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ABSTRACT: Two novel Gge-bound chiral 8) and achiral 2) phenylacetylenes were synthesized by the treatment

of Cgo with (R)-N-[1-(4-ethynylphenyl)ethyl]glycine anN-(4-ethynylbenzyl)glycine by the Prato reaction in the
presence of paraformaldehyde and dipentadecyl ketone, respectively. The homopolymerization of th& achiral
bearing long alkyl chains and copolymerization with optically active phenylacetylenes incRidsigg a rhodium

catalyst in chloroform homogeneously occurred, giving thgddntaining helical poly(phenylacetylene)s soluble

in chloroform, while the homopolymers of the analogous achigglf©und 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 homopolymetsanid 3 bearing fullerene pendants on each
repeating unit was also studied by electron microscopy.

Introduction ring of the 3,4-fulleropyrrolidine residue, and this was copo-
lymerized with an optically active phenylacetyledg o obtain
optically active and highly soluble helical copolymers with a
igh Gso content (Scheme 1). A new optically activgg®ound
henylacetylene3) 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 and 3 were also studied by electron microscopy.

Fullerene (Gg)-containing polymers have recently attracted
significant attention because the incorporation gf i@olecules h
into polymer backbones or pendants is the most versatile methodp
of producing practically useful &gbased materials with a high
mechanical strength and good processabilftuch Gg-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 @f @olecules:—3 In
a series of studies, we reported the copolymerization of an
achiral phenylacetylene bearing gg@endant {) with optically
active phenylacetylenes such 4swhich produced preferred-  Results and Discussion
handed helical copolymers in which the pendagid@oups are
arranged in a helical array with a predominant screw-sense alongP
the polymer backbonésThe 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 Go molecules were possible for a dynamically racemic
helical poly(phenylacetylene) bearing bulky 18-crown-6 ether

and ach_lral Go units as the pendantsyhen corr_1p|e>_<ed with ketone afforded the target monoadddan 12% yield (Scheme
or p-amino acids through noncovalent bonding interactfons. 2). The new optically active fullerene monongwas prepared
These copolymerization approaches are certainly useful for a5 outlined in Scheme 3 starting from the commercially available
producing optically active gz-based helical polymers with a  (R)-1-(4-bromophenyl)ethylamine hydrochloride followed by the
helical array of the pendants&molecules in the desired screw-  prato reaction of g with (R)-N-[1-(4-ethynylphenyl)ethyl]-
sense. However, such a helical array of thg @its showing glycine in the presence of paraformaldehyttegive 3 in 14%
optical activity in the achiral fullerene chromophore region was yje|d.
possible when the ¢ units in the copolymers were less than  The copolymerization of the achirawith the optically active
30 mol %. Because of the low solubility of fullerene, the 3 or 4 was carried out with a rhodium catalyst, [Rh(nbd)Cl]
incorporation of more than 30 mol % of thelinits of 1 into (nbd: norbornadiene), which is known to be effective for the
the copolymers yielded copolymers insoluble in common polymerization of monosubstituted phenylacetylenes to give
organic solvent4? In order to overcome these solubility high-molecular weight, stereoregular (cis-transoidal) poly-
problem, we prepared a novel achirgh®ound phenylacetylene  (phenylacetylene)jn chloroform containing a small amount
(2) by introducing two long pentadecyl chains on the pyrrolidine of triethylamine according to Scheme 1. The copolymerization
results are summarized in Table 1.

*To whom correspondence should be addressed. E-mail: yashima@ 1he homopolymerization o2 (run 1 in Table 1) homoge-
apchem.nagoya-u.ac.jp. neously proceeded and the obtained homopolymer (Polvas

Synthesis and Polymerization of Chiral and Achiral
henylacetylenes Bearing Fullerene Pendantdn order to
improve the solubility of the poly(phenylacetylene)s bearigg C
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 g C
with N-(4-ethynylbenzyl)glyciné which had been prepared by

a previously reported methddp the presence of dipentadecyl
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Scheme 1. Synthesis of &-Bound Helical Poly(phenylacetylene) Derivatives
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Scheme 2. Synthesis of an Achiral -Bound Phenylacetylene Derivative (2)
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Scheme 3. Synthesis of an Optically Active §-Bound Phenylacetylene Derivative (3)
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soluble in chloroform, while the homopolymer &f(poly-1) singlet centered at 5.7 ppm due to the main-chain protons, which
was insoluble in the common organic solvents, such as can be assigned to the cis-transoidal main-chain’s olefinic
chloroform and tetrahydrofuran (THF), as previously reported protons (Figure S13° However, the peaks due to the main-
(run 8 in Table 1) The copolymerization o2 with 3 (run 3 in chain protons of polyp 3-C0-40 7) and poly@o 5-Co-4o 5) became
Table 1) and4 (runs 5-7 in Table 1) also homogeneously considerably broadened with the increasing ntents (Figure
proceeded and the obtained copolymers were soluble inS1), probably due to the rigidity of the copolymers which
chloroform. On the other hand, the homopolymerizatiorBof  increased with the increasing bulkgdZontents. ThéH NMR
(run 2 in Table 1) and the copolymerization 2fvith 3 at the spectra of poly2 and poly@o.¢-c0o-30.1) were also too broad to
feed ratio of PJ/([2] + [3]) = 0.8 (run 4 in Table 1) rapidly = determine the stereoregularity. Therefore, the stereoregularities
proceeded, and the black polymers precipitated within a few of poly-2 and poly@s o-c0o-3 1) as well as polyZy s-co-4o 7) and
minutes due to the poor solubility of ti3aunits. The chloroform poly(2, 5-co-4g 5) were investigated by laser Raman spectroscopy.
soluble fractions were confirmed to be unreacted monongers ( The Raman spectra of these copolymers showed intense peaks
and3) by size exclusion chromatography (SEC) measurementsat 1535, 1330, and 966 crh which were assigned to the=€
and the obtained polg-was hardly soluble in the common C, C—C, and C-H bond vibrations in the cis polyacetylenés,
organic solvents, but the poBys-co-3p.2) was partially soluble while those in the trans polyacetylenes were not observed,
in carbon disulfide (Cg. indicating that these copolymers possess highly cis-transoidal
The stereoregularity of the copolymers was investigated by structures (for example, see Figure $2The stereoregularity
IH NMR and Raman spectroscopies. Ti¢ NMR spectrum of the insoluble poly8 was also highly cis-transoidal based on
of poly(2p.1-co-4.g) in CDCl; at 60°C showed a relatively sharp  its laser Raman spectrum.
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Table 1. Copolymerization Results of Achiral Fullerene Monomers (1 and 2) and Optically Active Comonomers (3 and 4) with [Rh(nbd)Gljin
Chloroform in the Presence of Triethylamine at 30°C for 24 h?

polymer

diethyl ether-insoluble part

[M4] in feed M1+ Mg yield yield [M1] in polymer

run My My (mol %) (M) sample code (%0)° (%) (mol %)° Mp x 10744
1 2 100 0.043 poly2 42 100 3.0
2 3 100 0.016 poly3 31¢ 100

3 2 3 90 0.043 polyZo.g-C0-30.1) 51 5.1
4 2 3 80 0.043 polyRo.&C0-30.2) 37 4.7
5 2 4 50 0.043 polyZo 5-C0-4o 5) 86 46.5 5.0
6 2 4 30 0.043 polyRo 3-c0o-40.7) 88 305 4.2
7 2 4 10 0.043 poly®o.1-c0-4o.9) 81 12.2(9.8) 55
gh 1 100 0.016 polyt 60° 100

gh 1 4 10 0.043 polylo.1-co-4o.9) 52 12.3 8.4

apolymerized under nitrogen; [IVH- M;]/[triethylamine] = 1. [M; + My]/[Rh] = 100.° Chloroform insoluble part Estimated by IR spectroscopy.
d Determined by SEC with polystyrene standards using chloroform as the eluiesluble in common organic solventS, soluble partg Estimated by
1H NMR spectroscopy? Cited from ref 4a.

The copolymer compositions of poB«o-4)s were estimated  a split-type ICD in the fullerene chromophore region as shown
by their IR spectra on the basis of the ratio between the in Figure 1B. Such a split-type ICD was not observed for the
characteristic absorption for the carbonyl groupdcét 1716 previously prepared §g-bound poly(phenylacetylene)s, such as

cm~1 and that of the fullerene unit ¢t at 527 cnmi! (Figure poly(1-co-4) with Cgo contents of less than 30 mol 46.This
S3). The calibration curve was obtained by plotting the positive CD couplet in the fullerene region is likely indicative
corresponding peak intensity ratios of monom2rand 4 vs of a right-handed helical array of the pendant fullerenes.
the content of4 in the various mixtures o# and 2. The Poly(2o.o-c0-3p 1) also exhibited a similar ICD in the fullerene
copolymer compositions estimated by their IR spectra were chromophore region above 600 nm as well as insthgonju-
nearly in accordance with those in the fé@drhis method, gated main-chain region (25600 nm) and the ICD intensity

however, cannot be used for estimating the copolymer composi-hardly changed at lower temperatures (Figure 1C). The CD
tion of poly(20.gc0-30.1) having Go units in each repeating  spectrum of the optically active monon(Figure 1C) showed
monomer unit. Moreover, thtH NMR spectrum of polyZo o a very weak ICD in the same fullerene chromophore region.
c0-3p.1) was too broad to determine the copolymer composition. These results indicated that the pendant fullerenes are arranged
Chiroptical Properties of Copolymers. The CD and absorp-  in a helical array along the preferred-handed helical f@gly(
tion spectra of polyZp 1-co-40.9) and poly@o 5-co-4o.5) in chlo- €0-3p.1) main-chain and that the bulky fullerene pendants appear
roform are shown in Figure 1, parts A and B, respectively. The to efficiently assist with the helical arrangement of thg, C
copolymers exhibited an ICD in the-conjugated main-chain ~ molecules, which are stable at 26, although the helix-sense
region (300-500 nm), although their ICD patterns were slightly excess of the main-chain is small due to the above-mentioned
different from each other. The magnitude of the ICDs increased dissymmetric substitution effect of the alkyl chains on the
with the decreasing temperature, but their increase was notpyrrolidine ring and also due to the small chiral units 3f
significant when compared with poliy;-co-4o.9) (run 9 in Table incorporated in the copolymer. However, this is the first example
1).* These observations suggest that the helical screw-senseof a soluble helical poly(phenylacetylene) bearing fullerene
preference increased with the decreasing temperature. The ICDpendants on each monomer ukit.
intensity of poly@o 1-co-40 9) was quite weak compared to that Recently, we successfully determined the helical structure of

of the previously reported pol¥f -co-4o.9) (run 9 in Table 1), a poly(phenylacetylene) bearing enor p-alanine residue with
which consists of the same chiral unit)(and an analogous a longn-decyl chain as the pendants (pdl-and poly5D,
achiral fullerene unit except for the long alkyl chainimwith respectively) including the helical pitch and handedness by direct
almost the identical chiral/achiral molar ratio (12 mol 4d)his atomic force microscopy (AFM) observations together with their

weak ICD of the poly2 -co-40g) may be attributed to the  X-ray structural analyses and CD measuremé&n®oly-5L has
dissymmetric substitution of the alkyl chains on the pyrrolidine a left-handed helical array with respect to the pendant arrange-
ring of the achiral 3,4-fulleropyrrolidine units. Similar weak ments, while the main-chain has the opposite, right-handed
ICDs were previously observed for poly(phenylacetylene)s helical structure. The ICD pattern of poBs(e-co-3p.1) in the
having chiral pendants at the meta positoand the poly- main-chain region is similar to that of poBt-.16 Therefore,
(phenylacetylene) bearing a carboxy group at the meta positionthe main-chain of the pol@§oco-3p.1) is assigned to have a
complexed with optically active aminé$Such a dissymmetric  right-handed helical structure and the helical array of the pendant
substitution may afford various types of chiral interactions fullerenes may be assigned as left-handed. However, 2uajy(
among the pendant groups, which may prevent an effective co-3p1) seems to have an opposite right-handed helical array
preferred-handed helicity inductidf1* of the pendant fullerenes on the basis of the exciton chirality
Poly(2.1-co-49.9) and poly@o5-co-4g5) displayed almost no  method because the poB-co-3p1) exhibited a positive
detectable absorption and CD at wavelengths over 600 nm inexciton-coupled ICD in the fullerene chromophore region similar
dilute solution due to the low concentrations of thg Gnits. to that of poly@o.sCc0-4g5) in their patterns (Figure 1, parts B
At higher concentrations, however, weak, but apparent ICDs and C). This contradiction can be explained by taking into
were observed above 600 nm (Figure 1, parts A and B). Theseconsideration the direction of the 3,4-fulleropyrrolidine units.
results suggest that the copolymers form a preferred-handed Parts A and B of Figure 2 show two possible right-handed
helix and the achiral § pendants of the copolymers may helical structures of polg o-co-3p.1) with right- and left-handed
arrange in a helical array with a predominant screw-sense alonghelical arrays of the pendanggunits, respectively. When the
the polymer backbones. Especially, p@yéco-4.5) exhibited initial dihedral angle between the phenyl group and fulleropy-
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Figure 1. CD and absorption spectra of paly(-co-4og) (A), poly(205c0-4os) (B), and polyRooco-301) (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 mongmerien@Get).
The CD spectrum of optically active monom@is also shown in Figure 1C.

rrolidine moiety ¢) is set to 180 < ¢ < 240 (¢ = 180 for (A and B), respectively. Particles with an average diameter of
Figure 2B), the pendant fullerenes are arranged in a left-handedabout 106-200 nm were observed for poly{Figure 3B) and
helical array along the polymer backbone. On the other hand, poly-3 (Figure 4B)!8 Interestingly, the polymer particles could
the helical array of the pendant fullerenes becomes opposite,be visualized by SEM without sputter-coating with Au, sug-
right-handed when the dihedral angle is set t0<0¢ < 120° gesting that these polymers have an apparent conductivity.
(¢ = 60° for Figure 2A). Therefore, these molecular modeling Transmission electron microscopy (TEM) was then used to
studies suggest that poBys-co-3p.1) may take a right-handed investigate the structure and morphology of the polymers in
helical array of the pendant fullerenes along the same right- greater detail. Figures 3 (C and D) and 4 (C and D) show the
handed helical backbone, which is in accordance with the typical TEM images of polyt and poly3, respectively. Smaller
observed CD pattern. particles with an average diameter of about 15 and 30 nm for
SEM and TEM Studies. It is well-known that fullerene poly-1 and poly3, respectively, can be directly visualized by
derivatives often self-assemble to form spherical particles TEM. Therefore, the large particles observed by SEM appeared
through thexr—x* stacking interaction of the carbon caffe.  to consist of smaller particles. We presume that gblgnd
We anticipated that scanning electron microscopy (SEM) might poly-3 form nanometer-scale small particles, which further
provide an insight into the structure and morphology of the hierarchically aggregate to form larger particles during the
poly-1 and poly3 aggregates being insoluble in common organic polymerization® The reason for the difference in their particle
solvents. Samples were prepared by casting dilute dispersionssizes between these aggregates on a nanometer-scale is not clear
of poly-1 and poly3 in chloroform on freshly cleaved highly  at present, but the difference in optical activity may be
oriented pyrolytic graphite (HOPG) substrates. concerned. Poly- composed of the achiral monom&rmay
Typical SEM images of the optically inactive polyand possess a dynamically racemic helical conformation (an equal
optically active poly3 are shown in Figures 3 (A and B) and 4 mixture of right- and left-handed helices), while p@ymight
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(A) ¢=63.8+58°
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Figure 2. Possible helical structures of poBg(-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 literdtiite initial dihedral angle between the phenyl group and
the fulleropyrrolidine moiety ) was set to be 60 and 18 parts A and B, respectively. Thgvalues after optimization are also shown in parts
A and B.

have a predominantly one-handed helical conformation inducedmass spectra were obtained on a JEOL JMS-AX505HA spectrom-
by the chiral pendants similar to other poly(phenylacetylene)s eter.*H (500 or 300 MHz) and*C (125 or 75 MHz) NMR spectra
bearing optically active pendari$.Although we have no  Were measured on a Varian VXR-500S or Varian Mercury-300
experimental evidence to support this assumption, such a one-Spectrometer using tetramethylsilane (TMS) as an internal standard.

handed helix formation in polg-may contribute to the effective ~ SEC Measurement was performed with a JASCO PU-980 liquid

. . . . chromatograph equipped with a JASCO DG-980 degasser and
packing of the polymer chains with the same handedness durlnga UV—visi%Ie%ete%toFr)?ZM nm: JASCO UV-970). A Tgsoh (Tokyo,

the aggregation process, resulting in formation of larger particles Japan) TSKgel Multipore-i-M SEC column (30 cm) was
compared to those of poly- connected, and chloroform was used as the eluent at a flow rate of
In summary, we have prepared and characterized optically 1.0 mL/min. The molecular weight calibration curve was obtained
active, soluble helical polymers and copolymers bearing fullerene with polystyrene standards (Tosoh). IR spectra were recorded with
groups on each repeating monomer unit, which arrange in aa JASCO Fourier Transform IR-620 spectrophotometer. Laser
helical array with a predominant screw-sense along the polymerRaman spectra were taken on a JASCO RMP200 spectrometer.
backbones, thus showing optical activities both in the main- Absorption spectra were taken on a JASCO V-570 spectrophotom-
chain and in the fullerene chromophore regions, although the eterin a 0.5 cm quartz cell. CD spectra were measured on a JASCO

helix-sense excesses may be small. The present study demon-'725 spec}ropolarlmeter with a liquid nitrogen-controlled 0.5 cm
quartz cell in a cryostat. SEM measurements were performed on a

strates that the introdugtion qf Iong alkyl chains in the pend.ant JEOL JMS-5600 or a HITACHI S-5000 scanning electron micro-
fullerene monomer residue is quite effective for constructing scope with the accelerating voltage of 10 kV and emission current
soluble Gg-bound helical poly(phenylacetylene)s with highhC  of 10 uA. TEM measurements were performed on a HITACHI
contents. Moreover, we found thaggbound poly(phenylacety-  H-800 transmission electron microscope operating at 100 kV.
lene)s bearing no alkyl chains hierarchically aggregate during  Materials. Toluene was dried over sodium benzophenone ketyl,
the polymerization to form regularly sized, spherical particles. and distilled under nitrogen. Chloroform was dried over gahd

We expect that optically activeggbound helical poly(pheny-  distilled under nitrogen. These solvents were stored under nitrogen
lacetylene)s may show a unique chiral recognition ability as over molecular sieve 4 A (Nacalai Tesque, Kyoto, Japan).
chiral adsorbents due to the preferred-handed helical array of Tfiethylamine was distilled and dried over KOH pellets under

; PR nitrogen. (Trimethylsilyl)acetylene was kindly supplied from Shi-
?sep%;rrgiecules, and further studies along this line are now netsu Chemical (Tokyo, Japan). Copper(l) iodide was obtained from

Kishida (Osaka, Japan)R)-1-(4-Bromophenyl)ethylamine hydro-
chloride, ethyl bromoacetoacetate, dipentadecy! ketone, and bis-
(triphenylphosphine)palladium dichloride ([($#),PdCL]) were
Instruments. Melting points were measured on @ melting from Tokyo Kasei (Tokyo, Japan).sg@was purchased from Frontier
point apparatus and are uncorrected. Fast atom bombardment (FAB)Carbon (Tokyo, Japan). [Rh(nbd)&lvas obtained from Aldrich

Experimental Section
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100 nm

100 nm

Figure 4. SEM (A, B) and TEM images (C, D) of polg-on HOPG.

and used as receivel-(4-Ethynylbenzyl)glycing® and R)-4-[{- for 12 h under stirring. After cooling, the solvent was evaporated

(1-phenylethyl)carbamoylo}phenylacetylene4)'3 were prepared under reduced pressure. The residue was then dissolved in

according to the previously reported method. chloroform (50 mL) and the insoluble part was removed by
N-(4-Ethynylbenzyl)-2,2-dipentadecyl-3,4-fulleropyrroli- filtration. The filtrate was evaporated under reduced pressure and

dine (2). N-(4-Ethynylbenzyl)glycine (1.0 g, 7.0 mmol), dipenta- the crude product was purified by chromatography on silica gel
decyl ketone (14.7 g, 41.7 mmol), angdyC7.7 g, 14.0 mmol) were using hexane as the eluent, yielding a black pov2dér87 g, 12%).
dissolved in chlorobenzene (500 mL) and the mixture was refluxed Mp > 450°C. *H NMR (500 MHz, CDC}, 25°C, TMS): ¢ 7.68
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(d, J = 8.5 Hz, Ph, 2H), 7.59 (d) = 8.5 Hz, Ph, 2H), 4.64 (s, Homopolymerization o and3 was also performed in the same
NCH,, Ph—CH,, 4H), 3.09 (s, &C—H, 1H), 2.65 (m, CH, 2H), way. The homopolymerization &proceeded homogeneously and
2.54 (m, CH, 2H), 1.87 (m, CH, 4H), 1.24-1.55 (m, CH, 48H), the resulting polymer (poly) was precipitated into a large amount

0.88 (t, CH, 6H).13C NMR (125 MHz, CDC}, 25°C): 6 157.07, of diethyl ether/toluene= 1/1 (v/v), collected by centrifugation,
155.07, 147.23, 147.19, 146.62, 146.31, 146.27, 146.08, 145.74,and dried in vacuo at room temperature overnight. On the other
145.40, 145.31, 145.25, 144.67, 144.58, 143.35, 142.80, 142.77,hand, the homopolymer &was precipitated in chloroform during
142.39, 142.00, 141.76, 141.48, 140.36, 139.51, 136.25, 135.72,the polymerization. The precipitated pdywas collected by
132.65, 129.19, 128.37, 128.27, 121.02, 83.80, 82.23, 72.67, 63.11 centrifugation, washed with chloroform, and dried in vacuo at room
51.91, 35.92, 32.09, 31.74, 30.71, 29.90, 29.85, 29.80, 29.73, 29.68temperature overnight.

29.54, 25.10, 22.87, 22.81, 14.32. IR (KBr, Tth 3299, 2920, Molecular Modeling and Calculations. Molecular modeling and

2850, 1460, 1182, 818, 527. MS (FAB: calcd for GosH7zN [M molecular mechanics calculation of pdlyg-co-30;) were per-

+ H]*, m/z= 1299.6; foundm/z= 1299.6. formed with the Dreiding force field (version 2.22)as imple-
(R)-N-[1-(4-Ethynylphenyl)ethyl]-3,4-fulleropyrrolidine (3). mented in CERIUBsoftware (version 3.8; Molecular Simulations

(R)-N-[1-(4-Ethynylphenyl)ethyl]glycine ethyl ester was prepared [nc., Burlington, MA) running on an IndigeExtreme graphics
from the reaction ofR)-1-(4-bromophenyl)ethylamine hydrochlo- ~ Workstation (Silicon Graphlc_s). For the calculations, the homop_oly-
ride with ethyl bromoacetate in acetonitrile in the presence of mer poly2was used for clarity. The polymer model (20 repeating
triethylamine (34% yield). The coupling of (trimethylsilyl)acetylene monomer units) of poly2 was constructed using a Polymer Builder
to (R)-N-[1-(4-ethynylphenyl)ethyl]glycine ethyl ester with a pal- Mmodule in CERIUS in a similar method reported previously.
ladium catalyst ([(P¥°),PdC}]), followed by alkaline hydrolysis ~ Charges on atoms of the polymer were calculated using charge
of the trimethylsilyl and ethyl ester groups, gave){\-[1-(4- equilibration (QEq). in CERIUS;Fhe total chayge of the molecule
ethynylphenyl)ethyl]glycine. The crude product was purified by Was zero. The starting main-chain conformation o_fa polymer model
chromatography on silica gel using chlorofermethanol (5:1, viv) ~ Was defined as the double bond geometry (cis or trans) and a
as the eluent (34% yield)R(-N-[1-(4-Ethynylphenyl)ethyl]glycine conformation of a rotational single bond. The double bond geometry
(73.3 mg, 0.36 mmol), paraformaldehyde (65.0 mg, 1.65 mmol), Was f|>§ed to cis and th_e initial d_|h_e_dral_angle of a single b_ond from
and Gpo (0.52 g, 0.72 mmol) were dissolved in toluene (50 mL) Planarity could be varied. .The initial dihedral angles qf single and
and the mixture was refluxedfé h under stirring. After cooling, ~ double bonds from planarity were set to 156.5 (transoid) and’15.6
the solvent was evaporated under reduced pressure. The residuécis), respectively, so as to possess a right-handed helical structure
was then dissolved in chloroform and the insoluble part was and the phenylrings were twisted out of the backbone by°5h8
removed. The filtrate was evaporated under reduced pressure andhe basis of the calculated structure of poly(4-carboxyphenylacety-
the crude product was purified by chromatography on silica gel lene)?* The initial dihedral angle between the phenyl group and
using hexanetoluene (3:1, v/v) as the eluent, yielding a black fUllerOpyrrOlldlne residued) was allowed to rotate from°Go 300
powder3 (44.5 mg, 14%). Mp> 385°C (decomposition)iH NMR at 60’ intervals. Ea.ch constru.cted model (20 mer) Wa_s.th.en
(700 MHz, CDC}, 25°C, TMS): 6 7.70 (d,J = 7.7 Hz, Ph, 2H), optimized by the conjugate gradient method. The energy minimiza-
7.62 (d,J = 7.7 Hz, Ph, 2H), 4.46 (d) = 8.4 Hz, NCH, 2H), tion was continued until the root-mean-square (rms) values became
4.31 (d,J = 8.4 Hz, NCH, 2H), 4.00 (q, PR-CH, 1H), 3.10 (s, less than 0.1 keal mo’rll\‘_l. Parts A and B of Figure 2 show two
C=C—H, 1H), 1.81 (dJ = 7.0 Hz, CH, 3H).13C NMR (125 MHz, possible right-handed helical structures of p2igfco-3p.1) in which
CDCl;, 25°C): 6 155.18, 155.42, 147.48, 146.41, 146.27, 146.23, the pendant € units arrange in right- (A) and left-handed (B)
146.20, 145.85, 145.58, 145.45, 144.74, 143.25, 142.78, 142.44 helical arrays when the averagevalue was 63.8: 5.8 (A) and
142.39, 142.22, 142.04, 140.29, 136.44, 132.87, 127.38, 121.44,171.6+ 9.1° (B), respectively (see Figure 2).

70.49, 68.14, 66.42, 63.81. IR (KBr, ci): 3294, 2964, 2850, SEM Observation. A typical procedure is described below.
2780, 1427, 1260, 1096, 1026, 802, 527. MS (FAB calcd for Poly-1 or poly-3 (1.0 mg) was placednia 2 mLflask equipped
CHigN [M + H]t, m/z= 892.1; foundm/z= 892.1. with a stopcock. To this was added 1.0 mLasflichlorobenzene.

The suspension was then sonicated Zch 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. P@y¢-co-3p.1) (1.0 mg) was placed
Monomer2 (15.0 mg, 11.6umol) and monome# (27.5 mg, in a 2 mL flask equipped with a stopcock. To this was added 1.0
0.10 mmol) were placed in a dry ampule, which was then evacuated | of chloroform and then 1.0 mL of isopropyl alcohol. After the
on a vacuum line and flushed with dry nitrogen. After this gqjytion was left at ambient temperature for 1 day, the precipitates
evacuation-flush procedure was repeated three times, a three-wayyeare formed. The suspension was then dropped on freshly cleaved
stopcock was attached to the ampule, and dry chloroform (2.5 mL) 4opG substrates. The substrates were then dried in vacuo overnight

and triethylamine (16L) were added with a syringe. To this was {5 measure the SEM images. All the experiments were performed
added a solution of [Rh(nbd)GI{3.8 mM) in chloroform (3.4 mL) in air at ambient temperature.

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 (polyZ, 1-c0-4g.¢)) 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-c0-4g ) was soluble in chloroform and toluene. The number- .
averaged molecular weighi() was determined to be 5.5 10* Acknoyvledgment. We are deeply grateful to Dr: S. Ara|
by SEC. TheH NMR spectrum of polyZo.1-co-40¢) in CDCly (EcoTopia Sc_lence R_esearch Center_, Nagoya University) for
exhibited a singlet centered at 5.7 ppm due to the main-chain TEM observations. This work was partially supported by Grant-
protons, indicating that the polymer processes a highly cis- in-Aid for Scientific Research from the Japan Society for the
transoidal, stereoregular struct@®Poly(2y1-co4gg): H NMR Promotion of Science and the Ministry of Education, Culture,
(500 MHz, CDCH4, 60°C, TMS): 6 6.4— 7.5 (m, aromatic, 8.5H),  Sports, Science, and Technology, Japan (K.M.).

5.82 (br, NH, 0.9H), 5.66 (s,€C—H, 1H), 4.77 (m, CH, 0.9H),

Polymerization. Polymerization was carried out in a dry glass
ampule under a dry nitrogen atmosphere using [Rh(nbgSIthe
catalyst. A typical polymerization procedure is described below.

TEM Observation. A suspension solution of pol¥; poly-3, or
poly(2o.-c0-3p.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.

4.41 (br, PR-CHy, 0.2H), 2.95 (br, N(CH),, 0.4H), 2.62 (br, Chl Supporting Information Available: Figures showingH NMR
2.7H), 2.43 (br, CH, 2.7H), 1.83 (br, Ch 2.7H), 1.1-1.6 (m, spectra of poly?,-co-4,), laser Raman spectrum of poBy(-co-
CHy, 2.7H), 0.86 (br, Ci} 2.7H). 3,.0), IR spectra of polyZ,-co-4) and poly2, and SEM, and TEM

Other copolymers of with 3 and4 were also prepared in the  images of polyZy o-c0-3p 7). This material is available free of charge
same way. via the Internet at http:/pubs.acs.org.
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