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selenium in the rim: insertion/release of molecular hydrogent

Shih-Ching Chuang,” Yasujiro Murata,*** Michihisa Murata,” Sadayuki Mori,” Shuhei Maeda,”

Fumiyuki Tanabe” and Koichi Komatsu*““

Received (in Cambridge, UK) 10th November 2006, Accepted 12th December 2006
First published as an Advance Article on the web 16th January 2007

DOI: 10.1039/b616478a

A newly synthesized open-cage fullerene containing selenium in
the rim of the 13-membered-ring orifice allows milder condi-
tions for hydrogen insertion, and the rate for hydrogen release
is ca. three times faster than its sulfur analogue.

Open-cage fullerenes are one of the current synthetic targets
besides the well developed closed-cage functionalization chemis-
try." The ultimate objectives for making an orifice in the fullerene
cage are the replacement of conventional methods for the creation
of novel endohedral fullerenes and the elucidation of their pro-
perties.” To date, various open-cage fullerenes have been synthe-
sized by controlled bond scissions of fullerene skeletons and have
been shown to be able to encapsulate a small atom or molecule.’
Such a molecular surgery approach has enabled us to synthesize
H,@Cg, by complete restoration of the cage structure.***

Because the orifice size is an important factor in the insertion of
chemical species into an open-cage fullerene, we now focus our
attention on tuning the orifice size by replacing sulfur with a larger
element without changing the number of atoms in the rim. This
will be followed by our previous method for orifice-size reduction,
retaining the encapsulated species.™¥

In our previous approach, a key step to generate a sufficiently
large opening in the fullerene framework is the insertion of a sulfur
atom into the rim of the 12-membered-ring open-cage compound
1. This was achieved with the help of a typical n-electron donor,
tetrakis(dimethylamino)ethylene (TDAE),* as an activator, in the
presence of added crystalline elemental sulfur (Sg) as the source
of the sulfur atom, to give open-cage compound 2 with a
13-membered-ring orifice. Because of this ring enlargement, the
energy barrier for hydrogen insertion was substantially lowered. In
the present paper, we report the synthesis of a new open-cage
fullerene 3, containing a higher member of the group 16 elements,
selenium, and we reveal the behavior of 3 when encapsulating and
releasing molecular hydrogen.

For the synthesis of 3, application of the procedure used for the
synthesis of 2, simply replacing sulfur with selenium in the presence
of TDAE, was not successful. Furthermore, considering the
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Py =2-py

3 X=Se

commercial non-availability of TDAE,? it was necessary to explore
another reagent to activate precursor 1. We found that sodium
alkanethiolate,” which has been used as a convenient reagent to
generate the dianion of Cg, is highly effective for this purpose and
can incorporate sulfur in the rim of the orifice of 1 efficiently
(Scheme 1). While heating at 180 °C was necessary for the reaction
with TDAE, the reaction can be performed at room temperature
with addition of 2.2 equivalents of 90% technical grade sodium
2-methyl-2-propanethiolate or isopropanethiolate, or 95% sodium
methanethiolate, in dry benzonitrile under anaerobic conditions.
With any of these thiolates, the reaction proceeded smoothly
within 3 h to give 2 in a yield comparable to that obtained using
TDAE. The reaction can be upgraded to a 3 g scale of 1.

We then attempted to incorporate selenium (10 equivalents) in
place of sulfur under similar conditions. Although the reaction did
not take place at room temperature, heating at 180 °C in dry 1,2-
dichlorobenzene (ODCB), using 95% sodium methanethiolate as
the reducing agent, afforded the desired product 3 as an orange-
brown powder in 46% yield after purification (53% based on
consumed 1).%” Prolonged reaction time (>4 h) did not improve
the yield.

The identification of compound 3 was made using its spectral
data and X-ray crystallography.®f The MALDI-TOF mass spec-
trum showed a molecular ion peak, with an isotope distribution
pattern, of CgoH14N>O,Se (m/z 1114). The '"H NMR, *C NMR,
IR, and UV-vis spectra showed close resemblance to those of 2,
suggesting similarity in electronic properties.’

2.2 eq NaSMe

—_—

2 X=S (80%)

3 X=8e (46%)
E = S5 (room temp)

E = Seg (180 °C)

Scheme 1 Synthesis of compounds 2 and 3.
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Fig. 1 X-Ray crystal structure of compound 3 drawn at the 50%
probability level.

H, (760 atm)
190 °C, 8h

100%

150 ~ 180 °C

Scheme 2 Insertion/release of H, into 3 and from H,@3.

The molecular structure of 3 is shown in Fig. 1. As expected,
the two C(sp?)-Se bonds (1.909(4) for C1-Sel and 1.921(4) A for
C2-Sel) are longer than the corresponding C(sp®)-S bonds in 2
(1.754(3) and 1.780(3) A),*® but the bond angle Cl-Sel-C2
(87.87(16)°) is smaller than the corresponding angle in 2
(92.18(12)°).%¢ As a result, the orifice size of 3 is now slightly
larger than that of 2, as shown by the lengths of the longest
axis C7-Sel (5.718(4) A) (5.643(3) A for 2) and the shortest axis
C4-C10 (3.877(5) A) (3.753(3) A for 2) across the opening, i.e. the
distance between these two carbonyl carbons is 0.124 A longer in
3. These observed bond distances and angles are in good
agreement with their structures optimized at the B3LYP/3-21G
level of theory.

Then we were able to achieve 100% encapsulation of H, within
3 under slightly milder conditions (Scheme 2) than for 2, i.e., under
a slightly lower pressure (760 atm) and at a lower temperature
(190 °C) (800 atm and 200 °C for 2).!° The 'H NMR signal of H,
incorporated in 3 appears at —7.10 ppm (ODCB-d,), with the
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Fig. 2 An Arrhenius plot of the kinetic results of hydrogen release from

H2@3.

integrated peak area corresponding to 2H, which is 0.15 ppm
downfield shifted as compared with that of H,@2 (—7.25 ppm).°

For a more detailed examination of the influence of orifice-size
change, the energy barrier for the hydrogen passage through the
orifice was determined by studying the kinetics of the release of
encapsulated hydrogen from H,@3. The rate of the release
followed first-order kinetics with rate constants (k; in s~ ') of
4.63 + 027 x 107 at 150 °C, 1.05 + 0.004 x 107> at 160 °C,
2.62 £ 0.04 x 107 at 170 °C, and 7.07 £ 048 x 10> at 180 °C.
These values are nearly three times larger than those for H,@2,"
as expected from the orifice-size enlargement.

From a linear Arrhenius plot (Fig. 2, > = 0.999), the activation
energy for hydrogen release from H,@3 was calculated to be
324 + 0.67 keal mol ™!, which is 2.0 kcal mol ™! lower than that
for Hy@2. Other activation parameters for hydrogen release from
H>@3 at 25 °C are summarized in Table 1 together with those of
H,@2."° The more negative value for the activation entropy AS*
of Hy@3 compared to H,@2 reveals that the hydrogen molecule
of H,@3 in its ground state is less restricted in motion compared
to that of Hy@2.

The activation energy of hydrogen release from H,@3 was
calculated! as 28.2 keal mol ! (0.7 keal mol ™! lower than that for
H,@2), supporting the experimental result. The energy barriers
for H, insertion into 2 and 3 were calculated as 30.4 and
29.9 keal mol ™!, respectively, also supporting the occurrence of
100% H, insertion into 3 at lower hydrogen pressure.

In summary, we have synthesized the first fullerene derivative
that contains the element selenium in the cage. This new open-cage
fullerene shows electronic properties similar to those of its sulfur
analogue, but kinetic data of hydrogen release reveal that the
orifice size can be finely tuned by substitution of an atom in the
rim that is slightly large in size.

Table 1 Activation parameters for H, release from H,@2 and H,@3

" E“ A AGH AH* ASH
H,@2" 53.9 + 0.56 342 + 0.58 10M8 4+ 10%2 35.6 + 0.59 334 + 0.59 -75+ 1.3
H,@3 18.3 + 0.07 324 + 0.67 1013 + 10%3 34.4 + 0.66 31.5 + 0.67 -96+ 15

“ Half-life (h) at 160 °C. ® Ref. 10. Error limits were re-examined in this study for consistency. ¢ kcal mol™'. ¥ cal K™ mol .
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