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Novel [60]fullerene-based poly(phenylacetylene)s prepared by
the copolymerization of achiral phenylacetylenes bearing a Ceo
or crown ether pendant form a one-handed helix upon
complexation with L- and p-alanine, yielding a helical array of
the pendant fullerenes with a predominant screw-sense along
the polymer backbone.

Since the development of the large-scale production of [60]full-
erene (Cgp),t @ number of Cgo derivatives? and Cgo-containing
polymers3 with awell-defined structure have been synthesized with
great interest in recent years due to their unique physical and
chemical properties and their possible applications in the fields of
material and biological sciences.4 We have recently reported the
first example of optically active helical poly(phenylacetylene)s
bearing Cso pendants by the copolymerization of an achiral Cgo-
bound phenylacetylene with an optically active phenylacetylene.
The copolymers formed a predominantly one-handed helical
structure and exhibited a characteristic induced circular dichroism
(ICD) in the main chain region as well as in the fullerene
chromophore region. The induction of chirality upon achira
fullerenes appears to be derived from their helical arrangementsin
the copolymers.> The macromolecular helicity with the pendant
helical array of the fullerenes is completely controlled by the
optically active comonomer introduced in the main chain through
covalent bonding. On the other hand, the induction of macro-
molecular helicity in optically inactive poly(phenylacetylene)s can
be possible through non-covalent bimolecular interactions when
the polymers have functional groups such as carboxy,® amino,”
boronate® and phosphonate® groups or macrocyclic host pendants
such as a bulky 18-crown-6 ether.10 Upon complexation with
optically active compounds capable of interacting with the
functional groups or the crown ether, the complexes exhibit a
characteristic ICD in the polymer backbone regions due to one-
handed helicity induction in the polymers. In particular, the crown
ether-bound poly(phenylacetylene) is highly sensitive to the amino
acid chirality and forms a one-handed helix with amino acids
through a significant cooperative interaction.l®© On the basis of
these observations, we have now designed and synthesized novel
optically inactive, cis-transoidal Cgo-bound poly(phenylacety-
lene)s bearing the crown ether pendant as the amino acid binding
site. We anticipate that the amino acid-derived chiral informationis
transmitted to the polymer backbone through a non-covalent
bonding interaction with the pendant crown ethers, leading to an
excess of the one-handed helical sense in the polymer backbone,
which further results in a helical array of the Cgo pendants with a
predominantly one handed screw-sense (Fig. 1).

Optically inactive, cis-transoidal Cgo- and 18-crown-6-bound
poly(phenylacetylene)s were prepared by the copolymerization of
achiral phenylacetylenes bearing a Cgo (1)5 or an aza-18-crown-6
ether pendant (2)10 using a rhodium catalyst [Rh(nbd)Cl]» (nbd =
norbornadiene, Fig. 1). The results of the copolymerization at
various feed monomer ratios are summarized in Table 1. The
copolymers obtained at the feed ratio of [1]/([1] + [2]) = 0.15 were
solublein chloroform and dichloromethane, while those obtained at

T Electronic Supplementary Information (ESI) available: Full synthetic and
analytical detailsand UV-vis, CD, IR and NMR spectra of the copolymers.
See http://www.rsc.org/suppdata/cc/b3/b312511d/
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[2]/([1] + [2]) = 0.2 were insoluble in common organic solvents.
The H NMR spectraof the copolymers had asharp singlet centered
at 5.8 ppm due to the main chain protons, indicating that the
copolymers possess a highly cis-transoidal, stereoregular struc-
ture.t The introduction of the Cgo pendants into the polymer chain
was clearly confirmed by the *H NMR, absorption, and IR spectra
of the copolymers and the compositions determined by these
measurements were in good agreement with those in feed.t
Although the monomer reactivity ratio could not be determined due
to the insolubility of the copolymers with a high Cgo content, the
monomer distribution in the copolymers of 1 and 2 seems to be
random because the copolymer composition did not change
regardless of the monomer conversion (seeentries1 and 2in Table
1).
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Fig. 1 Synthesis of poly(1-co-2,) and schematic representation of
macromolecular helicity induction on poly(1,-co-2,) upon complexation
with L-alanine. The achiral fullerene and crown ether pendants represented
by yellow and blueringsfor clarity arrangein ahelical array along the one-
handed helical polymer backbone induced by non-covalent chira inter-
actions with L-alanine. The helix-sense is tentative.

Table 1 Copolymerization results of 1 and 2 with [Rh(nbd)Cl], in
chloroform in the presence of triethylamine at 30 °Ca

Polymer

1 2 1+2 Yield Mn X
Entry (mol%) (mol%) (M) Time (%) 1 (mol%)> 10—4c

10.0 90.0 0071 22h 7894 10.1(10.7) 51
10.0 90.0 0069 20s 21e 106(—) 08
149 85.1 0050 22h 9394 145(16.7) 6.0
20.0 80.0 0032 22h 3214 22+1f —

a Polymerized under nitrogen; [1 + 2]/[triethylamine] = 1; [1 + 2]/[Rh] =
100. b Estimated by *H NMR spectroscopy. In the parentheses are shown
those estimated by absorption spectra on the basis of molar absorptivity of
1. ¢ Determined by SEC (polystyrene standards, eluent: THF containing 0.1
wt% tetra-n-butylammonium bromide). d Diethyl ether insoluble part.
eDiethyl ether—toluene (1/1, v/v) insoluble part. fEstimated by IR
spectroscopy.
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Fig. 2 showsthe CD and absorption spectra of poly(1o.1-C0-20.0)
in the presence of L- and p-alanine (Ala) perchlorate in dichloro-
methane—acetonitrile (8/2, v/v) at [Ala:HCIOg4]/[poly(1o.1-C0-20.0)]
= 2. The copolymer exhibited mirror images of the split-type
intense ICDs in the st-conjugated main chain region (300-500 nm)
and the magnitude of the ICD increased with a decrease in
temperature. The Cotton effects were similar in pattern to those of
the homopolymer, poly-2 complexed with L- or p-Ala perchlorate
in acetonitrile.’0 These observations suggest that the copolymer
forms a predominantly one-handed helix assisted by non-covalent
complexation with the optically active alanine perchlorate.

Similarly to the previoudy prepared, opticaly active Cego-
containing poly(phenylacetylene)s,® poly(1p.1-C0-209) showed al-
most no detectable absorption and ICD signals at wavelengths over
600 nm at —20 °C because of thelow concentration of Cgg Units. At
higher concentration, however, apparent CDs were induced in the
fullerene chromophore region over 600 nm even at 25 °C and the
|CD magnitude further increased with decreasing temperature. The
L- and p-Ala:HCIO,4 induced mirror images of the ICDs in the
fullerene chromophore region where the ICD patterns were similar
to those of the optically active, Cgo-containing poly(phenylacety-
lene)s.> These results indicate that the achiral Cgo pendants of the
copolymer may arrange in a helical array with a predominant
screw-sense along the polymer backbone. The other copolymer
(poly(1o.15-C0-2pg5)) aso exhibited similar ICDs in the same
wavelength region (600-800 nm).t

Asprevioudy reported, poly-2 formsan almost one-handed helix
with 0.5 equiv. L-AlaHCIO,4 at —10 °C, indicating strong chiral
amplification with cooperative interaction in the crown ether
pendants with L-Ala through non-covalent interactions.® CD
titration using L-Ala:HCIO, at a higher concentration of poly(1.15-
C0-2085) Was then carried out to investigate if such a chiral
amplification process during the helix induction in the polymer
backbone followed by a one-handed helical arrangement in the
crown ether segments could lead to the helical array of the Cgo units
in the copolymer. The ICD intensities of the main chain region
(300-500 nm) as well as the fullerene chromophore region (over
600 nm) increased with increasing concentration of L-Alaat rt and
the changes in the ICD intensities in both regions correlated well
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Fig. 2 CD spectra of poly(1g1-c0-299) with - and b-AlaHCIO,
([Ala:HCIO4)/[poly(10.1-CO-200)] = 2) in dichloromethane—acetonitrile
(8/2, vIv) at 25 and —20 °C at adilute concentration ([poly(1o.1-CO-209)] =
0.1 mg mL —1). Absorption spectrum of poly(1g 1-C0-25.¢) With L-AlaHCIO,4
a 25 °C is aso shown. The inset shows the corresponding CD and
absorption spectrain the fullerene region at a higher concentration (2.9 mg
mL—1). The molar concentrations were calculated based on the monomer
units and fullerene units (inset).
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Fig. 3 Titration curves of poly(1o.15-C0-20.g5) ([6]2nd) With L-Ala:HCIO, in
dichloromethane—acetonitrile (8/2, v/v) at rt (@, red) and —20 °C (A, blue).
Here [6]2nq indicates the ICD intensity at the second Cotton (365 nm). The
inset shows thetitration curves ([ 6] -o3) of the fullerene chromophore region
at rt (@, red) and —20 °C (A, blue).

with each other (Fig. 3). However, interestingly, the ICD intensity
of the fullerene region reached an amost constant value at 0.1
equiv. L-Alaat —20 °C. This indicates that at lower temperature,
the small monomeric crown ether units of the copolymer com-
plexed with L-Ala are significantly amplified to induce the same
helix on the free monomeric crown ether unitslC together with the
achiral fullerene units, resulting in aone-handed helical array of the
pendant fullerenes, thus exhibiting an ICD.

In conclusion, we have found that the optically inactive, Ceo-
containing poly(phenylacetylene)s bearing crown ether pendants as
the amino acid binding site can be transformed into a predom-
inantly one-handed helical conformation upon complexation with
optically active amino acids, and the achiral Cgo pendants arrange
in a helica array with the desired helix-sense along the polymer
backbone via chiral, non-covalent bonding interactions. This
method will be applicable to other induced helical polymers with
the desired pendant in a one-handed helical array.
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