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General Introduction

Since the fullerenes became available in macroscopic quantities in 1990, an enormous
number of studies have been carried out in the various fields of science, including chemistry,
physics, medicine, pharmacy, biology, and interdisciplinary areas. It has been revealed that
fullerene Cgo exhibits surprising physical properties such as superconductivity upon alkali
metal doping? and ferromagnetism as a charge transfer complex  with
tetrakis(dimethylamino)ethylene, as well as biological activity.> The high I, symmetry of
Ceo played a crucial role because larger fullerenes with lower symmetry, i.e., Cs, Cr6, Caa,
and so on, have so far not yet reported to show such characteristic properties.

There have been reported a wide variety of organic reactions to derivatize Cgo in order
to control the electronic properties of this three-dimensionally w-conjugated system and to
endow it new functionalities. The properties of fullerenes should also be controlled by their
“inside modification”, for example, by incorporating metal atoms inside the empty cavity via
formation of “internal” charge transfer complexes.* The fullerenes incorporating metal
atoms inside the cage, so-called endohedral metallofullerenes, have great possibilities of
practical use, for example, in the fields of molecular electronics such as organic filed-effect
transistors,” and of medical science as a contrast agent for magnetic resonance imaging
(MRI)..  However, development of such applications has so far been hampered by severe
limitation of their availability that relied on the hard-to-control physical method of production.
For instance, certain metal atoms (La, Y, Sc, Gd, Ca, Sr, Ba, etc.) were incorporated into
fullerene cages (C7z, Cr6, Crs, Cgo, Cgz, Cg4, etc.) by the use of arc-discharge or laser
vaporization of graphite rods containing metal oxides or carbides. This conventional method
had almost no selectivity in controlling both cage-size and symmetry of the fullerenes as well.
Pure products are only available in pg- to mg-quantities (<< 0.1% vyields) after tedious

separation processes.**”

Hence, an entirely different approach for the macroscopic
production of endohedral fullerenes is apparently required in order to bring about a
breakthrough into this situation.”®

It seems quite appealing to produce the endohedral fullerene complexes by using the

intact hollow fullerenes as the starting materials. It has been shown that highly reactive



species such as atomic nitrogen or phosphorus, generated by plasma-based ion implantation
technique, are able to enter the inside space of Cgo framework but their formation rate is only
0.01%.° More importantly, Saunders et al. reported that noble-gas atoms, such as He, Ne, A,
Kr, Xe, can be inserted into fullerene cages in ca. 0.1% incorporation yield by treating the
fullerene powders under forced conditions (650 °C under 3000 atmosphere of noble gases).'°
It should be noted that *He is an NMR active nucleus and the chemical shifts for the
encapsulated *He provide valuable information concerning the magnetic field inside the
fullerene cages and serve as a powerful tool both for the characterization of fullerenes and
their derivatives™ and for the investigation of the fullerene aromaticity.*?

The mechanism for the incorporation of these noble-gas atoms was postulated that one
or two carbon-carbon bonds of fullerenes were cleaved under extremely high temperature to
open a temporary hole on the surfaces which allows the noble-gas atoms to enter the fullerene

cages.'®

Therefore, the creation of a large and permanent orifice on the fullerene surfaces
by organic synthesis should provide a great opportunity to introduce ideally any atom or small
molecule inside the cages.® In order to realize the chemical synthesis of endohedral
fullerenes by this approach, named “molecular surgery”,” we have to establish a synthetic
route to open and close an orifice that will first let some chemical species be encapsulated and
then regenerate original form of fullerenes with retention of the incorporated species.

During the past decade, organic chemists have pursued novel reactions to open a large
orifice on the surface of Cg cage. Despite of a wealth of knowledge of reactivity of the
n-bond of Cg,** the task of chemical transformations of the o-framework itself in a
predictable fashion is still a challenging topic. The first ring-opening reaction was

discovered by Wudl et al. in 19952 As shown in Scheme 1, they reported that

Scheme 1. Formation of the first open-cage fullerene 3.8
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[5,6]-azafulleroid 1 reacts with photochemically generated singlet oxygen regioselectively at
the strained carbon-carbon double bond, denoted as “a”, to afford ketolactam 3 with an
11-membered-ring orifice via dioxetane intermediate 2. Unfortunately, the orifice was found
to be too small for the smallest stable atom, He, to pass through at a temperature as high as
200 °C.® Instead, compound 1 was subsequently transformed to a totally new
heterofullerene derivative having a CsoN skeleton.®  This revealed that open-cage fullerenes
can be potential precursors for the synthesis of novel fullerenes including hetero atom(s) in
the o-frameworks.

In 1996, Rubin et al. reported open-cage fullerene derivative 5 having an
eight-membered-ring orifice by developing a sequential intramolecular rearrangements of in
situ generated Cgo derivative 4 fused with 1,3-cyclohexadiene.'” This process took place
under photochemical condition through intramolecular [4+4] cycloaddition and subsequent
[2+2+2] cycloreversion, as shown in Scheme 2.  Compound 5 was transformed to cobalt(I11)
complex 6, whose structure was confirmed by X-ray crystallography, for the first time for an
open-cage fullerene derivative. Although the cobalt atom was situated just above an
11-membered-ring orifice, it was found to be impossible to insert it into the fullerene cage by

activation in the solid-state with heating at 400 °C or pressurizing up to 40000 atm.”*8

retro
[2+2+2]

17a

Scheme 2. Synthesis of open-cage fullerene 5 and its cobalt(111) complex 6.

After Rubin’s discovery of compound 5, several synthetic routes were developed to
produce analogous derivatives 7 — 9; by way of nickel-promoted ene-diyne cycloaddition on
Ceo,™ [4+2] cycloaddition of palladacyclopentadiene with Cg,2° as well as thermal reaction of
Ceo With phthalazine.® These eight-membered-ring compounds possess common carbon
frameworks having bridgehead carbon-carbon double bonds at the rim of the orifice, denoted
as “b” in the structure of 7 shown below. Iwamatsu et al. reported that compound 8 reacts



X = C(CO,Me), R2 R2
X = C(CO,Et),
X = C(COMe), R'=R%=-CO,Me
o R! = R% = -CO,CH,CF3

X = N—ﬁ@ 0 R!=R? = _C0,'Bu

o o) R! = -CO,Me, R? = —~CH,OCH,—

R! = -C0O,'Bu, R? = —~CH,OCH,—

X = CD< R! = -CO,Me, R? = ~CH,N(Boc)CHy—

o

with singlet oxygen regioselectively to afford diketone derivative 11 possessing a
12-membered-ring orifice via dioxetane intermediate 10% in a similar fashion as Wudl’s
compound 1% (Figure 1). In addition, Komatsu et al. independently found the analogous
reaction for 9, that afforded enol 12 via keto-enol tautomerization.?

In 1997, Rubin proposed a new concept that hexa-substituted fullerene 13 should
undergo facile rearrangement to afford an open-cage fullerene 14 with a 15-membered-ring
orifice through thermally allowed [2+2+2] cycloreversion of the planarized cyclohexane ring
(Scheme 3).” During the course of this study, Rubin designed 1,4-diphenyl-1,3-butadiene
bearing two azido groups 15 possessing three reactive centers and conducted a thermal
reaction with Ceo.2*  However, the reaction did not stop at the stage of 17 and resulted in the

Scheme 3. Conceptual representation of a
possible way to open-cage fullerene Cgp having a
15-membered-ring orifice.’
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Scheme 4. Possible reaction pathway leading to open-cage fullerene 16.24

formation of an open-cage fullerene 16 having two lactam moieties in 12% yield (Scheme 4).
This reaction was intended to proceed via initial addition of 15 (involving both a [4+2]
cycloaddition and two 1,3-dipolar additions) to the three carbon-carbon double bonds in a
same hexagon of Cg to give a target compound 17 with a fully saturated hexagon. However,
17 underwent a facile extrusion of two nitrogen molecules and subsequent nitrogen migration
to afford compound 18. Finally, an electron rich butadiene moiety on the fullerene cage of
18 reacted with singlet oxygen, followed by dehydrogenation to give 16 with a
14-membered-ring orifice.

A significant progress in this research field was triggered by the use of open-cage
fullerene 19, which is di-tert-butyl-substituted derivative of 16. In 2001, Rubin et al.
estimated the temperature that was required to insert various neutral atoms or molecules into
the Cgo cage through the orifice of 19 by the theoretical calculations.”> The insertion of a
helium atom or a hydrogen molecule into the Cg, cage was predicted to take place under
significantly milder conditions than that for Cg itself such as at the temperature of 124 °C for
a helium atom or 397 °C for a hydrogen molecule, albeit the orifice of 19 is rather elliptic in

shape. Indeed, by treating a crystalline powder of 19 with ca. 475 atm of helium gas at



3He (ca. 475 atm)
288-305°C, 7.5h
or
H, (100 atm)
400 °C, 48 h

3He@19 (1.5%)
H,@19 (5%)

Scheme 5. Insertion of helium and molecular hydrogen into open-cage fullerene 19.%

288-305 °C for 7.5 h, the insertion of a helium atom was achieved in 1.5% for the first time
(Scheme 5).2° A hydrogen molecule was also introduced in ca. 5% under the conditions of
400 °C and 100 atm for 48 h.> A highly shielded *H NMR signal for the encapsulated
hydrogen molecule of H,@19 (@ stands for encapsulation) was observed at & —5.43 ppm.”
These results proved the feasibility of the strategy of molecular surgery approach for organic
synthesis of endohedral fullerenes. However, compound 19 was thermally unstable and was
partially decomposed during the insertion processes.

Recently, lwamatsu et al. developed a series of ring-expansion reactions using aromatic
hydrazine or diamine derivatives, which resulted in formation of extremely large orifices
ranging from 15 to 20-membered ring, although the precise mechanisms for these reactions

are not clear.6?°

For instance, the reaction of open-cage fullerene 11 with an excess amount
of 4,5-dimethyl-1,2-phenylenediamine at 60 °C afforded open-cage fullerene 20 with the
largest orifice of 20-membered ring, whose structure is close to a bowl shape (Scheme 6).%
A quite similar reaction was also conducted using Wudl’s open-cage Cg 3 and
1,2-phenylenediamine in the presence of pyridine, which afforded open-cage fullerene 21
with a 19-membered-ring orifice.” In 2004, Iwamatsu’s group discovered that a water
molecule was spontaneously incorporated inside the molecular framework of 20 up to 75% in
a solution of 1,1,2,2-tetrachloroethane-d, under ambient conditions, as demonstrated by a
sharp *H NMR signal at & —11.4 ppm (Scheme 7).22 However, such a severely ruptured
n-system in 20 seems difficult to be restored to the original structure of Ceo.

On the other hand, we have studied the reactions of Cgy with diaza or tetraaza aromatic

21,30

compounds. Particularly, the liquid-phase thermal reaction of Cg, with phthalazine

resulted in the formation of 9 having an eight-membered-ring orifice in one-pot,** while the
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toluene, 60 °C
(R =-CO,Me)

pyridine

PhCI, 80 °C

Scheme 6. Ring-expanding reaction of open-cage fullerenes 11 and 3,829

H,0

CDCI,CDCl,
RT

N=N
Py /)Py
N-N

22
(Py = 2-pyridyl)

solid state reaction of Cg with 3,6-di-(2-pyridyl)-1,2,4,5-tetrazine (22) under high-speed
vibration milling® afforded 23 quantitatively, which could further react with Cgo to give dimer
24  These results prompted us to elucidate the reactions of Cgo with triaza aromatic



compounds, especially in anticipation for the formation of an aza-open-cage fullerenes having
a nitrogen atom on the rim of the opening.

The characteristic of this method of opening an orifice resides in the simple and facile
reaction. We decided to utilize this method for the molecular surgical synthesis of
endohedral fullerenes by further enlargement of the orifice, introduction of some small atom
or molecule(s), and complete closure of the orifice. Prior to this study, there has been
entirely no report for the attempt on closure or even size-reduction of once formed orifice on
the fullerene cage. If this method is successful, this would lead to a new development in the
science of endohedral fullerene.

In this thesis, Chapter 1 describes a thermal reaction of Cg with
4,6-dimethyl-1,2,3-triazine (25), which resulted in an unexpected formation of an open-cage
fullerene with an eight-membered-ring orifice 26 bearing no nitrogen atom on the rim of the
opening, along with monoadduct 27. Compound 26 underwent facile orifice-ring
enlargement by the reaction with singlet oxygen to afford an open-cage fullerene 28 with a
12-membered-ring orifice.

Chapter 2 describes a thermal reaction of Cg with another type of triazine, i.e.,
3-(2-pyridyl)-5,6-diphenyl-1,2,4-triazine (29), to give a desired aza-open-cage fullerene 30
possessing a nitrogen atom on the rim of an eight-membered-ring orifice. Moreover, after
the orifice of 30 was enlarged to a 12-membered ring by the reaction with singlet oxygen (31),
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an unprecedented reaction was discovered to effectively enlarge the orifice of 31 by insertion
of a sulfur atom to the rim of the orifice, leading to the formation of open-cage fullerene 32
with a 13-membered-ring orifice, which was found to be quite stable against heating.

Chapter 3 describes the first accomplishment of 100% encapsulation of molecular
hydrogen inside the fullerene cage of 32 through the orifice. Spectral information of H,@32
as well as thermodynamic parameters for the release of molecular hydrogen from H,@32 is
also presented. In addition, the author describes the results of synchrotron X-ray diffraction
experiments on a single crystal of H,@32, which allowed the direct observation of a single
hydrogen molecule floating at the center of the hollow cavity in the fullerene cage.

Chapter 4 describes the very first chemical synthesis of an entirely new endohedral
fullerene, H,@Cgo, in @ macroscopic amount via four-step organic reaction to completely
close a 13-membered-ring orifice of H,@32. Spectral information and electrochemical
properties of H.@Cgo, as well as NMR chemical shifts for the encapsulated molecular
hydrogen will be discussed.

As mentioned above, most efforts to open an orifice on the fullerene cages have largely
focused on the fullerene Cgo. In contrast with the development of the synthesis of open-cage
fullerene Cgo, there has been much less attention focused on the synthesis of open-cage

fullerene Cyo.%

Because the inner cavity of Cy is larger than that of Cgo, it should have a
possibility to encapsulate more than one small atom or molecule inside the C7o framework.*
Hence, Chapter 5 describes the synthesis, structure, and properties of open-cage
fullerene Cso derivative 33 with a 13-membered-ring orifice.  The results of the
encapsulation of one and two hydrogen molecules inside the C7 cage of 33 through the

orifice will be described. Low-temperature NMR studies showing the dynamic behavior of



(H),@33

the two hydrogen molecules confined inside the C;o framework will be presented.
Furthermore, the author describes the complete closure of the orifice of H,@33 or (H2).@33,
leading to the first chemical synthesis of endohedral fullerenes H,@C-o and (H2).@C+o.

Finally, Chapter 6 describes the generation and properties of dianion of open-cage
fullerene H,@32%", which was prepared in an attempt for introduction of its counter cation
(Na") inside of the fullerene cage. An unusually downfield shifted NMR signal for the
molecular hydrogen of H,@32% will be discussed in connection with local aromaticity of
individual pentagons and hexagons of the fullerene cage assessed by the theoretical
calculations.
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Chapter 1

Reaction of Fullerene Cg, with 4,6-Dimethyl-1,2,3-Triazine:
Formation of an Open-Cage Fullerene Derivative

Abstract: A thermal liquid-phase reaction of fullerene Cgo with
4,6-dimethyl-1,2,3-triazine  was investigated at 180 °C in
o-dichlorobenzene. An aza-cyclohexadiene-fused Cgo derivative
and a new open-cage fullerene derivative with a carbonyl group on
the rim of the eight-membered-ring opening were obtained in the
yield of 10% and 7%, respectively. The former product is
supposed to have been produced by the reaction of Cg with in situ
generated azete (2,4-dimethylazacyclobutadiene). The latter is
considered to have been formed through multistep rearrangements
followed by hydrolysis on silica gel. The open-cage fullerene 13
underwent facile ring-enlargement under photochemical conditions
by the reaction with singlet oxygen leading to the formation of
open-cage fullerene 25 with a 12-membered-ring orifice as a single
product. The experimental results are supported by theoretical
calculations.
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Introduction

As mentioned in General Introduction, systematic studies have been conducted in the
author’s group on the reactions of fullerene Cgo with nitrogen-containing (diaza or tetraaza)
aromatic compounds.' A liquid-phase reaction of Cg with phthalazine (1) in
1-chloronaphthalene at 255 °C gave an open-cage fullerene derivative 2 with an
eight-membered-ring orifice, while a mechanochemical solid-state reaction of the same
reactants under high-speed vibration milling (HSVM) conditions followed by heating at
200 °C afforded bisfullerene compound 3 with two Cg cages incorporated in a
benzobicyclo[2.2.2]octene framework.’* On the other hand, the HSVM treatment of Ceo
with 3,6-di-(2-pyridyl)-1,2,4,5-tetrazine (4) gave adduct 5 as a single product in more than
90% yield. Compound 5 could undergo further [4+2] cycloaddition with another molecule
of Cgo under the HSVM conditions followed by heating at 150 °C to give bisfullerene
compound 6 with two Cg cages incorporated in a 2,3-diazabicyclo[2.2.2]oct-2-ene

framework.'>¢

N=N
Py-( )Py
N-N

4
(Py = 2-pyridyl)

4,6-Dimethyl-1,2,3-triazine (7) is a triaza-aromatic compound, which is known to be
electron-deficient,” and therefore its reactivity in [4+2] cycloaddition with an
electron-deficient dienophile such as fullerene Cg® should be low. However, when
compound 7 was heated at 180 °C, highly reactive azacyclobutadiene 8 called azete was
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Reaction of Fullerene Cgo with 4,6-Dimethyl-1,2,3-Triazine: Formation
of an Open-Cage Fullerene Derivative

reported to be generated by an extrusion of a nitrogen molecule (Scheme 1).2* Thus, it was
expected that the thermal reaction of Cg with compound 7 would afford
azacyclohexadiene-fused Cg derivatives such as 9 and 10 by the reaction with in situ
generated azete 8. Then, 9 and 10 might subsequently undergo intramolecular formal [4+4]
cycloaddition followed by [2+2+2] cycloreversion under photochemical conditions to give
aza-open-cage fullerene derivatives 11 and 12 with an eight-membered-ring orifice."*>" By
introducing a nitrogen atom into the fullerene cage, electronic properties and the chemical
reactivity of the fullerene cage would be altered® In an attempt to synthesize the
aza-open-cage fullerenes, we carried out the reaction of Cgo with 1,2,3-triazine 7, the results
of which are described herein.

Results and Discussion

The reaction was conducted by heating a solution of fullerene Cgo with 3 equivalents of
4,6-dimethyl-1,2,3-triazine (7)* in o-dichlorobenzene (ODCB) at 180 °C for 24 h to afford a
dark brown solution with the formation of an insoluble dark brown material (ca. 40% of the
total weight of the product). The soluble portion of the reaction mixture was subjected to
flash chromatography over silica gel to give two products, 9 (10%) and 13 (7%), as brown
powders, together with unreacted Cgo (30%) (Scheme 1). The structures of the two products
were determined as an azacyclohexadiene-fused Cgo derivative, i.e., 9, and, unexpectedly, an
open-cage fullerene derivative, i.e., 13, having no nitrogen atom at an eight-membered-ring
orifice, as described below.
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.
* ODCB Sio,
Ceo 180 °C, 24 h

Scheme 1. Thermal reaction of fullerene Cgy with 4,6-dimethyl-1,2,3-triazine (7).

The molecular formula of the first compound was determined as CgsH/N by
high-resolution FAB mass spectroscopy, indicating that it was formed by the addition of a
CsH;N fragment to Cgo.  The *H NMR exhibited a quartet at § 6.52 ppm corresponding to an
olefinic proton, and doublet and singlet signals of methyl groups at 6 2.64 and 2.52 ppm,
respectively. The *C NMR showed 32 signals in the sp?-carbon region (including one
presumably overlapped signal) and four signals in the sp-carbon region at & 82.38, 60.19,
26.14, and 22.59 ppm. The UV-vis spectrum exhibited a typical absorption pattern of the
1,2-dihydro[60]fullerene derivative characterized by Ams at 433 nm.” These data and
mechanistic consideration support the structure of this compound to be 9.

The structural characterization of the second product was not simple and was achieved
by comparison of the spectral data with those of open-cage fullerene derivative 14 reported by
Rubin and co-workers.®® Its molecular formula was determined as CgsHsO by
high-resolution FAB mass spectroscopy, indicating that the product has one oxygen atom
instead of nitrogen. The IR spectrum showed a strong absorption band at 1723 cm™
indicating the presence of a carbonyl group. The *H NMR exhibited a doublet at & 6.50 ppm
(J = 1.1 Hz) and a singlet at & 2.64 ppm, corresponding to a methine proton and methyl
protons, respectively. In addition, a doublet at 56 3.29 ppm (J = 20.6 Hz) and a doublet of
doublets at 6 2.79 ppm (J = 20.6 Hz and 1.1 Hz) were observed, both corresponding to
geminal methylene protons coupled with each other. The **C NMR showed one signal at &
200.75 ppm corresponding to a carbonyl carbon, 56 signals in the sp®-carbon region (with
four signals overlapped) and four signals in the sp3-carbon region at § 55.24, 46.60, 43.72,
and 34.07 ppm. The close resemblance of the chemical shifts of the 'H and *C NMR as
well as the coupling constants of *H NMR to the reported values for 14 as shown in Figure 1
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Reaction of Fullerene Cgo with 4,6-Dimethyl-1,2,3-Triazine: Formation
of an Open-Cage Fullerene Derivative

'H NMR (400 MHz, ODCB-d,) 'H NMR (500 MHz, CS,-CDCl5 (2:1))
3.29 (d, J = 20.9 Hz) 3.68 (dd, J = 19.8 Hz, 6.9 Hz)
2.79 (dd, J = 20.6 Hz, 1.1 Hz) 3.49 (dd, J = 19.8 Hz, 1.0 Hz)

O

8 2.64 (s) HAC H 6.50 8 6.53

3 (d,J=1.1Hz) (dd, J = 6.9 Hz,
1.0 Hz)
13
13¢ NMR (100 MHz, ODCB-d,) 13¢ NMR (125 MHz, CS,-CDCl; (2:1))
§ 200.75, § 201.35,

155.14-133.36 (54 peaks) 150.13-133.63 (53 peaks)
126.23, 125.58, 127.04, 125.37,
55.24, 46.60, 43.72, 34.07 54.62, 41.80, 37.13

Figure 1. Selected NMR data of 13 and 14.

strongly supports the structure of this compound as the methyl-substituted derivative of 14,
that is, 13. The color of the solution of 13 in CHClI; is purple, and the UV-vis spectrum has
a maximum absorption at 533 nm, closely resembling the spectrum of Cgo and thus indicating
that the 60 original fullerene carbons retain their sp? hybridization in a n-conjugated
system.>”’

Plausible mechanisms for the formation of 9 and 13 are shown in Scheme 2. As
suggested above, highly reactive azete 8 is generated by thermal extrusion of a nitrogen
molecule from 7°°¢ and would react with Ce in a [4+2] manner to afford intermediate 16,
which gives 9 by ring enlargement. In the case of the formation of 13, before the generation
of azete 8, diradical 15 is assumed to undergo a 1,3-hydrogen shift to give diradical 17. The
reaction of this diradical with Cgp is supposed to give imine 18, which would isomerize to
2-aminodiene 19. Diene 19 would then undergo intramolecular formal [4+4] cycloaddition
to give 20, followed by the [2+2+2] cycloreversion to produce open-cage enamine 21, which
would be transformed to open-cage imine 22. Imine 22 is considered to be susceptible to
hydrolysis upon contact with trace amount of water in SiO, and readily furnishes open-cage
ketone 13 after flash chromatography. The relative heats of formation estimated by PM3
calculations are also shown in Scheme 2. The gradual increase in stability observed in
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(AAH (PM3) (+26.3 keal mol™) (0 kcal mol™)
f
l 1,3 H-shift
NH NH,
NH NH|  Cgg 7\
A= A0 .
¢ N = N 2
17 18 19
(+4.9 kcal mol™) (+1.4 kcal mol™)
j "[4+4]"
NH NH, NH
retro 2
[2+2+2] =\
~N \/\ ~N Z2N @\
22 21 20

(-4.9 kcal mol™) (-8.3 kcal mol™) (+28.6 kcal mol™)

Scheme 2. Possible reaction pathways leading to products 9 and 13. The relative heat of
formation with reference to 9 calculated by PM3 are shown in parentheses.

accord with the progress of the reaction (except for the formation of 20) is considered to be
consistent with the proposed mechanism.

Although it was expected that 9 might rearrange into aza-open-cage fullerene derivative
11 through the formal [4+4] derivative like 20 under photochemical conditions, as has been
reported for the carbon analogue,® the irradiation of 9 with a high-pressure mercury lamp
with or without heating only gave an insoluble and intractable material. No formation of
open-cage fullerene 11 was observed at all.

The open-cage fullerene 13 was sensitive to light and air in a liquid phase and the
purple color of the solution in CS; turned to brown within 1 h under the irradiation of room
light in the presence of oxygen. Thus, a new compound was obtained from 13 as an almost
single product after the separation by the use of preparative HPLC equipped with a Cosmosil
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of an Open-Cage Fullerene Derivative

5PBB column eluted with ODCB. The structure of this product was determined by the
following spectral data and accompanying discussion.  The molecular formula was
determined as CgHsO3 by high-resolution FAB mass spectroscopy, indicating that this
compound is a product of the addition of two oxygen atoms to 13. The IR spectrum showed
three strong absorption bands at 1741, 1718, and 1697 cm™* indicating the presence of three
carbonyl groups. In the *H NMR, a large downfield shift of one of the methylene proton’s
signals was observed (from & 3.29 ppm for 13 to 6 4.79 ppm for the new product) presumably
due to the deshielding by the newly formed carbonyl groups located in close proximity. The
3C NMR showed three signals corresponding to carbonyl carbons at & 200.42, 198.17 and
193.49 ppm, 52 signals in the sp?-carbon region (with six signals overlapped), and four
signals in the sp® carbon region at § 51.77, 48.61, 47.51, and 37.64 ppm. These data suggest
that the product is formed through oxidative cleavage of one of the carbon-carbon double
bonds at the orifice of 13 by the reaction with singlet oxygen. It is well recognized that the
singlet oxygen is readily generated by the action of the excited fullerene cage by irradiation of
visible light.'°

Prior to this study, there were two reports on the similar oxidative cleavage of the
carbon-carbon double bond at the rim of an eight-membered-ring orifice of Cs symmetrical

Figure 2. Optimized structure of 13 with HOMO
calculated at the B3LYP/6-31G* level.
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open-cage fullerene derivatives by the reaction with singlet oxygen.* In the case of the C;
symmetrical molecule 13, there are two different carbon-carbon double bonds at “C4-C5”
and “C6-C7” positions, which were expected to be cleaved. In order to gain insight into the
reactivity of 13, the DFT calculations were carried out at the B3LYP/6-31G* level to indicate
that the HOMO of 13 was localized primarily at the two double bonds, i.e., C4-C5 and
C6-C7, as expected (Figure 2). However, as the absolute values of the HOMO'’s
coefficients of C4—C5 (-0.32 and —0.27) are calculated to be slightly larger than those of
C7-C6 (+0.32 and +0.24), singlet oxygen should preferentially attack the C4—C5 double bond.
In order to confirm the structure of the product, DFT calculations for the open-cage fullerene
derivatives 25 and its positional isomer 26, as well as the dioxetane intermediates 23 and 24 at
the B3LYP/6-31G* level were conducted (Scheme 3).2  As the result, the relative energy of
thus obtained 25 was calculated to be lower than that of 26 by 4.71 kcal mol™.
Dioxetane intermediate 23 was also shown to be more stable than 24 by 1.04 kcal mol™.

In order to confirm the structural assignment of 25 based on the *C NMR spectrum, the
GIAO (SCF/6-31G*//B3LYP/6-31G*) calculations were performed for both 25 and 26. As
shown in Figure 3, the calculated spectrum of 25 more closely resembles the experimental

23

o)
Ye)
N \ """ >
/ \
24
(+70.2 kcal mol™) (+4.7 kcal mol ™)

Scheme 3. Reaction of 13 with singlet oxygen. The relative energy with
reference to 25 calculated by B3LYP/6-31G* are shown in parentheses.
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))
(
«

Ccs,
CDCly

T

200 180 160 140 120 100 80 60 40 3/jppm

(b) I‘N
| L
160 140

T T
200 180

(C) I'lm
T T
160 140

T T
200 180

T T T
120 100 80 60 40 d/ppm

T T T
120 100 80 60 40 d/ppm

Figure 3. (a) Observed (100 MHz, CS,-CDCl; (1:1)) *C NMR spectrum
of 25. Calculated (GIAO (SCF/6-31G*//B3LYP-6-31G*) *C NMR
spectra of (b) 25 and (c) 26.

spectrum than does that of 26. These results of calculations also support the structure of the

oxidation product as 25 with a 12-membered-ring orifice on the Cgo cage.

Conclusion

It was demonstrated that a thermal reaction of fullerene Cg with
4,6-dimethyl-1,2,3-triazine causes a competition between the reaction of Cgo with azete 8 and
with  rearranged 1,4-diradical intermediate 17. The former reaction gave
azacyclohexadiene-fused derivative 5 via [4+2] cycloaddition, while the latter reaction
afforded an unexpected open-cage fullerene derivative 13 by multistep rearrangements and
hydrolysis on silica gel. It is rather surprising that such multistep rearrangements could take
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place in a one-pot reaction and in a single chromatography column. Theoretical calculations
were performed for some of the reaction intermediates and products, supporting the
experimentally obtained results quite well. A facile oxidation of derivative 13 was found to
take place to give open-cage fullerene derivative 25 with a 12-membered-ring orifice on the
fullerene cage.

Experimental Section

General. The *H and *C NMR measurements were carried out on a Varian Mercury
300 instrument and JEOL AL-400 instrument and the chemical shifts are reported in ppm
with reference to tetramethylsilane. In some cases, the signal of o-dichlorobenzene-d,
(ODCB-d,) was used as an internal standard (8 7.20 ppm in *H NMR, and & 132.35 ppm in
3C NMR). Preparative HPLC was conducted using a Cosmosil 5PBB column (10 mm x
250 mm) with ODCB as an eluent, detected at 326 nm. Fullerene Cgy Was purchased from
Matsubo Co. 4,6-Dimethyl-1,2,3-triazine (4) was synthesized by a reported procedure.*

Computational Method. The PM3 calculations were performed using the MOPAC 6.0
semiempirical molecular orbital package on a CRAY T94/4128 computer. All other
calculations were performed with the Gaussian 98 series of electronic structure program.*2

Synthesis of 9 and 13. A solution of Cg (133 mg, 0.184 mmol) and
4,6-dimethyl-1,2,3-triazine (4) (60 mg, 0.55 mmol) in ODCB (9 mL) was heated at 180 °C for
24 h to give a dark brown solution and some insoluble material. The reaction mixture was
subjected to a flash chromatography over silica gel eluted with CS; to give unchanged Cgo (40
mg, 0.056 mmol, 30%) and 9 (14 mg, 0.018 mmol, 10%), and then with toluene to give 13
(10 mg, 0.013 mmol, 7%) as brown powders.

9: IR (KBr) v 1678 (C=N), 1429, 851, 752, 527 cm*; UV-vis (CHCl3) Amax (log €) 258
(5.05), 313 (4.57), 433 (3.50), 698 (2.53) nm; *H NMR (300 MHz, CS,—acetone-ds (7:1)) &
6.52 (g, J =1.5 Hz, 1H), 2.64 (d, J = 1.5 Hz, 3H), 2.52 (s, 3H); **C NMR (75 MHz,
CS,—acetone-dg (7:1)) & 159.35, 153.03, 148.80, 147.86, 147.72, 146.44, 146.35, 146.27,
146.01, 145.97, 145.85, 145.27, 145.25, 145.20, 145.12, 144.65, 144.06, 142.89, 142.52,
142.36, 142.25, 142.03, 141.99, 141.70, 141.47, 140.68, 140.31, 139.46, 138.91, 134.70,
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133.02, 119.12, 82.38, 60.19, 26.41, 22.59; HR MS (+FAB) calcd for CgHgN (MH™),
802.0657, found 802.0648.

13: IR (KBr) v 1723 (C=0), 1509, 544, 537 cm™; UV-vis (CHCls) Amax (log €) 261
(5.02), 329 (4.54), 533 (3.02) nm; *H NMR (400 MHz, ODCB-dj) & 6.50 (d, J = 1.1 Hz, 1H),
3.29 (d, J = 20.6 Hz, 1H), 2.79 (dd, J = 20.6 and 1.1 Hz, 1H), 2.64 (s, 3H); *C NMR (100
MHz, ODCB -d,) 6 200.75, 155.14, 149.29, 145.53, 145.44, 145.36, 145.23, 145.21, 144.65,
14456, 144.55, 14451, 144.32, 144.26, 144.20, 144.13, 144.11, 144.03, 144.00, 143.79,
143.76, 143.70, 143.66, 143.57, 143.52, 143.48, 143.44, 143.32, 143.30, 143.15, 143.13,
142.92, 141.70, 141.08, 140.74, 140.59, 140.49, 140.39, 140.19, 140.10, 139.94, 139.77,
138.90, 138.46, 137.97, 137.92, 137.04, 136.99, 136.86, 136.28, 135.09, 134.40, 134.12,
133.75, 133.36, 126.23, 125.58, 55.24, 46.60, 43.72, 34.07 (the signals at the range of & 132.4
~ 126.8 were overlapped with the signals of ODCB-d;); HR MS (+FAB) calcd for CgsHgO
(M"), 802.0418, found 802.0414.

Synthesis of 25. An air-saturated solution of 13 (10 mg, 0.013 mmol) in CS; (30 mL)
was stirred at room temperature under the irradiation of room light for 1 h.  The color of the
solution changed gradually from purple to brown. After removal of the solvent, the residue
was purified by HPLC on a 5PBB column eluted with ODCB to afford 25 (7 mg, 0.0078
mmol, 60%) as a brown powder.

25: IR (KBr) v 1741 (C=0), 1718 (C=0), 1697 (C=0), 553, 528 cm™*; UV-vis (CHCls)
Amax (l0g €) 257 (5.04), 325 (4.62), 424 (3.63) nm; *H NMR (300 MHz, CS,—CDCl; (1:1)) &
5.93 (s, 1H), 4.79 (d, J = 18.5 Hz, 1H), 3.02 (d, J = 18.5 Hz, 1H), 2.23 (s, 3H); **C NMR (100
MHz, CS,—CDCl; (1:1)) 6 200.42, 198.17, 193.49, 151.39, 149.54, 148.06, 147.62, 147.42,
146.41, 146.38, 145.92, 145.88, 145.85, 145.57, 145.49, 145.43, 146.37, 145.29, 145.15,
145.13, 145.10, 145.01, 144.50, 144.27, 144.18, 143.78, 143.64, 142.97, 142.67, 142.20,
142.12, 142.08, 141.59, 141.55, 141.32, 140.84, 140.26, 140.23, 139.95, 139.90, 139.70,
139.55, 138.81, 138.34, 138.00, 137.28, 136.66, 136.60, 135.98, 135.22, 132.85, 132.71,
132.42, 131.02, 130.50, 51.77, 48.61, 47.51, 37.64; HR MS (+FAB) calcd for CgsH;03 (MH™),
835.0395, found 835.0403.
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Chapter 2

Synthesis, Structure, and Properties of Novel
Open-Cage Fullerenes Having Heteroatom(s) on the
Rim of the Orifice

Abstract: A thermal reaction of fullerene Cg  with
3-(2-pyridyl)-5,6-diphenyl-1,2,4-triazine (1) afforded aza-open-cage
fullerene 2 having a nitrogen atom on the rim of an
eight-membered-ring orifice. Compound 2 underwent oxidative
ring-enlargement by the reaction with singlet oxygen to give
aza-dioxo-open-cage fullerenes 6 and its isomer 7, both of which
have a 12-membered-ring orifice, as the primary products. It was
then found that the orifice of 6 could be effectively enlarged by a
reaction  with  elemental sulfur in the presence of
tetrakis(dimethylamino)ethylene, serving as a n-donating agent for 6,
to give novel aza-dioxo-thia-open-cage fullerene 12 having a
13-membered-ring orifice. The structure of 12 was unambiguously
determined by X-ray crystallography. The ring-expanding
reactions were rationalized based on the results of molecular orbital
calculations. Upon electrochemical measurements, compounds 6
and 7 were found to be more readily reducible than Cg by about 0.2
V due to the existence of two carbonyl groups on the rim of the
orifice.
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Introduction

As mentioned in General Introduction and in Chapter 1, the liquid-phase thermal
reaction of fullerene Cgo with nitrogen-containing aromatic compounds® such as phthalazine'®
and 4,6-dimethyl-1,2,3-triazine™ afforded new derivatives of open-cage fullerenes. It should
be noted that the open-cage fullerenes with an eight-membered-ring orifice are readily
obtained in an one-pot thermal reaction in our works, while synthetic methods developed by
other groups consisted of more than one step including photo-irradiation.?

In the course of the investigations of thermal reactions of Cg with various triazines such
as 4-methoxy-1,2,3-benzotriazine, 4-methyl-1,2,3-triazine, and 3-amino-1,2,4-triazine, it was
found that the reaction with 5,6-diphenyl-3-(2-pyridyl)-1,2,4-triazine (1) could efficiently
yield a desired aza-open-cage fullerene with an eight-membered-ring orifice including an
unsaturated nitrogen atom on the rim of the opening. Furthermore, by developing novel
reactions for stepwise enlargement of the orifice sizes, the author succeeded in obtaining a
series of new open-cage fullerene derivatives with 10-, 12-, and 13-membered-ring orifices
containing hetero-atom(s) such as nitrogen, oxygen, and sulfur on the rim of the openings.
In this chapter, the synthesis, structure, and properties of a series of these newly formed
derivatives of open-cage fullerenes are described.

Results and Discussion

Open-cage fullerene derivatives having an eight-membered-ring orifice: A thermal
reaction was carried out by heating a solution of Cgo with one equivalent of 1,2,4-triazine 1 in
o-dichlorobenzene (ODCB) at 180 °C for 17 h (Scheme 1). The reaction proceeded
smoothly to afford almost a single product, exhibiting a purple color in solution, together with
unreacted Cgo in 41% recovery. The structure of the product, which was highly soluble in
common organic solvents such as CHCIs, toluene, CS,, and ODCB due to the presence of
phenyl and pyridyl substituents, was determined as an aza-open-cage fullerene derivative 2
having an eight-membered-ring orifice, based on the characterization as described below.
The isolated yield of 2 was 50% (85% based on consumed Cg).
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Scheme 1. Formation of open-cage fullerene derivative 2.

The structure determination of the open-cage fullerene 2 was first attempted based on
spectral information. The high-resolution FAB mass spectrum showed the molecular ion
peak at m/z 1003 (MH") corresponding to M = CgyH14N,, clearly indicating that 2 is formed
by addition of 1,2,4-triazine 1 to Cg followed by extrusion of N,.  The *H NMR spectrum
displayed the signals for aromatic protons only, while the *C NMR spectrum showed 65
signals in the sp’-carbon region between & 167.96 and 122.47 ppm (with nine signals
overlapped), in addition to two signals at & 73.02 and 56.35 ppm for the sp*-carbon atoms,
suggesting that 2 has C; symmetry. The purple color observed for the CHCI; solution of 2
and its maximum absorption at 533 nm in the UV-vis spectrum (closely resembling the
spectrum of Cg) indicates that the 60 original fullerene carbon atoms retain their sp?
hybridization in a t-conjugated system. 2

The structure of 2 was unambiguously determined by X-ray crystallography of a single
crystal obtained by slow evaporation of a benzene solution of 2. As shown in Figure 1, the
eight-membered-ring orifice composed of C1-C7 and N1 is present on the fullerene cage of 2.
In the eight-membered ring, the C2—C3 (1.406(4) A), C4-C5 (1.403(4) A), and C7-N1
(1.270(4) A) bonds have double bond character, whereas the others have single bond

character. The eight-membered ring is in a tub-form with the C1-C2-C3-C4 and
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Figure 1. The X-ray structure of open-cage fullerene
derivative 2 with displacement ellipsoids drawn at the 50%
probability level. Selected distances [A], 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).

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

A probable reaction mechanism for the formation of 2 is shown in Scheme 1. A [4+2]
cycloaddition of 1,2,4-triazine 1 to Cg affords 3, and the following extrusion of N, gives
2-aza-1,3-cyclohexadiene-fused Cgo derivative 4, which would undergo a formal
intramolecular [4+4] cycloaddition to give 5, and then a [2+2+2] cycloreversion affords 2.
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Enlargement of the orifice in open-cage fullerene 2: As mentioned in Chapter 1, it
has been reported both by us and another group that one of the carbon-carbon double bonds in
the eight-membered-ring orifice in an open-cage fullerene can undergo oxidative cleavage by

13 gince, the carbon-carbon double

the action of photochemically generated singlet oxygen.
bonds at “C2—C3” and “C4-C5” positions of 2 are shown to be rather strained by the results
of X-ray crystallography, their reactivity should be enhanced.

In order to further gain insight into the reactivity of 2, DFT calculations were conducted.
The geometry of 2 was fully optimized at the B3LYP/6-311G** level of theory” to give a
structure with the HOMO shape as shown in Figure 2. The HOMO of 2 was found to be
localized primarily at the two carbon-carbon double bonds at C2—C3 and C4—-C5 positions in
the same manner as reported for the carbon analogues,™®® whereas the LUMO was found to be
spread over almost all the sp?-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 regioselectively on

these double bonds.

Figure 2. The optimized structure of open-cage fullerene
derivative 2 with the contour of the HOMO, calculated at the
B3LYP/6-311G** level of theory.
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In fact, when an air-saturated solution of 2 in CCl, was irradiated with visible light by
using a high-pressure mercury lamp for 6 h at room temperature, the color of the solution
turned from purple to dark brown. By separating the reaction mixture by the use of HPLC
on 5PBB column eluted with ODCB, three oxidation products 6, 7, and 8, all having the
molecular formula corresponding to 2 with the addition of O, as shown by high-resolution
FAB mass spectroscopy, were obtained in 60%, 31%, and 2% yields, respectively. The IR
spectra of 6 and 7 exhibited strong carbonyl stretching bands at 1747 and 1748 cm™,
respectively, whereas no carbonyl absorption band was observed for 8.

Because the full determination of structures of 6, 7, and 8 based on spectral information
only was quite difficult, each *C NMR spectrum was simulated by conducting theoretical
calculations. In order to confirm the reliability of such simulations, *C NMR spectrum of 2
was first computed by conducting the gauge-independent atomic orbital (GIAO)
calculations®® at various level of theory, and the simulated spectra were compared with the
experimental spectrum. The GIAO calculations on 2 were conducted using Hartree-Fock
(HF) and density functional theory (B3LYP and B3PW91) methods with both the 6-311G**
and TZV basis sets, based on the structure optimized at the B3LYP/6-311G** level of
theory.” 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 experimental *C NMR spectrum of 2 features two
sp?-carbon signals at & 167.96 and 164.81 ppm, which are notably downfield shifted, the rest
of the sp?-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 sp*-carbon signals at
6 73.02 and 56.35 ppm. As shown in Figures 3, 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 spectrum fairly well.
Particularly, DFT methods were superior to HF methods in accuracy regardless of the basis
sets. The contribution of electron correlations seems to play an important role in the
properties of compound 2.% A similar trend has also been observed in the calculated **C
NMR chemical shifts on a naphthalene derivative.” As shown by the comparison of Figure
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Figure 3. The experimental and calculated **C NMR spectra of 2. The
GIAO calculations were conducted at different levels of theory and basis
sets using the optimized structure at the B3LYP/6-311G** level of theory:
(@) experimental spectrum, (b) GIAO-B3PW91/6-311G**, (c)
GIAO-B3LYP/6-311G**, (d) GIAO-B3PWI1/TZV, (e)
GIAO-B3LYP/TZV, (f) GIAO-HF/6-311G**, and (g) GIAO-HF/TZV.

3a with Figure 3b, the GIAO-B3PW91/6-311G** calculation was found to be the best method
for reproducing the experimental **C NMR spectrum for compound 2.

According to the high-resolution FAB mass and IR spectroscopy described above and
the related reports dealing with the photooxidation of carbon analogues of 2,"** possible

-35 -



structures of the two major photo-oxidation products 6 and 7 are supposed to be
diketo-compounds, which could be formed by regioselective cleavage of the carbon-carbon
double bonds at C2—C3 and C4—C5 positions, respectively. The characterizations of 6 and 7
were achieved by comparing the computed *C NMR spectra of 6 and 7 at
GIAO-B3PW91/6-311G** level of theory with the experimentally observed spectra (Figure
4). Because of the fairly good agreement of the observed spectra with the calculated ones,
the structural assignment of 6 and 7 is considered to be correct.

For the minor product 8, isolated in only 2% yield from the photochemical oxidation of
2, the experimental **C NMR spectrum displayed no peak corresponding to a carbonyl carbon
as shown in Figure 5a, while the high-resolution FAB mass spectroscopy indicated that two
oxygen atoms were incorporated in 2. In comparison with the **C NMR spectrum of starting
material 2, a notable downfield shift was observed for one of the sp*-carbon signals (a signal
at § 73.02 ppm for 2 was shifted to & 96.47 ppm for 8), whereas another sp*-carbon signal
remained relatively unchanged (& 56.35 ppm for 2 and & 53.26 ppm for 8). Because the
signals at 6 73.02 and 56.35 ppm for 2 are assigned to the C1 and C6 carbon atoms,
respectively, based on the GIAO calculations described above, it is implied that the reaction
with singlet oxygen has taken place near the C1 carbon atom of 2 without any formation of
additional sp3-carbon atom(s). Thus the most probable structure for this minor product is
considered to be 8, shown below, with a 10-membered-ring orifice on the fullerene cage,
resulting from insertion of each of the two oxygen atoms into C1-C2 and C3—C4 single bonds
of 2. This assignment was supported by comparison of the **C NMR spectra calculated by
the GIAO-B3PW91/6-311G** method for 8 and its positional isomer 9 with the experimental
3C NMR spectrum.  Clearly, a better agreement was observed for compound 8, as shown in
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Figure 5.
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Figure 4. The experimental and calculated **C NMR spectra of 6
and 7. The GIAO calculations were conducted at the
B3PW91/6-311G** level of theory: (a) observed for 6, (b)
calculated for 6, (c) observed for 7, and (d) calculated for 7.
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Figure 5. The experimental *C NMR spectrum of the minor product
and calculated *C NMR spectra of 8 and 9. The GIAO calculations
were conducted at the B3PW91/6-311G** level of theory: (a)
observed for the minor product, (b) calculated for 8, and (c) calculated
for 9.
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The formation of three oxidation products 6, 7, and 8 by the reaction of 2 with
photochemically generated singlet oxygen is explained as follows. As shown in Scheme 2,
singlet oxygen adds electrophilically to the strained C2—C3 and C4—C5 double bonds having
relatively high coefficients of the HOMO to form intermediate dioxetanes 10 and 11,
respectively. The optimized structures and relative energies of dioxetanes 10 and 11 as well
as diethers 8 and 9 were also calculated at the same level of theory (B3LYP/6-311G**).
Although the addition of singlet oxygen to the C2—C3 bond would be slightly unfavorable as
judged from the relative energy of dioxetanes 10 and 11 calculated at the B3LYP/6-311G**
level of theory, it would be kinetically favorable compared with the addition to the C4—C5
bond due to the presence of two bulky phenyl groups in close proximity. Diketone 6 is

(+1.0 kcal mol’l) (O kcal mol’l) (+0.6 kcal mol’l) (+1.8 kcal mol’l)
Scheme 2. Formation of open-cage fullerene derivatives 6, 7, and 8. The relative

energies calculated at the B3LYP/6-311G** level of theory with reference to 8 are
shown in parentheses.
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formed from dioxetane 10 by the cleavage of the C2—C3 single bond and the O-O bond,
whereas diether 9 is produced by means of the insertion of each oxygen atom into the C1-C2
bond and the C3—C4 bond with the concomitant cleavage of the O—O single bond. A similar
reaction pathway can be supposed for the formation of diketone 7 from dioxetane 11, but the
formation of diether 9, which is calculated to be 1.8 kcal mol™ less stable than 11, was not
observed under the present reaction conditions.

An open-cage fullerene derivative having a 13-membered-ring orifice: The
12-membered-ring orifice of 6 was shown to be rather small to introduce even helium atom as
judging from the results of theoretical calculations which predicted that the activation energy
for the insertion process of helium is rather high, i.e., 39.2 kcal mol™ at the B3LYP/6-31G**
level of theory, based on the structure optimized at the B3LYP/3-21G level of theory. In
order to further enlarge the 12-membered-ring orifice of 6, a reaction which causes insertion
of a heteroatom at the rim of the orifice appeared quite appealing. It has been shown that a
sulfur atom can be inserted into an activated C—C single bond.®® We therefore attempted a
thermal reaction of 6 with elemental sulfur in ODCB and found that the desired reaction
actually takes place in the presence of tetrakis(dimethylamino)ethylene (TDAE), which can
serve as a m-donor.* Heating a mixture of 6, elemental sulfur (8 equiv), and TDAE (1
equiv) in refluxing ODCB for 30 min efficiently afforded a single product with a
high-resolution FAB mass data exhibiting a molecular ion peak at m/z 1067 corresponding to
6+ S+ H,in77% yield. The similar reactions using elemental selenium or tellurium instead
of sulfur were also examined, but they only afford almost insoluble and intractable materials.

In the sulfur insertion reaction, TDAE is supposed to activate 6 either by one-electron
transfer or by complexation so that the electrophilic reaction of elemental sulfur to 6 can
readily take place. The theoretical calculations for 6 at the B3LYP/6-311G** level of theory
demonstrated that the LUMO of 6 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
below. The absolute values of the coefficients of the LUMO at C9, C10, C11, and C12 of 6
are 0.29, 0.35, 0.32, and 0.25, respectively. Therefore, it is assumed that the sulfur atom has
been inserted into the carbon-carbon single bond at C10-C11 position to give the novel

-40 -



Synthesis, Structure, and Properties of Novel Open-Cage Fullerenes
Having Heteroatom(s) on the Rim of the Orifice

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

open-cage fullerene derivative 12 having a 13-membered-ring orifice (Scheme 3). The *C
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 sp*carbon atoms in the range & 166.40 to 122.68 ppm, and two signals
corresponding to the sp-carbons at & 74.42 and 52.33 ppm. Finally, the validity of the
assignment of the structure 12 to this product was unambiguously proved by the X-ray
crystallography for the single crystal grown by slow evaporation from a toluene solution of 12
(Figure 7).

Sg (x 1)
TDAE (x 1)

ODCB, 180 °C
30 min

Scheme 3. Synthesis of open-cage fullerene derivative 12.
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Figure 7. The X-ray structure of open-cage fullerene derivative 12 with the
displacement ellipsoids model drawn at the 50% probability level: (a) side
view and (b) top view. Selected distances [A]: N1-C1 1.445(3), C1-C2
1.584(4), C2-01 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), C3-02 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).
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As shown by the X-ray crystal structure given in Figure 7a, compound 12 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) A, 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 6.
Determination of this X-ray structure also confirmed the validity of the structural assignment
of the starting material 6, which was made based on the comparison with the DFT-GIAO
calculated *C NMR spectrum, as described above.

From the top view of the X-ray structure shown in Figure 7b, it can be seen that the
13-membered-ring orifice in 12 has a somewhat more circular shape than 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 13 reported by Rubin and
co-workers.*>  This is the largest hole constructed thus far on the surface of Cgo. Thus, the
insertion of a small molecule or atom such as helium, neon, and molecular hydrogen is
expected to be possible through the 13-membered-ring orifice in 12.

Top view of the
space filling model

Properties of open-cage fullerene derivatives: The UV/vis spectra of the obtained
open-cage fullerene derivatives, 2, 6, 7, 8, and 12, taken in CHCI; are shown in Figure 8. As
mentioned previously, compound 2, having an eight-membered-ring orifice, displayed a
similar absorption pattern to that of Cg itself, reflecting the fact that 2 retains the conjugated

1a,1b,2

system composed of 60 sp?-carbon atoms. Compounds 6 and 7, which are isomeric,

showed quite similar absorptions, that is, strong maximum absorptions in the UV region (257
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Figure 8. UV/Vis spectra of open-cage fullerene derivatives: blue line (2), black (6),
green (7), red (8), and brown (12) in CHCl5.

and 325 nm for 6; 259 and 324 nm for 7), which are commonly observed in Cgo derivatives,
and a small absorption in the visible region (424 nm for 6; 423 nm for 7) as well as the
long-wavelength visible absorption extending to approximately 700 nm. These absorptions
are different from those of an enol-ketone derivative 14, which has a similar
12-membered-ring orifice. This showed maximum absorptions at 453 and 751 nm.®
Compound 8 showed maximum absorptions at 253, 317, and 442 nm. Compound 12, 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 6, 7 and 8, and 12, the absorption at the visible region lost
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their structure.  The colors of the solutions of 2, 6, 7, 8, and 12 in CHCI; were purple, brown,
brown, red-brown, and bright red, respectively.

To examine the electronic properties of the open-cage fullerene derivatives 2, 6, 7, 8,
and 12, their redox behaviors were studied by cyclic voltammetry (CV) and differential pulse
voltammetry (DPV) in ODCB using Bus;NBF, as a supporting electrolyte. Despite the
significant change in the m-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 Cgq itself.
The corresponding four one-electron reduction peaks were observed upon DPV measurements.
As an example, the CV and DPV results for compound 7 are shown in Figure 9, together with
those for Ce.

The reduction potentials determined by DPV are summarized 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 compounds 2 and 8 were found to be rather

U AVAVAVA i

(C) 3 pA

-0.5 -1.0 -15 -2.0 -2.5 -3.0
V vs Fe/Fc*

Figure 9. CV and DPV of Cgy and 7: 1 mM in ODCB, 0.05 M TBABF,, scan
rate 0.02 V s %; (@) CV of Cg, (b) DPV of Cg, (c) CV of 7, and (d) DPV of 7.
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Table 1. Reduction Potentials? and Calculated LUMO Levels®

compound Eregt Ered™ Ere Ereg ™ LUMO / eV°
Ceo -1.17 -1.59 —2.06 -2.56 -3.23
2 -1.21 -1.62 —2.11 —2.62 -3.03
6 -0.97 ~1.40 -2.01 —2.43 -3.32
7 -0.98 -1.39 —2.00 —2.44 -3.34
8 -1.18 -1.58 -2.20 -2.70 -3.13
12 -1.15 -1.56 -2.05 -2.52 -3.16
14 -1.07° -1.43° -1.99° -2.29° -3.26°

2V vs ferrocene/ferrocenium: All reduction potentials were measured by DPV (1 mM sample, 0.05 M
Bu,NBF, in ODCB, scan rate 0.02 V s7). P Calculated at the B3LYP/6-31G* level of theory. ¢ Values
taken from ref. 3a.

similar to those of Cg, indicating that the fully conjugated n-electron systems made of 60
sp’-carbons in 2 and 8 retain the high electron affinities characteristic of Ce. Most
noteworthy is the observation that compounds 6 and 7 exhibited first reduction waves at
potentials as low as —0.97 and —0.98 V versus the ferrocene/ferrocenium couple, respectively,
which are approximately 0.2 V lower than that of Csy measured under the same conditions.
The second to fourth reduction potentials were also lower than those of Cgo. This enhanced
reducibility could be ascribed to the presence of two carbonyl groups directly connected to the
partially broken fullerenyl n-system. Actually, the reduction potentials observed for 6 and 7
are lower than those of the monocarbonyl analogue of the similar open-cage fullerene 14 by
about 0.1 V.** Therefore, one carbonyl group connected to the fullerenyl m-system is
considered to decrease the reduction potential by approximately 0.1 V. This effect is nearly
comparable to that of the two cyano groups connected by sp-carbon atoms to the Csg
fullerenyl m-system in Ceo(CN)2.**  In contrast, the sulfur-containing derivative 12 displayed
its first reduction at —1.15 V, which is more negative than that of 6 and 7 and close to that of
Ceo despite the presence of two carbonyl groups. This is considered to reflect the strong
electron-donating effect of a sulfur atom directly bonded to the m-system. As shown in
Table 1, the lowered reduction potentials observed for 6 and 7 are in agreement with the low
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levels of LUMO predicted for these compounds by theoretical calculations at the
B3LYP/6-31G* level of theory.™

Conclusion

In summary, an open-cage fullerene derivative having a nitrogen-containing,
eight-membered-ring orifice (2) was synthesized in high yield (85% based on consumed Cg
at 59% conversion) by a liquid-phase thermal reaction of Cg  with
3-(2-pyridyl)-5,6-diphenyl-1,2,4-triazine (1) in one pot. The eight-membered-ring orifice
was further enlarged to a 12-membered ring containing two carbonyl carbon atoms (6 and 7)
and a 10-membered ring containing ether linkages (8) by photochemical oxidation with
singlet oxygen. The structures of these compounds were characterized by spectroscopy and
DFT calculations, as well as by the X-ray crystallography for 2. In particular, the GIAO
calculation was found to be a powerful method for structural determination of derivatives
such as 6, 7, and 8 by comparison of the calculated **C NMR spectra with the observed ones.

A novel sulfur-atom insertion into the central C—C bond in the butadiene unit of the rim
of the 12-membered-ring orifice was developed. It gave a novel fullerene derivative 12 with
a 13-membered-ring orifice containing both nitrogen and sulfur atoms on the rim. The
X-ray crystallography on this compound indicated that the shape of the orifice is closer to a
circle than to an ellipse compared with compound 13, which has the largest orifice reported
thus far.'* The energy barrier for insertion of a helium atom through the orifice was
calculated to be approximately 5.5 kcal mol™ lower for compound 12 than for 13. This
finding is a good indicator that the preparation of endohedral fullerene complexes by means

of organic synthesis, which was initiated by Rubin and co-workers, is indeed possible.***°

Experimental Section

General. The *H and **C NMR measurements were carried out on a Varian Mercury
300 instrument and a JEOL AL-400 instrument and the chemical shifts are reported in ppm

with reference to tetramethylsilane. In some cases, the signal of o-dichlorobenzene-d,
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(ODCB-d,) was used as an internal standard (5 7.20 ppm in *H NMR, and & 132.35 ppm in
3C NMR). UV/vis spectra were recorded on a Shimadzu UV-2100PC spectrometer. IR
spectra were recorded with a Shimadzu FTIR-8600 spectrometer. MS spectra were recorded
on a JEOL MStation JMS-700. Cyclic voltammetry and differential pulse voltammetry were
conducted on a BAS Electrochemical Analyzer CV-100W using a three-electrode cell with a
glassy carbon working electrode, a platinum wire counter electrode, and a Ag/0.01 M AgNOs
reference electrode. The potentials were corrected against ferrocene used as an internal
standard which was added after each measurement. Fullerene Cg, was purchased from
Matsubo Co. 3-(2-Pyridyl)-5,6-diphenyl-1,2,4-triazine and tetrakis(dimethylamino)ethylene
were purchased from Aldrich Co. and used as received. Elemental sulfur was purchased
from Nacalai Tesque Co. and used as received.

Computational Method. All calculations were conducted by using the Gaussian 98
series of electronic structure programs.* The geometries were fully optimized with the
restricted Becke hybrid (B3LYP) method for all compounds. The GIAO calculations were
performed at HF/6-311G**, B3LYP/6-311G**, B3PW91/6-31G**, HF/TZV, B3LYP/TZV,
and B3PW91/TZV level of theory using the optimized structure at the B3LYP/6-311G**
level of theory.

Synthesis of 2. A mixture of fullerene Cgs (50 mg, 0.069 mmol) and
3-(2-pyridyl)-5,6-diphenyl-1,2,4-triazine (2) (21 mg, 0.068 mmol) in ODCB (4 mL) was
refluxed at 180 °C for 17 h under argon. The resulting dark purple solution was directly
subjected to flash column chromatography over silica gel. Elution with CS, gave unreacted
Ceo (20 mg, 41%) while the following elution with CS,-ethyl acetate (20:1) gave open-cage
fullerene derivative 2 (35 mg, 0.035 mmol, 50%) as a brown powder.

2: mp >300 °C (slow decomposition starting at 250 °C); IR (KBr) v 1749 (C=N) cm™;
UV/vis (CHCI3) Amax (log €) 262 (5.05), 329 (4.62), 431 (3.29), 533 (3.07) nm; *H NMR (300
MHz, CS,—acetone-ds (7:1)) 6 8.68 (m, 1H), 8.00-7.90 (m, 2H), 7.76-7.69 (m, 2H), 7.44-7.37
(m, 2H), 7.22-7.10 ppm (m, 7H); **C NMR (100 MHz, CS,—CDCl; (1:2)) & 167.96, 164.81,
149.10, 148.10, 147.96, 145.40, 145.21, 145.14, 145.12, 145.06, 144.85, 144.37, 144.34,
144.20, 144.15, 144.02, 143.96, 143.94, 143.80, 143.77, 143.71, 143.65, 143.59, 143.54,
143.50, 143.40, 143.35, 143.31, 143.21, 143.19, 143.16, 143.13, 143.02, 142.86, 141.29,
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140.53, 140.49, 140.32, 140.23, 140.20, 139.96, 139.18, 138.77, 138.09, 137.92, 136.73,
136.69, 136.57, 136.48, 136.35, 135.18, 135.02, 134.88, 134.60, 134.48, 130.78, 130.65,
128.36, 128.21, 128.00, 127.18, 127.04, 125.17, 125.08, 122.47, 73.02, 56.35; HRMS (+FAB)
calcd for CgoH1sN, (MH™), 1003.1235, found 1003.1238.

Synthesis of 6, 7, and 8. A purple solution of compound 2 (66 mg, 0.066 mmol) in
CCl4 (65 mL) in a Pyrex flask was irradiated by a high-pressure mercury lamp (500 W) from
a distance of 20 cm for 6 h under air. The resulting brown solution was evaporated and the
residual black solid was dissolved in ODCB (3 mL). This was subjected to preparative
HPLC using a Cosmosil 5PBB column (10 mm x 250 mm) eluted with ODCB (flow rate, 2
mL min™) to afford open-cage fullerene derivatives 6 (40 mg, 0.038 mmol, 60%, retention
time: 8.7 min), 7 (21 mg, 0.020 mmol, 31%, retention time: 9.2 min), and 8 (1 mg, 0.001
mmol, 2%, retention time: 9.1 min), after nine recycles, all as brown powders.

6: IR (KBr) v 1747, 1700 (C=0) cm™; UV/vis (CHCl3) Amax (log €) 257 (5.11), 325
(4.69), 424 (3.70) nm; *H NMR (300 MHz, CS,—acetone-ds (7:1)) & 8.52 (m, 1H), 8.37 (m,
1H), 8.07-7.98 (m, 3H), 7.82 (m, 1H), 7.37-7.03 (m, 8H); **C NMR (100 MHz, CS,—CDCl;
(1:2)) & 196.04, 188.96, 167.84, 161.38, 149.53, 148.22, 148.18, 148.04, 147.43, 147.32,
147.29, 147.15, 146.92, 146.37, 145.99, 145.85, 145.67, 145.53, 145.44, 145.38, 145.32,
145.25, 145.20, 145.19, 144.96, 144.85, 144.67, 144.35, 144.20, 143.79, 143.71, 14351,
142.87, 142.38, 142.17, 141.95, 141.57, 141.46, 141.11, 140.77, 140.56, 140.24, 140.13,
139.89, 139.73, 139.58, 139.27, 139.13, 138.96, 138.35, 137.30, 137.21, 137.16, 135.97,
135.92, 135.35, 132.90, 132.54, 131.08, 130.48, 129.96, 129.85, 129.78, 129.51, 128.88,
128.69, 128.37, 127.27, 127.17, 126.76, 123.13, 122.60, 74.97, 52.63; HRMS (+FAB) calcd
for CgoH15sN,0, (MH™), 1035.1134, found 1035.1132.

7: IR (KBr) v 1748 (C=0) cm™; UV/vis (CHCI3) Ama (log €) 259 (5.10), 324 (4.70),
423 (3.72) nm; *H NMR (300 MHz, CS,—acetone-ds (7:1)) & 8.58 (m, 1H), 8.20-8.17 (m, 2H),
8.02 (m, 1H), 7.93 (m, 1H), 7.37-7.21 (m, 9H); *C NMR (100 MHz, CS,—CDCl; (1:2)): &
195.31, 190.36, 165.18, 163.66, 151.71, 149.50, 148.38, 148.20, 147.48, 147.40, 147.34,
147.00, 146.37, 145.99, 145.96, 145.61, 145.55, 145.29, 145.22, 145.20, 145.12, 145.10,
144,98, 144.52, 144.39, 144.25, 144.11, 143.89, 143.78, 143.51, 143.05, 142.80, 142.43,
142.06, 141.80, 141.56, 141.49, 140.79, 140.69, 140.62, 140.07, 139.92, 139.63, 139.58,
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139.49, 139.27, 138.96, 138.40, 138.00, 137.48, 137.23, 136.58, 136.55, 136.18, 135.51,
135.44, 134.73, 134.23, 133.33, 132.01, 131.91, 131.68, 129.35, 129.32, 128.95, 127.21,
126.87, 124.44, 122.15, 72.42, 61.58; HRMS (+FAB) calcd for CgHisN.O, (MH)
1035.1134, found 1035.1151.

8: UVIvis (CHCl3) Amax (log €) 317 (4.64), 442 (3.52) nm; 'H NMR (300 MHz,
CS,—acetone-ds (7:1)) & 8.64 (m, 1H), 8.48 (m, 1H), 8.03-7.89 (m, 4H), 7.66 (m, 1H),
7.39-7.21 (m, 7H); **C NMR (100 MHz, ODCB-d,) & 167.97, 162.52, 162.16, 156.68, 151.84,
149.55, 147.73, 147.37, 147.09, 146.84, 146.82, 146.56, 145.89, 145.75, 145.67, 145.54,
145.45, 145.34, 145.30, 145.18, 145.03, 144.99, 144.67, 144.65, 144.60, 144.41, 144.23,
144.00, 143.81, 143.54, 143.27, 142.68, 142.50, 142.40, 142.00, 140.61, 139.99, 139.91,
139.77, 139.69, 139.54, 139.30, 138.62, 138.52, 138.47, 138.31, 138.18, 137.67, 137.48,
137.15, 137.04, 136.99, 136.91, 136.31, 134.37, 134.30, 132.94, 126.58, 126.15, 123.01,
120.04, 96.47, 53.26 (some signals in the region ¢ 132.7 ~ 126.9 overlap with the ODCB-d,
peaks); HRMS (+FAB) calcd for CggH15N20, (MH™), 1035.1134, found 1035.1121.

Synthesis of 12. To a heated and stirred solution of compound 6 (32 mg, 0.031 mmol)
and elemental sulfur (8 mg, 0.031 mmol as Sg) in ODCB (15 mL) was added
tetrakis(dimethylamino)ethylene (7.1 uL, 0.031 mmol) at 180 °C under argon. The solution
was refluxed at 180 °C for 30 min then the resulting dark red-brown solution was
concentrated by evaporation to about 3 mL. This was added to pentane (30 mL) with
vigorous stirring to give brown precipitates. The precipitates, collected by centrifuge, were
dissolved in ODCB (2 mL). The resulting solution was subjected to flash chromatography
on silica gel eluted with toluene-ethyl acetate (30:1) to give open-cage fullerene derivative 12
(25 mg, 0.023 mmol, 77%) as a brown powder.

12: mp >300 °C (slow decomposition starting at 250 °C); IR (KBr) v 1748 (C=0) cm™;
UV/Nis (CHCls) Ama (log €) 257 (5.14), 319 (4.69), 430 (3.78) nm; *H NMR (300 MHz,
CS,—acetone-dg (7:1)) 6 8.60 (m, 1H), 8.23 (m, 1H), 8.18-8.15 (m, 2H), 8.02 (m, 1H), 7.53 (m,
1H), 7.36 (m, 1H), 7.30-7.25 (m, 3H), 7.04-6.88 (m, 4H); **C NMR (75 MHz, ODCB-d,) &
193.06, 185.02, 166.40, 164.00, 150.18, 149.19, 149.06, 148.64, 148.57, 148.53, 148.43,
148.23, 148.03, 147.71, 147.59, 147.56, 147.49, 147.40, 147.35, 147.33, 147.20, 146.82,
146.75, 146.56, 145.81, 145.60, 145.28, 144.67, 144.14, 143.73, 142.12, 141.65, 141.32,
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141.09, 140.73, 140.30, 140.15, 139.93, 139.13, 138.91, 138.58, 138.54, 138.50, 138.32,
137.97, 137.88, 137.54, 137.39, 137.31, 135.44, 135.19, 135.10, 132.91, 122.68, 74.42, 52.33
(signals in the range 6 132.4-126.9 overlap with the signals of ODCB-d,); HRMS (+FAB)
calcd for CgoH15N,0,S (MH™), 1067.0854, found 1067.0814.

X-ray structural analysis of 2 and 12. Single crystals of compounds 2 and 12 suitable
for X-ray crystallography were obtained by slow evaporation of the solutions in benzene and
in toluene, respectively, over three days at room temperature.  Single-crystal diffraction data
were collected at 100 K on a Bruker SMART diffractometer equipped with a CCD area
detector using Mo-Ka radiation. All structure solutions were obtained by direct methods
and refined using full-matrix least-squares with a Bruker SHELXTL (Version 5.1) Software
Package. The crystal parameters are summarized in Table 2.

Table 2. Crystallographic Data for Open-Cage Fullerene Derivatives

2:(CgHe)s 12-(C7Hg)os
empirical formula CggH3oN» CgasH18N>0,S
formula weight 1237.26 1113.06
crystal system triclinic triclinic
space group P-1 P-1
a[A] 13.750(2) 10.0158(8)
b [A] 15.237(2) 13.1987(10)
c[A] 15.498(2) 17.5019(14)
o [°] 63.891(3) 98.638(2)
B[] 71.078(4) 91.309(2)
v[°] 85.258(3) 98.317(2)
VAT 2751.4(7) 2261.0(3)
Z 2 2
T [K] 100(2) 100(2)
L [A] 0.71073 0.71073
u[mm™ 0.086 0.142
0 range [°] 1.55-25.50 1.82-25.60
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limiting indices -14<h<16 -11<h<12
-18<k<18 -15<k<16
-18<I<18 -21<I<13
peale [0 cm°] 1.493 1.635
data/restraints/parameters 10201/0/957 8357/34/829
unique reflections 10201 8357
completeness [%] 99.4 98.2
absp correction SADABS SADABS
Rint 0.0357 0.0188
R1 [1>26(1)] 0.0613 0.0559
WR2 [1>26(1)]™! 0.1318 0.1348
R1 (all data)® 0.1093 0.0792
WR2 (all data)® 0.1499 0.1439
GOF on F? 0.931 0.969

[a] RL = ||Fe| — [Fol |/ £ [l [b] WR2 = {£ [W(Fo? — FA)?1 /£ [w(F )32
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Chapter 3

100% Encapsulation of a Hydrogen Molecule into an Open-Cage
Fullerene Derivative and Gas-Phase Generation of H,@Cgg

Abstract: By applying high-pressure H, gas to a new fullerene
derivative, Cs3NO,SPhyPy (1), having a 13-membered-ring orifice,
100% incorporation of a hydrogen molecule into the fullerene cage
has been achieved for the first time. This result was supported by
the theoretical calculations indicating that the energy barrier required
for H; insertion through an orifice in 1 is considerably low, i.e., 30.1
kcal mol™'.  Synchrotron X-ray diffraction analysis of a single
crystal of Hy@1 allowed the successful direct observation of a single
hydrogen molecule at the center of the hollow cavity of 1. Upon
MALDI-TOF mass spectroscopy, the removal of organic addends
from the fullerene derivative Hy@1 and restoration of the pristine
Ceo cage, which retains approximately one-third of incorporated

hydrogen molecule, have been observed.
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Introduction

The methodology of “molecular surgery” approach to endohedral fullerenes consists of
following processes, that is, (1) opening an orifice on the Cqp framework, (2) enlarging the
orifice, (3) putting some atom or small molecule through the orifice, (4) reducing the size of
the orifice, and (5) finally reproducing the original Cey form by complete closure of the
orifice.’ As mentioned in Chapter 2, the author and co-workers succeeded in the processes
(1) and (2) to obtain open-cage fullerene derivative 1 with a 13-membered-ring orifice on the
Ceo cage (Figure 1).2

As to the process (3), Rubin et al. succeeded in introducing a helium atom (475 atm,
288-305 °C, 7.5 h) and a hydrogen molecule (100 atm, 400 °C, 48 h) into an open-cage
fullerene derivative 2 with a 14-membereb-ring orifice in 1.5% and 5% yields, respectively,
for the first time in 2001.> However, compound 2 is somewhat unstable at such a high
temperature as 400 °C, and actually about 30% of 2 was decomposed during the insertion
process of molecular hydrogen. Thus, in order to achieve 100% encapsulation of these
gaseous molecules, it was required to synthesize an open-cage fullerene derivative having a
larger orifice with sufficient thermal stability. Compound 1 has an orifice, whose size is
5.64 A along the long axis and 3.75 A along the short axis, and is thermally stable up to

250 °C. Therefore compound 1 is supposed to be a better host molecule for small atoms and

H,@1

Figure 1. Structures of open-cage fullerene derivatives 1 and 2 and the
optimized structure of Hy@1 calculated at the B3LYP/6-31G** level of theory.
The hydrogen molecule is shown as a space-filling model, and the host molecule
is shown as a stick model.
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molecules than 2. Here the author shows that the encapsulation of molecular hydrogen into
1 does take place to produce the endohedral complex Ho@1 in 100% yield, and that Hy@Ceo

can be generated upon laser irradiation in the gas phase by self-restoration of the Cq cage.

Results and Discussion

In order to gain insight into the feasibility of insertion of some small atom or molecule
through the orifice of 1, theoretical calculations using hybrid density functional theory
(B3LYP/6-31G**//B3LYP/3-21G)" were conducted. The results are summarized in Table 1
together with the results for compound 2. The activation energies required for insertion of

He, Ne, H,, and Ar into 1 were calculated to be 19.0, 26.2, 30.1, and 97.8 kcal mol_l,

Table 1. Calculated Activation Barriers for Insertion and Escape, and
Energies of Encapsulation (in kcal mol_l) for the Guests, He, Ne, Hy,
Arinside 1 and 2 at B3LYP/6-31G**//B3LYP/3-21G level of theory.

Barrier to Energy of Barrier to
Guest insertion encapsulation escape
1 2 1 2 1 2
He +19.0 +24.5¢ +0.4  +0.2¢ +18.6 +24.3°
Ne +26.2  +40.6" -1.0 -1.1¢ +272  +41.7°
H, +30.1 +41.4° +1.4  +1.4¢ +28.7  +40.0°
2nd H, +30.2 +9.4 +20.8
Ar +97.8 +136.3¢ +6.2  +6.1¢ +91.6 +130.2°

“ Values taken from ref. 3b.

Barrier to
insertion

Barrier to
escape

2 \&

encapsulation
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Figure 2. The cut-out view of the transition state for insertion of molecular
hydrogen into 1 calculated at the B3LYP/3-21G level of theory.

respectively.  These values are considerably lower than the corresponding energies
calculated for 2 (24.5, 40.6, 41.4, and 136.3 kcal mol_l),3b indicating that encapsulation of
atoms or molecule such as He, Ne, and H; in 1 is quite promising.

Molecules or molecular systems based on carbon that can freely absorb and release
molecular hydrogen are currently attracting great interest as hydrogen storage materials.”  As
mentioned above, the computed activation energy for molecular hydrogen to enter through the
orifice is 30.1 kcal mol™' for 1, which is about 10 kcal mol™' lower than that for 2 (40.1 kcal
mol ™). However, a cut-out view of the transition state shows yet how small this orifice is
for molecular hydrogen to pass through (Figure 2).

The actual encapsulation of molecular hydrogen into 1 was attempted by treatment of a
powder of 1 with a high-pressure of hydrogen gas (800 atm) at 200 °C in an autoclave
(Scheme 1). After 8 h, formation of the endohedral complex H,@1 without any
decomposition of 1 was confirmed by HPLC and '"H 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 'H NMR spectrum of the resulting material showed a
new sharp signal at such a high field as 6 —7.25 ppm in addition to the signals for aromatic

protons appearing with exactly the same chemical shifts as those for 1 itself (Figure 3). This
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Figure 3. 'H NMR (300 MHz, ODCB-d,) spectrum of H,-incoporated 1.

new signal is assigned to the resonance of the incorporated molecular hydrogen, which is
subjected to the strong shielding effect of the fullerene cage.® This signal is & 1.82 ppm
more upfield-shifted than the hydrogen signal of H,@2 (8 —5.43).>® The value of & —7.25
ppm is between the '"H NMR chemical shifts for hydrogen molecule inside of 1 calculated
with the GIAO (gauge-invariant atomic orbital) approach’ by use of the Hartree-Fock method
(GIAO-HF/6-311G**//B3LYP/6-31G**) (6 -9.00) and density functional theory
(GIAO-B3PW91/6-311G**//B3LYP/6-31G**) (6 —5.76), confirming the strong shielding
effect inside 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 5 8.55
ppm (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 hydrogen gas: the yield
of H@1 was 90% under 560 atm of H, and 51% under 180 atm of H,, with all other

conditions the same.
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Figure 4. "H NMR spectrum (300 MHz, o-dichlorobenzene-ds) of H,@1.
The wvalues of the spin-lattice relaxation time 7 obtained for a
vacuum-sealed sample for some selected signals; in parentheses are shown
the 7 values obtained for the O,-saturated sample.

The spin-lattice relaxation time (7}) of each proton in the 'H NMR was measured, using
both a solution of H,@1 in o-dichlorobenzene-d; (ODCB-d,) sealed under vacuum (<10~
mmHg) and the solution saturated with oxygen (Figure 4). The T values for the signals at o
8.55 ppm (6-pyridyl), 8.38 (2,6-phenyl), and 8.26 (3-pyridyl) were 3.9 s (0.9 s), 1.2 5 (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 77 value of 0.2 s (0.2 s) was obtained for the encapsulated
hydrogen protons. (The values in parentheses are those obtained from the oxygen-saturated
solution.) Generally, 7} values are sensitive to freedom in the motion of the molecule and to
an interaction with paramagnetic species such as 0,.* The 7} value for the encapsulated
hydrogen 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 7' value
observed for this encapsulated hydrogen molecule might be ascribed to the interaction with
the "°C atom(s) in the fullerene cage, or to its hindered rotation caused by the cage, although
no line-broadening was observed for the hydrogen signal upon cooling the sample solution to
-70 °C.

No escape of the encapsulated molecular hydrogen in Hy@1 was observed for the
sample solution in ODCB-d, prepared under vacuum after being kept at room temperature for

more than 3 months. However, the molecular hydrogen was gradually released when the
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solution was heated above 160 °C, which was monitored as a decrease in the relative
integrated intensity of the NMR signal of the encapsulated hydrogen with reference to the
aromatic proton signals (Scheme 2). The rate of release monitored at 160, 170, 180, and
190 °C followed first-order kinetics as shown in Figure 5. The resulting rate constants and

half-lives for the release at each temperature are summarized in Table 2. The Arrhenius plot

Scheme 2. Release of molecular hydrogen from H,@1.
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Figure 5. The rate plots for the release of molecular hydrogen from H,@1 at four
temperatures; (a) 160 °C, (b) 170 °C, (c) 180 °C, (d) 190 °C.
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gave an excellent linear fit, with the pre-exponential factor (4) and the activation energy (E,)
for the escape of molecular hydrogen from the cage being 10''**%3 and 34.3 + 0.7 kcal mol ™',
respectively (Figure 6). The activation parameters at 25 °C were determined as AG* = 35.5
+ 0.9 kecal mol™, AH* = 33.4 + 0.4 kcal mol™', and AS* = -7 + 2 cal K™' mol”'. Compared
with the AS* value (-17 cal K™ mol_l)3b reported for the release of *He from *He@?2, the AS*
value in the present work is less negative, although the hydrogen molecule is expected to have
a more highly ordered arrangement in the transition state upon release from 1. As such, the
hydrogen molecule inside of 1 must be already restricted in motion by the interaction with the
cage in the ground state.

The compound H,@1 is regarded as a unique model that can provide an opportunity to

Table 2. The Rate Constants (k) and Half-Lives (1) for
the Release of Molecular Hydrogen at Four Temperatures

T[°C] ks fy2 [h]
160 + 0.5 3.54x10° 54.4
170 £0.5 9.05x10° 21.3
180 + 0.5 2.13x107 9.0
190 + 0.5 4.60x 107 42

-10 4
log A=11.8,

E, = 34.3 kcal mol*

-11 A

4
£
-12 4
-13 . . .
0.00220 0.00230
1/7T
Figure 6. Arrhenius plot for the release of molecular
hydrogen from H,@1.
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observe a single molecule of hydrogen as a completely isolated species. The extraordinary
high-field shift (8§ —7.25 ppm) of the '"H NMR signal for the molecular hydrogen surely
indicates that molecular hydrogen is encapsulated somewhere inside the fullerene cage.
X-ray diffraction analysis with synchrotron radiation appeared most suitable for investigating
about the location of the molecular hydrogen within the fullerene cage of H,@1.

Thus, we conducted an X-ray diffraction study of single crystals of H,@1, together with
empty 1 as a matching reference, by using synchrotron radiation in the Photon Factory at
High-Energy Accelerator Research Organization (KEK), in collaboration with Professor
Hiroshi Sawa. The resulting electron-density representations of Ho@1 and empty 1 obtained
by maximum entropy method (MEM) analysis’ are shown in Figure 7 as cut-out views.
These representations clearly show an area of electron density floating at the center of the
fullerene cage of Ho@1, whereas no such electron density was observed at all in the case of
empty 1. The number of electrons of this fragment was calculated to be 2.0 + 0.1, exactly
corresponding to that of a hydrogen molecule. These characteristic features are also seen as
contour maps in Figure 8. Thus, a single hydrogen molecule encapsulated in the fullerene
cage of Hy@1 was directly observed for the first time by the synchrotron X-ray diffraction
experiments and MEM analysis.

Finally, we conducted MALDI-TOF mass analysis on H@1 using dithranol as a matrix.
At a laser power adjusted slightly above the threshold for the ionization of 1, the molecular
ion peak of Hy@1 (m/z 1068) was clearly observed, along with a peak for empty 1 (m/z 1066)
formed by release of the hydrogen molecule upon laser irradiation (Figure 9a). In addition, a
fragment ion peak due to elimination of pyridyl and carbonyl groups (m/z 960) and a peak due
to elimination of pyridyl and phenyl groups (m/z 911) were observed. When a higher laser
power was used (Figure 9b), the peak height for the molecular ion decreased and, instead, the
formation of Cgy (m/z 720) was clearly observed. This result demonstrates that a highly
modified Cgy derivative such as 1, having a large orifice, can regenerate the pristine Cgo cage
by self-restoration through the cleavage of organic addends and through closing of the orifice
by itself.

More remarkable is the appearance of a peak at m/z 722, corresponding to CeoH,. The

intensity of this peak was approximately one-third of that for Cg, taking the isotope distribution
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(b)

Figure 7. MEM electron densities of (a) Ho@1 and (b) empty 1 as an
equal-density contour surface and as a vertical division. The
equicontour level is at 0.4 e A”. The electron density of the
encapsulated molecular hydrogen is colored green in (a).
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Figure 8. MEM ce¢lectron-density distributions of (a) Hy@1 and (b) empty 1 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 ¢ A™>.

of Cg into consideration. Because exohedral hydrogenated fullerene CeoH,'® gave the
molecular ion peak not at m/z 722 but at m/z 721 and 720 under the same conditions in a
separate experiment, this peak at m/z 722 is assigned to the endohedral complex of Ceg
encapsulating the hydrogen molecule, i.e., Hy@C¢. Thus, it was shown that, upon laser

irradiation, generation of Ho@Ceg is possible in the gas phase by self-restoration of H,@1.
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Figure 9. MALDI-TOF mass spectra of Hx@1 obtained in the
negative ionization mode. (a) Spectrum taken with a laser power
slightly above the threshold for ion formation. (b) Spectrum taken
with a higher laser power. Insets show the expanded spectra.

Conclusion

As described above, we achieved the insertion of molecular hydrogen in the open-cage
fullerene derivative 1 in 100% for the first time without any decomposition by applying

pressurized hydrogen (800 atm) at 200 °C for 8 h. A 'H NMR signal for the incorporated
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hydrogen was observed at such a high field as —7.25 ppm. H,@1 is quite stable at room
temperature, but it releases molecular hydrogen slowly at a temperature above 160 °C and the
activation energy was determined as 34.3 kcal mol™'. The encapsulated molecular hydrogen
was directly observed to be located at the center of the cage by synchrotron X-ray
crystallography and MEM analysis. Upon MALDI-TOF mass measurement of H,@1, the
formation of Cgp and Ho@Cso was clearly observed in a molar ratio of about 3:1. This result
demonstrates that a highly modified Cgy derivative such as 1 can regenerate the pristine Cgo
cage by self-restoration upon application of high laser power. Considering the history of Cey,
with its discovery by mass spectrometry,'' macroscopic isolation,'> and organic synthesis, "

this result can be taken as a promising indication for the macroscopic synthesis of Hy@Cey.

Experimental Section

General. The 'H and *C NMR measurements were carried out on a Varian Mercury
300 instrument and the chemical shifts are reported in ppm with reference to the signal of
o-dichlorobenzene-d; (ODCB-d,) used as an internal standard (5 7.20 ppm in 'H NMR).
FAB mass spectra were recorded on a JEOL MStation JMS-700. MALDI-TOF mass spectra
were measured with an Applied Biosystem Voyager-DE STR spectrometer using dithranol as
a matrix. The high-pressure liquid chromatography (HPLC) was performed by the use of a
Cosmosil Buckyprep column (4.6 mm x 250 mm) for analytical purpose.

Fullerene Cgp was purchased from Matsubo Co. Open-cage fullerene 1 was
synthesized as described in Chapter 2.

Computational Methods. All calculations were conducted using the Gaussian 98 series
of electronic structure programs.® The ground-state structure of open-cage fullerene 1, its
inclusion complexes of gases, and the transition-state structures for their encapsulation
process were fully optimized at the B3LYP/3-21G level of theory, and the energies were
computed based on these geometries using the 6-31G** basis set in the same manner as
reported for Rubin’s open-cage fullerene 2.°° For each transition structure, a single
imaginary vibrational mode was obtained by the frequency calculations: He-1, 214i cm™';
Ne-1, 100: cm_l; H,-1, 326i cm_l; Ar-1, 84i cem
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Insertion of molecular hydrogen in 1. A powder of open-cage fullerene 1 (775 mg,
0.726 mmol) lightly wrapped in a piece of aluminum foil was heated at 200 °C in an
autoclave under a high-pressure H, gas (800 atm). A high pressure of 800 atm was
generated by introducing H, gas of 400 atm, which was generated by compressing H, gas of
140 atm from a container by the use of a hydraulic compressor, into a 50-mL autoclave
cooled at —78 °C, followed by heating at 200 °C. After 8 h, the powder was recovered by
washing the aluminum foil with CS,. The HPLC analysis (a Buckyprep column eluted with
toluene) of the recovered powder showed a single peak at exactly the same retention time as
that for 1. The 'H NMR spectra of the obtained powder were taken with sufficiently long
pulse intervals (42 s) to obtain signal intensities as accurately as possible; 300 MHz, in
ODCB-d; at 25 °C, 9000 Hz frequency range, 7.8 ps irradiation as a 45° pulse. From the 'H
NMR spectrum shown in Figure 3 and the FAB mass spectrum, the powder was found to be
H,@1: HRMS (+FAB) calcd for CgoH;7N,0,S (MH"), 1069.1011, found 1069.1040.

Release of hydrogen molecule from H,@1. A solution of H;@1 in ODCB -d4, which
was sealed under vacuum (<10~* mmHg) after three freeze-pump-thaw cycles, was heated at
160, 170, 180, and 190 °C. Each release rate was determined by monitoring a gradual
decrease in the relative intensity of the NMR signal of the encapsulated hydrogen molecule
with reference to the aromatic proton signals.

Synchrotron X-ray structural analysis of H,@1 and empty 1. Accurate X-ray
diffraction data were obtained by synchrotron radiation with a Weissenberg-type
imaging-plate detector at BL-1A in the Photon Factory at High-Energy Accelerator Research
Organization (KEK), Japan. The X-ray wavelength was 1.0 A. The intensity of the Bragg
reflections was measured in a half-sphere of reciprocal space in the range 26 <120°. The
sample was cooled at 200 K by a N»-gas flow-type refrigerator. The Rapid-Auto program by
MSC Co. was used for two-dimensional image processing; the Sir2002 program was used for
the direct method. The number of observed reflections with [>5s(I) was 9449 for the H,@1
crystal and 9302 for the empty 1 crystal. The Shelx97 program was used for refinements.
After full refinement, the R factor was 0.09 for the H,@1 crystal and 0.08 for the empty one.
The MEM (maximum entropy method) analysis was carried out with the Enigma program’ at

a resolution of 128 x 128 x 128 pixels. The R factors of the final MEM charge density were
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0.028 and 0.024 for Hy@1 and empty 1, respectively.
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Chapter 4

Synthesis and Properties of Endohedral Cgsy Encapsulating
Hydrogen Molecule, H,@Cygq

Abstract: A 13-membered-ring orifice of an open-cage fullerene encapsulating
molecular hydrogen in 100% was closed by using four-step organic reactions,
which has enabled production of endohedral fullerene, H,@Cgo, in more than
100-mg quantities. The orifice was first 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. Final closure of the orifice was completed by a thermal reaction.
Purification of H,@Cey was accomplished by recycle HPLC. The gradual
downfield shift of "H NMR signal for the inner hydrogen observed upon
reduction of the orifice size was interpreted based on the gauge-independent
atomic orbital (GIAO) and the nucleus-independent chemical shifts (NICS)
calculations. The spectral as well as electrochemical examination of the
properties of Ho@Cgo has shown that the electronic interaction between the inner
hydrogen and outer Cqy m-system is quite small but becomes appreciable when
the outer m-system acquires more than three extra electrons. Four kinds of
exohedral derivatives of Hy,@Cesy were synthesized, and the endohedral NMR
chemical shifts of H, were found to be quite similar to those for *He NMR

signals of the corresponding *He@Cg derivatives.
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Introduction

As described in General Introduction, the preparation of endohedral fullerenes, the
spherical all-carbon molecules incorporating atom(s) or a molecule inside the framework,' has
so far only relied on hardly controllable physical processes such as co-vaporization of carbon

and metal atoms'®®

or high-pressure/high-temperature treatment (650 °C/3000 atm) with
noble gases,” which yield only limited quantities (e.g., a few milligrams) of pure product after
laborious isolation procedures. This situation has been a severe obstacle to the development
of fundamental as well as application-oriented studies on a series of these molecules of great
importance. In order to bring about a breakthrough to this situation and to make their
science developed, an entirely new approach for their production is highly desired. In this
regard, a molecular surgery approach’ to endohedral fullerenes is quite appealing, because the
efficient production of various endohedral fullerenes in much larger amounts is expected.

As mentioned in Chapter 2 and 3, open-cage fullerene derivative 1 with a
13-membered-ring orifice was synthesized,*’ and insertion of molecular hydrogen was
achieved to afford Hx@1 in 100% without any decomposition, by treating a powder of 1 with
high-pressure of H, gas (800 atm) at 200 °C in an autoclave.” 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 technique’ and also with the solid state
NMR spec‘uroscopy.8

Here, as the final process of the molecular surgery, the author describes complete

closure of the orifice of Hy@1 using organic reactions to afford an entirely new endohedral

H,@1
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fullerene, Hy@Cso. So far, the 3He NMR chemical shift of fullerenes incorporating He in
0.1%’ has been successfully used as a probe sensitive to the structure of fullerenes.”'°
Similarly, the endohedral H, chemical shifts should be highly sensitive to the fullerene
structure, and this has been examined in detail for a series of open-cage fullerene derivatives

incorporating H, as well as some of the derivatives of H,@Cg itself.

Results and Discussion

Size-Reduction of the 13-Membered-Ring Orifice of H,@1: As described in Chapter
3, upon strong laser irradiation in the MALDI-TOF mass measurement of H,@1, a weak peak
at m/z 722 corresponding to Hy@Ceo was observed, indicating that the orifice of Hy@1 can be
closed by the laser power in the gas phase.® However, not only the peak intensity was weak
but about 70% of the originally encapsulated hydrogen was shown to escape from Cgy during
the process to close the orifice. This result indicated that it was necessary to reduce the size
of the orifice in order to produce H,@Cgo without serious loss of the encapsulated hydrogen.
Since the hydrogen molecule in Hy@1 was found to be gradually released with the half-life of
54.4 h at 160 °C or 4.2 h at 190 °C.° such a high temperature must be avoided in the process
to close the orifice.

At a first glance of the molecular structure of 1, removal of the sulfur atom appeared as
the most facile procedure for the orifice-size reduction. Thus we first conducted an
oxidation of the sulfide unit of Hy@1 by m-chloroperbenzoic acid (MCPBA) to make the
sulfur atom readily removable."' The oxidation reaction proceeded at room temperature
smoothly to give the corresponding sulfoxide H,@2 quantitatively (Scheme 1 (a)). The
product was easily identified: the FAB mass spectrum exhibited a molecular ion peak at m/z
1084 (M") corresponding to H,@2 and the IR spectrum showed a prominent sulfinyl
stretching band at 1073 cm ™, in addition to NMR data (Experimental Section). Between the
two possible stereoisomers H,@?2(ex0) and Hy@2(endo), the exo-isomer is considered to be
formed since it can avoid steric repulsion between the sulfinyl group and two carbonyl groups.
Indeed, theoretical calculations at the B3LYP/6-31G* level of theory'? indicated the
exo-isomer to be more stable than the endo-isomer by 8.6 kcal mol'. The 'H NMR
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spectrum of H,@?2 showed a sharp signal for the encapsulated hydrogen at 6 —6.33 ppm in
o-dichlorobenzene-ds (ODCB-d4) with its integrated peak area of 2.0+0.02 H, which is 0.92
ppm downfield shifted as compared to that of Ho@1 (8 —7.25 ppm).

As shown in Figure 1, the MALDI-TOF mass spectrum of 2 exhibited three strong
peaks, i.e., a molecular ion peak and peaks for 1 and for a derivative having a
12-membered-ring orifice generated by fragmentation of an SO unit as expected.”” In order
to chemically remove the SO unit, first we attempted its thermal extrusion by heating H,@?2
in refluxing toluene or at 140 °C in ODCB, but there was practically no reaction. In contrast,
simple irradiation of a solution of Ho@2 in benzene with visible light through a Pyrex glass
flask by the use of a xenon-lamp at room temperature afforded desired product H,@3 in 42%
yield (Scheme 1 (b)), with 38% recovery of unreacted Hy@2."* The structure of Ho@3 was
confirmed by NMR, FAB mass, IR, and UV-vis spectra, which were identical to those of 3!
except the following. The 'H NMR spectrum (in ODCB-d,) clearly exhibited a signal for
the encapsulated hydrogen at & —5.80 ppm with the integrated ratio corresponding to 2.0+0.02
H, which is 0.53 ppm downfield shifted as compared to H,@2.

hv (Xe lamp)

benzene, r.t.
17 h

H,@2 (exo) H,@2 (endo)
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Figure 1. MALDI-TOF mass spectrum of 2 (positive ionization

mode, dithranol matrix).

Figure 2. The optimized structure of H,@3 (B3LYP/6-31G*).

As shown by the optimized structure of Ho@3 at the B3LYP/6-31G* level of theory in
Figure 2, removal of the sulfur atom from the 13-membered-ring orifice of Hy@1 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 Hy@1 to 3.12 A for H,@3. Accordingly, the
calculated activation energy for an escape of the hydrogen molecule from H,@3 is estimated

as 50.3 kcal mol™', which is significantly greater than that of 28.7 kcal mol™" for H,@1° (both
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calculated at the B3LYP/6-31G** level with optimized structures at the B3LYP/3-21G level).
In fact, we could not observe any escape of the encapsulated hydrogen at all upon heating an
ODCB-d, solution of H,@3 even at 190 °C for 3 days under vacuum, as examined by 'H
NMR. This is in a sharp contrast with the case of Hy@1, 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 H,(@3 showed a dramatic change from that of 1 (Figure 3).
Now a peak for Hy@Ces was observed as a base peak, indicating its highly enhanced
accessibility from H,@3. Unfortunately, however, the spectrum showed that about 20% of
the hydrogen molecule escaped from H,@3 upon laser irradiation (inset of Figure 3). As a
preliminary study, the powder of H,@3 was heated at 350 °C under vacuum (ca. 1 mmHg),
but this resulted in the formation of H,@Cgo in a trace amount. Hence, further reduction of
the orifice size was apparently required to produce a macroscopic amount of Hy@Ceo.

For this purpose, the McMurry reaction worked well for reductive coupling of the two
carbonyl groups at the orifice of Hy@3 leading to the formation of open-cage fullerene
derivative H,@4 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 of H,(@3 are fixed
at the parallel orientation in a close proximity, as mentioned above. The structure of Ho@4
was confirmed by 'H and ">C NMR, FAB mass, IR, and UV-vis spectra, which were identical
to those of empty 4* except the 'H NMR (see below). The MALDI-TOF mass spectrum of

H,@Cgo
100! Hz@CGO ) I
m/z Ceo | | |
>, 722 ' L J“\_L,]'L o
G 720 722 724
o
E 50 H,@3
< .
|
0 __,_L ‘lnlﬂ_dﬁlﬁbﬁLJ bl U'\J b A
500 700 900 1100 1300

m/z
Figure 3. MALDI-TOF mass spectrum of H,@3 (positive ionization
mode, dithranol matrix). Inset shows the expanded spectrum.
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Scheme 2. McMurry reaction of H,@3.
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Figure 4. MALDI-TOF mass spectrum of H,@4 (positive

ionization mode, dithranol matrix).

H,@4 is quite simple exhibiting only two peaks over the range of m/z > 500, that is, a base
peak corresponding to H>@Ceo and a smaller molecular ion peak for Ho@4 (Figure 4). The
NMR signal of the encapsulated hydrogen of H,(@4, with integrated area of 2.0+0.02 H, was
observed at 6 —2.95 ppm in ODCB-d4, which was 2.85 ppm downfield shifted as compared to
that of H,@3.

It is to be noted that the encapsulated hydrogen is completely retained at each step of
the process for orifice-size reduction, which was confirmed by comparing the integrated peak
area for the encapsulated hydrogen with reference to that for the aromatic protons in each 'H

NMR spectrum.

=77 -



Complete Restoration of the Fullerene Cage; Formation of H,@Cgo: The final step
to completely eliminate extra organic addends and to close the orifice was accomplished by
heating a brown powder of H,@4 (245 mg) in a vacuum-sealed tube placed in an electric
furnace at 340 °C for 2 h. The resulting black material was dissolved in 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 empty Cep, while the peak for Hy@4 at the retention
time of 4.52 min disappeared. A preparative-scale separation of the Cg portion was readily
made by flash chromatography over silica gel eluted with CS; to give a purple solution
containing desired Ho@Cqo (118 mg, 67%), contaminated by 9% of empty Ceo, which was
proven as described below. Similar results were obtained when H,@4 was heated at 300 °C

for 24 h, or at 400 °C for 2 min.

H.@Cgo
(8.11 min)

-

2 4 6 8 10 12 14
retention time (min)

Figure 5. HPLC chart of the crude products obtained by thermal

reaction of Hy@4. Column, Cosmosil Buckyprep (4.6 mm x 250

mm); solvent, toluene; flow rate, 1 mL min”".

The mechanism for this thermal reaction is considered as shown in Figure 6. An initial
[n2s + n2s + n2s] electrocyclization produces intermediate 5 incorporating two cyclopropane
rings, which undergoes subsequent radical cleavage to give intermediate 6. As to the
following step, conceptually the most reasonable one is a [n2s + n2s + n2s] cycloreversion
reaction to give Cgo together with 2-cyanopyridine (7) and diphenylacetylene (8) (Figure 6

(a)). Indeed, 7 and 8 were detected in the crude product as described in the Experimental
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Figure 6. Possible reaction mechanisms for the formation
of Cg from compound 4. For the fullerene derivatives
only top parts of the molecules are shown.

Section. However, the reaction was not so clean, and, to our surprise, benzonitrile (10) and
2-(phenylethynyl)pyridine (11) were also formed together with an unknown compound having
a molecular formula of Ph,PyC;sN. This latter fact indicates that occurrence of the reaction
pathway shown in Figure 6 (b) cannot be ruled out, although we regrettably do not have a
reasonable explanation for the occurrence of this reaction involving an extrusion of highly
unstable byproduct such as azacyclobutadiene (called azete) derivative 9.'

It was also unexpected that 9% of encapsulated hydrogen molecule had escaped from

the cage during this thermal reaction. Theoretical calculations as well as inspection of the
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molecular model suggest that it is impossible for a hydrogen molecule to pass through the
eight-membered ring in compound 4. We tentatively assume that cleavage of some
additional single bonds in the fullerene skeleton of Hy@4 (not shown in Figure 6) also takes
place at the temperature higher than 300 °C, which instantaneously opens a window to release

the encapsulated hydrogen.*

Purification and Characterization of H,@Cgo: Although the desired product of the
thermal reaction, H>(@Cgo, was contaminated by 9% of empty Cgo, the purification of Hy@Ceo
was achieved by recycling HPLC on a semipreparative Cosmosil Buckyprep column (two
directly connected columns; 25-cm length, 10-mm inner diameter; mobile phase, toluene;
flow rate, 4 mL min"") as shown in Figure 7. After 20 recycles, H,@Cqo was completely
separated, with its total retention time being 399 min while that of C¢p was 395 min. The
adsorption mechanism of the Buckyprep column is mainly based on a n-w interaction with the
pyrenyl group attached to the stationary phase by trimethylene alkyl chain. Therefore, a
very weak but appreciable van der Waals or electronic interaction would be operating between
the inner hydrogen molecule and the m-electron cloud of outer Ceo, and this is considered to
have contributed to this separation. Also in the case of a mixture of Cgp and E@Ceo (E =
Ar,"” Kr," and Xe?°), E@Cso 1s known to be more strongly adsorbed than empty Cgo to the
PYE column,”' which has also the pyrenyl group attached to the stationary phase. The

| (b) (©)

i H.@Cgo
| C
_‘__‘— \\__ SS T : T T .’ T SS T : T [ : [
20 190 200 210 290 300 310

retention time (min)

Figure 7. Recycle HPLC chart for the separation of H,@Cg, and empty
Cgo- (a) Before recycle, (b) after 10 recycles, and (c) after 15 recycles.
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n-electron distribution of Cg is considered to be slightly pushed outward by the encapsulated
noble-gas atoms in these cases.'®

The °C NMR spectrum of the crude Cgo portion of thermal product readily obtained by
passing the CS, solution through the silica gel column is shown in Figure 8. Between the
two signals at 6 142.844 and 142.766 ppm with an integrated ratio of 10:1, the one at o
142.766 ppm is identical to that of empty Cqo, and the other signal is assigned to that of
H,@Cg. The chemical shift difference is only 0.078 ppm, indicating that an electronic or
van der Waals interaction between the inner hydrogen and outer fullerene cage is quite minute.
After the HPLC separation, the main product, H@Cso, exhibited a >C NMR signal only at &
142.844, and a "H NMR signal for the inside hydrogen as a sharp singlet at & —1.44 ppm in
ODCB-d4, which is 1.51 ppm downfield shifted as compared to that of Hy@4. This is also
5.98 ppm upfield shifted from dissolved free hydrogen. This value is comparable to 6.36
ppm upfield shift of a *He NMR signal observed for *He@Cgo.*®  This similarity proves that
the total shielding effect of the fullerene cage is nearly constant and indifferent to the
paramagnetic species inside. The slight difference in the degree of upfield shift between
H>@Cyo and *He@Cso (0.38 ppm) might be attributed to the geometry of each hydrogen atom
in the molecule, which should be off-centered as compared with a ‘He atom,22 or, otherwise,
to the difference of 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 Ceo, exhibiting four absorption bands at 1429.2, 1182.3, 576.7, and 526.5 cm ™' (to be

M 142.844
o |
O L~
H,@Cego S I
|| 142.766
1430 142.8 1426
N -

G R s e R A R L R L I R LR L L RN R RS ARy RA R AR RN
220 180 140 100 60 20 5/ppm

Figure 8. *C NMR spectrum of H,@Cg (75 MHz, ODCB-d,).
Inset shows the expanded spectrum.
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compared with 1429.2, 1182.3, 575.7, and 526.5 cm™" for empty Cgy measured under exactly
the same conditions). The band at 576.7 cm™' of Hy@Ceo, corresponding to an out-of-plane
vibration mode, was slightly higher in energy than that of empty Ce by 1.0 cm™', presumably
because the deformation of the spherical shape of Hy@Cgs would increase the repulsive
interaction with the inner hydrogen molecule.> The UV-vis spectrum was also the same as
that of empty C60.24

The endohedral fullerene H,@Cgo has excellent thermal stability. Upon heating the
pure sample of H,@Cgp at 500 °C for 10 min, there was no decomposition or release of

incorporated hydrogen at all, judging from the *C NMR and HPLC.

'H NMR Chemical Shift of Hydrogen Inside the Open-Cage Fullerenes: At each
step in the chemical transformation to reduce the orifice size, gradual downfield shift was
observed for the '"H NMR signal of encapsulated hydrogen: H,@1, & —7.25; H,@2, —6.33;
H,@3, —5.80; Hy@4, —2.95; Hy@Ceo: —1.45. In order 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 optimized at the
B3LYP/6-31G* level, on a series of the open-cage and closed-cage fullerenes containing H,.*
All chemical shifts are expressed as the values with reference to tetramethylsilane 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 Hy@1 (AS 1.38) to Hy@Cgo (A 3.24). Similar tendency

Table 1. Experimental and Calculated NMR Chemical Shifts
(in ppm) for Encapsulated Hydrogen of a Series of Open-Cage
Fullerene Derivatives and Ho@Ceo

Hy@1 H,@2 Hy@3 Hy@4 Hy@Ceo

Exp. 725 -6.33 -5.80 —2.95 —-1.45
Calc. -5.87 -4.72 -3.85 —0.17 +1.79
A 1.38 1.61 1.95 2.78 3.24

-82-



Synthesis and Properties of Endohedral Cgy Encapsulating
Hydrogen Molecule, H,@Cso

of underestimation in the GIAO-DFT calculations for endohedral fullerene has been reported
and discussed in detail. >

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. In order to prove this, the diamagneticity and paramagneticity of all the
n-conjugated five- and six-membered rings in there open-cage fullerenes 1 - 4 and of Cgy were
assessed by the NICS (nucleus-independent chemical shifts) calculations.”?*®  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 1 to give 3, which caused 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 exceptions 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 3 to 4, which caused further downfield shift by 2.85 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 processes should be also accompanied by very
slight but gradual increase in strain of the fullerene’s o-frameworks, which should gradually

m

reduce the extent of m-conjugation on the fullerene surface.'”™ These are all taken together
as the reason for observed downfield shifts of encapsulated hydrogen’s NMR signal upon the
reduction of the orifice size.

In the final step, in which the organic addends were completely removed and the
original Cg structure was restored from Hy@4, 1.50 ppm downfield shift was observed. The
NICS values for Cg, calculated in the same way as above, are —2.4 for each hexagon and

+11.8 for each pentagon,™

clearly indicating that the aromaticity of the hexagon is
considerably decreased and the antiaromaticity of pentagons is increased, in spite of the
formation of a completely m-conjugated system. Again, the pyramidallization of all sixty
carbons and the resulting increase of strain should be related to the lowering of the overall
aromaticity. In addition, this last step is accompanied by the formation of two fully

n-conjugated antiaromatic pentagons. All these effects are assumed to be added together to
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(-4.13 for the outer hexagon) (—4.05 for the outer hexagon)

Figure 9. NICS patterns of open-cage fullerene derivatives 1, 3 and 4,
calculated at the B3LYP/6-31G* level of theory: red regions are for 6 <—5
ppm, pink for & = 0 ~ -5, pale blue for & =+5 ~ +10, and blue for & > +10.

cause the downfield shift of the H; signal.

Upon oxidation of the sulfur atom of H,@1, 0.92 ppm downfield shift was observed,
even though the structure of fullerene skeleton itself was not affected. The NICS values of 2
indicated that the oxidation of S to SO influenced not only the carbocycles in its vicinity but
almost all of the cyclic systems of the fullerene cage (Figure 10): the magnetic characters of
the most hexagons and pentagons are changed to make the overall aromaticity of 2 lower than
1. This is presumably due to an electronegative character of the S=O group. As a related
example, it has been reported by Taylor and co-workers that *He NMR signal of *He@C4oCls
(6 —12.3 ppm) is 2.8 ppm downfield shifted as compared to that of *He@CgoPhsCl (5 —15.1

ppm) due to the electronegative chloro addends.'™
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(—4.73 for the outer hexagon)

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

In order to examine the effect of encapsulated hydrogen upon the reactivity of outer
fullerene cage, the solid-state mechanochemical dimerization of Hy@Csy was conducted
under the same conditions as we previously reported.”” The dumbbell-shaped dimer,
(H,@Ceo)2, was obtained in 30% isolated yield similarly to the reaction of empty Cgy.
Apparently the inside hydrogen does not affect the reactivity of the outer Cgy cage. The
NMR signal for the inside hydrogen was observed as a singlet at 8 —4.04 ppm,*' which is 8.58
ppm upfield shifted from free hydrogen, similar to the case for *He@Ceo (8.81 ppm upfield
shift from free * He).30b

In order to further investigate this issue, three additional fullerene derivatives Ho@12,
H,@13, and H,(@14 were synthesized by the Bingel reaction,” benzyne addition,” and Prato
reaction.”® The NMR signal for encapsulated hydrogen was observed in ODCB-d, at &
—-3.27 ppm for H,@12 (upfield shifted from dissolved free hydrogen, AJ, 7.81 ppm), —4.30
ppm for Hx@13 (A9, 8.84 ppm), and —4.64 ppm for Ho@14 (A3, 9.18 ppm). These upfield
shifts are quite similar to those reported for the NMR signal of *He encapsulated in the
corresponding derivatives for *He@Csgo (AS, 8.06 ppm, 9.11, and 9.45 ppm, respectively)
being constantly less shielded by 0.23 ~ 0.27 ppm.*  Thus, the inside molecular hydrogen of
Ceo can be also used as a good probe to investigate the chemical reactions at the exterior of
the fullerene cage, just like the *He atom inside the fullerene cage.'® The present result is

advantageous in that no particular adjustment of NMR instrument is required.
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Electrochemical Behavior of H,@Cgo: In order to clarify the electronic properties of
H,@Ceqo in more detail, we conducted cyclic voltammetry (CV) and differential pulse
voltammetry (DPV). Upon measurements at room temperature for the range of 0.0 ~-2.0 V
versus the ferrocene/ferrocenium couple in ODCB and for the range of 0.0 ~ +1.0 V in
1,1,2,2-tetrachloroethane, three reversible reduction waves (E;»; —1.13, —1.54, —1.99 V versus
the ferrocene/ferrocenium couple) and one irreversible oxidation peak (Ep,; +1.62 V) were
observed, respectively, virtually at the same potentials as those for empty Cso.  However,
when we applied more negative potential using the conditions reported by Echegoyen in
toluene-acetonitrile (5.4 : 1) at —10 °C under Vacuum,3 3 the reduction of H,@Cgp was found to
become slightly but gradually more difficult than empty Ceo as the fullerene cage acquire
more number of electron up to six (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
H,@Ce to be compared with —0.95, —1.37, —1.88, -2.35, -2.88, and ca. —3.35 V for empty
Ceo. 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 electropositive molecule, exerts an appreciable electronic
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Figure 11. CV and DPV of (a) H,@Cg, and (b) C in
toluene-CH;CN (5.4 : 1) at —10 °C.

repulsion with the outer C¢y cage when the m-system of the latter is charged with more than

four electrons.

Conclusion

In the present study we have demonstrated that an entirely new endohedral fullerene
encapsulating molecular hydrogen, H,@Cgo, can be synthesized in a macroscopic amount by
chemically closing the 13-membered-ring orifice of open-cage fullerene 1 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 H@Cgo has indicated that it can serve as a sensitive probe for

the exohedral transformation of the fullerene cage. Although the °C NMR, IR, and UV-vis
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spectra of Ho@Cgo are virtually the same as those of empty Cg, the existence of repulsive
interaction between inside hydrogen and outer m-electron system of Cg in its highly reduced
states has been confirmed by electrochemical measurements. The new endohedral fullerene,
H,@Cg, can be taken as an ideal model to examine specific characteristics of a hydrogen
molecule placed in a totally isolated state. A conversion 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. It is evidently
possible to apply the present molecular surgery method to synthesize endohedral fullerenes

such as D,@Ceo, HD@Cg, He@Ceo, as well as a homologous series with Cy.

Experimental Section

General. The 'H and >C NMR measurements were carried out on a Varian Mercury
300 instrument and the chemical shifts are reported in ppm with reference to tetramethylsilane.
In some cases, the signal of 0-dichlorobenzene-ds (ODCB-d4) was used as internal standard (3
7.20 ppm in '"H NMR, and & 132.35 ppm in °C 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 using dithranol as a matrix. 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 chromatography (HPLC) was performed by the use
of a Cosmosil Buckyprep column (4.6 mm x 250 mm) for analytical purpose, and the same
column (two directly connected columns, 10 mm x 250 mm) for preparative purpose.
Fullerene Cgp was purchased from Matsubo Co. m-Chloroperbenzoic acid was purchased
from Aldrich Co. Zinc (sandy) and titanium (IV) chloride was 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 B3LYP/6-311G** level of theory using the optimized structures at B3LYP/6-31G* level of
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theory. NICS calculations were performed at B3LYP/6-31G* level of theory using the
optimized structures at B3LYP/6-31G* level.

Cyclic Voltammetry and Differential Pulse Woltammetry of H,@Cg. 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 x 10* M solutions of H,@Csp and Cg were used.
Tetrabutylammonium hexafluorophosphate (TBAPF¢) (0.1 M) was used as supporting
electrolyte. A mixture of toluene and acetonitrile (5.4 : 1 by volume) were dried over P,Os,
degassed by repeated freeze-pump-thaw cycles under 10~ mmHg, and vapor transferred into
the electrochemical cell connected to a vacuum line (10™* mmHg). The voltammograms
were recorded at —10 °C at the scan rates of 100 mV s™' for CV and 25 mV s™' for DPV. The
potentials were corrected against ferrocene used as an internal standard which was added after
each measurement.

Oxidation of H,@1. A mixture of H,@l1l (107 mg, 0.0988 mmol) and
m-chloroperbenzoic acid (34 mg, 0.20 mmol) in toluene (200 mL) was stirred at room
temperature for 13 h under nitrogen. The solvent was evaporated under reduced pressure,
and the residual brown solid was washed twice with methanol (50 mL) and dried under
vacuum to give Hy@2 (106 mg, 0.0977 mmol, 99%) as a brown solid.

H,@2: IR (KBr) v 1746 (C=0), 1073 (S=0) cm'; UV-vis (CHCl3) Ama (log €) 258
(5.14), 320 (4.70) nm; "H NMR (300 MHz, CS,-CD,Cl, (5:1)) & 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); °C NMR (75 MHz, ODCB-d,) & 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 &
132.4 ~ 126.8 were overlapped with the signals of ODCB-d4); HRMS (+FAB) calcd for
CgoH 603N,S (M"), 1084.0882, found 1084.0929.
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Photochemical desulfurization of H,@2. A stirred solution of H,@2 (52 mg, 0.048
mmol) in toluene (150 mL) 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. After removal of
the solvent under reduced pressure, the residual brown solid was subjected to flash column
chromatography over silica gel. Elution with CS,-ethyl acetate (30:1) gave H,@3 (21 mg,
0.020 mmol, 42%) as a brown solid, and following elution with CS;-ethyl acetate (10:1) gave
unreacted H,@?2 (20 mg, 0.018 mmol, 38%).

H,@3: IR (KBr) v 1747 (C=0) cm'; UV-vis (CHCI3) 8max (log €) 257 (5.09), 324
(4.67) nm; '"H NMR (300 MHz, CS,-CD,Cl, (5:1)) & 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); >C NMR (75
MHz, ODCB-d,) & 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, 136.14,
135.72, 133.56, 133.17, (131.46, 131.01, 130.77), 123.31, 122.79, 75.67, 53.01 (the signals at
the range of & 132.4 ~ 126.8 were overlapped with the signals of ODCB-d,;); HRMS (+FAB)
caled for CgoH70,N, (MH"), 1037.1290, found 1037.1290.

Reductive coupling of the two carbonyl groups in H,@3. To a stirred suspension of
zinc powder (299 mg, 4.57 mmol) in dry tetrahydrofuran (10 mL) was added titanium
tetrachloride (250 ul, 2.28 mmol) drop by drop at 0 °C under argon, and the mixture was
refluxed for 2 h. A 1-mL portion of the resulting black slurry was added to a stirred solution
of H@3 (49 mg, 0.048 mmol) in ODCB (7 mL) at room temperature under argon. After
heating at 80 °C for 2 h, the resulting brownish purple solution was cooled to room
temperature. Then the solution was diluted with CS, (20 mL), and the resulting solution was
washed with saturated aqueous solution of NaHCO; (50 mL). The organic layer was dried
over MgSO;, and evaporated under reduced pressure to give a residual brown solid, which was
then subjected to flash column chromatography over silica gel. Elution with CS;-ethyl
acetate (20:1) gave H@4 (42 mg, 0.042 mmol, 88%) as a brown solid.

H,@4: IR (KBr) & 1748 (C=N) cm'; UV-vis (CHCl3) Amax (log €) 262 (5.08), 328
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(4.66), 431 (3.33), 532 (3.11) nm; 'H NMR (300 MHz, CS,-CD,Cl, (5:1)) & 8.74 (m, 1H),
8.04-7.92 (m, 2H), 7.80 (m, 1H), 7.72 (m, 1H), 7.48-7.39 (m, 2H), 7.29-7.12 (m, 7H), —2.93
(s, 2H); *C NMR (100 MHz, ODCB-d,) & 168.39, 165.87, 149.48, 148.76, 148.41, 145.57,
145.55, 145.48, 145.44, 145.26, 144.69, 144.64, 144.57, 144.53, 144.44, 144.30, 144.28,
144.13, 144.12, 144.10, 144.01, 143.97, 143.92, 143.86, 143.75, 143.69, 143.61, 143.55,
143.52, 143.49, 143.47, 143.45, 143.38, 141.63, 141.12, 141.09, 140.98, 140.84, 140.62,
140.49, 140.26, 139.84, 139.25, 138.95, 138.37, 138.31, 137.26, 137.01, 136.89, 136.78,
136.64, 136.63, 135.68, 135.65, 135.46, 135.23, 134.98, (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 range of o
132.4 ~ 126.8 were overlapped with the signals of ODCB-d4); HRMS (+FAB) calcd for
CsoH 7N, (MH), 1005.1392, found 1005.1381.

Synthesis of H,@Cego. A powder of H,@4 (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 340 °C for 2 h. The
resulting black solid was completely soluble in CS,, and the solution was passed through a
glass tube packed with silica gel to afford Hy@Cgo contaminated with 9% of empty Cg (total
weight 118 mg, 67% (calculated Hy@Ceo 107 mg, 61%)) as a brown solid.  Analytically pure
H,@Cgo was obtained by separation of this product by the use of HPLC on a preparative
Cosmosil Buckyprep column (two directly connected columns, 10 mm x 250 mm, with
toluene as a mobile phase; flow rate, 4 mL min ") after recycling for 20 times (total retention
time, 399 min).

H>@Cso: mp > 300 °C; IR (KBr) v 1429, 1182, 577, 527 cm'; UV-vis (cyclohexane)
Amax (log €) 212 (5.14), 258 (5.17), 330 (4.67), 405 (3.42), 543 (2.84), 600 (2.80), 622 (2.52)
nm; 'H NMR (300 MHz, ODCB-d,) & —1.44 (s); °C NMR (75 MHz, ODCB-d,) & 142.844;
HRMS (+FAB) calcd for C¢oHy (M"), 722.0157, found 722.0163; Anal. calcd for CsH,: C,
99.72; H, 0.28, found: C, 99.04; H, 0.24.

In the similar way, empty 4 (296 mg) wrapped with an aluminum foil was heated in a
vacuum-sealed glass tube (1 mmHg) in an electric furnace at 350 °C for 2 h. In the course of
the reaction, a yellow-colored oil (10 mg, 3 wt% of the weight of 4) gradually appeared,
together with a slight amount of colorless oil (ca. 1 mg, ca. 0.3 wt% of the weight of 4). The
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yellow oil was a complex mixture containing at least 9 components based on the GC analysis,
one of which exhibited a peak on mass analysis at m/z 282 corresponding to molecular
formula Ph,PyC;sN. The colorless oil consisted of mainly four components based on the GC
analysis, and each component exhibited a peak on mass analysis corresponding to
2-cyanopyridine (7), diphenylacetylene (8), benzonitrile (10), and phenyl-(2-pyridyl)acetylene
(11). The black solid (277 mg, 94 wt% of the weight of 4) remained inside the aluminum
foil.

Solid-state mechanochemical [2+2] dimerization reaction of H,@Cgo. Hy@Cgo (10
mg, 0.014 mmol) and 4-aminopyridine (1.5 mg, 0.016 mmol) were placed in a stainless-steel
capsule together with a stainless-steel milling ball. The capsule was sealed under nitrogen,
and was vigorously shaken at the speed of 3500 r.p.m. for 30 min by the use of a high-speed
vibration mill at room temperature.’® The reaction mixture was dissolved in ODCB (4 mL),
and the solution was subjected to HPLC on a preparative Cosmosil SPBB column (two
directly connected columns, 10 mm x 250 mm, with ODCB as a mobile phase; flow rate, 3
mL min") to give unreacted Ho@Cso (6.9 mg, 0.0095 mmol, 69%) and [2+2] dimer
(Hx@Ce)2 (3.0 mg, 0.0021 mmol, 30%) as a brown solid.

(Hx@Ceo)2: IR (KBr) v 1463.9, 1425.3, 1187.1, 796.5, 770.5, 762.8, 746.4, 710.7, 706.9,
612.4, 574.7, 561.2, 550.6, 544.9, 526.5, 480.2, 450.3, 417.6 cm ' (reported values for
(Ce0)2>"; 1463.9, 1425.3, 1188.1, 796.5, 769.5, 761.8, 746.4, 710.7, 705.9, 612.4, 573.8,
560.3, 550.6, 544.9, 526.5, 479.3, 449.4, 418.5); "H NMR (300 MHz, ODCB-d4) & —4.04 (s).
HPLC analysis on a Cosmosil Buckyprep column (25 cm X 4.6 mm inner diameter, with
toluene as a mobile phase; flow rate, 1 mL min ') exhibited a single peak at exactly the same
retention time as authentic [2+2] dimer (Cgp),, 18.7 min.

Synthesis of methanofullerene H,@12. To a solution of H,@Cgo (H, content: 2%) (21
mg, 0.029 mmol) and CBr4 (38 mg, 0.11 mmol) in dry toluene (20 mL) was added diethyl
malonate (13 mg, 0.083 mmol) and diazabicyclo[5.4.0]Jundec-7-ene (DBU) (26 mg, 0.17
mmol), and the mixture was stirred for 1 h at room temperature under argon. After removal
of the solvent under reduced pressure, the residual brown solid was subjected to flash column
chromatography over silica gel. Elution with CS, gave unreacted H,@Cgp (2.9 mg, 0.0040
mmol, 14%) and elution with toluene gave H,@12 (10 mg, 0.012 mmol, 41%) as a brown
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solid.

H,@12: IR (KBr) v 2978, 1745 (C=0), 1429, 1294, 1267, 1236, 1207, 1184, 1095,
1061 cm™'; 'H NMR (300 MHz, ODCB-dy) & 4.49 (q, J = 6.9 Hz, 2H), 1.37 (t, J = 6.9Hz, 3H),
-3.27 (s, 0.02H); HRMS (+FAB) calcd for Cs;H;;04 (M), 880.0736, found 880.0720;
(reported data; IR v 2979, 1745 (C=0), 1428, 1295, 1266, 1234, 1206, 1186, 1095, 1061
cm '; "H NMR (360 MHz, CDCls) 8 4.57 (q, J = 7.1 Hz, 4H), 1.49 (t, J = 7.1 Hz, 6H)).*

Synthesis of benzyne Adduct H,@13. To a solution of Hy@Ceo (Hy content: 7%) (23
mg, 0.032 mmol) and isoamyl nitrite (17 mg, 0.15 mmol) in dry benzene (40 mL) was added
anthranilic acid (43 mg, 0.31 mmol), and the mixture was stirred at room temperature under
argon. 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 SPBB column to give unreacted H,@Csgo (7.8 mg,
0.011 mmol, 34%) and H,@13 (6.8 mg, 0.0085 mmol, 27%) as a brown solid.

H,@13: IR (KBr) v 2920, 2849, 1458, 1024 cm™'; '"H NMR (300 MHz, ODCB-d,) &
7.91 (m, 2H), 7.65 (m, 2H), —4.30 (s, 0.07H); HRMS (+FAB) calcd for C¢sHs (M), 798.0470,
found 798.0499; (reported data; IR (KBr) & 2924, 2854, 1458, 1278, 1024 cm™'; '"H NMR
(500 MHz, CD,Cl,) & 8.02 (m, 4H), 7.78 (m, 4H)).*

Synthesis of pyrrolidinofullerene H,@14. A solution of Hy@Ceo (H, content: 8%) (23
mg, 0.032 mmol), N-methylglycine (2.8 mg, 0.0032 mmol), and paraformaldehyde (5.0 mg,
0.17 mmol) in dry toluene (30 mL) was refluxed for 15 min under argon. 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 unreacted H,(@Cg (8.7 mg, 0.012
mmol, 38%) and Hx@14 (8.9 mg, 0.011 mmol, 36%) as a brown solid.

H>@14: IR (KBr) v 2937, 2835, 2779, 1466, 1443, 1427, 1340, 1184, 1163, 1115 cm™;
'H NMR (300 MHz, ODCB-d,) & 4.16 (s, 4H), 2.84 (s, 3H), —4.64 (s, 0.08H); HRMS (+FAB)
caled for CesHoN (M), 779.0735, found 779.0743; (reported data; '"H NMR (200 MHz,
CS,-CDCls) & 4.38 (s, 4H), 2.98 (s, 3H)).**
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Chapter 5

Synthesis of Endohedral C;, Encapsulating Hydrogen
MOIGCUI@(S), Hz@Cm and (Hz)g@Cm

Abstract: Encapsulation of molecular hydrogen into the cavity of
fullerene C;9, which is larger than that of Cgp, was conducted.
First an open-cage C;¢ derivative having a 13-membered ring
orifice (4) was synthesized by three-step reactions; thermal reaction
of C;o with a pyridazine derivative to make an eight-membered-ring
orifice, oxidative cleavage of the C=C double bond to enlarge the
orifice to a 12-membered ring, and insertion of a sulfur atom to the
rim of the orifice to make it a 13-membered ring. The structure of
4 was determined by X-ray crystallography. Upon treatment of 4
with high-pressure H, gas, 100% of open-cage Cy 4 was filled with
hydrogen molecule. Out of this product, 97% contained one
molecule of hydrogen, i.e., Ho@4, and 3% was found to contain
two molecules of hydrogen, ie., (Hz)@4. The positional
exchange of two hydrogen molecules inside 4 was monitored by the
dynamic low-temperature NMR measurements. The chemical
restoration of C;y cage of 4 was carried out to give new endohedral

fullerenes, H2@C70 and (Hz)z@Cm.
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Introduction

As mentioned in Chapter 2 — 4, the molecular surgical approach’ was proved to be the
powerful means to synthesize yet-unknown endohedral fullerene Cgp encapsulating molecular
hydrogen in a macroscopic quantity.”* Considering the thickness of m-electron clouds of
fullerene Crq, the size of the inner cavity is 4.6 A along the long axis and 3.6 A along the
short axis, which is larger than that of Cg (3.6 A in inner diameter) (Figure 1). Therefore,
by applying the molecular surgery technique to Cy, it will become possible to synthesize
endohedral C7y incorporating more than one small gaseous entity,” such as He atom and H,
molecule. However, most efforts have previously been made only to the synthesis of
open-cage Cgo (but not Cy) derivatives>® because of the wealth of knowledge about the
chemical reactivity toward the exterior of the Cyo cage.” Thus fur, the reports on the
synthesis of open-cage C7o derivative have been limited to only three compounds 1,% 2,” and
3’ having an 11-membered-ring orifice, as shown below.

The chemical reactivity of Cy is generally more complicated due to its lower symmetry
than that of C¢p. There are four different types of C=C double bonds (denoted by a ~ o in
Figure 2), whose reactivities are different basically depending on the surface curvatures of the
rugby-ball shaped Co. For example, representative reactions such as [4+2]'* and [3+2]'®

cycloadditions and hydrogenation'' mainly take place on the highly strained C=C double

Figure 1. Cutout views of space-filling models for fullerene Cq, and Cs,.
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bonds such as a- and B-bonds.

In this Chapter is first described the synthesis of open-cage fullerene C; derivative 4
with a 13-membered-ring orifice by applying the similar procedure developed for the
synthesis of open-cage Cgo derivative 5° and then insertion of more than one hydrogen
molecule, together with dynamic behavior of the two hydrogen molecules confined to the Cy
cage. Furthermore, restoration of the fullerene structure of 4 to the original C;y form to
realize novel endohedral C;y incorporating hydrogen molecules, H,@C7o and (H),@Cro, will

be mentioned.

B-bond

(second most strained) a-bond

(most strained)

relatively flat midsection {

Figure 2. The fullerene C;, with the indication of the four types

of reactive double bonds (o ~ 9).
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Results and Discussion

Synthesis of open-cage fullerene Cyo derivatives having an eight-membered-ring
orifice: In the same way as the one used for a 13-membered-ring orifice to be opened on the
Ceo surface,” the thermal reaction of Cyo with 3-(2-pyridyl)-5,6-diphenyl-1,2,4-triazine was
first carried out, but it resulted in formation of a complex mixture, which was difficult to
separate. Then, the thermal reaction with higher symmetrical 3,6-di-(2-pyridyl)-pyridazine
(6)' having higher symmetry (Scheme la) was attempted by heating a solution of C7 and
two equivalents of pyridazine 6 in 1-chloronaphthalene at 255 °C for 24 h. The separation
of a resulting material by flash column chromatography over silica gel gave an isomeric
mixture of 7 and 8 both having an eight-membered-ring orifice, together with unreacted Cy
(45%). Further separation using HPLC equipped with a prepacked silica gel column
(Yamazen Ultra Pack SI40B; 26 mm x 300 mm) eluted with toluene-ethyl acetate (5:1)
afforded open-cage fullerene derivatives 7 (40%) and 8 (5%) both as a brown powder. A
probable reaction mechanism for the formation of 7 and 8 is considered to involve the [4+2]
cycloaddition, extrusion of N,, and intramolecular formal [4+4] cycloaddition followed by
[2+2+2] cycloreversion (Scheme 1b).2"

The structures of 7 and 8 were characterized based on the spectral information and

1-chloronaphthalene
255 °C, 24 h

(Py = 2-pyridyl)

(b)
N _
Py9}<§y i *Py qupy retro
AR N N A+l o [2+2+2]
/O.‘ . /%/.‘ u’ (? — 7and8
A% LN

Scheme 1. Thermal reaction of fullerene C, with pyridazine 6.
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computational results'* as mentioned below. The FAB mass spectra of 7 and 8 showed the
same molecular ion peaks at m/z 1047 ([M+1]) corresponding to M = CgsH;oN,, which
indicated that the products were formed by [4+2] cycloaddition of pyridazine 6 to Cy
followed by extrusion of No.  The '"H NMR of 7 exhibited eight signals for pyridyl protons
and two doublets for olefinic protons at & 6.47 ppm (J = 9.5 Hz) and 6 6.27 ppm (J = 9.5 Hz),
while the *C NMR spectrum showed 76 signals in sp*-carbon region between & 168.12 and
117.46 ppm, in which six signals are overlapped, in addition to two signals at 6 54.33 and
52.91 ppm for the sp’-carbon atoms. These data supported the structure of 7 with the C,
symmetry. On the other hand, the '"H NMR spectrum of 8 exhibited only four signals in
aromatic region and one singlet at 8 6.29 ppm, and the >*C NMR exhibited 39 signals for
sp’-carbon atoms between & 160.57 and 122.47 ppm (two signals are overlapped) and one
signal at 8 52.53 ppm for the sp’-carbon atom, suggesting that 8 has the Cs symmetry. In
addition, close resemblance of the electronic spectra of 7 and 8 to that of C indicated that 70
original fullerene carbons retain their sp” hybridization in each m-conjugated system (Figure
3).2

Since the reactivity of Cy toward [4+2] cycloaddition is known to be higher at the C=C

double bonds at a- and B-positions (see Figure 2) due to their higher strains,'® theoretical

0.4
0.3+

0.2 1

absorbance

0.14

400 500 600 700 800
wavelength (nm)

Figure 3. UV-vis spectra of open-cage fullerene derivatives with an
eight-membered-ring orifice (7 and 8) and C;y in CHCls: black line (Cqo;
8.25 x 107 M), blue (7; 6.96 x 10~ M), red (8; 5.25 x 107> M).

300
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calculations were carried out for selected intermediates 9 and 10, having a 1,3-cyclohexadiene
ring fused at a- and B-positions, respectively, as well as possible open-cage fullerene
derivatives 7, 8, and 11 (Figure 4). As expected, the comparison between the relative
energies of a-adduct 9 and P-adduct 10, which formed through the [4+2] cycloaddition
between 6 and C; followed by extrusion of N, (see Scheme 1b), indicated that 9 is more
stable than 10 by 3.2 kcal mol™". The corresponding y- and 8-adducts (not shown in Figure
4) were calculated to be less stable than 9 by 21.6 and 7.9 kcal mol™', respectively.
Furthermore, C; symmetrical 7 was indicated to be the most stable isomer and, therefore, the
structure of the major product was concluded to be 7. In the case of B-adduct 10, the
intramolecular reactions (see Scheme 1b) can take place in two ways (Figure 4, (a) and (b))
giving rise to the formation of 8 and 11 both with the Cs symmetry. However, because the
relative energies showed that the transformation of 10 into 8 is an exothermic process, the

obtained minor product was concluded to be 8.
g

Y
sl

(0 kcal mol™) (+3.2 kcal mol™)

Py

(-4.9 kcal mol™) (~0.6 kcal mol™) (+8.9 kcal mol™)

Figure 4. Selected intermediates (9 and 10) and open-cage fullerene
derivatives (7, 8, and 11). The relative energies with reference to 9
(B3LYP/6-31G*) are shown in parentheses. Compound 10 is possible to
undergo intramolecular reactions in two ways, (a) and (b).
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Enlargement of the orifice in open-cage fullerene 7: In order to estimate the
reactivity of 7 in the addition of singlet oxygen ('O,), DFT calculations were carried out.
The geometry was optimized at the B3LYP/6-31G* level of theory to give a structure with the
shape of HOMO as shown in Figure 5. The HOMO was shown to spread over the whole
fullerene cage and to have higher coefficients on the sp>~carbon atoms at the rim of the orifice,
particularly on C2 and C5. Therefore, the [2+2] cycloaddition of 'O, was expected to take
place at the C=C double bonds, C2-C3 or C4-C5, to expand the orifice size of 7.2

The reaction of 7 with 102 was carried out in an air-saturated solution of CS, under
irradiation of visible light using a xenon-lamp for 5 h.*> Then the reaction mixture was

separated using HPLC equipped with a prepacked silica gel column (Yamazen Ultra Pack

Figure 5. The optimized structure of open-cage fullerene derivative
7 with the contour of the HOMO (B3LYP/6-31G*).

Py
o) Bitd
O,, hv (vis) 0]
7
CS,, It. * D O
h ./

18% 13

Scheme 2. Enlargement of the orifice size of 7 by photo-oxidation.

49%
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(0 kcal mol™

Py
N
— [T [
/ \
A 13
) (+68.2 kcal mol™) ) (+7.3 keal mol ™)

Figure 6. Possible reaction mechanism for the formation of open-cage fullerene derivative 12
and 13. The relative energies (B3LYP/6-31G*) with reference to 12 are shown in parentheses.

SI40B; 26 mm x 300 mm) to afford two products 12 and 13 having a 12-membered-ring
orifice in 49% and 18% yields, respectively (Scheme 2), in addition to unreacted 7 (19%).
The structures of 12 and 13 were determined based on spectral information and theoretical
calculations as mentioned below.

The FAB mass spectra indicated that both 12 and 13 have the same molecular formula
corresponding to 7 with addition of O,. The IR spectra of 12 and 13 exhibited strong
carbonyl stretching bands at 1750 and 1743 cm™' for 12, and 1737 cm™' for 13. The
formation of two carbonyl groups in 12 and 13 was confirmed by *C NMR spectra, which
exhibited two new signals corresponding to carbonyl carbon atoms at & 198.32 and 187.46
ppm for 12, and at 6 194.24 and 188.50 ppm for 13. These data suggested that either one of
the C2-C3 or C4-C5 double bonds was most likely cleaved by photochemically generated 'O,
through the formation of dioxetane intermediates 14 and 15, respectively, to give the
diketo-compounds 12 and 13, in the same manner as reported for the open-cage Cgp having an

2,6d-f

eight-membered-ring orifice, as shown in Figure 6. Since theoretical calculations

(B3LYP/6-31G*) indicated that compound 12 is more stable than 13 by 7.3 kcal mol™, even
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Figure 7. UV-vis spectra of open-cage fullerene derivatives 12 and
13 with a 12-membered-ring orifice and 7 in CHCl;: blue line (12;
5.20 x 107> M), red (13; 5.45 x 107> M), black (7; 6.96 x 107> M).

though there is almost no difference in the relative energies between dioxetane intermediates
14 and 15, the major and minor products obtained experimentally were determined to be 12
and 13, respectively. The validity of assignment for the structure of 12 was unambiguously
confirmed by the X-ray crystallography, as will be described in detail below.

Compounds 12 and 13, which are isomeric, exhibited totally different electronic spectra,
as shown in Figure 7. This could be ascribed to the fact that 12 formed by the scission of the
C=C double bond at a-position of 7 (C2-C3), whereas 13 formed by the cleavage of that at
B-position (C4-C5). Actually, it was reported that a-C79H,, having two hydrogen atoms at
the a-bond, and its positional isomer -C;0H, showed quite different UV-vis spectra from

each other.!

An open-cage fullerene Cy derivative having a 13-membered-ring orifice: In order
to obtain insight into the reactivity of 12, which was obtained as the major product upon
photo-oxidation of 7, theoretical calculations were carried out. As shown in Figure 8, the
LUMOs of 12 are relatively localized at the conjugated butadiene moiety, C9-C10-C11-C12,
on the rim of the orifice (the numbering is shown in Scheme 3), and the LUMO energy level

2,6d

is significantly lowered due to the presence of the two carbonyl groups. This enhanced
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electron affinity of 12 was confirmed by the electrochemical measurements by the use of the
differential pulse voltammetry (DPV) in o-dichlorobenzene (ODCB) using BusNBF,4 as a
supporting electrolyte. Compound 12 exhibited the first reduction wave at —1.10 V versus
the ferrocene/ferrocenium couple, which is 0.05 V lower than that of C;p measured under the
same conditions. Judging from these information, the sulfur insertion into the C10-Cl11
single bond of 12 wunder the presence of a strong m-electron donor such as
tetrakis(dimethylamino)ethylene (TDAE) was quite conceivable, in exactly the same manner
as that developed for the synthesis of open-cage Cqo derivative 5.> Thus, the reaction was
conducted by heating a solution of 12, elemental sulfur, and TDAE in ODCB at 180 °C for 10

h. By subjecting the resulting reaction mixture to flash chromatography over silica gel,

Figure 8. The optimized structure of open-cage fullerene derivative
12 with the contour of the LUMO (B3LYP/6-31G*).

Sg (x10)
TDAE (x10)

ODCB
180 °C,10h

94%

Scheme 3. Enlargement of the orifice size of 12.

- 108 -



Synthesis of Endohedral C;o Encapsulating Hydrogen
Molecule(s), H,@C7 and (H2).@C+o

desired open-cage Cyo derivative 4 with a 13-membered-ring orifice was obtained in 94%
yield (Scheme 3).

The structure of 4 was characterized based on the spectral information as described
below. The FAB mass spectrum showed molecular ion peak at m/z 1110 corresponding to 12
+S. The “C NMR spectrum exhibited two signals for the carbonyl carbon atoms at &
193.65 and 183.45 ppm, 64 signals (out of 82 expected signals) corresponding to the
sp>-carbon atoms in the range & 166.18 — 122.02 ppm, and two signals corresponding to the
sp>-carbons at & 59.48 and 53.37 ppm. These data supported the structure of 4.

Finally, the structure of 4 was unambiguously determined by the X-ray crystallography
for a single crystal grown from a solution of toluene (Figure 9). It was confirmed that
compound 4 indeed has a 13-membered-ring orifice (shown in red) containing a sulfur atom
on its rim, in the same fashion as the open-cage Ce derivative 5.2 The orifice size of 4 was
found to be very slightly larger than that of 5, judging from the distance between two carbonyl
carbons being 3.83 A for 4 and 3.75 A for 5, respectively. By the X-ray structure of 4, the
previous assignments of the structures for 7 and 12 were proven to be correct.

The electronic spectrum of compound 4 taken in CHCl; showed maximum absorptions
at 438 and 635 nm (Figure 10), which are totally different from that of 12 (Anax 370, 398, 450,
676 nm) reflecting that the n-conjugated system of 12 was partially broken by the insertion of
the sulfur atom.”

The electrochemical behavior of compound 4 was investigated by cyclic voltammetry
(CV) and DPV in ODCB using BusNBF; as a supporting electrolyte. ~As shown in Figure 11,
4 exhibited three reversible reduction waves at —1.18, —1.56, and —1.92 V versus the
ferrocene/ferrocenium couple, which are only slightly more negative than those of Cy itself
(Erea = —1.12, —1.52, and —1.95 V) measured under the same conditions. This indicates that
4 still retains the high electron affinity characteristic of Cy, albeit the original 70n-conjugated

system was heavily broken in 4.
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(b)

Figure 9. The X-ray structure of open-cage fullerene derivative 4 with
displacement ellipsoids drawn at the 50 % probability level. (a) side view and (b)
top view. Selected distances [A]: C1-C2 1.564(5), C2-O1 1.210(4), C2-C9
1.493(4), C9-C10 1.388(4), C10-S1 1.766(3), S1-C11 1.765(3), C11-C12
1.369(4), C12-C3 1.514(5), C3-02 1.201(4), C3-C4 1.568(4), C4-C5 1.363(4),
C5-C6 1.536(4), C6-C7 1.503(4), C7-C8 1.323(4).
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Figure 10. UV-vis spectra of open-cage fullerene derivative 4
(5.38 X 107> M) in CHCl;.
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Figure 11. CV and DPV of 4 and C,,: 1 mM in ODCB, 0.05 M TBABF,, scan
rate 0.02 V s_l; (a) CV of 4, (b) DPV of 4, (c) CV of C5, (d) DPV of C4.
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Encapsulation of hydrogen molecule(s) in open-cage fullerene C;o derivative 4: The
orifice size of 4 was found to be very slightly larger than that of 5 based on the X-ray
crystallography, indicating that small gaseous entities such as He atom'> and H, molecule’
would be possible to enter the cage through the 13-membered-ring orifice. The activation
energies required for the insertion of He, H,, Ne, and Ar were caculated by using hybrid
density functional theory (B3LYP/6-31G**//B3LYP/3-21G). As to the insertion of H,, the
energy needed to force second H, into Hy@4 to produce (H,),@4 was also computed. As
listed in Table 1, activation energies are calculated to be comparable to those of 5.° Most
noteworthy is that the destabilization due to steric repulsion caused by the encapsulation of
the second hydrogen molecule is only +4.0 kcal/mol, which is considerably smaller than that

of Cg analogue 5 (+9.4 kcal/mol), implying the possibility of the formation of (H;),@4.

Table 1. Predicted Activation Energies for Insertion, Escape, and
Energies of Encapsulation (B3LYP/6-31G*//B3LYP/3-21G, in kcal
mol_l) for the molecule of He, Ne, H,, and Ar inside 4 and 5.

Barrier to Energy of Barrier to
Guest insertion encapsulation escape
4 5 4 5 4 5
He +20.1  +19.0° +0.3  +0.4° +19.8  +18.6%
Ne +28.6  +262% 03 -1.0% +28.9 +27.22
H, 312 +30.12 +1.3  +1.42 +29.9 +28.7%
2ndH,  +31.0 4302 +4.0 494 +27.0  +20.8
Ar +102.3  +97.8% +4.4  +6.2° +97.9  +91.6%

2 Values taken from ref. 3.
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The insertion of molecular hydrogen was attempted by treating a power of 4 with
high-pressure H, gas (800 atm) in an autoclave at 200 °C for 8§ h. The HPLC analysis
(Cosmosil Buckyprep column eluted with toluene) of the resulting Hj-treated material
exhibited a single peak at exactly the same retention time as that for empty 4, indicating that 4
was totally stable under these conditions. The incorporation of hydrogen molecule was
clearly shown by the '"H NMR spectrum, which showed a new sharp signal at unusually high
field, 8 —16.51 ppm, together with signals for the pyridyl and olefinic protons appearing with
completely the same chemical shifts as those for empty 4 itself (Figure 12). The sharp signal
(0 —16.51) is considered as the resonance of the hydrogen molecule encapsulated in 4 (H,@4),
which was subjected to the quite strong shielding effect characteristic of the highly aromatic
n-system of the Cyo cage.'® This assignment was supported by theoretical calculations for
H,@4 using the GIAO  (gauge-invariant atomic  orbital) approach  at
B3LYP/6-311G**//B3LYP/6-31G* level, which reproduced the chemical shift of the
encapsulated hydrogen molecule quite accurately as & —16.43 ppm. It should be noted that a
small signal was also observed at & —15.22 ppm. This signal was speculated to be the
resonance of two molecules of hydrogen incorporated in 4, because of a resemblance to a
report that a cyclopropanated Cy, derivative (at o-bond) incorporating two *He atoms (ca.

0.1% of the 2.6% pure sample) showed a quite tiny *He NMR signal, which was downfield

iz -
O ‘ Is —40.51ppm |
8 |5 1.94+0.03H |
8.48 ppm * \ |
1.00£0.02 H 4 ' |\ |
8.68 ppm ) N " |
. || ;” /- lik;lﬁl M ~15.22 ppm I
wM I 0.13 +0.01 H |
, AL W) \
e o= N - S——
9 8 7 15 -16 -17 §/ppm

Figure 12. 'H NMR spectrum (300 MHz, ODCB-d,) of the hydrogen incorporated 4.
The integrated peak areas are shown based on the peak area of the 6-pyridyl proton at
0 8.68 ppm.
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shifted as compared to that for the compound incorporating one *He atom (2.6% pure).” The
integrated relative intensity of these two signals was determined to be 1.94 H (97% yield) and
about 0.13 H (3% yield, calculated as (H,),@4) by comparison with the intensity of
well-resolved pyridyl proton signals at 6 8.68 ppm (1.00 H). The encapsulation rates were
highly dependent on the pressure of H, gas: the yields decreased to 79% (H,@4) and 2%
((H2),@4) under 660 atm of H,, and 54% (H,@4) and 0.3% ((H2),@4) under 180 atm of H,,
with all other conditions kept the same. Discussion on H,@4 will be made first, which will
then be followed by that on (H;),@4.

The endohedral complex H,@4 was quite stable at room temperature. However, the
hydrogen molecule was released from the cage when the solution in ODCB-d, prepared and
sealed under vacuum (10~ mmHg) was heated above 160 °C, which was monitored as a
gradual decrease in the NMR signal for the incorporated H, at 6 —16.52 ppm. The escaping
rates were monitored at 160, 170, 180, and 190 °C and were found to follow the first-order

kinetics as shown in Figure 13. As shown by the data shown in Table 2, the rates for the H;

o

(b)

(@)

o

In [H,@4]; [H,@4]o
In [H,@4]; [H,@4]o*

0 2 4 6 0 1 2
time [s‘l] (x 10‘5) time [s’l] (x 10’5)

0 (d) 0

In [H,@4]; [H,@4]0 ™
A
In [H,@4]; [H,@4]o*
|
|_\

0 2 4 6 8 0 1 2 3
time [s7}] (x 107%) time [s7}] (x 107%)
Figure 13. The rate plots for the release of hydrogen molecule from H,@4 at four
temperatures; (a) 160 °C, (b) 170 °C, (¢) 180 °C, (d) 190 °C.

114 -



Synthesis of Endohedral C;o Encapsulating Hydrogen
Molecule(s), H,@C7 and (H2).@C+o

release from Ho@4 were found to be slightly faster than the Cq analogue H,@5 in accord
with the results of the X-ray crystallography.” The Arrhenius plot gave a good linear fit,
7403 1338 4
0.7 kcal mol™, respectively (Figure 14). This activation energy (E,) is higher than the
predicted value by the DFT calculations (E, = 29.9 kcal mol™) as in the case for the H,@5.’

with the pre-exponential factor (A) and the activation energy (E,) being 10

The activation parameters at 25 °C were also determined as AG* = 35.3 + 0.9 kcal mol™', AH*
=33.2 + 0.4 kcal mol™', and AS* = —7 + 2 cal K™' mol™', which are quite similar to those of
H,@5 (AG* = 35.5 + 0.9 kcal mol™', AH* = 33.4 + 0.4 kcal mol™, and AS* = —7 + 2 cal K™

mol™).?

Table 2. The Rate Constants (k) and Half-Lives (t;,) for the Release
of Molecular Hydrogen from H,@4 and H,@5 at Four Temperatures

TPC) k[s] ty/5 [h]
4 52 4 52
160 £ 0.5 455x10°  3.54x10° 423 544
170 + 0.5 1.09x 107> 9.05x10°° 176 213
180£0.5 254%x107° 2.13x107° 76 90
190+ 0.5 571x107° 4.60x 107 34 42

8 Values taken from ref. 3.

-104 log A=11.7,
E, = 33.8 kcal mol ™t

4
= -114

-121

-13 . . .

0.00220 0.00230
1/7T

Figure 14. Arrhenius plot for the release of hydrogen
molecule from H,@4.
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The MALDI-TOF mass measurement on H,@4 was carried out using dithranol as a
matrix. At a laser power adjusted slightly above the threshold for the ionization of 4, the
molecular ion peak of Hy@4 (m/z 1112) was clearly observed, along with a peak for empty 4
(m/z 1110) formed by partial release of a hydrogen molecule upon laser irradiation (Figure

15a). In addition, a fragment ion peak due to elimination of pyridyl group (m/z 1032) and a

(@) H,@4
100 H,@4
. | | | |
50 !‘ N ” !\
L | weveo
u2 s
4-P
b |
o) —— TR TP T ,LL\.L». ™ L m@uwyum
800 900 1000 1100 1200
m/z
(b)
C7o 4-CO-Py

100 l H,@Co

i "
1100 1200

m/z

Figure 15. MALDI-TOF mass spectra of H,@4. (a) The
produced molecular ion peak is observed at a laser power slightly
above the threshold for ion formation. An inset shows an
expanded spectrum of the molecular ion peak. (b) With increased
laser power, formation of vacant C; and H>(@Cy is observed.
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peak due to elimination of pyridyl and carbonyl groups (m/z 1004) were observed. When a
higher laser power was used (Figure 15b), the peak for the molecular ion disappeared and,
instead, the formation of C;y (M/z 840) and H,@C7 (Mm/z 842) was clearly observed. The
intensity of the peak for Hy@C7y was approximately one-half of that for C;, taking the
isotope distribution of Cy¢ into consideration. Thus, it was shown that, upon laser irradiation,
generation of H,(@C7 is possible in the gas phase by self-restoration of Ho@4, as in the case
for Hz@C6o.3

Characterization of open-cage fullerene derivative incorporating two molecules of
hydrogen, (H,).@4: As mentioned above, upon the "H NMR measurement of compound 4
treated with high-pressure of H, gas, a rather weak signal was observed at & —15.22 ppm,
together with the strong signal for Hoy@4 (Figure 12). As depicted in Figure 16, the GIAO
calculations (GIAO-B3LYP/6-311G**//B3LYP/6-31G*) of (H,),@4 predicted that the two
NMR signals should appear at & —13.59 ppm for a hydrogen molecule (H;-a), which is closer
to the orifice, and at 5 —17.86 ppm for another hydrogen molecule (H,-b), which is located at
the bottom. The difference in the chemical shifts (4.27 ppm) would reflect the large gradient

of the magnetic field inside the C;y cage of 4 along the long axis induced by the intensive

Figure 16. The cut-out view of (Hy),@4 with the simulated
chemical shifts of the incorporated two hydrogen molecules at the
GIAO-B3LYP/6-311G**//B3LYP/6-31G* level of theory.
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transformations of the fullerene m-system. The rapid exchange of each position of two
hydrogen molecules should give a time-averaged NMR signal at around 6 —15.3 ppm, which
was indeed close to the experimentally observed value (6 —15.22 ppm). Therefore, by
controlling the frequency of the positional exchange by decreasing the temperature, the NMR
signal for the two hydrogen molecules inside (H;)@4 was expected to split into two signals.
Prior to the investigation of such behavior of the two hydrogen molecules, enrichment
of (Hy),@4 (3%) was attempted by the use of recycling HPLC on a Cosmosil Buckyprep
column (two directly connected columns; 25-cm length, 10-mm inner diameter; mobile phase,
toluene; flow rate, 4 mL min~'). After three recycles, the tailing fraction of the peak was
collected; the difference in retention times for two species to be separated was too small to
give an even slight shoulder. This process was found to enhance the content of (H;),@4 to
15%. The obtained material was purified again by the same HPLC procedure to give the
enriched material containing (H,)>@4 in up to 34% in an amount of slightly less than 1 mg.
As shown in Figure 17a, the '"H NMR spectrum of (H,),@4 (containing H,@4 in 66%)
at 20 °C in a solution of CS,-CD,Cl, (4:1) prepared under vacuum (10~ mmHg) exhibited the
markedly stronger signal for (Hz)>@4 (6 —15.04 ppm), which was slightly broadened as
compared to that for H@4 (86 —16.30 ppm). This difference in line-shape indicates that the
motion of the incorporated two hydrogen molecules is already slightly restricted even at 20 °C.
As expected, the signal became broader upon cooling the solution to —40 °C, and completely
disappeared at —60 °C. Then, the encapsulation of two hydrogen molecules in (H),@4 was
indisputably proved by the appearance of two broad signals at —80 °C, which became much
sharper upon cooling to —100 °C. Furthermore, the observed chemical shifts (6 —12.87 and
—17.38 ppm) are in good agreement with the predicted values by the DFT calculations (o
—13.59 and —17.86 ppm, see Figure 16). The line-shape analysis revealed that the two
hydrogen molecules exchanged their positions with each other at the rate of only 50 times per
second at —100 °C, while the rate was increased up to 4.9 x 10’ times per second at 20 °C.
Arrhenius plot gave an excellent linear fit with the pre-exponential factor (A) and the

17403 and 8.0 + 0.4 keal mol ™', respectively, as shown in

activation energy (E,) being 10
Figure 18. The activation parameters were determined as AGH (25 °C)=9.4 + 0.5 kcal mol ™',

AH*=7.4+ 0.4 kcal mol™', and AS* =—7 + 2 cal K" mol™". It should be noted that the shape
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Figure 17. Low-temperature 'H NMR (400 MHz, CS,-CD,Cl, (4:1)) spectra

of the mixture of (H;),@4 and H,@4 (1:2); (a) observed spectra and (b)
simulated spectra shown together with estimated values of rate constants.

-119 -



log A=11.7,
131 1
E, = 8.0 kcal mol™
9,
4
£
5,
1
0.003 0.004 0.005 0.006

/7T
Figure 18. Arrhenius plot for the positional exchange
between two hydrogen molecules of (H,),@4.

of the signal for H @4 remained unchanged throughout these low-temperature NMR

measurements, reflecting the free rotation of a single hydrogen molecule in the C; cage.

Restoration of the Fullerene Cage; Formation of H,@C7y and (H,).@Cro: The size
reductions of the 13-membered-ring orifice of Hy@4 and (H,),@4 were carried out by
applying the similar reactions developed for the synthesis of Hy@Ceo,' mentioned in Chapter
4. Since the yield of (Hy)@4 was quite small (3%) to be isolated in a large amount, a
mixture of Hy@4 and (Hy)@4 (97:3) was subjected to the following chemical
transformations. As shown in Scheme 4, an oxidation of the sulfide moiety on the rim of the
orifice was first conducted by adding 1.6 equivalents of m-chloroperbenzoic acid (MCPBA)
to a solution of (Hy),@4 (n =1, 2) in CS,. After being stirred at room temperature for 10 h,
the crude mixture was subjected to flash chromatography on silica gel to afford the desired
sulfoxide derivative (Hy),@16 in 66% yield. The sulfinyl group was then removed by
irradiation of visible light with a high-pressure mercury lamp to a solution of (H),@16 in
dried and degassed benzene at room temperature for 5 h, followed by separation using flash
chromatography on silica gel to afford (H2),@12 having a 12-membered-ring orifice in 86%
yield. The two carbonyl groups in (H,),@12 were reductively coupled by the use of Ti(0) at
80 °C for 40 min to give (Hy),@7 having an eight-membered-ring orifice. Finally, complete
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closure of the orifice was achieved by heating the powder of (H;),@7 in a glass tube sealed
under vacuum at 400 °C for 2 h. The obtained crude product was dissolved in CS; and
passed through a silica gel column to give (H2),(@C7o (contaminated with approximately 10%
of empty C79) in 56% yield.

MCPBA | CS,,r.t. Heat 56%
(x1.6) 10 h 400 °C, 2 h
oPy Py
Ticl,
7o PY hyvisible) Y

benzene, r.t. ) ODCB / THF
66% 5h 6% 80 °C, 40 min
(H)h@16 (n=1, 2) (H)n@12

Scheme 4. Synthesis of endohedral fullerenes H,@C7o and (H,),@Co.

The "H NMR spectrum of the crude product of the thermal reaction exhibited a sharp
signal for Hy@Cry at 6 —23.70 ppm and a weak signal for (H,),@C7o at & —=23.53 ppm in an
integrated ratio of 97 : 6, indicating that hydrogen molecule(s) originally encapsulated in the
cage of 4 was not lost at all throughout these transformations. The difference in these 'H
NMR chemical shifts was A8 0.17 ppm, which is larger than that between *He@Cro (2.6%
encapsulation) and *He,@C7o (0.1% encapsulation) (A8 0.02 ppm) in *He NMR.™"  The
endohedral chemical shifts reflect an averaged magnetic field at different positions inside C7
cage sampled by encapsulated species. Therefore, the observed difference in Ad values

should be ascribed to the larger volume of a hydrogen molecule (19 A*)'® than a *He atom (11
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A*),'® and the geometry of the two hydrogen molecules in (H),@C7, which should be
off-centered by the steric reason. In the MALDI-TOF mass spectrum, the molecular ion
peak for Hy@C7o was clearly observed at m/z 842, along with a peak for empty C7¢ at m/z 840,
formed by a partial release of molecular hydrogen during the thermal reaction at the final step.
The '*C NMR spectrum in ODCB-d, exhibited five signals for H,@Cro at & 150.950, 148.389,
147.709, 145.722, and 131.237 ppm. Each signal was all accompanied by a weak signal
corresponding to empty Cyo (& 150.904, 148.359, 147.690, 145.669, and 131.171 ppm). The
difference in the chemical shifts (A5 0.046, 0.030, 0.019, 0.053, and 0.066 ppm, respectively)
were smaller than that between H,@Ceo and empty Cgo (AS 0.078 ppm)*. This indicates that
the electronic and/or van der Waals interaction between the C7y cage and inside hydrogen in
H,@C7 1s quite small, even as compared to that of Hy@Ceo, reflecting the larger space inside
Cro.

Conclusion

By conducting a thermal reaction of fullerene C;y with pyridazine derivative 6,
open-cage fullerene derivatives 7 having an eight-membered-ring orifice was obtained as a
major product. The orifice of 7 was enlarged by the oxidation with singlet oxygen followed
by insertion of a sulfur atom to give open-cage fullerene derivative 4 with a
13-membered-ring orifice, in a way similar to that developed for the synthesis of open-cage
Ceo analogue 5. The structure of 4 was unambiguously confirmed by X-ray crystallography
to show the presence of a slightly larger orifice in 4 than that in 5. Upon treatment of 4 with
high-pressure H, gas (800 atm) at 200 °C, two signals were appeared in '"H NMR spectrum at
unusually high field region such as 8 —16.51 and —15.22 ppm, in an integrated ratio of 97 : 6.
It was revealed that the former signal corresponds to Ho@4, while the later small signal is
assigned to encapsulated hydrogen in (H;),@4. The incorporation of two hydrogen
molecules was supported by the GIAO calculations and confirmed by the low-temperature
NMR measurements, which showed that a peak at & —15.22 ppm was clearly split into two
signals at —100 °C by the restriction of the positional exchange between two hydrogen

molecules. Finally, totally new endohedral fullerene Cy encapsulating one or two hydrogen
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molecules, Hy@C7 and (H,),@Cro, were synthesized through the four-step organic reactions
from H,@4 and (H,),@A4.

Experimental Section

General. The 'H and *C NMR measurements were carried out on a Varian Mercury
300 instrument and a JEOL AL-400 instrument and the chemical shifts are reported in ppm
with reference to tetramethylsilane. In some cases, the signal of 0-dichlorobenzene-d,
(ODCB-d4) was used as internal standard (8 7.20 ppm in 'H NMR, & 132.35 ppm in °C
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 using dithranol as a
matrix. FAB mass spectra were recorded on a JEOL MStation JMS-700. APCI mass
spectra were measured on a Finnigan-MAT TSQ 7000 spectrometer. The high-pressure
liquid chromatography (HPLC) was performed by the use of a Cosmosil Buckyprep column
(4.6 mm x 250 mm) for analytical purpose, and the same column (two directly connected
columns, 10 mm x 250 mm) for preparative purpose. In some cases, HPLC was performed
on a prepacked silica gel column (Yamazen Ultra Pack SI40B; 26 mm x 300 mm). Cyclic
voltammetry and differential pulse voltammetry were conducted on a BAS Electrochemical
Analyzer CV-100W using a three-electrode cell with a glassy carbon working electrode, a
platinum wire counter electrode, and a Ag/0.01 M AgNO; reference electrode. The
potentials were corrected against ferrocene used as an internal standard which was added after
each measurement. Fullerene C;p was purchased from Matsubo Co.
Tetrakis(dimethylamino)ethylene were purchased from Aldrich Co. and used as received.
Elemental sulfur was purchased from Nacalai Tesque Co. and used as received.
m-Chloroperbenzoic acid was purchased from Aldrich Co. Zinc (sandy) and titanium (IV)
chloride was purchased from Wako Co. 3,6-Di-(2-pyridyl)-pyridazine (6) was synthesized
following a reported procedure.'

Computational Method. All calculations were conducted using the Gaussian 98 series

14

of electronic structure program. = The geometries were fully optimized with the restricted
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Becke hybrid (B3LYP) method for all calculations. The GIAO calculations were performed
at B3LYP/6-311G** level of theory using the optimized structures at B3LYP/6-31G* level of
theory.

Synthesis of 7 and 8. A mixture of fullerene C; (50 mg, 0.059 mmol) and
3,6-bis(2-pyridyl)pyridazine (6) (28 mg, 0.12 mmol) in 1-chloronaphthalene (2.5 mL) was
refluxed at 255 °C for 24 h under an argon. The resulting dark brown solution was directly
subjected to flash column chromatography over silica gel. Elution with toluene gave
unreacted C79 (22 mg, 0.027 mmol, 45%) while the following elution with toluene-ethyl
acetate (10:1) gave a mixture of open-cage fullerene derivative 7 and 8. Further separation
of this mixture by HPLC on a prepacked silica gel column (Yamazen Ultra Pack SI40B; 26
mm % 300 mm) eluted with toluene-ethyl acetate (5:1) gave 7 (25 mg, 0.023 mmol, 40%) and
8 (3 mg, 0.003 mmol, 5%) both as brown powders.

7: IR (KBr) v 1745 (C=N) cm™'; UV/vis (CHCI3) Amax (log €) 333 (4.46), 386 (4.47),
463 (4.29), 658 (3.18) nm; 'H NMR (300 MHz, CDCl5-CS; (1:1)) & 8.97 (m, 1H), 8.56 (m,
1H), 8.38 (m, 1H), 8.07 (m, 1H), 7.86 (m, 1H), 7.70 (m, 1H), 7.47 (m, 4.8 Hz, 1H), 7.17 (m,
1H), 6.47 (d, J =9.5 Hz, 1H), 6.27 (d, J = 9.5 Hz, 1H); >C NMR (75 MHz, CDC15-CS, (1:1))
6 168.12, 165.33, 153.50, 150.86, 150.67, 150.46, 150.19, 149.89, 149.22, 149.10, 148.52,
148.49, 148.40, 148.10, 148.03, 148.01, 147.97, 147.94, 147.88, 147.83, 147.51, 147.30,
147.27, 147.24, 147.22, 147.19, 146.91, 146.25, 145.85, 145.79, 145.37, 145.28, 145.07,
144.94, 144.75, 144.33, 144.21, 144.01, 143.98, 143.95, 143.87, 143.21, 143.17, 142.52,
142.11, 141.76, 141.49, 140.98, 140.49, 139.96, 139.21, 138.24, 137.11, 136.53, 136.10,
135.45, 135.07, 133.36, 132.27, 132.25, 132.10, 131.69, 131.10, 130.92, 130.50, 127.66,
126.53, 125.01, 124.73, 124.14, 123.50, 122.24, 122.15, 122.02, 117.46, 54,33, 52.91; HRMS
(+FAB) Cg4H; N> (M+1), caled for 1047.0922, found 1047.0898.

8: IR (KBr) v 1749 (C=N) cm™'; UV/vis (CHCIl3) Amax (log €) 335 (4.44), 361 (4.33),
380 (4.43), 467 (4.25) nm; 'H NMR (300 MHz, CD,Cl,-CS; (1:1)) & 8.67 (m, 2H), 7.87 (m,
2H), 7.78 (m, 2H), 7.27 (m, 2H), 6.29 (s, 2H); °C NMR (75 MHz, CDCL;-CS; (1:1)) 8 160.57,
153.36, 150.87, 150.67, 150.44, 149.83, 149.81, 148.70, 148.58, 148.21, 148.19, 148.17,
148.10, 147.94, 147.79, 147.71, 146.86, 145.90, 144.59, 144.46, 143.34, 143.15, 142.96,
142.25, 141.60, 141.07, 140.52, 139.60, 138.43, 137.50, 134.14, 132.14, 130.32, 130.06,
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127.57, 125.53, 124.89, 124.27, 122.47, 52.53; HRMS (+FAB) Cg4H; 1N, (M+1), calcd for
1047.0922, found 1047.0933.

Photochemical oxidation of 7. A brown solution of compound 7 (79 mg, 0.076 mmol)
in CS; (110 mL) in a Pyrex flask was irradiated by a xenon-lamp (500 W) from a distance of
60 cm for 5 h under air. The resulting brown solution was evaporated under reduced
pressure and the residual brown solid was dissolved in ODCB (8 mL). This solution was
subjected to preparative HPLC on a prepacked silica gel column (Yamazen Ultra Pack SI40B,;
26 mm % 300 mm) to afford open-cage fullerene derivatives 12 (40 mg, 0.037 mmol, 49%)
and 13 (15 mg, 0.013 mmol, 18%), both as brown powders, together with unreacted 7 (15 mg,
0.015 mmol, 19%).

12: IR (KBr) v 1750 (C=0), 1743 (C=0) cm™"; UV/vis (CHCl3) Amax (log €) 370 (4.35),
398 (4.36), 450 (4.30), 676 (3.29) nm; 'H NMR (300 MHz, CD,Cl,-CS; (1:1)) & 8.80 (m, 1H),
8.51 (m, 1H), 7.92 (m, 1H), 7.76 (m, 1H), 7.75 (m, 1H), 7.66 (m, 1H), 7.40 (m, 1H), 7.20 (m,
1H), 6.70 (d, J = 9.9 Hz, 1H), 6.58 (d, J = 9.9 Hz, 1H); °C NMR (75 MHz, ODCB-d4) &
198.32, 187.46, 165.78, 164.06, 154.64, 151.16, 150.84, 150.71, 150.60, 150.44, 150.31,
149.90, 149.31, 149.19, 148.86, 148.68, 148.37, 148.33, 148.13, 148.08, 148.05, 147.95,
147.89, 147.87, 147.75, 147.72, 147.68, 147.48, 146.93, 146.69, 146.58, 145.86, 145.60,
145.37, 145.24, 144.45, 144.21, 144.01, 143.69, 143.31, 143.16, 142.92, 142.77, 142.17,
142.08, 141.59, 140.66, 140.11, 139.80, 138.43, 138.13, 137.99, 137.93, 137.78, 137.08,
136.72, 136.68, 135.13, 134.52, 133.63, 133.32, 126.58, 125.39, 123.15, 122.78, 122.41,
122.02, 60.01, 52.94 (the signals at the range of & 132.4 ~ 126.8 were overlapped with the
signals of ODCB-d4); HRMS (+FAB) Cg4H;1N,O, (M+1), caled for 1079.0821, found
1079.0842.

13: IR (KBr) v 1737 (C=0) cm™'; UV/vis (CHCl3) Amax (log €) 361 (4.42), 673 (3.09)
nm; 'H NMR (300 MHz, CD,C1,-CS; (1:1)) & 8.88 (m, 1H), 8.47 (m, 1H), 8.03 (m, 1H), 7.96
(m, 1H), 7.78 (m, 1H), 7.60 (m, 1H), 7.46 (m, 1H), 7.24 (m, 1H), 6.74 (d, J = 9.9 Hz, 1H),
6.59 (d, J= 9.9 Hz, 1H); >C NMR (75 MHz, ODCB-d,) & 194.24, 188.50, 167.48, 163.23,
153.47, 152.78, 152.36, 152.13, 150.57, 149.75, 149.43, 149.29, 149.22, 149.06, 149.03,
148.28, 147.57, 147.50, 147.23, 147.20, 147.09, 146.75, 146.58, 146.33, 145.99, 145.98,
145.76, 145.74, 145.47, 145.42, 145.37, 145.34, 145.11, 145.02, 144.95, 144.89, 144.87,

- 125 -



144.72, 144.49, 144.41, 144.05, 143.69, 143.46, 142.71, 142.70, 142.05, 141.95, 141.51,
141.30, 140.60, 140.13, 139.48, 139.10, 139.08, 138.26, 137.84, 137.20, 136.94, 136.66,
135.39, 135.35, 134.85, 134.20, 133.82, 133.62, 132.85, 124.56, 123.84, 123.77, 123.37,
122.93, 122.40, 122.34, 122.01, 60.44, 53.70 (the signals at the range of 6 132.4 ~ 126.8 were
overlapped with the signals of ODCB-ds); HRMS (+FAB) CgsH{1N,O, (M+1), calcd for
1079.0821, found 1079.0813.

Synthesis of 4. To a heated and stirred solution of compound 12 (21 mg, 0.019 mmol)
and elemental sulfur (49 mg, 0.19 mmol as Sg) in ODCB (10 mL) was added
tetrakis(dimethylamino)ethylene (44 pL, 0.19 mmol) at 180 °C under argon. The solution
was refluxed at 180 °C for 10 h, and then the resulting dark brown solution was concentrated
by evaporation under reduced pressure to about 2 mL. This solution was added to pentane
(40 mL) with vigorous stirring to give brown precipitates. The precipitates, collected by
centrifuge, were dissolved in CS; (20 mL). The resulting solution was subjected to flash
chromatography on silica gel eluted with toluene-ethyl acetate (20:1) to give open-cage
fullerene derivative 4 (20 mg, 0.018 mmol, 94%) as a brown powder.

4: mp >300 °C (slow decomposition starting at 250 °C); IR (KBr) v 1747 (C=0) cm™;
UV/vis (CHCL3) Amax (log €) 438 (4.37), 635 (3.51) nm; '"H NMR (300 MHz, CDCls-CS,
(1:1)) 6 8.78 (m, 1H), 8.50 (m, 1H), 7.83 (m, 1H), 7.69 (m, 1H), 7.69 (m, 1H), 7.59 (m, 1H),
7.32 (m, 1H), 7.16 (m, 1H), 6.83 (d, J =9.9 Hz, 1H), 6.69 (d, J = 9.9 Hz, 1H); °C NMR (75
MHz, ODCB-d,) & 193.65, 183.45, 166.18, 164.61, 152.16, 150.81, 150.55, 150.27, 150.10,
149.93, 149.69, 149.62, 149.27, 149.13, 148.85, 148.73, 148.58, 148.54, 148.31, 148.23,
148.13, 148.10, 148.08, 147.95, 147.67, 147.44, 147.11, 146.94, 146.88, 146.69, 146.64,
145.95, 145.62, 145.20, 144.91, 144.25, 143.60, 143.55, 143.08, 142.76, 142.57, 142.04,
141.15, 141.00, 140.51, 140.19, 138.56, 138.53, 138.35, 138.19, 138.06, 137.42, 137.02,
136.76, 136.45, 136.07, 135.65, 135.54, 134.74, 134.57, 126.10, 122.94, 122.71, 122.35,
122.25,122.02, 59.48, 53.37 (the signals at the range of & 132.4 ~ 126.8 were overlapped with
the signals of ODCB-ds); HRMS (+FAB) CgsH;oN,O,S (M), calcd for 1110.0463, found
1110.0474.
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X-ray structural analysis of 4. Single crystals of compound 4 suitable for X-ray
crystallography were obtained by slow evaporation of the solution in toluene over two weeks
at room temperature. Single-crystal diffraction data were collected at 100 K on a Bruker
SMART diffractometer equipped with a CCD area detector using Mo-Ka radiation. All
structure solutions were obtained by direct methods and refined using full-matrix
least-squares with a Bruker SHELXTL (Version 5.1) Software Package. The crystal
parameters are as follows: empirical formula Co4sH2N,0,S, formula weight 1249.20,
Monoclinic, P2(1)/c, a = 19.963(3) A, b = 13.639(2) A, ¢ = 19.760(3) A, a = 90°, S =
110.694(3)°, y = 90°, V = 5032.9(13) A’ Z = 4, Peale 1.649 g cm™>. The refinement
converged to R1 = 0.0595, wR2 = 0.1158 [I>20(1)], GOF = 1.001.

Insertion of molecular hydrogen in 4. A powder of 4 lightly wrapped in a piece of
aluminum foil was heated at 200 °C in an autoclave under a high-pressure H, gas (800 atm).
A high pressure of 800 atm was generated by introducing H, gas of 440 atm, which was
generated by compressing H, gas of 110 atm from a container by the use of a hydraulic
compressor, into a 50-mL autoclave at —78 °C, followed by heating at 200 °C.  After 8 h, the
powder was recovered by washing the aluminum foil with CS,. The HPLC analysis (a
Buckyprep column eluted with toluene) showed a single peak at exactly the same retention
time as that for 4. The '"H NMR spectra of 4 were taken with sufficiently long pulse
intervals (42 s) to obtain signal intensities as accurately as possible; 300 MHz, in ODCB-d, at
25 °C, 13000 Hz frequency range, 7.8 us irradiation as a 45° pulse.

(H,),@4: IR (KBr) v 1747 (C=0) cm™'; UV/vis (CHCl3) Amax (log €) 440 (4.39), 635
(3.48) nm; 'H NMR (300 MHz, ODCB-d,) & 8.68 (m, 1H), 8.48 (m, 1H), 7.70 (m, 1H),
7.63-7.48 (m, 3H), 6.81 (d, J = 9.9 Hz, 1H), —15.22 (s, 0.13 H), —16.51 (s, 1.94 H) (the
signals at the range of & 7.20 ~ 6.94 were overlapped with the signals of ODCB); *C NMR
(75 MHz, ODCB-ds) 6 193.66, 183.48, 166.18, 164.61, 152.22, 150.87, 150.61, 150.34,
150.15, 149.97, 149.73, 149.63, 149.30, 149.13, 148.90, 148.76, 148.62, 148.58, 148.55,
148.36, 148.27, 148.17, 148.06, 148.00, 147.71, 147.48, 147.17, 147.00, 146.93, 146.69,
146.62, 146.00, 145.60, 145.19, 144.95, 144.27, 143.59, 143.53, 143.16, 143.13, 142.78,
142.65, 142.02, 141.26, 141.12, 140.54, 140.20, 138.55, 138.53, 138.47, 138.17, 137.46,
137.03, 136.80, 136.58, 136.10, 135.73, 135.68, 134.87, 134.75, 126.13, 122.96, 122.72,
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122.38, 122.27, 122.04, 59.48, 53.35 (the signals at the range of & 132.4 ~ 126.8 were
overlapped with the signals of ODCB-d,); HRMS (+FAB) CgsH3N,0,S (MH"), caled for
1113.0698, found 1113.0685.

Release of hydrogen molecule from H,@4. A solution of Hy@4 in ODCB-d,, which
was sealed under vacuum (10~* mmHg) after degassed by repeating three freeze-pump-thaw
cycles, was heated at 160, 170, 180, and 190 °C. Each release rate was determined by
monitoring a gradual decrease in the relative intensity of the NMR signal of the encapsulated
H; with reference to the pyridyl proton signals.

Oxidation of (Hz),@4 (n = 1, 2). A mixture of (Hy),@4 (49 mg, 0.0443 mmol) and
m-chloroperbenzoic acid (12 mg, 0.069 mmol) in CS, (50 mL) was stirred at room
temperature for 10 h under argon. The solvent was evaporated under reduced pressure, and
the residual brown solid was washed twice with 50 mL of methanol. The solid was
dissolved in CS, (15 mL), and was subjected to a flash column chromatography eluted with
toluene-ethyl acetate (10:1) to give (H2),@16 (33 mg, 0.029 mmol, 66%) as a brown solid.

(H2),@16: IR (KBr) v 1746 (C=0), 1076 (S=0) cm'; '"H NMR (300 MHz, ODCB-d,)
0 8.72 (m, 1H), 8.46 (m, 1H), 7.67-7.53 (m, 4H), 6.85 (d, J=9.9 Hz, 1H), 6.79 (d, J=9.9 Hz,
1H), —15.60 (s, 0.13 H), —16.83 (s, 1.94 H) (the signals at the range of 6 7.20 ~ 6.94 were
overlapped with the signals of ODCB); °C NMR (75 MHz, ODCB-dj) & 195.33, 184.93,
165.57, 164.27, 151.76, 150.95, 150.55, 150.42, 150.08, 149.67, 149.52, 149.49, 149.22,
149.16, 148.99, 148.78, 148.60, 148.50, 148.13, 148.07, 147.94, 147.85, 147.81, 147.63,
147.48, 147.31, 146.94, 146.87, 146.72, 146.32, 145.71, 145.67, 145.58, 145.30, 144.43,
144.15, 143.94, 143.02, 142.98, 142.31, 142.18, 141.75, 141.70, 141.38, 140.07, 139.83,
139.80, 139.73, 139.44, 139.21, 139.01, 137.86, 137.20, 137.17, 136.88, 136.36, 135.87,
135.32, 134.94, 134.86, 134.70, 133.82, 126.35, 125.01, 123.45, 122.95, 122.41, 122.35,
122.20, 59.99, 53.16 (the signals at the range of & 132.4 ~ 126.8 were overlapped with the
signals of ODCB-ds); HRMS (+FAB) Cg4H13N,05S (MH+), calcd for 1129.0647, found
1129.0634.

Photochemical desulfurization of (H,),@16 (n =1, 2). A stirred solution of (H;),@16
(80 mg, 0.071 mmol) in degassed benzene (600 mL) in a Pyrex-glass flask was irradiated with

a high-pressure mercury lamp placed at the distance of 3 cm at 40 °C for 5 h under argon.
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After removal of the solvent under reduced pressure, the residual brown solid was dissolved
in CS, (10 mL), and was subjected to flash column chromatography over silica gel. Elution
with toluene-ethyl acetate (10:1) gave (H,) (@12 (66 mg, 0.061 mmol, 86%) as a brown solid.

(Hy),@12: IR (KBr) v 175]1(C=0),1743(C=0) cm™'; UV/vis (CHCI3) Amax (log €) 369
(4.42), 398 (4.42), 450 (4.37), 676 (3.34) nm; '"H NMR (300 MHz, ODCB-dy) & 8.65 (m, 1H),
8.46 (m, 1H), 7.73-7.47 (m, 4H), 6.84 (d, J = 9.9 Hz, 1H), 6.67 (d, J=9.9 Hz, 1H), —17.06 (s,
0.13 H), —17.95 (s, 1.94 H) (the signals at the range of 5 7.20 ~ 6.94 were overlapped with the
signals of ODCB); *C NMR (75 MHz, ODCB-d,) & 198.27, 187.46, 165.78, 164.04, 154.70,
151.25, 150.87, 150.75, 150.65, 150.48, 150.35, 149.95, 149.29, 149.18, 148.16, 148.89,
148.70, 148.39, 148.36, 148.15, 148.10, 148.07, 147.96, 147.92, 147.90, 147.79, 147.75,
147.69, 147.50, 146.96, 146.75, 146.59, 145.89, 145.59, 145.40, 145.24, 144.49, 144.21,
144.05, 143.76, 143.72, 143.33, 143.24, 14298, 142.82, 142.17, 141.57, 140.73, 140.13,
139.85, 138.48, 138.13, 137.99, 137.92, 137.80, 137.06, 136.81, 136.69, 135.18, 134.65,
133.72, 133.35, 126.60, 123.12, 122.77, 122.38, 121.99, 60.01, 52.93 (the signals at the range
of & 132.4 ~ 126.8 were overlapped with the signals of ODCB-ds); HRMS (+FAB)
Cg4H13N,0, (MHY), calcd for 1081.0977, found 1081.0990.

Reductive coupling of two carbonyl groups in (H2),@12 (n = 1, 2). To a stirred
suspension of zinc powder (293 mg, 4.49 mmol) in dry tetrahydrofuran (10 mL) was added
titanium tetrachloride (246 ul, 426 mg, 2.25 mmol) drop by drop at 0 °C under argon, and the
mixture was refluxed for 1.5 h. A 0.5-mL portion of the resulting black slurry was added to
a stirred solution of (H,),@12 (20 mg, 0.019 mmol) in ODCB (4 mL) at room temperature
under argon. After heating at 80 °C for 40 min, a resulting black solution was cooled to
room temperature. After dilution with CS; (20 mL), the solution was washed with saturated
aqueous solution of NaHCOs; (50 mL). The organic layer was dried over MgSO4 and
evaporated under reduced pressure to give a residual brown solid, which was then subjected
to flash column chromatography over silica gel. Elution with toluene-ethyl acetate (10:1)
gave (H2)h@7 (12 mg, 0.011 mmol, 61%) as a brown solid.

(H),@7: IR (KBr) v 1746 (C=N) cm™'; '"H NMR (300 MHz, ODCB-d,) & 8.87 (1H),
8.51 (m, 1H), 8.27 (d, J = 7.8, 1H), 7.87-7.74 (m, 3H), 6.45 (d, J = 9.6 Hz, 1H), 6.25 (d, J =
9.6 Hz, 1H), —20.71 (s, 0.13 H), —21.16 (s, 1.94 H) (the signals at the range of & 7.20 ~ 6.94
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were overlapped with the signals of ODCB); >C NMR (75 MHz, ODCB-dy) & 168.67, 165.93,
153.46, 150.87, 150.71, 150.51, 150.23, 149.91, 149.65, 149.52, 149.28, 149.13, 148.52,
148.47, 148.33, 148.16, 148.07, 148.00, 147.93, 147.77, 147.55, 147.30, 147.22, 146.97,
146.23, 14591, 145.77, 145.45, 145.28, 145.12, 145.08, 144.95, 144.77, 144.37, 143.99,
143.95, 143.85, 143.34, 143.19, 142.58, 142.11, 141.87, 141.75, 141.18, 140.74, 140.48,
140.13, 139.42, 138.32, 137.82, 137.75, 137.55, 137.03, 136.77, 136.44, 136.23, 135.43,
135.14, 133.39, 126.56, 125.06, 124.65, 124.16, 124.10, 123.48, 122.77, 122.17, 122.06,
121.69, 117.94, 54.75, 53.34 (the signals at the range of 6 132.4 ~ 126.8 were overlapped with
the signals of ODCB-d;); HRMS (+FAB) CgH 3N, (MH"), caled for 1049.1079, found
1049.1085.

Synthesis of (H2)n@Co (n = 1, 2). A powder of H,@7 (55 mg, 0.053 mmol) lightly
wrapped with a piece of aluminum foil was placed in a glass tube (inner diameter 20 mm)
sealed under vacuum (1 mmHg), which was heated in an electric furnace at 400 °C for 2 h.
The resulting black solid was washed with CS, and evaporated under reduced pressure to give
a brown solid, which was then subjected to flash column chromatography over silica gel.
Elution with CS, gave (H,),@C7 contaminated with about 10% of empty Cy (total weight 25
mg, 56% (calculated (H2)n@C7o 23 mg, 51%)) as a brown solid.

(H2)n@Crp: mp >300 °C; IR (KBr) v 1460.0, 1431.1, 1415.7, 1134.1, 794.6, 673.1,
642.3, 576.7, 565.1, 534.2, 461.0 cm™' (empty Cro: v 1458.1, 1431.1, 1415.7, 1134.1, 794.6,
673.1, 642.3, 576.7, 565.1, 534.2, 457.1 cm"); UV/vis (CHCI3) Amax (log €) 332 (4.45), 361
(4.35), 380 (4.51), 472 (4.23), 639 (3.25) nm (empty C;9 (CHCl3): Amax (log €) 332 (4.51), 361
(4.41), 380 (4.55), 470 (4.29), 638 (3.34) nm); 'H NMR (300 MHz, CDC13-CS; (1:1)) 8(H,)
—23.53 (s, 0.13 H), —23.70 (s, 1.94 H); °C NMR (75 MHz, CS,-CD,Cl, (4:1)) & 151.125,
148.552, 147.883, 145.895, 131.415; HRMS (+FAB) C70H, (M"), calcd for 842.0157, found
842.0170.
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Chapter 6

Generation of Dianionic Open-Cage Fullerene Derivative with a
13-Membered-Ring Orifice

Abstract: Dianion of open-cage fullerene derivative 1 and H,@1
having a 13-membered-ring orifice was generated as a stable
species in a solution of CDsCN at 0 °C. The *H NMR signal of
hydrogen molecule encapsulated in dianion H,@1* appeared at &
8.13 ppm, which is downfield shifted by about 15 ppm as compared
with that of neutral H,@1 (6 —7.25 ppm). The NICS calculations
indicated that the magnetic properties of the pentagons and
hexagons of the fullerene cage are completely reversed in dianion
1% compared to that of the neutral state. In addition, ‘H NMR
signals of 1>~ and of H,@1> were slightly broadened probably due
to thermal mixing of the triplet state of 1>~ and of H,@1*. The
dianion 1%~ was found to undergo sulfur-elimination reaction to
afford open-cage fullerene derivative 2 with a 12-membered-ring
orifice under elevated temperature.
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Introduction

As mentioned in Chapter 4 and 5, new endohedral Cgy and C7o encapsulating molecular
hydrogen, Ho@Csy, H.@C7, and (H2).@Cro, were synthesized for the first time by
introducing hydrogen molecule(s) into the open-cage fullerene derivatives with a
13-membered-ring orifice under pressurized hydrogen gas, followed by restoration of the
fullerene cages. By using this molecular surgery approach, the preparations of endohedral
Ceo and Cyo incorporating small gaseous entities such as He, HD, and D, are expected to be
feasible.

So far, various kinds of endohedral metallofullerenes (fullerenes encapsulating metal
atom(s)), have been produced by physical techniques such as arc discharge or laser ablation
methods, and isolated in a very low yield (<< 0.1%) by laborious methods of HPLC
separations," as mentioned in General Introduction. It has been shown that substantial
degree of electron transfer takes place from the encapsulated metal atom(s) to the fullerene
cages, which can cause considerable perturbation to the properties of the fullerenyl
n-systems.’ It is highly desirable to apply the present efficient molecular surgical method to
the production of endohedral metallofullerenes. In order to develop a technique for the
insertion of various metal atom(s) into the open-cage fullerenes through the orifice,
knowledge on their reduced states is indispensable. However, such researches have been

Figure 1. Structure of open-cage fullerene derivatives H,@1 and
the LUMO of 1 calculated at the B3LYP/6-31G* level of theory.
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limited to only electrochemical investigations using cyclic voltammetry or differential pulse
voltammetry.>®  Furthermore, by using the encapsulated hydrogen molecule as an internal
NMR probe, the difference in magnetic properties inside the fullerene cages between neutral
and reduced states of 1 should be disclosed; that is, the examination of the difference in NMR
chemical shifts of encapsulated hydrogen molecules in the same way as *He has been used in
*He NMR.* In addition, as shown in Figure 1, theoretical calculations (B3LYP/6-31G*)°
indicated that LUMO of 1 is delocalized over the fullerene cage. Hence, dianion of 1 might
have possibility to attract and encapsulate metal cations into the fullerene cage by Coulomb
interaction. In this chapter will be described the generation, magnetic properties, and
thermal stability of the dianion of H,@1 and empty 1.

Results and Discussion

As described in Chapter 2, the reduction potentials of 1 (Ey/2; —1.15, -1.56, —2.05, —2.52
V versus ferrocene/ferrocenium couple) determined by differential pulse voltammetry are
almost comparable to those of Cg itself (Eip; -1.17, -1.59, -2.06, -2.56 V versus
ferrocene/ferrocenium couple).®>  Therefore, sodium thiomethoxide (CHs;SNa), which is
known as a reducing agent for preparation of dianion Cgo?", should be able to generate dianion
1% Actually, as shown in Scheme 1, when 1 or H,@1 was treated with about 5 equivalents
of CH3SNa in acetonitrile-d; under vacuum (< 10~ mmHg), the brown suspensions smoothly
turned to dark green solution within 1 h.  The *H NMR spectrum of each resulting solution is
shown in Figure 2.

According to the reports on open-cage fullerene Cg derivatives encapsulating hydrogen

CH3SNa (x 5)

CD3sCN
rt,1h

Scheme 1. Generation of dianion of H,@1.
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molecule, the NMR signals of the inside hydrogen molecule have always been observed in the
range between & —2 and —12 ppm, reflecting the strong shielding effect of the Cgo cage.”®
However, *H NMR spectrum of dianion H,@12 was found to exhibit no signal in such a high
field region. Alternatively, there appeared one singlet in the spectrum of H,@1* at a
significantly down field (6 8.13 ppm), which was not observed in the spectrum of empty
dianion 1. To confirm that the signal at & 8.13 ppm is assigned to the incorporated
hydrogen molecule in dianion H,@1%", the density functional calculations using the GIAO

(gauge-invariant ~ atomic  orbital) method  were  conducted for = H,@1*

(a) i
|
|
|
encapsulated H, | ‘
8.13 ppm | ‘
3 A
tl | ”J !J\.-l '«
_|1. | '|‘" .‘J‘Qlll / | )[, :I
' .up &) TAVRVENE
9.0 7.0 6.5 d/ppm
(b)
o
ﬁ* 0 1
f nﬁl L J VW
_JU ) A J _
9.0 8.5 8.0 75 7.0 6.5 d/ppm

Figure 2. 'H NMR (300 MHz, CD5CN) spectra of dianion of (a) Hz@lz‘ and (b)
empty 1%, Only downfield regions are shown.
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(GIAO-B3LYP/6-31G*//B3LYP/6-31G*).  As a result, the chemical shift for the
encapsulated hydrogen was predicted to appear at 6 9.43 ppm. This value is in a fair
agreement with the experimental value. Thus, we can conclude that the dianion of H,@1
was indeed generated and exhibited an NMR signal for inside hydrogen molecule at an
unusually down field region, which was shifted by 15 ppm as compared to that of neutral
H,@1 (5 —7.25 ppm in o-dichlorobenzene-d,).2  This indicates that the intensity of magnetic
field inside the fullerene cage was considerably increased; in other words, the overall
aromaticity of the n-conjugated system was markedly decreased upon two electron reduction.

In general, aromaticity of fullerenes is not explicitly defined due to coexistence of the
two types of m-electron ring currents, i.e., paramagnetic ring current in pentagons and
diamagnetic one in hexagons.® These opposite contributions cancel each other in a very
delicate fashion to make the prediction of NMR chemical shifts of encapsulated species quite
difficult. Moreover, anionic species of fullerenes are known to have entirely different
magnetic properties from those of their neutral couterparts.’® For example, hexaanion Ce®

shows only diamagnetic ring currents both in the pentagons and the hexagons.***

Actually,
a *He NMR signal of the *He atom encapsulated in Cg>~ was observed at such a high field as
§ —48.7 ppm, which is 42.4 ppm upfield shifted as compared to that of *He in the neutral
C60-12

In order to gain insight into the observed large downfield shift of the hydrogen signal of
H,@1%", the local aromaticity and antiaromaticity of each pentagon and hexagon in dianion
1* and neutral 1 are assessed by the NICS (nucleus-independent chemical shift)
calculations.>****  The resulting NICS values (GIAO-B3LYP/6-31G*//B3LYP/6-31G*) of
dianion 1% and neutral 1 are shown in Figure 3 as the Schlegel diagrams. Upon the
two-electron reduction of 1, it is shown that the magnetic character of each ring was totally
altered. Interestingly, the ring currents of most hexagons (16 out of 17) in 1*°, which are
diamagnetic in the neutral state, become paramagnetic. On the other hand, the ring currents
of most pentagons (8 out of 9), which are paramagnetic in the neutral state, turned into
diamagnetic. To the best of our knowledge, this is the first case that the magnetic properties
of pentagons and hexagons are absolutely inversed as compared to that of neutral fullerene
derivatives synthesized thus far.®®* Since the number of hexagons is larger than that of
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(—3.62 for the outer hexagon) (-—5.20 for the outer hexagon)
1% (dianion) 1 (neutral)

Figure 3. NICS patterns of 1%~ dianion and neutral 1, calculated at the GIAO-
B3LYP/6-31G*//B3LYP/6-31G* level of theory.

pentagons, the overall aromaticity of the fullerene cage would be considerably decreased.

As shown in Figure 2, H,@1% and 1% in CD3CN showed that all the *H NMR signals
are slightly broadened. Furthermore, upon *C NMR measurement of dianion H,@1%", no
signal was observed at all at room temperature. These results indicated the existence of
certain paramagnetic species in the sample solution. The broadened ‘*H NMR signals of
H,@1% became slightly sharper when the temperature was lowered to —30 °C, indicating that
this broadening is not due to any dynamic phenomenon. Theoretical calculations at the
(U)B3LYP/3-21G level of theory indicated that an energy difference between singlet and
triplet states of dianion 1%~ is quite small (the triplet state was predicted to be more stable by
0.9 kcal mol™ while the singlet state is apparently the ground state according to the
experiment). Therefore, the observed NMR spectra was most likely explained by a thermal
mixing of the triplet states of dianion H.@1>" or 1%", although the possibility of formation of
radical trianion H,@1°* can not be rigorously ruled out because of an excess amount of
CH3SNa.

Dianion 1%~ in a vacuum-sealed solution of CD5CN is stable at 0 °C, but it was found to
decompose slowly at above room temperature. Thus the thermal stability of dianion 1%~ was
investigated by heating a degassed and dried solution of dianion 1%~ in tetrahydrofuran (THF)
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at 66 °C for 2 h under nitrogen. The color of the solution changed from dark green to dark
brown without forming any insoluble material. After being quenched by excess iodine, the
crude reaction mixture was analyzed by HPLC (Buckyprep/toluene). A new peak appeared
at exactly the same retention time as open-cage fullerene derivative 2, while the peak for 1
completely disappeared. Actually, when the crude mixture was separated by flash column
chromatography over silica gel, compound 2 was isolated as an almost single product. This
reactivity of the facile elimination of a sulfur atom from 1%~ makes a sharp contrast to that of
1 in the neutral state, which is quite stable upon heating at 250 °C under ambient atmosphere.?
Since many sulfur elimination reactions reported so far are considered to take place via
episulfide intermediates,™ the observed reaction of 1> is also supposed to proceed through

episulfide intermediate 3 as shown in Scheme 3.

THF
50°C,2h

Scheme 3. Plausible reaction mechanism for the elimination of a sulfur atom
from 1% dianion.

No difference was observed at all between the *H NMR spectra of H,@1* and empty
1% even upon heating up to 90 °C in CDsCN, regardless of whether the inside of the fullerene
cage was occupied or not.

If the sodium counter cation was encapsulated inside the cage of 1%, the 'H NMR
spectrum of 1>~ should undergo some change. However, *H NMR signals for the aromatic
protons of H,@1> appeared at exactly the same chemical shifts as those for empty 1%,
suggesting that the sodium cation was staying outside of the cage of dianion 1%,
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Conclusion

The dianion of open-cage fullerene derivative 1 and H,@1 having a 13-membered-ring
orifice was generated, which was stable in a solution of CDsCN at 0 °C. The 'H NMR
signal for the encapsulated hydrogen molecule in dianion H,@1% was observed in unusually
downfield region such as & 8.13 ppm, reflecting the markedly lowered overall aromaticity of
the fullerene cage. The NICS calculations of the dianion 1* indicate that the local
aromaticity and antiaromaticity of hexagons and pentagons are totally reversed as compared
to neutral 1. The *H NMR spectra of 1~ and H,@1% exhibited slightly broad signals and
3C NMR spectrum showed no signal at all. These observations indicated the possibility of
thermal mixing of the triplet states in dianion 1%~ and H,@1>. The facile sulfur elimination
of 1% took place at elevated temperature to afford open-cage fullerene derivative 2 with a
smaller orifice.

Experimental Section

General. The *H and *C NMR measurements were carried out on a Varian Mercury
300 instrument or a JEOL AL-400 instrument and the chemical shifts are reported in ppm
with reference to the signal of CDsCN as an internal standard (8 1.94 ppm in 'H NMR).
APCI mass spectra were measured on a Finnigan-MAT TSQ 7000 spectrometer. The
high-pressure liquid chromatography (HPLC) was performed by the use of a Cosmosil
Buckyprep column (4.6 mm x 250 mm) for analytical purpose. Fullerene Cgy was purchased
from Matsubo Co. Sodium thiomethoxide (CH3SNa) was purchased from Aldrich Co. and
stored under argon.

Computational Method. All calculations were conducted using the Gaussian 98 series
of electronic structure program.” The geometries were fully optimized with the Becke
hybrid (B3LYP) method for all calculations. The GIAO calculations were performed at
B3LYP/6-31G* level of theory using the optimized structures at B3LYP/6-31G* level of
theory.

Generation and NMR measurement of dianion H,@1% and 1*. H,@1 (3.8 mg,
0.0036 mmol) and CH3;SNa (1.2 mg, 0.017 mmol) were placed in an NMR tube connected as
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a side-arm to a Pyrex tube under argon. The apparatus was connected to a vacuum line and
was immediately evacuated. CD3;CN (1.5 mL) was dried over CaH,, degassed by five
freeze-pump-thaw cycles, and vapor-transferred directly into the cooled tube containing
H.@1 and CH3SNa. The whole apparatus was sealed under vacuum, and the Pyrex tube was
warmed to room temperature. The brown powder of H,@1 gradually dissolved within 1 h.
The *H NMR spectrum was taken on the resulting dark green solution at room temperature to
give slightly broad signals. The **C NMR was also taken at room temperature that gave no
signal except for signals of CD3;CN and residual toluene. Upon cooling the solution at
-30 °C, the *H NMR spectrum showed slightly sharp signals. The observed NMR chemical
shifts for H,@1%": *H NMR (300 MHz, CDsCN) & 8.74 (m, 1H), 8.13 (s, 2H), 7.89 (m, 1H),
7.42-6.73 (m, 12H).

Exactly in the same way, 1 (4.2 mg, 0.0039 mmol) and CH3;SNa (1.3 mg, 0.019 mmol)
were reacted in degassed and dried CDsCN (1.5 mL) under vacuum in 1 h. The *H NMR
spectrum was taken on the resulting dark green solution at room temperature to give slightly
broad signals. The observed NMR chemical shifts for H.@1%: ‘H NMR (300 MHz,
CD3sCN) & 8.74 (m, 1H), 7.89 (m, 1H), 7.42-6.73 (m, 12H).

Thermal reaction of dianion 12", Nitrogen was bubbled into a suspension of 1 (32 mg,
0.030 mmol) in THF (25 mL) rigorously dried over sodium benzophenone ketyl for 1 h.
Then CH3SNa (11 mg, 0.16 mmol) was added to this suspension and the whole mixture was
stirred under nitrogen at room temperature for 1 h. The resulting dark green solution was
further stirred with heating at 66 °C under nitrogen for 1 h.  After the reaction mixture was
cooled to room temperature, iodine (103 mg, 0.41 mmol) was added to the dark brown
solution as solid.  After stirred for 40 min, the reaction mixture was treated with saturated
Na,S,03 (aq) (5 mL) and vigorously stirred for 80 min at room temperature.  After dilution
with toluene (30 mL), the organic layer was washed with water (50 mL x 3). The organic
solution was dried over MgSO,4 and evaporated under reduced pressure to give brown solids.
Flash column chromatography on silica gel gave 2 (9.4 mg, 0.0091 mmol, 30%) as a brown
solid. The HPLC and TLC analyses indicated that no other product was present in the crude
product.
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