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Abstract

Organosilicon compounds represent a unique feature of materials such as disilane and polysilane. Meanwhile, since the isolation
of Cgo and C; in preparatively useful quantities, much attention has been devoted to chemical functionalization of these new
allotropic forms of carbon, which continuously yields fascinating results. It can be expected that a combination of organosilicon
compounds and fullerene forms a new class of organic compounds and at the same time opens a new field in material science. In this
context, we have carried out the reaction of fullerenes with active species generated in photolysis of disilane and polysilane, by which
we can obtain an attractive material and also clarify the chemical and electronic properties of fullerenes. We here summarize the
recent advances in the chemistry of mono- and bis-silylation of fullerenes with silylene and silyl radical to afford the corresponding

new fullerene-based organosilicon materials.
© 2003 Elsevier Science B.V. All rights reserved.
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1. Introduction

Organosilicon compounds such as disilane and poly-
silane represent a unique feature of materials [1].
Meanwhile, since the isolation of Cg and C;5 in
preparatively useful quantities, much attention has
been devoted to chemical derivatization of this new
allotropic form of carbon, which continuously yields
fascinating results [2]. Exohedrally derivatized fullerenes
have been extensively developed to explore their poten-
tial usefulness as novel materials. The combination of
these two different classes of interesting molecules
reveals exciting possibilities for the creation of new
types of materials. In this context, we have carried out
the reactions of fullerenes with active organosilicon
species as silylene and silyl radical generated in photo-
lysis of polysilane. Upon photo-irradiation, they act not
only as an attractive synthetic reagent but also as a
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mechanistic probe to clarify the chemical and electronic
properties of fullerenes. In this account, we would like to
briefly summarize our recent results on novel photo-
chemical derivatization of fullerenes with active orga-
nosilicon species to afford the corresponding
silylfullerenes, [3], which open new routes to syntheti-
cally useful derivatization of fullerenes.

2. Silylation of fullerenes with silylene

2.1. Reaction of Cgy with silylene

The addition of bis(2,6-diisopropylphenyl)silylene [4]
(1a) to Cg furnishes the first silylated adduct (2a) as the
ring closed 1,2-bridged isomer [5]. Trisilane 3a, a silylene
precursor, was photolyzed with a low-pressure mercury
lamp in a toluene solution of Cgy. Purification by
chromatography led thermally stable mono-adduct 2a
and bis-adduct 4a together with a trace of tris-adduct 5a
(Scheme 1). Fast atom bombardment (FAB) mass of 2a
displays a peak for 2a as well as for Cgy, which arises
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Scheme 1.

from loss of 1a. The FAB mass, UV-vis and FTIR
spectra of 2a suggest that this new derivative retains the
essential electronic and structural character of Cgq. The
BC-NMR spectrum of 2a shows a total of 17 signals
(4 x 2; 13 x 4) for the Cq skeleton, suggesting that 2a
has C,, symmetry. The '*C-NMR signal at 6 =71.12,
which is ascribed to the sp® carbons of the silirane ring,
strongly supports 2a rather than silamethano[10]Jannu-
lene 2a’; an sp> C—Si should give rise to a signal below
d = 130. This is confirmed by the ?Si-NMR peak at § =
—72.74, since a typical chemical shift for a silicon atom
in a silirane ring appears at high field ranging from ¢ =
—50 to —85 [6].

The experimental finding for 2a was confirmed by
AMI1 molecular orbital calculations [7] on the reaction
of Cgo and silylenes Ph,Si: and H,Si:, Ph,Si: and H,Si:
add across the junction of two six-membered rings in
Ceo to give siliranes 2e and 2f (6—6 adducts), with an
exothermicity of 61.3 and 78.0 kcal mol !, respectively
(Table 1). The isomeric 2¢” and 2f” were not found to be

minima on the potential energy surface. The 6—6 adduct
2e was 19.4 and 10.7 kcal mol ~ ! more stable than the 5—
6 adducts 6e and 6e’, respectively. 2f was 19.0 and 6.2
kcal mol ~! more stable than the 5—6 adducts 6f and 6f,
respectively. The less stable 6e and 6f isomerize to 6e’
and 6f with a small barriers of 2.0 and 1.0 kcal mol !,
respectively. This is in interesting contrast with the
addition of diphenylmethylene for which the 6—6 adduct
was calculated to be only 1.2 kcal mol ! more stable
than the 5-6 adduct (Fig. 1).

For the silylene addition an interesting feature
supporting the formation of several multiple-addition
products has been observed in the FAB mass spectra of
the reaction mixtures. The product composition of
silylene-addition reactions varies with the amount of
trisilane used. When an excess of trisilane was used, the
corresponding five silylene adducts (8a) were also
obtained as confirmed by FAB mass analysis. A reason
why several silylenes so easily add onto Cg is explained
by means of AMI1 calculations. Table 2 reveals that

Table 1
Relative energies (kcal mol ~') of isomers of Cg silylene adduct at AM1 level
6,6-adduct 5,6-adduct
SiR, SiRy SiR,
3 AR AR AR
WeWL VS AN A Aarnan
2 2' 6 6'
e: R=Ph 0.0 no minmum 19.4 10.7
f: R=H 0.0 no minmum 19.0 6.2
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169 21

Fig. 1. View of the structure of 2a, 11a, 16g and 21 calculated with the
AMI1 method.

there is no significant difference in the heat of reaction
for the first, second, third, or even sixth addition of
silylene. This result is also confirmed by the charge
densities on the diphenyl silylene adduct (2e), in which
negative charge densities are mainly localized on the sp’
carbons with only negligible change at other carbon
atoms. Almost one electron flows into Cgp, indicating
that 2a has higher reduction and lower oxidation
potentials than Cgy.

It is known experimentally and theoretically that the
reaction of a silylene with olefin is initiated by a
nucleophilic &t approach of the silylene [8]. However,
in the present case it was found that silylene electro-
philically attacks Cgy via oc-approach. This might be
attributable to the stronger electron accepting ability of
C(,o.

2.2. Reaction of Cyy with silylene

With the development of the isolation and structure
determination of higher fullerenes as C;g, the chemical

Table 2
Heat of reaction ® for the first, second, third, and sixth addition of
silylene to Cgg

Ceo(SiH5) n=1 n=2 n=3 n==6

’H per SiH, (kcal mol™Y)  78.0 (C,) 77.8  (Co—A) 77.5 769
(D) 777 (Cy,—B) 77.5
(C) 77.6

& Calculated at the AMI level.

reactivity of the higher fullerenes has seen increasing
attention and enormous progress has been made. The
chemistry of the higher fullerenes may significantly
differ from that of Cgg. It is expected that the silylation
of the higher fullerenes would produce a new type of
silylfullerenes.

A toluene solution of C, and 2,2-bis(2,6-diisopropyl-
phenyl)hexamethyl-trisilane [1] (1a) as a silylene pre-
cursor was photolyzed with a low-pressure mercury-arc
lamp to afford a thermally stable 1:1 adduct (9) in high
yield as well as the case of Cg [9] (Scheme 2). Adduct 9
contains two isomers of Dip,SiC,, (Dip = 2,6-diisopro-
pylphenyl) which were separable by flash chromatogra-
phy on silica gel. 'H-NMR recorded before
chromatography showed that the major (9A) and minor
(9B) isomers form in a 2:1 ratio. FAB mass spectrometry
of 9A displays a peak for 9A as well as a peak for Cyq
which arises from loss of 1a. The UV—vis absorption
spectrum of 9A is virtually identical to that of Cyy. The
FAB mass and UV —vis spectra of 9 contain a number of
unique features, but also suggest that 9 retains the
essential electronic and structural character of Cy,.

Silylene 1a adds to Cg at the 6-ring—6-ring junctions
giving the corresponding silirane [5]. Assuming that 1a
also adds to Cyy at 6—6 ring junctions, four Dip,SiCy
isomers are conceivable. (Table 3) AMI molecular
orbital calculation [7] on the reaction of C;y and
dihydrosilylene shows that the 6,6-adduct is more stable
than the 5,6-adduct. In these four isomers, the silyl
groups are positioned differently with respect to the
mirror planes of Cy, such that they each correspond to a
characteristic number of symmetry independent carbons
and protons. (Table 3, Fig. 2) The 'H-NMR spectrum of
9A displays four methyl signals, and two methine
signals. Similarly, four methyl signals, and two methine
signals are observed in the "H-NMR spectrum of 9B.
The "*C-NMR spectrum of 9A shows two signals for the
Co skeleton which are attributed to the sp’ fullerene
carbons. Comparing the NMR data for the two isomers,
9A and 9B, with the number of possible peaks for a,b-,
¢,c-, d,e- and e,e-isomers, 9A and 9B correspond to a,b-
and c,c-isomers, respectively (Table 3).

The chemical shifts of the two sp® carbon signals, and
the silicon signal are fully consistent with those expected
for the silirane carbon atom and silicon atom in 9A
rather than in the isomeric silamethanoannulene 10a [5].
This experimental finding is also supported by AMI
calculation [7] on the reaction of C;9 with 1a which
shows that 10a is not located on the potential energy
surface.

The kinetically controlled regioselectivity observed
for the addition of silylene 1a to Cyq agrees qualitatively
with the AMI1 calculation on C,, in that addition occurs
at the a—b and c—c bonds having high bond order
[10,11]. Remarkably, the major kinetic product of
silylene addition is 9A in which the silylene adds to the
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Scheme 2.

Table 3
Number of independent protons and carbons in the 6—6 adduct of
Dip,SiCy (9)

Isomer Symmetry CH CH; sp3 carbon on Cyg
9A C, 2 4 2
9B Cy 2 4 1
a,b- C, 2 4 2
c,c- Cy 2 4 1
d.e- C 4 8 2
e,e- Coy 1 1 1
d

Fig. 2. Five distinct carbons, a—e, in Cy.

6—6 ring junction at the a—b bond. The isomers do not
equilibrate under the reaction conditions; silylation is
kinetically controlled.

Products 9A and 9B are calculated to lie almost same
in energy; 9A and 9B are formed with an exothermicity
of 46.3 and 46.4 kcal mol~!. Moreover, the ratio of
isomers 9A and 9B (2:1) is not correlated with the
calculated bond orders for the respective bonds in Cy,

1.480 and 1.526 [11]. In contrast to the exothermicity for
the addition of 1la to C,;y and bond orders, the
magnitude of the LUMO electron densities of Cy, at
the HF/3-21G level agrees well with the observed
regioselectivity. The LUMO celectron densities at the
positions a, b and ¢ in Cyy are 0.10, 0.05 and 0.05,
respectively. Thus, addition of silylene onto C;, takes
place mainly at the a—b bond and to a lesser extent at
the c—c bond reflecting that the HOMO(silylene)—
LUMO(Cy) interaction plays an important role in the
reactivity of Co. In conclusion, spectroscopic analysis
and theoretical investigation strongly support that
addition at the a—b double bond at the poles is more
favorable than that at the c—c bond, and the adducts
have the silirane structure 9 and not the isomeric 1,6-
silamethano[l10Jannulene structure 10a.

2.3. Redox properties of silylene adducts

To design new organofullerenes for applications in
material science and biochemistry, one should know
how the substituents on Cg affect its electronic proper-
ties. Namely, an interesting point is how the silicon
groups on Cgq affect its redox properties. The relation-
ship between the structures and redox properties was
investigated by a comparative electrochemical study of
various organofullerenes derivatized with oxygen-, car-
bon-, and silicon containing groups at a 6,6-ring
junction [12]. A characteristic feature of the mono-
silylated and bis-silylated fullerenes is their higher
reduction and lower oxidation potentials than Cg itself
and analogous carbon substituted derivatives, due to the
electron releasing nature of silicon relative to carbon.
AMI1 molecular orbital calculations [7] were carried out
on selected organofullerenes to examine the linear
correlations of the redox potentials with MO energy
levels. The first and second reduction potentials corre-
late well with the LUMO energy levels, while the third
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Table 4
Half-wave potentials of Cgy and organofullerenes by cyclic voltammetry *
Compound oxEl redEl redE2 redE3
Ceo +1.21 —1.12 —1.50 —1.95
12 —1.23 —1.58 —2.11
11b +0.77 —1.24 —1.62 —2.13
13 —1.18 —1.56 —2.03
2a +0.65 —1.26 —1.63 —2.18
Cro +1.21 —1.10 —1.46 —1.86
9A +0.59 —1.22 —1.59 —2.02
9B +0.61 —1.24 —1.58 —1.97
14 +1.12 —1.05 —1.44 —1.84
% Values are relative to ferrocene/ferrocenium couple.
~ RO<°
DepZSi SiDep2
V-
7 /] {0 OR
k2 o
ORI AT LR AT y. s,
AN
11b 12 13
R=CH,CO,Et
14

reduction potentials correlate better with the LUMO +1
energy levels. The oxidation potentials also show a good
linear correlation with the HOMO energy levels. Silicon
derivatives 2a and 11b are even more electropositive
than their carbon analogs 12 and (diphenylmethano)ful-
lerene 13 (Table 4) [12]. The reduction potentials depend
on the electronegativities of the attached atoms. Elec-
tron-donating groups, such as alkyl and silyl, signifi-
cantly lower the oxidation potential of Cgy. This is in
agreement with the calculations which indicate that
almost one electron is transferred onto Cgy from the
silicon substituent.

The two silylated C;os showed very similar redox
properties even though the addition positions are
different [13]. These results indicate that there exist no
significant differences between the redox properties of
these adducts having different addition positions. Die-
derich and coworkers also reported that the constitu-
tional isomers of the multi-adducts of C;, displayed
nearly identical redox properties [14]. As a general trend,
the reductions become slightly more difficult, whereas
the first oxidation becomes much more facilitated. The
redox properties of bis(alkoxycarbonyl)methano—
C70(14), which is a carbon analogue of 9A, was also
recently reported [14]. It is impressive that the silicon
derivative 9A is even more electropositive than its
carbon analogue 14. These redox characteristics of the
C7o adducts closely resemble those of the silylated Cgos
[15].

3. Silylation of fullerenes with silyl radical

3.1. Reaction of Cgy with silyl radical from disilane

Irradiation of a benzene solution of 1,1,2,2-tetraphe-
nyl-1,2-di-ztert-butyl-1,2-disilane (15g) and Cg (1:1) with
a low-pressure mercury-arc lamp resulted in formation
of the adduct 16g in high yield [16] (Scheme 3). The
adduct 16g can be readily isolated by preparative
HPLC. Similar results were also obtained with hexa-
phenyldisilane (15h) and 1,1,2,2-tetraphenyldisilane
(15i).

The NMR spectral data clearly indicate C, symmetry
for 16g. AM1 molecular orbital calculations [7] confirm
the 1,6-adduct structure with C, symmetry for 16g (1,16-
or 1,29-addition product represented by the Schlegel
diagram is named 1,6-adduct for convenience). The
optimized structure of 1,6-(‘BuPh,Si),Cgy at the AMI
level is shown in Fig. 1 [17].

The formation of 16g might be rationalized in terms
of the intermediacy of a ‘BuPh,Si* radical generated by

hv N
Ceo + (RR':Si) » Ceo (SiRRY)2
15 benzene 16
: R=t-Bu, R'=Ph i: R=H,R'=Ph k: R=Ph, R'=Me
g : R=Ph,R'=Ph j: R=Me, R'=Ph |: R=i-Pr, R'=Ph
Scheme 3.
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Scheme 4.

photochemical Si—Si cleavage of 15g. In fact, no 16g was
produced upon irradiation at > 300 nm where cleavage
of 15g does not occur. This radical mechanism [18] is
further substantiated by control experiments in the
presence of a radical scavenger (cumene and CCly). In
contrast, no silylated C60 product was obtained in the
photolysis of Cgy with (MePh,Si), (15j), (Me,PhSi),
(15k), and (‘PrPh,Si), (151). These results of 15j—1 might
be attributable to inhibition of silyl radical addition to
Ceo caused by the concomitant reactions such as
disproportionation of silyl radicals and intramolecular
1,3-silyl migration.

Consequently, it has been demonstrated that bissilyla-
tion of Cg takes place readily via silyl radicals generated
photochemically from some simple disilanes. Experi-
mental data and theoretical calculations suggest that the
redox properties of fullerenes (mentioned below) are
controlled not only by the electronegativity of the
substituents, but also by the regiochemistry of the
functionality and its effect on their network. It is
expected that these derivatized fullerenes, which display
strikingly low oxidation potentials, will open up new
applications of Cgq as electron-donors. In this context,
we recently obtained tetrakis-silylated Cgq derivatives in
a regioisomeric mixture, as shown below [19].

A photochemical reaction of Cgo with disilane in a 2:3
ratio affords the isomer mixture of the tetrakis-adduct
of Cgo('BuPh,Si); (17g) [19] as the major product,
accompanied with bis- (16g) [17] and mono-adduct
(18g) [20] (Scheme 4). The use of a three-stage HPLC
separation system isolated three of their isomers (17A—
C). The 'H- and '>*C-NMR measurements of 17A—C
reveal that these isomers have the C,,, C, and C,
symmetry, respectively [19].

Table 5

The addition of two bulky ‘BuPh,Si groups on the
Cqo cage at the 1,2- and 1,4- positions can be ruled out
due to the steric hindrance [16]. Consequently, it could
be undoubtedly considered that the 1,6-addition affords
the tetrakis-adduct. The clue to understanding the
structures of 17A—C can be provided from the AMI
molecular orbital calculation [7] of several tetrakis-
silylated Cg, derivatives. Table 5 shows seven possible
isomers of Cgo(‘BuPh,Si); accompanied by the corre-
sponding relative energy, symmetry and the number of
double bonds at the 5,6-junction. Isomer A is found to
be the most stable among these isomers. Although
isomer B is 1.1 kcal mol ™! less stable than A, it is the
most stable of the isomers which have C, symmetry.
Isomer C is less stable than A and B, but C is more
stable than G. On the basis of these observations, 17A—
C may correspond to isomers A, B and C, which have
C5;,, Cy and C; symmetries, respectively. Fig. 3 shows
the Schlegel diagrams of isomers A, B and C.

3.2. Reaction of Cyy with silyl radical from disilane

The reaction was carried out by the photoirradiation
of a toluene solution of C; and disilane 15g (1:1 molar
ratio) under a low-pressure mercury-arc lamp afforded
bis-adducts, 19A and 19B as major products in moder-
ate yields and mono-adducts, 20A—C (Scheme 5) [21].

The 'H- and '*C-NMR measurements suggest that
both bis-adducts, 19A and 19B, have C; symmetry.

Three mono-adduct isomers, 20A—C, were also char-
acterized on the basis of the 'H-, 1*C-, and *’Si-NMR
and UV-absorption measurements. The spectral data
suggest the C;, C; and C; symmetries for 20A-C
isomer, respectively. 20A—C are the 1,2-adducts at a—
b, c—c and d—d position, respectively (Fig. 2).

The relative energies and the number of double bonds at 5,6-junction of possible tetrakis isomers

Isomer Symmetry® Number of double bond at 5,6-junction Relative energy®
A (1, 16, 43, 56) Gy, 4 0.0

B (1, 16, 38, 56) G 4 1.1

C (1, 16, 27, 41) C, 4 4.7

D (1, 16, 39, 44) G 4 9.6

E (1, 16, 23, 53) C, 4 11.2

F (1, 16, 42, 57) D, 4 12.8

G (1, 16, 25, 47) C, 4 15.3

* The symmetries with fee rotation of Si(Ph5Bu) group.
® Calculated at the AM1 level.
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® = Silylated carbon

Fig. 3. Schlegel diagram of tetrakis isomers A—C and Cgo.

Cro + (BuPhySi), iv»cm(tBuPhZSi)z +Cyo(BBuPh,Si)H
15g 19 20

Scheme 5.

Table 6
Relative energies of C;oH" and C50SiH;P radical isomers in kcal mol ~!
Isomer C7()H. C7()SiH3'
PM3 BP B3LYP

A 1.6 0.0 1.1
B 2.5 1.2 1.8
C 0.0 1.9 1.3
D 0.4 0.4 0
E 15.6 7.8 14.2

& Ref. [23e].

® Calculated at B3LYP/3-21G*//AM1 level.

In the reaction of C, with 15g, ‘BuPh,Si radical must
also play an important rule as well as the formation of
Ceo(‘BuPh,Si), [16]. The initial step of this reaction is
thought to be the addition of the "BuPh,Si radical on
the C;o cage. Since C;y has the five distinct carbon
atoms, [22] a—e, radical addition to Cy can give rise to
the isomeric adducts [23]. The theoretical calculations
are carried out not only for the five C;,SiH; radical (A—
E; named after the five carbons to which a radical can
add.) but also for the five C;((SiH3), to obtain the
information about the structures of 19A and 19B
(Tables 6 and 7). The unpaired spin densities of
C,0SiH; radical isomers by population analysis are
attributable to the difference on reactivity of these
isomers depending on addition position of SiHj radical.
Under consideration of the experimental data and
theoretical calculations, it has been suggested that the
bis-adducts, 19A and 19B, may correspond to the c—d
and b—c isomer, respectively, though the exact assign-
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Table 7

Symmetries, relative energies and HOMO, LUMO levels for the possible 1,6-C;o(SiH3), isomers

Adduct Addition position® Symmetry Relative heat of formation® HOMO LUMO
a—e 2,20 C 22.0 —8.54 —3.19
b-c 1, 16 C, 4.2 —8.63 —3.18
c—d 5,23 C 0 —8.70 —3.04
c—c 5, 40 C, 24.5 —8.03 —3.52
d—e 7, 36 C 29.5 —8.28 —3.29

@ Schlegel diagram’s number.
® Calculated at the AM1 level.

ment of the isomers, may await X-ray structural
determination, because both isomers have C; symmetry.
By the unique reactivity of C;oSiHj; radical isomers, the
reaction of C;o with disilane may cause formation of the
monosilylated adducts, which is a contrast to that of Cgg
with disilane resulting in formation of mono silylated
Ceo only in trace amount [16].

3.3. Redox properties of silyl radical adducts

As shown in Tables 4 and 8, 16g and the related
bissilylated compounds 11b (1,2-adduct), 21 (1,4-ad-
duct) showed three reversible reductions and two
irreversible oxidations in 1,2-dichlorobenzene [16]. The
salient feature is that 1,6-adduct 16g has a remarkably
low oxidation potential (40.33 V) compared with 11b
(+0.77 V) and 21b (+0.73 V). The theoretical calcula-
tion (UHF/3-21G//AM1) [24] is in agreement with this
result; the ionization potentials of (H5Si),Cgo decrease in
the order 1,2-adduct 22 (7.26 ¢V) > 1,4-adduct 22’ (7.09
eV) > 1,6-adduct 22" (6.40 ¢V) as shown in Table 9. This

dramatic result for the electrochemical properties can be
explained by the unique structure of the 1,6-adduct; the
1,6-adduct has two short bonds between a pentagon and
a hexagon, which gives more strain to the carbon
framework (Fig. 4) [16]. This strain energy may be
released in the cationic form where these bonds (1.450 A
by AM1) are much longer than those in the neutral form
(1.387 A by AMI1). The CV analysis showed lower
oxidation and higher reduction potentials when com-
pared with Cgo(*BuPh,Si), and the parent Cgp.

Table 8 also summarizes the redox behaviors of 17A—
C [19]. These isomers reveal very close oxidation and
reduction potentials to each other, which may be due to
the small energy differences among them. There are two
salient features for the tetrakis-adduct isomers. (1) 17A—
C has lower oxidation potentials than any of the other
silylated Cgq derivatives. To the best of our knowledge,
the silylated Cgo derivatives show the lowest oxidation
potentials of the previously reported Cgos [8,13]. These
observations indicate that the four silyl groups on the
fullerene cage are very effective for increasing the
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Table 8

Redox potentials [V] of silyl radical adducts®

Compound oxE2 oxEl redEl redE2 redE3
21 +1.26 +0.73 —1.22 —1.61 —2.12
16g +1.20 +0.33 —1.19 —1.59 —2.18
17A +0.38 +0.24 —1.20 —1.67

17B +0.04 +0.22 —1.41 —1.78

17C +0.41 +0.22 —1.24 —1.69 —2.19
19A +1.23 +0.32 —1.20 —1.53 —2.03
19B +1.17 +0.39 —1.26 —1.64 —2.09
20A +1.18 +0.87 —1.12 —1.50 —2.00
20B +1.11 +0.80 —1.09 —1.53 —1.98
20C +1.12 +0.76 —1.07 —1.50 —2.03

% Values are relative to ferrocene/ferrocenium couple.

Dep,S 7 SiDep,
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Table 9
The relative energies (kcal molfl) of 22, 22’, and 22" and its cation
radical, and ionization potentials (I, eV)*

Isomer Neutral Cation radical Ip

1,2-Adduct 22 34 7.4 7.26
1,4-Adduct 22’ 0 0 7.09
1,6-Adduct 22" 14.5 —1.4 6.40

% Calculated at UHF/3-21G//AM1 level.

electron donor ability. (2) Although the bis-silylated
fullerenes have only one low oxidation potential, the
second oxidation potentials of 17A—C are also very low.
As mentioned above, the 1,6- bis-silylated fullerene 16g,
due to its unique structure, has a lower oxidation
potential than that of the 1,2- or 1,4- bis-silylated
compound. The 1,6-addition to the fullerene cage
produces a highly strained dihydronaphthalene frame,
where two short double bonds lie between the pentagon
and the hexagon of the 1,6- adduct. This strain energy
can be released in its cationic form. All the tetrakis-
adducts 17 have two strained dihydronaphthalene
frames on the fullerene cage. These dihydronaphthalene
frames must exist independently, because the tetrakis-
adduct 17 has two lower oxidation potentials. On the
other hand, the reduction potentials of 17A-C are
cathodically shifted relative to 16g, which suggests that
the introduction of four silyl groups results in a
decreasing electron-accepting property. These lower
oxidation and higher reduction potentials are due to
the influence of the four short double bonds on the Cq
cage for each isomer as mentioned above.

22" 22ll+’

9 = silylated carbon atoms.

Fig. 4. Selected bond lengths on neutral and cationic 22, 22’, and 22"
calculated by the AM1 method.

The electrochemical behaviors of 19A, 19B, 20A-C,
have been summarized in Table 8 [21]. The salient
feature is that the first oxidation potentials of 19A
(+0.32 V) and 19B (+0.39 V) are very unique as
compare with 9A (4+0.59 V), 9B (+0.61 V) and Cyq (+
1.21 V) (Table 4) itself. This unique electrochemical
property was first observed in the Cg derivative 16g and
same trend also appeared in the silylated derivatives of
Cyo. The first oxidation potentials of mono-adducts,
20A-C, are also considerably lower than parent Cs,.
This is an indication for the easier oxidation of bis- and
mono-adducts than that of Cy,.

3.4. Reaction of Cgy with silyl radical from polysilane

Polysilanes, in which extensive delocalization of o-
electrons takes place along the silicon chain, have many
interesting electronic properties and represent a unique
class of materials [1]. It is well known that photolysis of
polysilane with UV radiation leads to facile bond
cleavage of the Si—Si bonds to afford the corresponding
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Fig. 5. UV—vis spectra of C60/23, 23 (after photolysis) and difference
spectrum.

silyl radicals [1]. To extend the silylation reactions of
Ce0, we have carried out the photoreaction of polysilane
with Cgy to obtain a novel silicon polymer, which
incorporates Cgg into the polysilane chain [25].

A mixture of Cgo and polysilanes 23-25 in benzene in
a degassed quartz tube was photo-irradiated with a low-
pressure mercury-arc lamp (Scheme 6) [25]. The reaction
mixture was separated by gel permeation column
chromatography to collect a high molecular weight

Yo

hv

\
wSi—@—{stih—@Sim

polymer with absorption band above 400 nm (Fig. 5).
This result suggests the incorporation of Cgy in the
polysilane chain, because the original polysilanes 23-25
have no absorption in this wavelength region. The
molecular-weight of the adducts is higher than the those
of irradiated polysilanes, indicating that Cgo might act as
a linker.

The mass spectra of Cgp/polysilane adducts analyzed
by FAB mass spectroscopy shows a Cg, signal, which
also confirms that Cg is incorporated in the polysilane
chain [25]. Elemental analysis of the Cgo/polysilane 23
adduct reveals that about 14% by weight of Cgp is
incorporated into the polysilane chain. Definitive evi-
dence for a direct connection of the Cgy and polysilane
chain was gained from '*C-NMR measurements of the
adduct obtained from *C-enriched Cg, and polysilane.
A broad signal between 130 and 150 ppm in the '*C-
NMR, which is disappeared in the DEPT NMR
spectrum, originated from the sp? carbons on the Cg
skeleton reveals that Cg, actually attaches to the
polysilane chain. The ??Si-NMR of Cg/polysilane 23
adduct indicates the existence of polysilane units in the
Ceo/polysilane 23 adduct.

The incorporation of Cgy into polysilane was not
observed upon irradiation at >300 nm, where the
cleavage of Si—Si bond does not take place [25].
Formation of Cgp/polysilane adduct was also suppressed
by addition of CCly, which is known as a good silyl-
radical scavenger. These results indicate that the forma-
tion of Cgy/polysilane adduct can be rationalized in

26 R=Ph,n=5

27 R =Me, n=6
28 R =Et n=5
Ro
SN
+ S|R2 29 R=Me
S,SRZ 30 R=Et
R

Scheme 7.
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terms of the intermediacy of a silyl radical generated by
photochemical Si—Si cleavage of polysilane.

In order to control the polysilane chain-length in Cgg/
polysilane adducts, the photoreaction of cyclic oligosi-
lanes with Cgy was carried out.(Scheme 7) [25]. A
polymer obtained from Cg, and cyclopentasilane 26
was separated. Elemental analysis shows about 38 wt%
of Cg 1s incorporated into the polysilane chain. In the
photoreaction of cyclohexasilane 27 and cyclopentasi-
lane 28 with Cgo, the high molecular weight fraction
could not be collected, but Cgy(SiR»)4 29(R = Me) and
30(R = Et) were obtained after HPLC separation [26].
From the 'H-, '"*C-NMR and UV-vis spectra,
Ceo(SiR5); has C; symmetry and is a 1,4- addition
product after fast ring inversion. It was reported that
cyclohexasilane 27 formed (SiMe,), after extrusion of
two silylenes (Me,Si:) during UV irradiation, followed
by a ring-opening reaction that results in formation of a
1,4-diradical [27]. The 1,4-diradicals reacted with Cgq to
give the adducts. These adducts may be good precursors
for opening polymerization to produce new silicon/Cgg
polymers.

3.5. Properties of Csp—main chain polysilane

To learn the electronic properties of a Cg/polysilane
adduct, its redox potentials were measured and com-
pared with those of Cgy and polysilane itself [25]. The
Ce0/23 adduct has a lower oxidation potential (+0.77 V
vs. Fc/Fc+ couple) than Cg (41.21 V) and a lower
reduction potential (—1.24 V) than polysilane
(> —2 V). These data indicate that a Cgo/polysilane
adduct has unique electronic property.

It has been reported that Cg, acts as a good dopant
for photoconductive polymers [28]. Wang et al. reported
that Cgo-doped polysilane is a good photoconductor
[28]. Electric conductivity of iodine-doped Cgp/23 (5 x
107°S cm™") is similar to that of the iodine-doped
mixture of Cgy and 23 (6 x 107¢ S cm ). The electric
conductivity of the iodine-doped polysilane is 1 x 10~°
S cm !, These data reveal that Cg, main chain poly-
silane has higher electric conductivity than the original
polysilane. The photoconductivity measurement of the
Ceo/polysilane adduct is in progress.

The photochemical reaction of polysilanes and cyclic
oligosilanes with Cgq afforded Cgp/polysilane adducts in
which Cgy was incorporated into a polysilane chain. The
incorporation of Cgy into polysilane could promise to
open further extension of its application to new types of
material.

4. Conclusion

Derivatization of fullerenes by the addition of active
silicon compounds generated in photolysis of polysi-

lanes has been developed. The silylated fullerenes have
lower oxidation potentials than the parent fullerenes.
These results indicate that silylation is very effective for
producing the electronegatively fullerene derivatives.
These silicon derivatives might constitute an important
stepping stone on the way to the material, catalytic, and
biological applications. It is expected that these silicon
derivatives will constitute an important stepping-stone
on the way to the material, catalytic, and biological
applications.
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