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ABSTRACT: Two novel C60-bound chiral (3) and achiral (2) phenylacetylenes were synthesized by the treatment
of C60 with (R)-N-[1-(4-ethynylphenyl)ethyl]glycine andN-(4-ethynylbenzyl)glycine by the Prato reaction in the
presence of paraformaldehyde and dipentadecyl ketone, respectively. The homopolymerization of the achiral2
bearing long alkyl chains and copolymerization with optically active phenylacetylenes including3 using a rhodium
catalyst in chloroform homogeneously occurred, giving the C60-containing helical poly(phenylacetylene)s soluble
in chloroform, while the homopolymers of the analogous achiral C60-bound phenylacetylenes with no alkyl chain
(1) and 3 were totally insoluble in common organic solvents. The obtained copolymers exhibited an induced
circular dichroism (ICD) both in the main-chain region and in the fullerene chromophoric region, indicating that
the optically active copolymers possess a preferred-handed helical conformation and that the pendant fullerene
groups are arranged in helical arrays with a predominant screw-sense along the polymer backbones. The formation
of a hierarchical supramolecular assembly of the homopolymers of1 and3 bearing fullerene pendants on each
repeating unit was also studied by electron microscopy.

Introduction

Fullerene (C60)-containing polymers have recently attracted
significant attention because the incorporation of C60 molecules
into polymer backbones or pendants is the most versatile method
of producing practically useful C60-based materials with a high
mechanical strength and good processability.1,2 Such C60-based
polymers with a well-defined structure may be applied to many
fields including the materials and biological sciences due to the
unique physical and chemical features of C60 molecules.1-3 In
a series of studies, we reported the copolymerization of an
achiral phenylacetylene bearing a C60 pendant (1) with optically
active phenylacetylenes such as4, which produced preferred-
handed helical copolymers in which the pendant C60 groups are
arranged in a helical array with a predominant screw-sense along
the polymer backbones.4 The copolymers exhibited an induced
circular dichroism (ICD) in the achiral fullerene chromophoric
region as well as in the polymer backbone region. Similar
preferred-handed helicity inductions accompanied by helical
arrays of C60 molecules were possible for a dynamically racemic
helical poly(phenylacetylene) bearing bulky 18-crown-6 ether
and achiral C60 units as the pendants,5 when complexed withl-
or D-amino acids through noncovalent bonding interactions.6

These copolymerization approaches are certainly useful for
producing optically active C60-based helical polymers with a
helical array of the pendant C60 molecules in the desired screw-
sense. However, such a helical array of the C60 units showing
optical activity in the achiral fullerene chromophore region was
possible when the C60 units in the copolymers were less than
30 mol %. Because of the low solubility of fullerene, the
incorporation of more than 30 mol % of the C60 units of1 into
the copolymers yielded copolymers insoluble in common
organic solvents.4,5 In order to overcome these solubility
problem, we prepared a novel achiral C60-bound phenylacetylene
(2) by introducing two long pentadecyl chains on the pyrrolidine

ring of the 3,4-fulleropyrrolidine residue, and this was copo-
lymerized with an optically active phenylacetylene (4) to obtain
optically active and highly soluble helical copolymers with a
high C60 content (Scheme 1). A new optically active C60-bound
phenylacetylene (3) was also synthesized and copolymerized
with 2 in order to produce soluble helical copolymers composed
of fullerene moieties on each repeating monomer unit (Scheme
1). The chiroptical properties of the obtained copolymers were
then investigated by circular dichroism (CD) and absorption
spectroscopies. The morphologies of the insoluble homopoly-
mers of1 and3 were also studied by electron microscopy.

Results and Discussion

Synthesis and Polymerization of Chiral and Achiral
Phenylacetylenes Bearing Fullerene Pendants.In order to
improve the solubility of the poly(phenylacetylene)s bearing C60

pendant groups, we designed a new achiral fullerene monomer
2, which has two long pentadecyl chains on the pyrrolidine ring
of the 3,4-fulleropyrrolidine residue. The Prato reaction of C60

with N-(4-ethynylbenzyl)glycine,7 which had been prepared by
a previously reported method,4 in the presence of dipentadecyl
ketone afforded the target monoadduct2 in 12% yield (Scheme
2). The new optically active fullerene monomer3 was prepared
as outlined in Scheme 3 starting from the commercially available
(R)-1-(4-bromophenyl)ethylamine hydrochloride followed by the
Prato reaction of C60 with (R)-N-[1-(4-ethynylphenyl)ethyl]-
glycine in the presence of paraformaldehyde7 to give3 in 14%
yield.

The copolymerization of the achiral2 with the optically active
3 or 4 was carried out with a rhodium catalyst, [Rh(nbd)Cl]2

(nbd: norbornadiene), which is known to be effective for the
polymerization of monosubstituted phenylacetylenes to give
high-molecular weight, stereoregular (cis-transoidal) poly-
(phenylacetylene)s,8 in chloroform containing a small amount
of triethylamine according to Scheme 1. The copolymerization
results are summarized in Table 1.

The homopolymerization of2 (run 1 in Table 1) homoge-
neously proceeded and the obtained homopolymer (poly-2) was
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soluble in chloroform, while the homopolymer of1 (poly-1)
was insoluble in the common organic solvents, such as
chloroform and tetrahydrofuran (THF), as previously reported
(run 8 in Table 1).4 The copolymerization of2 with 3 (run 3 in
Table 1) and4 (runs 5-7 in Table 1) also homogeneously
proceeded and the obtained copolymers were soluble in
chloroform. On the other hand, the homopolymerization of3
(run 2 in Table 1) and the copolymerization of2 with 3 at the
feed ratio of [2]/([2] + [3]) ) 0.8 (run 4 in Table 1) rapidly
proceeded, and the black polymers precipitated within a few
minutes due to the poor solubility of the3 units. The chloroform
soluble fractions were confirmed to be unreacted monomers (2
and3) by size exclusion chromatography (SEC) measurements
and the obtained poly-3 was hardly soluble in the common
organic solvents, but the poly(20.8-co-30.2) was partially soluble
in carbon disulfide (CS2).

The stereoregularity of the copolymers was investigated by
1H NMR and Raman spectroscopies. The1H NMR spectrum
of poly(20.1-co-40.9) in CDCl3 at 60°C showed a relatively sharp

singlet centered at 5.7 ppm due to the main-chain protons, which
can be assigned to the cis-transoidal main-chain’s olefinic
protons (Figure S1).8,9 However, the peaks due to the main-
chain protons of poly(20.3-co-40.7) and poly(20.5-co-40.5) became
considerably broadened with the increasing C60 contents (Figure
S1), probably due to the rigidity of the copolymers which
increased with the increasing bulky C60 contents. The1H NMR
spectra of poly-2 and poly(20.9-co-30.1) were also too broad to
determine the stereoregularity. Therefore, the stereoregularities
of poly-2 and poly(20.9-co-30.1) as well as poly(20.3-co-40.7) and
poly(20.5-co-40.5) were investigated by laser Raman spectroscopy.
The Raman spectra of these copolymers showed intense peaks
at 1535, 1330, and 966 cm-1, which were assigned to the Cd
C, C-C, and C-H bond vibrations in the cis polyacetylenes,10

while those in the trans polyacetylenes were not observed,
indicating that these copolymers possess highly cis-transoidal
structures (for example, see Figure S2).11 The stereoregularity
of the insoluble poly-3 was also highly cis-transoidal based on
its laser Raman spectrum.

Scheme 1. Synthesis of C60-Bound Helical Poly(phenylacetylene) Derivatives

Scheme 2. Synthesis of an Achiral C60-Bound Phenylacetylene Derivative (2)

Scheme 3. Synthesis of an Optically Active C60-Bound Phenylacetylene Derivative (3)
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The copolymer compositions of poly(2-co-4)s were estimated
by their IR spectra on the basis of the ratio between the
characteristic absorption for the carbonyl group of4 at 1716
cm-1 and that of the fullerene unit of2 at 527 cm-1 (Figure
S3). The calibration curve was obtained by plotting the
corresponding peak intensity ratios of monomers2 and 4 vs
the content of4 in the various mixtures of4 and 2. The
copolymer compositions estimated by their IR spectra were
nearly in accordance with those in the feed.12 This method,
however, cannot be used for estimating the copolymer composi-
tion of poly(20.9-co-30.1) having C60 units in each repeating
monomer unit. Moreover, the1H NMR spectrum of poly(20.9-
co-30.1) was too broad to determine the copolymer composition.

Chiroptical Properties of Copolymers.The CD and absorp-
tion spectra of poly(20.1-co-40.9) and poly(20.5-co-40.5) in chlo-
roform are shown in Figure 1, parts A and B, respectively. The
copolymers exhibited an ICD in theπ-conjugated main-chain
region (300-500 nm), although their ICD patterns were slightly
different from each other. The magnitude of the ICDs increased
with the decreasing temperature, but their increase was not
significant when compared with poly(10.1-co-40.9) (run 9 in Table
1).4 These observations suggest that the helical screw-sense
preference increased with the decreasing temperature. The ICD
intensity of poly(20.1-co-40.9) was quite weak compared to that
of the previously reported poly(10.1-co-40.9) (run 9 in Table 1),
which consists of the same chiral unit (4) and an analogous
achiral fullerene unit except for the long alkyl chains in2 with
almost the identical chiral/achiral molar ratio (12 mol %).4 This
weak ICD of the poly(20.1-co-40.9) may be attributed to the
dissymmetric substitution of the alkyl chains on the pyrrolidine
ring of the achiral 3,4-fulleropyrrolidine units. Similar weak
ICDs were previously observed for poly(phenylacetylene)s
having chiral pendants at the meta position13 and the poly-
(phenylacetylene) bearing a carboxy group at the meta position
complexed with optically active amines.14 Such a dissymmetric
substitution may afford various types of chiral interactions
among the pendant groups, which may prevent an effective
preferred-handed helicity induction.13,14

Poly(20.1-co-40.9) and poly(20.5-co-40.5) displayed almost no
detectable absorption and CD at wavelengths over 600 nm in
dilute solution due to the low concentrations of the C60 units.
At higher concentrations, however, weak, but apparent ICDs
were observed above 600 nm (Figure 1, parts A and B). These
results suggest that the copolymers form a preferred-handed
helix and the achiral C60 pendants of the copolymers may
arrange in a helical array with a predominant screw-sense along
the polymer backbones. Especially, poly(20.5-co-40.5) exhibited

a split-type ICD in the fullerene chromophore region as shown
in Figure 1B. Such a split-type ICD was not observed for the
previously prepared C60-bound poly(phenylacetylene)s, such as
poly(1-co-4) with C60 contents of less than 30 mol %.4,5 This
positive CD couplet in the fullerene region is likely indicative
of a right-handed helical array of the pendant fullerenes.

Poly(20.9-co-30.1) also exhibited a similar ICD in the fullerene
chromophore region above 600 nm as well as in theπ-conju-
gated main-chain region (250-500 nm) and the ICD intensity
hardly changed at lower temperatures (Figure 1C). The CD
spectrum of the optically active monomer3 (Figure 1C) showed
a very weak ICD in the same fullerene chromophore region.
These results indicated that the pendant fullerenes are arranged
in a helical array along the preferred-handed helical poly(20.9-
co-30.1) main-chain and that the bulky fullerene pendants appear
to efficiently assist with the helical arrangement of the C60

molecules, which are stable at 25°C, although the helix-sense
excess of the main-chain is small due to the above-mentioned
dissymmetric substitution effect of the alkyl chains on the
pyrrolidine ring and also due to the small chiral units of3
incorporated in the copolymer. However, this is the first example
of a soluble helical poly(phenylacetylene) bearing fullerene
pendants on each monomer unit.15

Recently, we successfully determined the helical structure of
a poly(phenylacetylene) bearing anL- or D-alanine residue with
a long n-decyl chain as the pendants (poly-5L and poly-5D,
respectively) including the helical pitch and handedness by direct
atomic force microscopy (AFM) observations together with their
X-ray structural analyses and CD measurements.16 Poly-5L has
a left-handed helical array with respect to the pendant arrange-
ments, while the main-chain has the opposite, right-handed
helical structure. The ICD pattern of poly(20.9-co-30.1) in the
main-chain region is similar to that of poly-5L.16 Therefore,
the main-chain of the poly(20.9-co-30.1) is assigned to have a
right-handed helical structure and the helical array of the pendant
fullerenes may be assigned as left-handed. However, poly(20.9-
co-30.1) seems to have an opposite right-handed helical array
of the pendant fullerenes on the basis of the exciton chirality
method because the poly(20.9-co-30.1) exhibited a positive
exciton-coupled ICD in the fullerene chromophore region similar
to that of poly(20.5-co-40.5) in their patterns (Figure 1, parts B
and C). This contradiction can be explained by taking into
consideration the direction of the 3,4-fulleropyrrolidine units.

Parts A and B of Figure 2 show two possible right-handed
helical structures of poly(20.9-co-30.1) with right- and left-handed
helical arrays of the pendant C60 units, respectively. When the
initial dihedral angle between the phenyl group and fulleropy-

Table 1. Copolymerization Results of Achiral Fullerene Monomers (1 and 2) and Optically Active Comonomers (3 and 4) with [Rh(nbd)Cl]2 in
Chloroform in the Presence of Triethylamine at 30°C for 24 ha

polymer

diethyl ether-insoluble part

run M1 M2

[M1] in feed
(mol %)

[M1 + M2]
(M) sample code

yield
(%)b

yield
(%)

[M1] in polymer
(mol %)c Mn × 10-4 d

1 2 100 0.043 poly-2 42 100 3.0
2 3 100 0.016 poly-3 31e 100
3 2 3 90 0.043 poly(20.9-co-30.1) 51 5.1
4 2 3 80 0.043 poly(20.8-co-30.2) 37 4.7f

5 2 4 50 0.043 poly(20.5-co-40.5) 86 46.5 5.0
6 2 4 30 0.043 poly(20.3-co-40.7) 88 30.5 4.2
7 2 4 10 0.043 poly(20.1-co-40.9) 81 12.2 (9.8g) 5.5
8h 1 100 0.016 poly-1 60e 100
9h 1 4 10 0.043 poly(10.1-co-40.9) 52 12.3g 8.4

a Polymerized under nitrogen; [M1 + M2]/[triethylamine] ) 1. [M1 + M2]/[Rh] ) 100. b Chloroform insoluble part.c Estimated by IR spectroscopy.
d Determined by SEC with polystyrene standards using chloroform as the eluent.e Insoluble in common organic solvents.f CS2 soluble part.g Estimated by
1H NMR spectroscopy.h Cited from ref 4a.
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rrolidine moiety (φ) is set to 180° < φ < 240° (φ ) 180° for
Figure 2B), the pendant fullerenes are arranged in a left-handed
helical array along the polymer backbone. On the other hand,
the helical array of the pendant fullerenes becomes opposite,
right-handed when the dihedral angle is set to 0° < φ < 120°
(φ ) 60° for Figure 2A). Therefore, these molecular modeling
studies suggest that poly(20.9-co-30.1) may take a right-handed
helical array of the pendant fullerenes along the same right-
handed helical backbone, which is in accordance with the
observed CD pattern.

SEM and TEM Studies. It is well-known that fullerene
derivatives often self-assemble to form spherical particles
through theπ-π* stacking interaction of the carbon cage.17

We anticipated that scanning electron microscopy (SEM) might
provide an insight into the structure and morphology of the
poly-1 and poly-3 aggregates being insoluble in common organic
solvents. Samples were prepared by casting dilute dispersions
of poly-1 and poly-3 in chloroform on freshly cleaved highly
oriented pyrolytic graphite (HOPG) substrates.

Typical SEM images of the optically inactive poly-1 and
optically active poly-3 are shown in Figures 3 (A and B) and 4

(A and B), respectively. Particles with an average diameter of
about 100-200 nm were observed for poly-1 (Figure 3B) and
poly-3 (Figure 4B).18 Interestingly, the polymer particles could
be visualized by SEM without sputter-coating with Au, sug-
gesting that these polymers have an apparent conductivity.
Transmission electron microscopy (TEM) was then used to
investigate the structure and morphology of the polymers in
greater detail. Figures 3 (C and D) and 4 (C and D) show the
typical TEM images of poly-1 and poly-3, respectively. Smaller
particles with an average diameter of about 15 and 30 nm for
poly-1 and poly-3, respectively, can be directly visualized by
TEM. Therefore, the large particles observed by SEM appeared
to consist of smaller particles. We presume that poly-1 and
poly-3 form nanometer-scale small particles, which further
hierarchically aggregate to form larger particles during the
polymerization.18 The reason for the difference in their particle
sizes between these aggregates on a nanometer-scale is not clear
at present, but the difference in optical activity may be
concerned. Poly-1 composed of the achiral monomer1 may
possess a dynamically racemic helical conformation (an equal
mixture of right- and left-handed helices), while poly-3 might

Figure 1. CD and absorption spectra of poly(20.1-co-40.9) (A), poly(20.5-co-40.5) (B), and poly(20.9-co-30.1) (C) in chloroform ([polymer]) 0.1
mg/mL) at +25 (red lines),-20 (blue lines), and-40 °C (green lines). The insets show the corresponding CD and absorption spectra in the
fullerene region at a higher concentration (3.0 mg/mL). The molar concentrations were calculated on the basis of the monomer and C60 units (inset).
The CD spectrum of optically active monomer3 is also shown in Figure 1C.
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have a predominantly one-handed helical conformation induced
by the chiral pendants similar to other poly(phenylacetylene)s
bearing optically active pendants.19 Although we have no
experimental evidence to support this assumption, such a one-
handed helix formation in poly-3 may contribute to the effective
packing of the polymer chains with the same handedness during
the aggregation process, resulting in formation of larger particles
compared to those of poly-1.

In summary, we have prepared and characterized optically
active, soluble helical polymers and copolymers bearing fullerene
groups on each repeating monomer unit, which arrange in a
helical array with a predominant screw-sense along the polymer
backbones, thus showing optical activities both in the main-
chain and in the fullerene chromophore regions, although the
helix-sense excesses may be small. The present study demon-
strates that the introduction of long alkyl chains in the pendant
fullerene monomer residue is quite effective for constructing
soluble C60-bound helical poly(phenylacetylene)s with high C60

contents. Moreover, we found that C60-bound poly(phenylacety-
lene)s bearing no alkyl chains hierarchically aggregate during
the polymerization to form regularly sized, spherical particles.
We expect that optically active C60-bound helical poly(pheny-
lacetylene)s may show a unique chiral recognition ability as
chiral adsorbents due to the preferred-handed helical array of
the C60 molecules, and further studies along this line are now
in progress.

Experimental Section

Instruments. Melting points were measured on a Bu¨chi melting
point apparatus and are uncorrected. Fast atom bombardment (FAB)

mass spectra were obtained on a JEOL JMS-AX505HA spectrom-
eter.1H (500 or 300 MHz) and13C (125 or 75 MHz) NMR spectra
were measured on a Varian VXR-500S or Varian Mercury-300
spectrometer using tetramethylsilane (TMS) as an internal standard.
SEC measurement was performed with a JASCO PU-980 liquid
chromatograph equipped with a JASCO DG-980-50 degasser and
a UV-visible detector (254 nm; JASCO UV-970). A Tosoh (Tokyo,
Japan) TSKgel Multipore-HXL-M SEC column (30 cm) was
connected, and chloroform was used as the eluent at a flow rate of
1.0 mL/min. The molecular weight calibration curve was obtained
with polystyrene standards (Tosoh). IR spectra were recorded with
a JASCO Fourier Transform IR-620 spectrophotometer. Laser
Raman spectra were taken on a JASCO RMP200 spectrometer.
Absorption spectra were taken on a JASCO V-570 spectrophotom-
eter in a 0.5 cm quartz cell. CD spectra were measured on a JASCO
J-725 spectropolarimeter with a liquid nitrogen-controlled 0.5 cm
quartz cell in a cryostat. SEM measurements were performed on a
JEOL JMS-5600 or a HITACHI S-5000 scanning electron micro-
scope with the accelerating voltage of 10 kV and emission current
of 10 µA. TEM measurements were performed on a HITACHI
H-800 transmission electron microscope operating at 100 kV.

Materials. Toluene was dried over sodium benzophenone ketyl,
and distilled under nitrogen. Chloroform was dried over CaH2 and
distilled under nitrogen. These solvents were stored under nitrogen
over molecular sieves 4 Å (Nacalai Tesque, Kyoto, Japan).
Triethylamine was distilled and dried over KOH pellets under
nitrogen. (Trimethylsilyl)acetylene was kindly supplied from Shi-
netsu Chemical (Tokyo, Japan). Copper(I) iodide was obtained from
Kishida (Osaka, Japan). (R)-1-(4-Bromophenyl)ethylamine hydro-
chloride, ethyl bromoacetoacetate, dipentadecyl ketone, and bis-
(triphenylphosphine)palladium dichloride ([(Ph3P)2PdCl2]) were
from Tokyo Kasei (Tokyo, Japan). C60 was purchased from Frontier
Carbon (Tokyo, Japan). [Rh(nbd)Cl]2 was obtained from Aldrich

Figure 2. Possible helical structures of poly(20.9-co-30.1) (20-mer). Space filling models are shown in the top (a) and side views (b). The polymer
backbones are shown in orange and the pentadecyl groups are omitted for clarity. The main chains have a right-handed helical structure. The
fullerene units are arranged in right-handed (A) and left-handed helical arrays (B). The helix-sense of the main-chain is assigned from the Cotton
effect sign of the ICD in the main-chain region (ca. 370 nm) according to the literature.16 The initial dihedral angle between the phenyl group and
the fulleropyrrolidine moiety (φ) was set to be 60 and 180° in parts A and B, respectively. Theφ values after optimization are also shown in parts
A and B.
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and used as received.N-(4-Ethynylbenzyl)glycine4,5 and (R)-4-[{-
(1-phenylethyl)carbamoyloxy}phenylacetylene] (4)13 were prepared
according to the previously reported method.

N-(4-Ethynylbenzyl)-2,2-dipentadecyl-3,4-fulleropyrroli-
dine (2). N-(4-Ethynylbenzyl)glycine (1.0 g, 7.0 mmol), dipenta-
decyl ketone (14.7 g, 41.7 mmol), and C60 (7.7 g, 14.0 mmol) were
dissolved in chlorobenzene (500 mL) and the mixture was refluxed

for 12 h under stirring. After cooling, the solvent was evaporated
under reduced pressure. The residue was then dissolved in
chloroform (50 mL) and the insoluble part was removed by
filtration. The filtrate was evaporated under reduced pressure and
the crude product was purified by chromatography on silica gel
using hexane as the eluent, yielding a black powder2 (0.87 g, 12%).
Mp > 450 °C. 1H NMR (500 MHz, CDCl3, 25 °C, TMS): δ 7.68

Figure 3. SEM (A, B) and TEM images (C, D) of poly-1 on HOPG.

Figure 4. SEM (A, B) and TEM images (C, D) of poly-3 on HOPG.
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(d, J ) 8.5 Hz, Ph, 2H), 7.59 (d,J ) 8.5 Hz, Ph, 2H), 4.64 (s,
NCH2, Ph-CH2, 4H), 3.09 (s, CtC-H, 1H), 2.65 (m, CH2, 2H),
2.54 (m, CH2, 2H), 1.87 (m, CH2, 4H), 1.24-1.55 (m, CH2, 48H),
0.88 (t, CH3, 6H). 13C NMR (125 MHz, CDCl3, 25 °C): δ 157.07,
155.07, 147.23, 147.19, 146.62, 146.31, 146.27, 146.08, 145.74,
145.40, 145.31, 145.25, 144.67, 144.58, 143.35, 142.80, 142.77,
142.39, 142.00, 141.76, 141.48, 140.36, 139.51, 136.25, 135.72,
132.65, 129.19, 128.37, 128.27, 121.02, 83.80, 82.23, 72.67, 63.11,
51.91, 35.92, 32.09, 31.74, 30.71, 29.90, 29.85, 29.80, 29.73, 29.68,
29.54, 25.10, 22.87, 22.81, 14.32. IR (KBr, cm-1): 3299, 2920,
2850, 1460, 1182, 818, 527. MS (FAB+): calcd for C101H72N [M
+ H]+, m/z) 1299.6; found,m/z) 1299.6.

(R)-N-[1-(4-Ethynylphenyl)ethyl]-3,4-fulleropyrrolidine (3).
(R)-N-[1-(4-Ethynylphenyl)ethyl]glycine ethyl ester was prepared
from the reaction of (R)-1-(4-bromophenyl)ethylamine hydrochlo-
ride with ethyl bromoacetate in acetonitrile in the presence of
triethylamine (34% yield). The coupling of (trimethylsilyl)acetylene
to (R)-N-[1-(4-ethynylphenyl)ethyl]glycine ethyl ester with a pal-
ladium catalyst ([(Ph3P)2PdCl2]), followed by alkaline hydrolysis
of the trimethylsilyl and ethyl ester groups, gave (R)-N-[1-(4-
ethynylphenyl)ethyl]glycine. The crude product was purified by
chromatography on silica gel using chloroform-methanol (5:1, v/v)
as the eluent (34% yield). (R)-N-[1-(4-Ethynylphenyl)ethyl]glycine
(73.3 mg, 0.36 mmol), paraformaldehyde (65.0 mg, 1.65 mmol),
and C60 (0.52 g, 0.72 mmol) were dissolved in toluene (50 mL)
and the mixture was refluxed for 6 h under stirring. After cooling,
the solvent was evaporated under reduced pressure. The residue
was then dissolved in chloroform and the insoluble part was
removed. The filtrate was evaporated under reduced pressure and
the crude product was purified by chromatography on silica gel
using hexane-toluene (3:1, v/v) as the eluent, yielding a black
powder3 (44.5 mg, 14%). Mp> 385°C (decomposition).1H NMR
(700 MHz, CDCl3, 25 °C, TMS): δ 7.70 (d,J ) 7.7 Hz, Ph, 2H),
7.62 (d,J ) 7.7 Hz, Ph, 2H), 4.46 (d,J ) 8.4 Hz, NCH2, 2H),
4.31 (d,J ) 8.4 Hz, NCH2, 2H), 4.00 (q, Ph-CH, 1H), 3.10 (s,
CtC-H, 1H), 1.81 (d,J ) 7.0 Hz, CH3, 3H). 13C NMR (125 MHz,
CDCl3, 25°C): δ 155.18, 155.42, 147.48, 146.41, 146.27, 146.23,
146.20, 145.85, 145.58, 145.45, 144.74, 143.25, 142.78, 142.44,
142.39, 142.22, 142.04, 140.29, 136.44, 132.87, 127.38, 121.44,
70.49, 68.14, 66.42, 63.81. IR (KBr, cm-1): 3294, 2964, 2850,
2780, 1427, 1260, 1096, 1026, 802, 527. MS (FAB+): calcd for
C72H13N [M + H]+, m/z) 892.1; found,m/z) 892.1.

Polymerization. Polymerization was carried out in a dry glass
ampule under a dry nitrogen atmosphere using [Rh(nbd)Cl]2 as the
catalyst. A typical polymerization procedure is described below.

Monomer2 (15.0 mg, 11.6µmol) and monomer4 (27.5 mg,
0.10 mmol) were placed in a dry ampule, which was then evacuated
on a vacuum line and flushed with dry nitrogen. After this
evacuation-flush procedure was repeated three times, a three-way
stopcock was attached to the ampule, and dry chloroform (2.5 mL)
and triethylamine (16µL) were added with a syringe. To this was
added a solution of [Rh(nbd)Cl]2 (3.8 mM) in chloroform (3.4 mL)
at 30 °C. The concentrations of the monomer and the rhodium
catalyst were 0.043 and 0.43 mM, respectively. After 24 h, the
resulting polymer (poly(20.1-co-40.9)) was precipitated into a large
amount of diethyl ether, collected by centrifugation, and dried in
vacuo at room temperature for 10 h (34.3 mg, 80.6% yield). Poly-
(20.1-co-40.9) was soluble in chloroform and toluene. The number-
averaged molecular weight (Mn) was determined to be 5.5× 104

by SEC. The1H NMR spectrum of poly(20.1-co-40.9) in CDCl3
exhibited a singlet centered at 5.7 ppm due to the main-chain
protons, indicating that the polymer processes a highly cis-
transoidal, stereoregular structure.8,9 Poly(20.1-co-40.9): 1H NMR
(500 MHz, CDCl3, 60°C, TMS): δ 6.4- 7.5 (m, aromatic, 8.5H),
5.82 (br, NH, 0.9H), 5.66 (s, CdC-H, 1H), 4.77 (m, CH, 0.9H),
4.41 (br, Ph-CH2, 0.2H), 2.95 (br, N(CH2)2, 0.4H), 2.62 (br, CH2,
2.7H), 2.43 (br, CH2, 2.7H), 1.83 (br, CH2, 2.7H), 1.1-1.6 (m,
CH2, 2.7H), 0.86 (br, CH3, 2.7H).

Other copolymers of2 with 3 and4 were also prepared in the
same way.

Homopolymerization of2 and3 was also performed in the same
way. The homopolymerization of2 proceeded homogeneously and
the resulting polymer (poly-2) was precipitated into a large amount
of diethyl ether/toluene) 1/1 (v/v), collected by centrifugation,
and dried in vacuo at room temperature overnight. On the other
hand, the homopolymer of3 was precipitated in chloroform during
the polymerization. The precipitated poly-3 was collected by
centrifugation, washed with chloroform, and dried in vacuo at room
temperature overnight.

Molecular Modeling and Calculations.Molecular modeling and
molecular mechanics calculation of poly(20.9-co-30.1) were per-
formed with the Dreiding force field (version 2.21)20 as imple-
mented in CERIUS2 software (version 3.8; Molecular Simulations
Inc., Burlington, MA) running on an Indigo2-Extreme graphics
workstation (Silicon Graphics). For the calculations, the homopoly-
mer poly-2 was used for clarity. The polymer model (20 repeating
monomer units) of poly-2 was constructed using a Polymer Builder
module in CERIUS2 in a similar method reported previously.21

Charges on atoms of the polymer were calculated using charge
equilibration (QEq) in CERIUS;2 the total charge of the molecule
was zero. The starting main-chain conformation of a polymer model
was defined as the double bond geometry (cis or trans) and a
conformation of a rotational single bond. The double bond geometry
was fixed to cis and the initial dihedral angle of a single bond from
planarity could be varied. The initial dihedral angles of single and
double bonds from planarity were set to 156.5 (transoid) and 15.6°
(cis), respectively, so as to possess a right-handed helical structure
and the phenyl rings were twisted out of the backbone by 57.8° on
the basis of the calculated structure of poly(4-carboxyphenylacety-
lene).21 The initial dihedral angle between the phenyl group and
fulleropyrrolidine residue (φ) was allowed to rotate from 0° to 300°
at 60° intervals. Each constructed model (20 mer) was then
optimized by the conjugate gradient method. The energy minimiza-
tion was continued until the root-mean-square (rms) values became
less than 0.1 kcal mol-1Å-1. Parts A and B of Figure 2 show two
possible right-handed helical structures of poly(20.9-co-30.1) in which
the pendant C60 units arrange in right- (A) and left-handed (B)
helical arrays when the averageφ value was 63.8( 5.8° (A) and
171.6( 9.1° (B), respectively (see Figure 2).

SEM Observation. A typical procedure is described below.
Poly-1 or poly-3 (1.0 mg) was placed in a 2 mL flask equipped
with a stopcock. To this was added 1.0 mL ofo-dichlorobenzene.
The suspension was then sonicated for 2 h and then dropped on
freshly cleaved HOPG substrates under heating on a hot stage at
80 °C. The substrates were further dried in vacuo overnight to
measure the SEM images. Poly(20.9-co-30.1) (1.0 mg) was placed
in a 2 mL flask equipped with a stopcock. To this was added 1.0
mL of chloroform and then 1.0 mL of isopropyl alcohol. After the
solution was left at ambient temperature for 1 day, the precipitates
were formed. The suspension was then dropped on freshly cleaved
HOPG substrates. The substrates were then dried in vacuo overnight
to measure the SEM images. All the experiments were performed
in air at ambient temperature.

TEM Observation. A suspension solution of poly-1, poly-3, or
poly(20.9-co-30.1) was prepared in the same method for the SEM
observations. The suspension was dropped on carbon-coated cupper
grids and the grids were dried in vacuo to measure TEM images.
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