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Helical Arrays of Pendant Fullerenes on Optically Active

Poly(phenylacetylene)s

Tatsuya Nishimura, Katsuhiro Maeda, Sousuke Ohsawa, and Eiji Yashima*"!

Abstract: Novel, optically active, ster-
eoregular poly(phenylacetylene)s bear-
ing the bulky fullerene as the pendant
were synthesized by copolymerization
of an achiral phenylacetylene bearing a
[60]fullerene unit with optically active
phenylacetylene components in the
presence of a rhodium catalyst. The
Cg-bound phenylacetylene was pre-
pared by treatment of Cg, with N-(4-

ed induced circular dichroism (ICD) in
solution both in the main-chain region
and in the achiral fullerene chromo-
phoric region, although their ICD in-
tensities were highly dependent on the
structures of the optically active phe-
nylacetylenes and the solution temper-

circular
helical
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ature. These results indicate that the
optically active copolymers form one-
handed helical structures and that the
pendant achiral fullerene groups are ar-
ranged in helical arrays with a predom-
inant screw sense along the polymer
backbone. The structures and morphol-
ogy of the copolymers on solid sub-
strates were also investigated by
atomic force microscopy.

ethynylbenzyl)glycine in a Prato reac-
tion. The obtained copolymers exhibit-

Introduction

The design and synthesis of [60]fullerene-containing poly-
mers has received considerable attention in the past
decade!!! because the incorporation of Cg molecules into
polymer backbones or pendant groups is the most conven-
ient method of producing functionally useful Cy-based ma-
terials with high mechanical strength and good processabili-
ty while maintaining the unique physical and chemical fea-
tures of Cg, molecules.”) Such Cg-based polymers with well
defined structures may be applied in wide fields of materials
and biological sciences.*) However, previous studies of Cg,-
based polymers have mainly been carried out on their struc-
tures and properties in the solid state or as thin films. We
have previously reported a series of studies on the synthesis
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and unique properties of dynamic helical poly(phenylacety-
lene)s. The copolymerization of achiral phenylacetylenes
with a small amount of optically active phenylacetylenes
produced stereoregular poly(phenylacetylene)s with optical
activity arising from predominantly one-handed helical con-
formations of the copolymers, thus showing induced circular
dichroism (ICD) in the polymer backbone regions.” The
ICD intensities of the copolymers increased with increasing
bulkiness of the substituents introduced on the phenyl
groups of the achiral comonomers;* this is a typical exam-
ple of the chiral amplification of covalent systems in a poly-
mer and originates from the feature of dynamic macromo-
lecular helicity unique to poly(phenylacetylene)s, polyiso-
cyanates, and polysilanes.”! These helical polymers are be-
lieved to be equal mixtures of right- and left-handed helical
conformations separated by helix reversal points that readily
move along the polymer backbones. Therefore, a small
chiral bias in the pendant chiral units covalently bonded to
the main chain is significantly amplified to induce the same
helix in the major achiral monomer units, resulting in a
single-handed helical polymer.®! Similar chiral amplification
is possible in dynamic helical poly(phenylacetylene)s
through noncovalent chiral bimolecular interactions, when
the polymers have a specific functional group capable of in-
teracting with small chiral molecules.”® These observations
stimulated us to synthesize an optically active, Cq-based hel-
ical poly(phenylacetylene) by copolymerization of an achiral
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Cg-bound phenylacetylene component with optically active
phenylacetylene units, in which the achiral C4 pendant
groups might arrange in a helical array along the polymer
backbone with a one-handed screw sense.

Recently, we have successfully prepared the first example
of such Cy-based helical poly(phenylacetylene)s bearing
achiral C4, pendant groups, by copolymerization of an achi-
ral Cg-bound phenylacetylene (1) with an optically active
phenylacetylene (2a) (Scheme 1)." The copolymers exhibit-
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Scheme 1. Synthesis of Cg-containing helical poly(phenylacetylene)s (poly(1,,-co-2,)).

HCLHN" COLE

H
O
0]

= SiMe;

H
Br CO.Et
& W

NEtz/toluene

Cul, [(PPha)sPdCl] / NEty

8N
&

HO(CH,0),H /toluene

Scheme 2. Synthesis of 1.

ed characteristic ICD both in the polymer backbone region
and in the achiral fullerene region. However, such a helical
array of the C4 pendant groups was achieved at low temper-
atures.” Similar helicity induction and helical arrays of Cg,
molecules have been reported for dynamically racemic heli-
cal poly(phenylacetylene)s bearing bulky [18]crown-6 ether
and achiral Cq, pendant groups!®™ or a phosphate group as
the side group.’! These polymers formed predominantly
one-handed helixes induced by noncovalent bonding chiral
interactions with amino acids or optically active cationic
Cy-bis(adducts), respectively. In the present study, we pre-
pared two novel, optically active phenylacetylenes with
bulkier side groups (2b and 2c¢), and these were copolymer-
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ized with the achiral Cq-bound phenylacetylene (1) in the
presence of a rhodium catalyst (Scheme 1). We expected
that helical poly(phenylacetylene)s with bulkier chiral pend-
ant groups should yield more stable Cg-bound helical poly-
mers. The chiroptical properties of the copolymers and their
morphologies on substrates were characterized by UV/Vis
and circular dichroism (CD) spectroscopy and by atomic
force microscopy (AFM), respectively.

Results and Discussion

Synthesis and copolymerization
of a phenylacetylene derivative
bearing a C4, pendant with opti-
R cally active phenylacetylenes:
The achiral fullerene monomer
1 was prepared as shown in
Scheme 2. A Prato reaction be-
tween Cg and N-(4-ethynylben-
zyl)glycine was employed to in-
troduce a phenylacetylene resi-
due on the Cg, surface.'*® The
target monoadduct 1 was ob-
tained in 30% yield, together
with a small amount of the bi-
s(adduct) as a by-product
(25%), which could be easily
separated by silica gel chroma-
tography. The fullerene mono-
mer 1 was characterized and
identified by UV/Vis and 'H
and *C NMR spectroscopy and
by mass spectrometry (see Sup-
porting Information). In the ab-
sorption spectrum, the charac-
teristic absorptions due to the
Cq moiety were observed
above 600 nm (&5, 380, &g35 400,
and g5 560M ' cm™Y).

Optically active phenylacety-
lenes bearing either an (R)-[(1-
phenylethyl)carbamoyl]oxy
group (2a) or an (S)-[1-(1-
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Scheme 3. Synthesis of 2b. DCC =dicyclohexylcarbodiimide; HOBt=1-
hydroxybenzotriazole.
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Table 1. Copolymerization results for the fullerene monomer 1 and optically active comonomers (2) in the presence of [{Rh(nbd)Cl},] in chloroform at
30°C for 24 h.IY

Polymer
Run 1 Comonomer 1 4 comonomer Yield [% ]! MeOH-insoluble part
[mol %] [M]
Yield [%] 1 [mol %] Mnx10~44
1 100 - 0.016 60.4 - - (-) -
2 10 2a 0.043 - 52.0 123 15) 8.4
3l 10 2a 0.043 - 13.210 9.8 (=) 1.5
4 20 2a 0.033 152 72.0 221 (22) 1.8
5 30 2a 0.026 60.5 20.8 26.9 (30) 2.4
6 0 2b 0.50 - 91.0 - -) 62.3
7 10 2b 0.070 - 83.7 10.3 13) 27.3lel
8 20 2b 0.040 - 75.0 17.4 (22) 21.8L¢l
9 30 2b 0.042 9.1 67.7M - (=) 14.6'¢!
10 10 2¢ 0.099 - 100.08 - (16) 4.6

[a] Polymerized under nitrogen; [1 + 2])/[Et;N] = 1. [1 + 2]/[Rh] = 100. [b] Chloroform-insoluble part. [c] Estimated by "H NMR spectroscopy; those
estimated by UV/Vis spectra on the basis of the molar absorptivity of 1 are shown in parentheses. [d] Determined by SEC (polystyrene standards) in
THEF. [e] Polymerized for 20 s. [f] Part insoluble in toluene/MeOH (1:1, v/v). [g] Determined by SEC (poly(ethylene glycol) and poly(ethylene oxide)
standards) in DMF containing 10 mm lithium chloride. [h] The isolated copolymer was insoluble in common organic solvents. [i] The reaction proceeded

homogeneously during the copolymerization, but the isolated copolymer was insoluble in common organic solvents.

naphthyl)ethyl]carbamoyl group (2¢) were prepared by the
previously reported methods.*™™” A new optically active
phenylacetylene with an (S)-2-fert-butoxycarbonylamino-1,5-
dioxo-5-(phenylmethoxy)pentylamino pendant group (2b)
was prepared as outlined in Scheme 3, and its formula and
structure were confirmed by '"H NMR and elemental analysis.

Optically active, cis-transoidal poly(phenylacetylene)s
with C4, pendant groups were prepared by copolymerization
of the achiral Cg-bound phenylacetylene (1) with optically
active phenylacetylenes (2a-2c¢) in the presence of a rhodi-
um catalyst [{Rh(nbd)Cl},] (nbd = norbornadiene)
(Scheme 1). The copolymerization results at various feed
monomer ratios are summarized in Table 1. The homopoly-
merization of 1 proceeded rapidly, and a black polymer pre-
cipitated within a few minutes. The obtained homopolymer
was insoluble in common organic solvents. In order to over-
come this solubility problem with poly-1, we performed a
copolymerization of 1 with optically active comonomers.
The copolymerization of 1 with 2a and 2b at feed molar
ratios of [1]/([1]4+[2a]) = 0.1 and [1]/([1]+[2b]) = 0.1 and
0.2 proceeded homogeneously, and the obtained copolymers
were soluble in THF and chloroform. However, the copoly-
merization of 1 with 2a at [1]/([1]+[2a]) =0.2 and with 2b
at [1]/(J1] +[2b]) =0.3 resulted in precipitation in chloro-
form during the copolymerization reaction. The chloroform-
insoluble part was then separated by centrifugation, and the
supernatant was poured into a large amount of methanol in
order to collect the chloroform-soluble copolymers. After
isolation, the isolated copolymers were partially soluble in—
depending on the Cg, unit content—THF, dichloromethane,
and chloroform.

The copolymerization of 1 with 2¢ at [1]/([1]+4[2¢]) = 0.1
also proceeded homogeneously in chloroform to produce a
methanol-insoluble copolymer quantitatively after 24 h.
However, the copolymer became insoluble in common or-
ganic solvents once isolated. A part of the copolymerization
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mixture (0.1M) was therefore withdrawn after 24 h and dilut-
ed with chloroform to maintain the copolymer concentration
at 0.01mM. The diluted solution was then subjected to CD
measurements and size-exclusion chromatography (SEC).
The stereoregularity of the copolymers was investigated
by 'H NMR spectroscopy. The '"H NMR spectra of poly(1,;-
co-2a,9) (run?2 in Table 1) and poly(1y;-co-2by,) (run 7 in
Table 1) are shown in Figure 1 and Figure 2, respectively.
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Figure 1.'"H NMR spectrum of poly(1,;-co-2ay,) in [D]chloroform at
60°C.

The copolymers each showed a characteristic peak centered
at around 6 =5.7 ppm due to the main chain protons, attrib-
utable to their cis-transoidal main chains’ olefinic protons,'”!
although the proton resonances of poly(1,;-co-2b,,) were
rather broad in comparison with those of poly(1y;-co-2a,y).
This difference in line broadening may be due to a differ-
ence in the rigidity of the copolymers; poly(1,;-co-2b,)
may have a more rigid helical structure than poly(1,;-co-
2a,,). The stereoregularity of poly(1,;-co-2¢,9) (run 10 in
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Figure 2. 'H NMR spectrum of poly(1y;-co-2byy) in [D]chloroform/
[Dg]DMSO (1:1, v/v) at 60°C.

Table 1) was investigated by laser Raman spectroscopy in
the solid state, since poly(1,;-co-2¢y9) was insoluble in
common organic solvents after isolation. The Raman spec-
trum of poly(1y;-co-2¢,y) showed intense peaks at 1577,
1377, and 891 cm™, assigned to the C=C, C—C, and C—H
bond vibrations in the cis polyacetylenes, while those of the
trans forms were not observed.'!! Other copolymers, includ-
ing poly(1y;-co-2ay,) and poly(1y;-co-2b,,), also showed
similar Raman spectra, indicating that these copolymers
possess highly cis-transoidal structures (see Supporting In-
formation).

The introduction of the Cg, units into the polymer chains
was confirmed by the '"H NMR, absorption, and IR spectra
of the copolymers. The IR spectra of poly(1,,-co-2a,) and
poly(1,,-co-2b,) showed characteristic absorptions for the
Cq units at 527 cm™! (see Supporting Information). The co-
polymer compositions were estimated by the 'H NMR and
absorption spectra, which were almost in accordance with
those in the feed. The distribution of the two monomer
units in the polymer chains varies depending on the poly-
merizability of the monomers. However, it was difficult to
determine the monomer reactivity ratios of 2a-2c¢ to 1 be-
cause of the insolubility of the copolymers with high Cs,
contents. We then carried out the copolymerization of 1 and
2a at a feed molar ratio of [1]/[2a] = 10:90 (mol/mol)
(run 3 in Table 1), and the reaction was terminated at a low
level of conversion (13 %) in order to determine the copoly-
mer composition. The value ([1]/[2a] = 9.8/90.2) was in fair
agreement with that in the feed. This clearly indicates that
the polymerizability of 1 is almost identical to that of 2a
and that the monomer distributions in the copolymers of 1
and 2a may be random, independent of the level of mono-
mer conversion.

Chiroptical properties of copolymers: Figure 3 shows the
CD and absorption spectra of poly(1,;-co-2a,,) in THF (A)
and of poly(1,;-co-2¢,) in chloroform (B). The copolymers
exhibited intense, split-type ICDs in the m-conjugated main-
chain regions (280-500 nm). The Cotton effect signs were
opposite from each other because of the opposite configura-
tions of the pendant stereogenic centers of 2a (R enantiom-
er) and 2¢ (S enantiomer), but their CD spectra were simi-
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Figure 3. CD and absorption spectra of poly(1y;-co-2a,y) in THF
(0.1 mgmL™") (a) and poly(1y;-co-2¢y) in chloroform (0.1 mgmL™") (b)
at various temperatures. The insets show the corresponding CD and ab-
sorption spectra in the fullerene chromophore region at higher concen-
trations (4.6 (a) and 3.8 mgmL "' (b)). The molar concentrations were cal-
culated on the basis of the monomer units and C, units (insets).

lar in pattern to those of the homopolymers (poly-2a/“*
and poly-2¢”) and of poly[(4-carboxyphenyl)acetylene]
complexed with optically active amines or amino alcohols.*!
The magnitude of the ICDs (main-chain regions) of
poly(1y;-co-2ay,) and poly(1y;-co-2¢,y) monotonically in-
creased with decreasing temperature. Similar temperature
dependence of the Cotton effect intensities in the main-
chain regions of optically active poly(phenylacetylene)s has
also been observed for the homopolymers poly-2al*! and
poly-2¢.”! These results suggest that the induced helical con-
formations of the copolymers are dynamic in nature as a
result of cooperative interactions among the pendant
groups, and that the helical screw sense preference (right-
and left-handed helices) of the copolymers, which is control-
led by the pendant chirality, increased with decreasing tem-
perature.

www.chemeurj.org  Chem. Eur. J. 2005, 11, 11811190
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The copolymers of 1 both with 2a and with 2¢ showed
almost no detectable absorption and CD at wavelengths
over 600 nm in dilute solution (Figure 3 a and b), due to the
low concentrations of the Cq units. At higher concentra-
tions, however, apparent and remarkable CDs were induced
above 600 nm at temperatures lower than —40°C (a) and
—20°C (b), characteristic of the fullerene chromophores in
the copolymers (insets in Figure 3 a and b). The ICD inten-
sities in this region increased further at lower temperatures.
The sudden onsets and rapid increases in the optical activity
of the achiral Cg, cores in the copolymers indicate helical
arrays of the Cg pendant groups with one-handed screw
senses along the polymer backbones, because the Cg, units
themselves are achiral (Figure 4).

3.0nm

3.0 nm

Figure 4. A possible helical structure of poly(1y,-co-2a,5) (20-mer).
Space-filling models are shown: a) in top, and b) in side views. The fuller-
ene units are assumed to arrange in a left-handed helical array along the
right-handed polyacetylene main chain. The helix sense is tentative, but
the copolymer should have either a right- or a left-handed helical confor-
mation since it exhibits ICD both in the main-chain and in the fullerene
chromophoric regions.

Recently, Xu and Tang reported that the polymerization
of phenylacetylene with [{Rh(nbd)Cl},] as a catalyst in the
presence of Cy produced a Cy-containing poly(phenylacet-
ylene)."! We thus carried out the polymerization of 2a with
[{Rh(nbd)Cl},] in the presence of Cg. However, the result-
ing THF-soluble polymer showed no ICD in the fullerene
chromophore region even at —80°C.["*] Moreover, a solution
of poly-2a in THF containing 10 mol% C, exhibited no
ICD in the same fullerene region. These results support the
structure of poly(1,;-co-2a,,) shown in Scheme 1 and the in-
duction of chirality on the pendant Cg, units arranging in a
helical array.

The other copolymers (poly(1y,-co-2a,3) (run4 in
Table 1) and poly(1,3-co-2a,;) (run 5 in Table 1)) also exhib-
ited similar ICDs in the same wavelength region (600
800 nm) as well as in the main-chain region. This is the first
observation of chirality induction in achiral fullerenes origi-
nating from their helical arrangement in polymers.[”’ The ob-
served CD intensities in the fullerene chromophore regions
of the copolymers were calculated on the basis of the con-
tents of Cg, units incorporated into the copolymer chains.']
These CD values were as large as those seen for chiral mon-
osubstituted fullerenes™ and C,-symmetric chiral bis-substi-
tuted fullerenes,'® but were smaller than those of their C,-

Chem. Eur. J. 2005, 11, 1181-1190 www.chemeurj.org
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symmetric counterparts by one or two orders of magni-
tude."”

Poly(1y,-co-2b,,) with protected L-glutamate residues as
the pendant groups also showed ICD in the main-chain
region in dichloromethane, but the ICD pattern was quite
different from those of poly(1,;-co-2a,,) in THF and
poly(1y;-co-2¢,,) in chloroform (Figure 3), and the absorp-
tion maximum due to the main chain chromophore was
shifted to a longer wavelength (Figure 5a) than seen in the

a)

!

[61x 1672/
degem? dmol™!

[61x 1074/

o [6]x 1072/
T degcm? dmol™
[B1x 1074/ a 0
deg cm? dmol™ V

T

600 700 800
Alnm —

Figure 5. CD and absorption spectra of: a) poly(1,;-co-2by,) in dichloro-

methane (0.1 mgmL™'), and b) dichloromethane/DMF (1:1, v/v)

(0.1 mgmL™") at various temperatures. The insets show the corresponding

CD and absorption spectra in the fullerene region at a higher concentra-

tions—a) 43 mgmL~' and b)3.0mgmL~". The molar concentrations
were calculated on the basis of the monomer and Cy, units (inset).

homopolymers of 2a and 2¢ and their copolymers with 1. In
the presence of polar solvents such as DMF and DMSO,
however, poly(1,;-co-2by,) exhibited a dramatic change in
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its CD spectrum (Figure 5b and Supporting Information),
its ICD pattern changing to one similar to those of poly(1,;-
co-2a,,) and poly(1y;-co-2¢yo) (Figure 3). This unique CD
spectral change in poly(1,;-co-2by,) may be attributable to
a change in the helical structure; that is, a change in the
twist angle of the conjugated double bonds, probably
through intramolecular association and dissociation of hy-
drogen bonding at the pendant groups induced by the polar
solvents. Similar stabilization of helical polyacetylenes by in-
tramolecular hydrogen bonding has been reported for
poly(N-propargylamide) derivatives bearing optically active
substituents as the side groups and amino acid bound, opti-
cally active poly(phenylacetylene)s.!'®!

Another possible explanation for the change in the ICD
of poly(1y,-co-2b,,) depending on the solvent may be aggre-
gation of the copolymer main chains in the nonpolar di-
chloromethane."” It is well known that aggregations are
highly sensitive to the concentrations of polymers. However,
the ICD pattern of poly(1y;-co-2b,o) in dichloromethane
hardly changed over a poly(1,;-co-2b,,) concentration
range from 4.0 to 0.01 mgmL", indicating that the forma-
tion of aggregates could be ruled out. Moreover, dynamic
light scattering (DLS) experiments also support this specula-
tion. The estimated hydrodynamic radius (R}) value for the
poly(1y,-co-2by,) in dichloromethane (22 nm) was very simi-
lar to that in DMF/dichloromethane (1:1, v/v) (31 nm),
which excludes the possibility of the formation of aggregates
of the polymer chains in dichloromethane.”)’ AFM analyses
of poly(1y;-co-2byy) on mica, discussed in detail later on,
also support this conclusion.

We then used IR spectroscopy to investigate whether
poly(1y;-co-2b,) could enter into intramolecular hydrogen
bonding in dichloromethane. As shown in Figure 6a, the
monomer 2b showed absorptions in dichloromethane at
1702 and 3415cm™', which can be assigned to the free
amide I and the free N—H stretching vibrations, respectively,
while in the solid state (Figure 6b) these peaks were shifted
to lower wavenumbers, at 1670 and 3310 cm™', respectively.
This indicates that the pendant amide groups of 2b are en-
gaged in intermolecular hydrogen bonding in the solid
state.”! Similar hydrogen-bonded amide I and N—H stretch-
ing bonds were observed at 1670 and 3310 cm ™', respective-
ly—identical to those of the monomer 2b in the solid
state—for poly(1y,-co-2by,) in dichloromethane (Figure 6c¢).
Moreover, the IR spectra of poly(1,;-co-2by,) in dichloro-
methane hardly changed over the poly(1y;-co-2b,,) concen-
tration range from 1 to 50 mm. These results suggest that
poly(1y,-co-2by,) engages in intramolecular hydrogen bond-
ing between the adjacent side groups in dichloromethane.
Such hydrogen bonding results in the formation of a helical
structure with a different conjugation length and a helical
pitch, which might be responsible for the difference in the
ICD patterns of the copolymer in solvents. In fact, in di-
chloromethane/DMSO (1:1, v/v), the N—H stretching vibra-
tion of poly(1,;-co-2b,,) was strongly shifted to 3251 cm™
(Figure 6¢e), which is identical to that of the monomer 2b in
the same solvent mixture (Figure 6d). These large shifts of
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Figure 6. FT-IR spectra of monomer 2b: a) in dichloromethane (10 mm),
b) in the solid state, and d) in dichloromethane/DMSO (1:1, v/v), and of
poly(1y,-co-2by,): ¢)in dichloromethane (10 mm), and e)in dichloro-

methane/DMSO (1:1, v/v). The solution IR measurements were carried
out in a 150 um BaF, cell at room temperature.

the N—H vibration to lower wavenumbers can be assigned
to strong hydrogen bonding with DMSO molecules.”"! These
IR spectral results demonstrate that the intramolecular hy-
drogen bonding is broken by the addition of DMSO. We
note that poly(1,;-co-2b,,) exhibited almost the same ICD
in DMSO and in dichloromethane/DMF (1:1, v/v) (Fig-
ure 5b and Supporting Information).

Poly(1,-co-2b,,) exhibited rather intense ICD in the full-
erene region even at 25°C and the ICD intensity hardly
changed at lower temperatures (Figure 5). The ICD pattern
of poly(1y;-co-2by,) in the fullerene region was similar to
those of poly(1y;-co-2a,,) and poly(1,;-co-2¢,,), indicating
that the pendant fullerenes also arrange in a helical array
along the one-handed helix of the poly(1y;-co-2by,) main
chain and that the bulky chiral pendant of 2b may efficient-
ly assist the helical arrangement of the Cq, molecules, which
are stable at 25°C.

Atomic force microscopy studies: AFM analyses of the co-
polymers on solid substrates such as a freshly cleaved mica
surface and highly oriented pyrolytic graphite (HOPG)
were then conducted in order to observe the structures and
morphologies of the helically arranged Cgy-based copoly-
mers. Figure 7 shows typical AFM images of poly(1,;-co-
2a,y) and poly(1y;-co-2b,o) cast from dilute solutions in
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Figure 7. Tapping mode AFM images of poly(1,,-co-2a,y) (a, b) and poly(1,;-co-2byg) (d, e) cast from dilute solutions of THF (a, b) and chloroform (d,
e) on HOPG (a, b) and mica (d, e). The height profiles measured along the white lines in the images (a, d) are also shown in (c) and (f), respectively.

The arrows in (a, b, ¢, d) indicate the typically observed left-handed helices.

THF and chloroform on HOPG (a) and mica (d), respective-
ly. The morphology of the copolymers was significantly in-
fluenced by the substrates. Individual copolymer chains of
poly(1y,-co-2a,,) (average height: 2.1+0.8 nm) together
with isolated particles can be seen on HOPG (Figure 7a),
whereas isolated particles (average height: 2.6+1.3 nm)
were observed on mica after preparation by the same proce-
dure as for HOPG (see Supporting Information) because
the pendant C4, groups of the copolymer aggregate on mica
to form assemblies (clusters) through repulsive interactions
between the hydrophobic Cg, units and the hydrophilic mica
substrates.”” These results indicate that the attractive force
between the pendant Cy groups and the substrate plays a
critical role in the morphologies of the Cg-based polymers.
The average height of poly(1y;-co-2a,,) on HOPG was,
however, shorter than the molecular diameter of a helical
copolymer model (Figure 4). Tip-induced deformation of
the samples may account for the reduced height of the co-
polymer.*!

In contrast to the morphology observed for poly(1,;-co-
2a,,), poly(1y;-co-2by,), with hydrophilic glutamate resi-
dues as the chiral pendant groups, showed a different mor-
phology on the substrates. On the mica surface, with prepa-
ration from a dilute solution of poly(1,;-co-2b,,) in chloro-
form, individual copolymer chains can be observed together
with bundle chains (Figure 7d), whereas the copolymer
chains aggregate to form an assembly on HOPG (see Sup-
porting Information).
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The height profiles along the copolymer chains (Figure 7c,
f) appear to be uneven; lower profiles for poly(1,;-co-2a,,)
(0.72+£0.10 nm) and for poly(1y;-co-2byy) (0.77£0.15 nm)
and higher profiles for poly(1y;-co-2a,9) (1.48+£0.21 nm)
and for poly(1y;-co-2byo) (1.37£0.22 nm) segments were
observed in the copolymers on HOPG (b) and mica (d). Be-
cause the average heights of the homopolymers of poly-2a
and poly-2b on mica were 0.71 £0.15 and 0.75+0.11 nm, re-
spectively, the segments with higher height values may in-
volve the Cg pendant groups. This means that we may be
able to predict the position of the Cy, pendant groups in the
copolymer chains by AFM.

The images of the copolymers poly(1;-co-2a,,) on
HOPG and poly(1,,-co-2by,) on mica feature a particularly
interesting left-handed helical shape, as marked by arrows
in Figure 7a, and 7d, respectively.?*! Although we could not
distinguish the Cg, and chiral pendant groups of the copoly-
mers by AFM, these helical-shaped images may be closely
correlated to the helical conformation of the poly(phenyl-
acetylene)s, which are rather difficult to explore by spectro-
scopic means.

Conclusion
A series of optically active poly(phenylacetylene)s based on

optically active phenylacetylene units and an achiral Cgy-
bound phenylacetylene component were prepared by co-
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polymerization, and their chiroptical properties and struc-
tures were investigated by CD and AFM measurements. We
found that the copolymers predominantly formed one-
handed helical structures with the pendant fullerenes ar-
ranged in helical arrays with a predominant screw sense,
thus exhibiting characteristic ICD both in the achiral fuller-
ene chromophore region and in the main-chain region. The
copolymers with bulky chiral pendant groups enhanced the
one-handedness excess of the polymer main chain, which si-
multaneously produced helical arrays of the Cg, units, result-
ing in their adopting helical arrangements at high tempera-
tures, because the copolymers with less bulky chiral pendant
groups exhibited optical activity in the Cg chromophore
region at low temperatures. Moreover, these results demon-
strate that the copolymerization of chiral and achiral mono-
mers should be useful for further construction of a variety
of helical polymers with the desired pendant groups in one-
handed helical arrays.

Experimental Section

Instrumentation: Melting points were measured on a Biichi melting point
apparatus and are uncorrected. Fast-atom bombardment (FAB) mass
spectra were obtained on a Jeol JMS-AXS505HA spectrometer. Elemental
analyses were performed by the Nagoya University Analytical Laborato-
ry in the School of Engineering. 'H (500 or 300 MHz) and "C (125 or
75MHz) NMR spectra were measured on a Varian VXR-500S or a
Varian Mercury-300 spectrometer with tetramethylsilane (TMS) as an in-
ternal standard. SEC was performed with a Jasco PU-980 liquid chroma-
tograph fitted with a Jasco DG-980-50 degasser and a UV/Vis detector
(254 nm; Jasco UV-970) on a Tosoh TSK-GEL Multipore Hy;-M column
with THF as the eluent with polystyrene standards or on TSK-GEL o-
3000 and a-5000 columns connected in series with DMF containing LiCl
(10 mM) as the eluent with poly(ethylene oxide) and poly(ethylene
glycol) standards. IR spectra were recorded with a Jasco Fourier Trans-
form IR-620 spectrophotometer. A 150 um BaF, cell was used for the
measurements in solution. Laser Raman spectra were recorded on a
Jasco RMP200 spectrometer. Absorption spectra were recorded on a
Jasco V-570 spectrophotometer in a 0.5 cm quartz cell. CD spectra were
measured on a Jasco J-725 spectropolarimeter in a liquid nitrogen-con-
trolled quartz cell (0.5 cm) in a cryostat. AFM measurements were per-
formed on a Nanoscope IIla microscope (Digital Instruments, Santa Bar-
bara, CA) in air with use of standard silicon tips (NCH-10 V) in the tap-
ping mode. Height and phase images were simultaneously measured at
the resonance frequency of the tips with 125 um long cantilevers (235-
240 kHz). All the images were collected with the maximum available
number of pixels (512) in each direction (1 um). Scanning speed was at a
line frequency of 1.0 Hz.

Materials: THF and toluene were dried over sodium benzophenone
ketyl, and were distilled under nitrogen. Chloroform and dichlorome-
thane were dried over CaH, and distilled under nitrogen. These solvents
were stored under nitrogen over molecular sieves (4 A, Nacalai Tesque,
Kyoto, Japan). Triethylamine was distilled and dried over KOH pellets
under nitrogen. 1-Hydroxybenzotriazole monohydrate (HOBt) and gly-
cine ethyl ester hydrochloride were purchased from Wako (Osaka,
Japan) and Aldrich, respectively. (Trimethylsilyl)acetylene was kindly
supplied by Shinetsu Chemical (Tokyo, Japan). Paraformaldehyde, cop-
per(1) iodide, sodium borohydride, and N,N’-dicyclohexylcarbodiimide
(DCC) were obtained from Kishida (Osaka, Japan). Bis(triphenylphos-
phine)palladium dichloride, 4-bromobenzaldehyde, and <y-benzyl-N-tert-
butoxycarbonyl-L-glutamate were obtained from Tokyo Kasei (TCI,
Tokyo, Japan). C4 was purchased from Materials Technologies Research
(MTR Ltd., Ohio, USA). Norbornadienerhodium(i) chloride dimer
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([{Rh(nbd)Cl},]) was obtained from Aldrich and used as received. (R)-
(4)-4-[{(1-Phenylethyl)carbamoyloxy}phenylacetylene] (2a) and (S)-[4-
{(1-(1-naphthyl)ethyljcarbamoyl)phenyl]acetylene (2¢) were prepared by
the previously reported method."*¥ The Cg-bound phenylacetylene (1)
and the novel optically active phenylacetylene 2b were prepared as
shown in Schemes 2 and 3, respectively.

N-(4-Bromobenzyl)glycine ethyl ester: This compound was prepared by
treatment of 4-bromobenzaldehyde with glycine ethyl ester hydrochloride
in toluene in the presence of triethylamine, followed by hydrogenation
with sodium borohydride (70 % yield). The coupling of (trimethylsilyl)-
acetylene to N-(4-bromobenzyl)glycine ethyl ester in the presence of a
palladium catalyst (bis(triphenylphosphine)palladium dichloride), fol-
lowed by alkaline hydrolysis of the trimethylsilyl and ethyl groups, gave
N-(4-(ethynyl)benzyl)glycine. The crude product was chromatographed
on silica gel with chloroform/methanol/acetic acid (100:10:5, v/v) as the
eluent and purified by recrystallization from a mixture of ethanol and
water (5:1, v/v) (53 % yield).

Mp >205°C (decomp). 'H NMR (D,O, RT, 500 MHz): 6 = 7.47 (d,
*J(HH) = 8.0 Hz, 2H; aromatic), 7.44 (d, *J(H,H) = 8.0 Hz, 2H; aro-
matic), 4.26 (s, 2H; ArCH,NH), 3.62 (s, 2H; NHCH,CO), 3.58 ppm (s,
1H; H-C=); ®C NMR (D,0, RT, 125 MHz): 6 = 172.14, 133.80, 132.60,
130.98, 123.77, 84.11, 80.43, 51.37, 49.54 ppm; elemental analysis calcd
(%) for C;;H;;NO,0.1 C,H;OH: C 69.41, H 6.03, N 7.23; found: C 69.38,
H 5.90, N 7.32.

N-(4-Ethynylbenzyl)-3,4-fulleropyrrolidine (1): N-(4-Ethynylbenzyl)gly-
cine (0.79 g, 4.2 mmol), paraformaldehyde (0.31g, 10 mmol), and Cg,
(1.5 g, 2.1 mmol) were dissolved in toluene (600 mL), and the mixture
was heated at reflux for 10 h with stirring. After the mixture had cooled,
the solvent was evaporated under reduced pressure. The crude solid ma-
terial was purified by chromatography on silica gel with toluene/hexane
(5:1, v/v) as the eluent, yielding 1 as a black powder (0.59 g, 30 % ).

Compound 1: Mp >300°C. 'H NMR ([D]chloroform, 500 MHz, 25°C): ¢
= 7.69 (d, *J(H,H) = 85Hz, 2H; Ph), 7.63 (d, *J(H,H) = 8.5 Hz, 2H;
Ph), 4.43 (s, 4H; N(CH,),), 431 (s, 2H; Ph—CH,), 3.12 ppm (s, 1H; C=
C—H); ®C NMR ([D]chloroform, 125 MHz): 6 = 154.88, 147.30, 146.23,
146.06, 146.04, 145.67, 145.40, 145.28, 144.55, 143.09, 142.62, 142.23,
142.05, 141.87, 140.13, 138.90, 136.23, 132.52, 128.76, 121.35, 83.49, 77.35,
70.66, 67.48, 58.46 ppm; IR (KBr): # = 3289, 2921, 2850, 2782, 1461,
1427, 1338, 821 cm™'; UV/Vis (chloroform): A, (£) 702 (380), 635 (440),
608 (560), 431 (4100), 323 (37000), 307 (39000), 254 (130000); MS
(FAB+): m/z 878 [C; H,;)N+H]*.
(N-tert-Butoxycarbonyl-y-benzyloxyglutamoyl)aminophenylacetylene
(2b): HOBt (23.0 g, 150 mmol) and DCC (41.2 g, 200 mmol) were added
at 0°C to a solution of 4-ethynylaniline (5.8 g, 50 mmol), prepared by the
previously reported method,” in dry THF (270 mL). After the reaction
mixture had been stirred under nitrogen at 0°C for 1 h and then at room
temperature for 2 h, y-benzyl N-tert-butoxycarbonyl-L-glutamate (17.0 g,
50.4 mmol) was added. The dispersion solution was stirred at room tem-
perature for 17 h. After filtration, the solvent was removed under re-
duced pressure. The crude product was then dissolved in ethyl acetate
(50 mL), and the solution was washed successively with aqueous
NaHCO;, citric acid, and NaCl solutions. The organic layer was dried
over Na,SO, before evaporation of the solvent. The residue was purified
by silica gel chromatography with hexane/ethyl acetate (1:1, v/v) as the
eluent. After evaporation of the solvent, the residue was freeze-dried to
give 2b as white crystals (10.0 g, 47 % yield).

Compound 2b: Mp 40.7-41.9°C. 'H NMR ([D]chloroform, RT,
300 MHz): 6 = 8.58 (b, 1H; NHCO), 7.50 (dd, 2H; aromatic), 7.45 (dd,
2H; aromatic), 7.36 (s, 5H; benzyl), 5.34 (d, 1H; NH—Boc), 5.15 (s, 2H;
benzyl), 429 (m, 1H; CH), 3.04 (s, 1H; H-C=C), 2.66 (m, 1H; CH,),
2.48 (m, 1H; CH,), 2.22 (m, 1H; CH,), 2.00 (m, 1H; CH,), 1.61 ppm (s,
9H; Boc); IR (KBr): 7=2107 (vc_c), 1736 (Vegier)s 1671 (Vamiger)> 1529
(Vamige ) cm™'; elemental analysis caled (%) for CysHxN,Os'/sH,0: C
67.86, H 6.52, N 6.63; found: C 67.97, H 6.52, N 6.63.

Polymerization: Polymerization was carried out as shown in Scheme 1 in
a dry glass ampoule under a dry nitrogen atmosphere in the presence of
[{Rh(nbd)Cl},] as the catalyst. A typical polymerization procedure is de-
scribed below.
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Monomer 1 (26.1 mg, 29.7 umol) and monomer 2a (74.4 mg, 0.279 mmol)
were placed in a dry ampoule, which was then evacuated on a vacuum
line and flushed with dry nitrogen. After this evacuation—flush procedure
had been repeated three times, a three-way stopcock was attached to the
ampoule, and dry chloroform (6.7 mL) and triethylamine (40 pL) were
added by syringe. A solution of [{Rh(nbd)Cl},] in chloroform (0.30 mL)
was added to this at 30°C. The concentrations of the monomer and the
rhodium catalyst were 0.043m and 0.86 mm, respectively. After 24 h, the
resulting polymer [poly(1,;-co-2a,,)] was precipitated in a large amount
of methanol, collected by centrifugation, and dried in vacuo at room tem-
perature for 10 h (52 mg, 52% yield). Poly(1y,-co-2a,) was soluble in
chloroform and THF. The molecular weight (M,) was 8.4x10* as deter-
mined by SEC with polystyrene standards in THF. The 'H NMR spec-
trum of poly(1y;-co-2a,,) in [D]chloroform showed a singlet centered at
5.56 ppm, due to the main chain protons, indicating that the polymer pos-
sesses a highly cis-transoidal, stereoregular structure.!

Poly(1,;-co-2ay,): '"H NMR ([D]chloroform, 500 MHz, 60°C): 6 = 6.2—
7.4 (m, 8.5H; aromatic), 5.80 (br, 0.9H; NH), 5.56 (s, 1 H; C=C—H), 4.77
(m, 0.9H; CH), 4.13 (br, 0.2H; Ph—CH,), 3.40 (br, 0.4H; N(CH,),),
1.40 ppm (d, 2.7H; CH3).

Other copolymers of 1 with 2a—2¢ were also prepared in the same way.

Dynamic light scattering measurements: Dynamic light scattering meas-
urements were performed on a DLS-7000HK (Otsuka Electronics -
Co. Ltd., Osaka, Japan) instrument fitted with a 10 mW He-Ne Laser
(632.8 nm) at 25°C. A stock solution of poly(1y;-co-2bye) (run6 in
Table 1) (4 mgmL™") in dichloromethane was prepared in a 10 mL flask
fitted with a stopcock, and the solution was filtered through a 0.2 pm sy-
ringe filter (Toyo Roshi Co. Ltd., Tokyo, Japan). Aliquots of the stock so-
lution (2.5 mL) were transferred by Hamilton microsyringe to two 10 mL
flasks fitted with stopcocks. DMF or dichloromethane—previously fil-
tered through a 0.2 um syringe filter—was added to the flasks, so as to
keep the total volume (10 mL) and the poly(1,;-co-2b,o) concentration
at 1.0 mgmL™, and the DLS measurements were then performed on the
samples at a fixed scattering angle of 90°. The obtained autocorrelation
functions were analyzed by the method of cumulants to give the transla-
tional diffusion coefficients (Ds). The corresponding hydrodynamic
radius (R,) was calculated by use of the Stokes—Einstein equation: R, =
kgT/(6mnD), where kg, 1, and T are the Boltzmann constant, the solvent
viscosity, and the absolute temperature, respectively. The n value for
DMF/dichloromethane (1:1) at 25°C was separately determined to be
0.6876 mPas.

AFM measurements: A typical procedure is described. A stock solution
of poly(1y,-co-2ay) (1.0 mgmL™") in THF was prepared and filtered
with a 0.50 um membrane filter, and 100 pL of this stock solution was in-
jected into the SEC system. The higher molecular weight part was frac-
tionated (7.5 ugmL ") and immediately dropped onto the freshly cleaved
mica and HOPG substrates. For AFM measurements of poly(1;-co-
2b,), such SEC fractionation was not done. For all samples, the solutions
were blown off simultaneously with a stream of nitrogen, and the sub-
strates were dried in vacuo overnight to measure the AFM images in the
tapping mode. All the experiments were performed in air at ambient
temperature.

Molecular modeling and calculations: Molecular modeling and molecular
mechanics calculation were performed with the Dreiding force field (ver-
sion 2.21)? as implemented in the CERIUS? software package (ver-
sion 3.8; Molecular Simulations Inc., Burlington, MA, USA) running on
an Indigo®-Extreme graphics workstation (Silicon Graphics). The poly-
mer model with a random sequence of 1 and 2a (20 repeating monomer
units with [1]/[2a] = 2:8) of poly(1,,-co-2a,5) was constructed by use of
a Polymer Builder module in CERIUS? by a method similar to that re-
ported previously.™™! Charges on the atoms of the copolymer were calcu-
lated by charge equilibration (QEq) in CERIUS?; 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 con-
formation 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. As in the case of homopolymer, poly-2a with an
(R)-[(1-phenylethyl)carbamoyl]oxy group, the chiral side groups could
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control a helical state to one-handedness in excess since poly-2a showed
an intense ICD in the UV/Vis region.*"! However, no preferable helical
conformation of poly-2a (right- or left-handed helix) has yet been deter-
mined, so we assumed that poly-2a and its copolymer with 1 may have a
right-handed helix and the initial dihedral angle (¢) was set to 150°
(transoid) on the basis of the calculated structure of poly[4-(tert-butyldi-
methylsiloxy)phenylacetylene], in which the pendant group was similar
in bulkiness to that of 2a. The constructed model (20-mer) was optimized
by the conjugate gradient method. The energy minimization was contin-
ued until the root-mean-square (rms) value became less than 0.1 kcal mo-
1"'A~'. The average divergence of the dihedral angles of the double and
single bonds from planarity were 158.2+3.3° and —4.4 £2.8°, respective-
ly. The obtained right-handed helical structure of poly(1y,-co-2ayg) is
shown in Figure 4. The helix sense of the copolymer is tentative and the
opposite helix sense cannot be ruled out. To presume a more stable heli-
cal state, more detailed molecular mechanics and molecular dynamics
calculations of model polymers of 2a and poly(1,-co-2a,,) would be nec-
essary.
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