2@5 (A 1.38) to H@Cso (A0 3.24). A similar tendency of In the final step, in which the organic addends were

underestimation of the NMR chemical shift of encapsulated completely removed and the originadd3tructure was restored
species in the GIA©GDFT method has been reported and

discussed in detafB34 (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) Bihl, M. Chem—Eur. J. 1998 4, 734. (b) Chen, Z.; Cioslowski, J.;

aAt 300 MHz, in ODCB4,. P Calculated at the GIA©GB3LYP/6-
311G**//B3LYP/6-31G* level of theory.

(32) Bakowies, D.; Thiel, WChem Phys 1991, 151, 309. Rao, N.; Moncrieff, D.; Bll, M.; Hirsch, A.; Thiel, W.Theor. Chem Acc
(33) (a) Bihl, M.; Kaupp, M.; Malkina, O. L.; Malkin, V. GJ. Comput Chem 2001, 106, 364.
1999 20, 91. (b) Bihl, M.; Hirsch, A. Chem Rev. 2001, 101, 1153. (37) The aromatic character in all hexagons decreased (by the absolute value,
(34) Wang, G.-W.; Zhang, X.-H.; Zhan, H.; Guo, Q.-X.; Wu, Y.-I0.Org. 0.7-3.1 ppm), and the antiaromatic character of all pentagons increased
Chem 2003 68, 6732. (by the absolute value, 0-5.3 ppm).
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issue*2 The NMR signal for encapsulated hydrogen was
observed in ODCBY, at 6 —3.27 ppm for H@16 (upfield
shifted from dissolved free hydrogen By, 7.81 ppm),—4.30
ppm for HL@17 (Ad, 8.84 ppm), and-4.64 ppm for H@18
(A0, 9.18 ppm). These upfield shifts are quite similar to those
reported for the NMR signal ofHe encapsulated in the
corresponding derivatives foHe@Go (Ad, 8.06, 9.11, and
9.45 ppm, respectively) being constantly less shielded by-0.23
0.27 ppn?a Thus, the inside molecular hydrogen of,&an
also be used as a good probe to investigate the chemical
reactions at the exterior of the fullerene cage, just as’tte
atom inside the fullerene cage has been utili¥ed.

(—4.73 for the outer hexagon)

Figure 10. NICS pattern of the open-cage fullerene derivatiesalculated
at the B3LYP/6-31G* level of theory.

from H,@8, 1.50 ppm downfield shift was observed. The NICS
values for G, calculated in the same way as above, a4

for the hexagon anet11.8 for the pentagotfaclearly indicating

that the aromaticity of the hexagon is considerably decreased
and the antiaromaticity of pentagons is increased, despite the
formation of a completelyr-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 w-conjugated antiaromatic pentagons compared to
8. All these effects are assumed to be added together to cause
the downfield shift of the B NMR signal.

Upon oxidation of the sulfur atom of 485, a 0.92 ppm Electrochemical Behavior of H@Csp. To clarify the
downfield shift was observed, even though the structure of the electronic properties of ¥ Cso in more detail, we conducted
fullerene skeleton itself was not affected. The NICS values of cyclic voltammetry (CV) and differential pulse voltammetry
sulfoxide 6 indicated that the oxidation of S to SO influenced (DPV). Upon measurements at room temperature for the range
not only the carbocycles in its vicinity but also almost all of of 0.0to—2.0 V (vs Fc/F¢) in ODCB and for the range of 0.0
the cyclic systems of the fullerene cage (Figure 10): the to+1.0Vin 1,1,2,2-tetrachloroethane, three reversible reduction
magnetic characteristics of most hexagons and pentagons arevaves E;, = —1.13,—1.54, —1.99 V vs Fc/F¢) and one
changed to make the overall aromaticityedbwer than that of irreversible oxidation peakE, = +1.62 V) were observed,

5. This is presumably due to an electronegative characteristic respectively, virtually at the same potentials as those for empty
of the S=O group. As a related example, it has been reported Cg;. However, when we applied more negative potential using

by Taylor and co-workers that tifele NMR signal ofHe @ G- the conditions reported by Echegoyen in tolueaeetonitrile

Cls (6 = —12.3 ppm) is 2.8 ppm downfield shifted compared (5.4:1) at—10 °C under vacuuni® the reduction of H@Cso

to that of 3He@GoPhCl (0 = —15.1 ppm) due to the  was found to become slightly but gradually more difficult than
electronegative chloro addentfg! empty Go as the fullerene cage acquires more numbers of

To examine the effect of encapsulated hydrogen upon the electrons up to six. As shown in Figure 11, the reduction
reactivity of the outer fullerene cage, the solid-state mechano- potentials estimated from the differential pulse voltammogram
chemical dimerization of b Cso Was conducted under the same were—0.95,—1.37,—1.89,—2.39,—2.95, and ca—3.5 V for
conditions as we previously reportétlt was found that the H.@Cso to be compared with-0.95, —1.37, —1.88, —2.35,
dumbbell-shaped dimer, @#@Cs)2, was obtained in 30%  —2.88, and—3.35 V for empty Go. Thus the difference in
isolated yield similarly to the reaction of emptydCApparently, reduction potential reaches nearly 0.15 V at the stage of six-
the inside hydrogen does not affect the reactivity of the outer electron reduction. Although the extent is so minute, this result
Ceo cage. The NMR signal for the inside hydrogen was observed is taken as clear evidence that hydrogen, as a slightly electro-
as a singlet ab —4.04 ppm3® which is 8.58 ppm upfield shifted  positive molecule, exerts an appreciable electronic repulsion with
from free hydrogen, similar to the case fiste @G (8.81 ppm the outer G cage when ther-system of the latter is charged
upfield shift from free3He) 38> with more than four electrons.

Three additional fullerene derivatives,@&16, H,@17, and
H.@18, were synthesized by the Bingel reacti@rhenzyne

addition! and Prato reaction in order to further investigate this ~ In the present study, we have demonstrated that an entirely
new endohedral fullerene encapsulating molecular hydrogen,

Summary

(38) (a) Wang, G.-W.; Komatsu, K.; Murata, Y.; Shiro, Mature 1997, 387,
583. (b) Komatsu, K.; Wang, G.-W.; Murata, Y.; Tanaka, T.; Fujiwara, K.  (41) Hoke, S. H., II; Molstad, J.; Dilettato, D.; Jay, M. J.; Carlson, D.; Kahr,

J. Org. Chem 1998 63, 9358. B.; Cooks, R. GJ. Org. Chem 1992 57, 5069.
(39) No magnetic interaction was observed between two hydrogen molecules (42) Maggini, M.; Scorrano, G.; Prato, M. Am Chem Soc 1993 115 9798.
in the two fullerene cages. (43) Xie, Q.; Peez-Cordero, E.; Echegoyen, I. Am Chem Soc 1992 114,
(40) Camps, X.; Hirsch, AJ. Chem Soc, Perkin Trans 1 1997, 1595. 3978.
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of the same kind (two directly connected Buckyprep columns, 10 mm
(a) H.@Csgo x 250 mm) for preparative purpose. Fullereng Was purchased from
Matsubo Co.m-Chloroperbenzoic acid was purchased from Aldrich
Co. Zinc (sandy) and titanium(lV) 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
05 -10 -15 -20 -25 -3.0 -35 -4.0 H,@Cso. The measurements were conducted on a BAS electrpchemical
analyzer ALS600A using a four-necked flask equipped with three
. platinum wires serving as reference, counter, and working electrodes.
Figure 11. CV and DPV of (a) H@Cso and (b) Go in toluene-CH:CN About 2 x 1074 M solutions of B@Cso and Go were used. TBAPE
(5.4:1) at=-10°C. (0.1 M) was used as supporting electrolyte. For a low-temperature

H b hesized | . b measurement, toluene and acetonitrile (5.4:1 by volume) were dried
2@Ceo, can be synthesized in a macroscopic amount by over ROs, degassed by repeated freepaimp—thaw cycles under 10

chemically closing the 13-membered ring orifice of open-cage ymug, and vapor transferred into an electrochemical cell connected
fullerene incorporating hydrogen. The endohedral chemical tg a vacuum line (16* mmHg). The voltammograms were recorded at
shift for the molecular hydrogen in a series of open-cage —10 °C at the scan rates of 100 mVsfor CV and 25 mV st for
fullerenes is particularly sensitive to the transformation of the DPV. The potentials were corrected against ferrocene used as an internal
outer cage, and the GIAO and NICS calculations are helpful to standard which was added after each measurement.
rationalize the chemical shift change even for such highly  Oxidation of H.@5. A mixture of H,@5 (107 mg, 0.0988 mmol)
derivatized fullerenes. The endohedral hydrogen’s NMR signal andm-chloroperbenzoic acid (34 mg, 0.20 mmol) in 200 mL of toluene
of representative derivatives of,@Cso has indicated that it was stirred at room temperature for 13 h under nitrogen atmosphgre.
can serve as a sensitive probe for the exohedral transforma’tionghe SOIV?gt was evip%rix?d un_ctjﬁrsgedul_cefd prtehssur?, ag‘; 'Fhs reﬂdual
: rown solid was washed twice wi mL of methanol and dried under
of the fullef\rene cage. Alt_hougl]lh ﬂ;&: NMR, IR, End va_VIS vacuum to give H@6 (106 mg, 0.0977 mmol, 99%) as a brown solid.
spectra of H@Ce are virtually the same as those of emply , ae "0 «gy) 4 1746 (G=0), 1073 (3=0) cm’; UV—vis
Cso, the existence of repulsive interaction betyve_en the inside (CHC) Amax (10g €) 258 (5.14), 320 (4.70) niH NMR (300 MHz,
hydrogen and the OUteT'electron system of £ in ItS. hlgh'y CS—CD,Cl, (5:1)) 6 8.63 (m, 1H), 8.32 (m, 1H), 8.268.23 (m, 2H),
reduced states has been confirmed by electrochemical measureg o5 (m, 1H), 7.68 (m, 1H), 7.427.34 (m, 4H), 7.17-7.03 (m, 4H),
ments. The new endohedral fullerene@Cso, can be taken  —6.18 (s, 2H)23C NMR (75 MHz, ODCBd,) 6 193.61, 187.54, 167.08,
as an ideal model to examine specific characteristics of a 163.54, 155.72, 154.97, 150.41, 149.06, 148.94, 148.21, 148.00, 147.99,
hydrogen molecule placed in a totally isolated state. A conver- 147.96, 147.79, 147.71, 147.68, 147.40, 147.34, 147.32, 147.14, 147.03,
sion between ortho- and para-hydrogen is certainly one of such146.96, 146.89, 146.71, 146.44, 146.29, 146.14, 145.35, 144.27, 143.79,
issues. On the other hand, the critical temperature for the 142.89,142.54,142.06, 141.82, 141.79, 141.69, 140.86, 140.81, 140.80,

appearance of superconduciviy upon alialmetal doping 1402 11045 14025 10954 13978 1 b 1, 5 e
should undergo a change. These studies are now undert38-59, 138.58, 138.46, 137.46, 136.01, 135.68, 133.56, 133.08 (132.15,

investigation in collaboration with teams in the areas of physical 131.36, 131.29, 131.02, 130.80, 128.87, 128.76), 125.84, 125.09,
9 phy 122.81, 122.75, 75.10, 52.60 (the signals at the rangé ©82.4-

chemistry and physics. It is evidently possible to apply the 1,6 g \vere overlapped with the signals of OD@8:HRMS (+FAB)
present molecular surgery method to synthesize endohedralaicd for GoH0sN,S (M*), 1084.0882, found 1084.0929.

(b) Ceo

Potential / V vs Fe/Fct

fullerenes, such as 2[@(.‘60, HD@Q;O, He@QS& as well asa Photochemical Desulfurization of H@6. A stirred solution of
homologous series with 4 Investigations along these lines  H,@6 (52 mg, 0.048 mmol) in 150 mL of toluene in a Pyrex glass
are now in progress in our group. 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
General. H and 33C NMR measurements were carried out on a was subjected to flash column chromatography over silica gel. Elution

Varian Mercury 300 instrument, and chemical shifts are reported in with CS,—ethyl acetate (30:1) gave.@7 (21 mg, 0.020 mmol, 42%)

parts per million with reference to tetramethylsilane. In some cases, as a brown solid, and following elution with gSethyl acetate (10:1)

the signal ofo-dichlorobenzene (ODCB) in the ODC@-solvent was gave unreacted 46 (20 mg, 0.018 mmol, 38%).

used as internal standardl € 7.20 ppm intH NMR). UV —vis spectra H.@7: IR (KBr) v 1747 (C=0) cnm}; UV—vis (CHCE) Amax (log

were recorded on a Shimadzu UV-3150 spectrometer. IR spectra weree) 257 (5.09), 324 (4.67) nmiH NMR (300 MHz, C$—CD,Cl, (5:1))

taken with a Shimadzu FTIR-8600 spectrometer. MALDI-TOF mass ¢ 8.57 (m, 1H), 8.40 (m, 1H), 8.107.99 (m, 3H), 7.82 (m, 1H), 7.40

spectra were measured with an Applied Biosystem Voyager-DE STR 7.35 (m, 4H), 7.277.07 (m, 4H),—5.69 (s, 2H);*3C NMR (75 MHz,

spectrometer. FAB mass spectra were recorded on a JEOL MStationODCB-ds) ¢ 196.45, 189.88, 168.35, 163.06, 149.82, 148.75, 148.62,

JMS-700. APCI mass spectra were measured on a Finnigan-MAT TSQ 148.42, 147.66, 147.52, 147.17, 146.88, 146.51, 146.08, 145.92, 145.59,

7000 spectrometer. GC/MS analyses were conducted on a Shimadzul45.56, 145.55, 145.50, 145.43, 145.38, 145.16, 145.08, 144.95, 144.92,

GCMS-QP5050A spectrometer. The high-pressure liquid chromatog- 144.59, 144.47, 143.95, 143.89, 143.73, 142.98, 142.60, 142.41, 142.15,

raphy (HPLC) was performed by the use of a Cosmosil Buckyprep 141.82,141.72, 141.33, 140.93, 140.64, 140.33, 140.11, 139.96, 139.94,

column (4.6 mmx 250 mm) for analytical purpose and wider columns  139.70, 139.66, 139.61, 139.15, 138.43, 137.55, 137.43, 137.25, 136.28,

Experimental Section
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136.14, 135.72, 133.56, 133.17 (131.46, 131.01, 130.77), 123.31,(277 mg, 94 wt % of the weight d) remained inside the aluminum

122.79, 75.67, 53.01 (the signals at the rangé @B2.4-126.8 were foil and exhibited an HPLC chart shown in Figure 5.

overlapped with the signals of ODC@); HRMS (+FAB) calcd for Solid-State Mechanochemical [2+ 2] Dimerization Reaction of

CgoH170.N2 (MH ™), 1037.1290, found 1037.1290. H2@ Cso. H2@Cs0 (10 mg, 0.014 mmol) and 4-aminopyridine (1.5 mg,
Reductive Coupling of the Two Carbonyl Groups in H@7.To 0.016 mmol) were placed in a stainless steel capsule together with a

a stirred suspension of zinc powder (299 mg, 4.57 mmol) in 10 mL of Stainless steel milling ball. The capsule was sealed under nitrogen and

dry tetrahydrofuran was added titanium(IV) tetrachloride (2602.28 was vigorously shaken at the speed of 3500 rpm for 30 min by the use

mmol) drop by drop at 6C under argon atmosphere, and the mixture ©Of @ high-speed vibration mill at room temperatdtelhe reaction

was refluxed for 2 hA 1 mL portion of the resulting black slurry was ~ Mixture was dissolved in 4 mL of ODCB, and the solution was

added to a stirred solution of @7 (49 mg, 0.048 mmol) in 7 mL of ~ Subjected to HPLC on a preparative Cosmosil SPBB column (two

ODCB at room temperature under argon atmosphere. After heating atdirectly connected columns, 10 mm250 mm, with ODCB as a mobile

80 °C for 2 h, the resulting brownish purple solution was cooled to Phase; flow rate, 3 mL mirt) to give unreacted H@Ceo (6.9 mg,

room temperature. Then the solution was diluted with 20 mL of,cS  0.0095 mmol, 69%) and [2- 2] dimer (H@GCso)> (3.0 mg, 0.0021

and the solution was washed with 50 mL of saturated aqueous solution™mol, 30%) as a brown solid.

of NaHCQ:. The organic layer was dried over Mg$énd evaporated (H2@Ceo)2t IR (KBr) v 1463.9, 1425.3, 1187.1, 796.5, 770.5, 762.8,

under reduced pressure to give a residual brown solid, which was then746.4, 710.7, 706.9, 612.4, 574.7, 561.2, 550.6, 544.9, 526.5, 480.2,

subjected to flash column chromatography over silica gel. Elution with 450.3, 417.6 cm’; 'H NMR (300 MHz, ODCBés) 6 —4.04 (s).

CS—ethyl acetate (20:1 by volume) gave@8 (42 mg, 0.042 mmol, Reported values for ()23 IR (KBr) v 1463.9, 1425.3, 1188.1, 796.5,

8896) as a brown solid., 769.5, 761.8, 746.4, 710.7, 705.9, 612.4, 573.8, 560.3, 550.6, 544.9,
H,@8: IR (KBr) v 1748 (G=N) cm; UV —vis (CHCh) Amax (10g 526.5, 479.3, 449.4, 418.5. HPLC analysis on a Cosmosil Buckyprep

€) 262 (5.08), 328 (4.66), 431 (3.33), 532 (3.11) nid; NMR (300 column exhibited a single peak at exactly the same retention time as

MHz, CS—CD,Cl; (5:1)) & 8.74 (m, 1H), 8.047.92 (m, 2H), 7.80  authentic [2+ 2] dimer (Gy), 18.7 min. _
(m, 1H), 7.72 (m, 1H), 7.487.39 (m, 2H), 7.29-7.12 (m, 7H),—2.93 Synthesis of Methanofullerene H@16.To a solution of H@Ceso

(s, 2H); “C NMR (100 MHz, ODCBE) & 168.39, 165.87, 149.48, ~ (Hz content: 2%) (21 mg, 0.029 mmol) and G&88 mg, 0.11 mmol)

148.76, 148.41, 145.57, 14555, 145.48, 145.44, 145.26, 144.69, 144.641" 20 mL of dry toluene were added diethyl malonate (13 mg, 0.083
14457, 144.53, 144.44, 144.30, 144.28, 144.13, 144.12, 144.10, 144,01 MM0) and diazabicyclo[5.4.0Jundec-7-ene (DBU) (26 mg, 0.17 mmol),
143.97, 143.92, 143.86, 143.75, 143.69, 143.61, 143.55, 143,52, 143.492nd the mixture was stirred fd h atroom temperature under argon
143.47, 143.45, 143.38, 141.63, 141.12, 141.09, 140.98, 140.84, 140_62§tmosphere. After removal of the solvent under reduced pressure, the

140.49, 140.26, 139.84, 139.25, 138.95, 138.37, 138.31, 137.26, 137_01residual brown solid was subjected to flash column chromatography

136.89, 136.78, 136.64, 136.63, 135.68, 135.65, 135.46, 135.23, 134.9
(131.46, 131.02, 128.76, 128.68, 128.66, 127.69, 127.64), 125.55,
125.51, 122.86, 73.70, 56.69 (the signals at the rangé ©82.4-
126.8 were overlapped with the signals of OD@B-HRMS (+FAB)
calcd for GoHi7N2 (MH™), 1005.1392, found 1005.1381.

Synthesis of H@Cso. A powder of H@8 (245 mg, 0.244 mmol)
lightly wrapped with a piece of aluminum foil was placed in a glass
tube (inner diameter 20 mm), which was sealed under vacuum (1
mmHg) and heated with an electric furnace at 3@for 2 h. The
resulting black solid was completely soluble in £&8nd the solution
was passed through a glass tube packed with silica gel to affd@iJs
contaminated with 9% of emptysg(total weight 118 mg (calculated
H.@GCso 107 mg), 67%) as a brown solid. Analytically pure@Cso
was obtained by separation of this product by the use of HPLC on a
preparative Cosmosil Buckyprep column (two directly connected
columns, 10 mmx 250 mm, with toluene as a mobile phase; flow
rate, 4 mL min?) after recycling for 20 times (total retention time,
399 min).

H.@GCso: mp > 300 °C; IR (KBr) v 1429, 1182, 577, 527 cnf
UV —vis (cyclohexane)max (l0g €) 212 (5.14), 258 (5.17), 330 (4.67),
405 (3.42), 543 (2.84), 600 (2.80), 622 (2.52) it;NMR (300 MHz,
ODCB-dy) 6 —1.44 (s);*3C NMR (75 MHz, ODCBé,) 6 142.844;
HRMS (+FAB) calcd for GoH2 (M), 722.0157, found 722.0163. Anal.
Calcd for GoHz: C, 99.72; H, 0.28. Found: C, 99.04; H, 0.24.

In a similar way, empty8 (296 mg) wrapped with aluminum foil

gover silica gel. Elution with CSgave unreacted #®GCso (2.9 mg,

0.0040 mmol, 14%) and elution with toluene gave@i6 (10 mg,
0.012 mmol, 41%) as a brown solid.

H.@16: IR (KBr) v 2978, 1745 (€&0), 1429, 1294, 1267, 1236,
1207, 1184, 1095, 1061 crh *H NMR (300 MHz, ODCBé.) 6 4.49
(9,J = 6.9 Hz, 2H), 1.37 (tJ = 6.9 Hz, 3H),—3.27 (s, 0.02H); HRMS
(+FAB) calcd for G7H1204 (M), 880.0736, found 880.0720. Reported
data forl6: IR v 2979, 1745 (€0), 1428, 1295, 1266, 1234, 1206,
1186, 1095, 1061 crd; 'H NMR (360 MHz, CDC}) ¢ 4.57 (q,J =
7.1 Hz, 4H), 1.49 (t) = 7.1 Hz, 6H)*

Synthesis of Benzyne Adduct H@17.To a solution of H@GCeso
(H2 content: 7%) (23 mg, 0.032 mmol) and isoamyl nitrite (17 mg,
0.15 mmol) in 40 mL of dry benzene was added anthranilic acid (43
mg, 0.31 mmol), and the mixture was stirred at room temperature under
argon atmosphere. After 2 h, the solution was passed through a glass
tube packed with silica gel, and the solvent was removed under reduced
pressure. The resulting brown solid was then separated by HPLC on
the preparative Cosmosil 5PBB column to give unreactg@ & (7.8
mg, 0.011 mmol, 34%) and#®17 (6.8 mg, 0.0085 mmol, 27%) as a
brown solid.

H.@17: IR (KBr) v 2920, 2849, 1458, 1024 cr *H NMR (300
MHz, ODCB-ds) ¢ 7.91 (m, 2H), 7.65 (m, 2H);-4.30 (s, 0.07H);
HRMS (+FAB) calcd for GeHs (M™), 798.0470, found 798.0499.
Reported data fot 7: IR (KBr) v 2924, 2854, 1458, 1278, 1024 cin
H NMR (500 MHz, CDCly) ¢ 8.02 (m, 4H), 7.78 (m, 4H}*

Synthesis of Pyrrolidinofullerene H,@18. A solution of H@GCeso

was heated in a vacuum-sealed glass tube (1 mmHg) in an electric(H, content: 8%) (23 mg, 0.032 mmolN-methylglycine (2.8 mg,

furnace at 35C0°C for 2 h. In the course of the reaction, a yellow-
colored oil (10 mg, 3 wt % 08) gradually appeared, together with a
slight amount of colorless oil (ca. 1 mg, ca. 0.3 wt %8phfThe yellow

oil was a complex mixture containing at least nine components based

0.0032 mmol), and paraformaldehyde (5.0 mg, 0.17 mmol) in 30 mL
of dry toluene was refluxed for 15 min. After removal of the solvent
under reduced pressure, the residual brown solid was subjected to flash
column chromatography over silica gel. Elution with toluene gave

on the GC analysis, one of which exhibited a peak on mass spectralunreacted H®Cs (8.7 mg, 0.012 mmol, 38%) and @17 (8.9 mg,

analyses atn/z 282 corresponding to molecular formulaPiGN.
The colorless oil consisted of mainly four components based on the

0.011 mmol, 36%) as a brown solid.
H.@18: IR (KBr) v 2937, 2835, 2779, 1466, 1443, 1427, 1340,

GC analysis, and each component exhibited a peak on mass spectrai 184, 1163, 1115 cm; 'H NMR (300 MHz, ODCB¢é,) 6 4.16 (s,

analyses corresponding to 2-cyanopyridib® (diphenylacetylenel),
benzonitrile (3), and phenyl-(2-pyridyl)acetylené4). The black solid
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4H), 2.84 (s, 3H);-4.64 (s, 0.08H); HRMS+FAB) calcd for GaHgN Society for Promotion of Science for a research fellowship. The

(M), 779.0735, found 779.0743. Reported datai@r *H NMR (200 present research was supported by a Grant-in-Aid for Center

MHz, CS—CDCL) 6 4.38 (s, 4H), 2.98 (s, 3H}. of Excellence Research on Elements Science (No. 12CE2005).
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