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Transformation from preformed racemic helical
poly(phenylacetylene)s to the enantioenriched helical
polymers by chiral solvation, followed by removal

of the chiral solvents

Takashi Kaneko!">>4, Xiaoyun Liang!, Atsuko Kawami?, Masayuki Sato?, Takeshi Namikoshi*>,

Masahiro Teraguchi'*>** and Toshiki Aokil">>*>

Homochiral or enantioenriched helical polymers are essential for investigating the relationship between chirality of helical
structures and their performance in the design of various optically active functional polymers. We have succeeded in obtaining
the helical poly(phenylacetylene)s poly(1)-poly(6) possessing no chiral moieties, except for helicity; the enantioenriched helical
sense of these polymers was induced by transformation in chiral solvents, followed by removal of the chiral solvents, even if the
interaction between the chiral molecule and the polymer was weak such as solvent-solute interaction. In particular, the newly
synthesized poly(6) retained the induced helical sense even in an achiral solvent.
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INTRODUCTION

Synthesis and processing of optically active helical polymers have
recently attracted much attention in the field of intelligent polymer
architecture.)™* In particular, homochiral or enantioenriched helical
polymers, the chirality of which is caused only by their helical
conformation, will be useful for the design of optically active func-
tional polymers and for the study of the relationship between chirality
of helical structures and their performance. Effective approaches for
obtaining these helical polymers include helix-sense-selective poly-
merization (HSSP) of achiral monomers in the presence of chiral
catalysts>!! or in a chiral field'>'* and the removal of a chiral side
group from an optically active helical polymer bearing the chiral
moiety. We have already succeeded in using the above methods to
obtain poly(phenylacetylene)s with an induced kinetically stabilized
helical bias.!>"'° Another approach is the use of external chiral stimuli-
induced or chiral field-induced transformation from a racemic helical
or achiral polymer to an enantioenriched helical polymer. In this
approach, the chiral helical bias has often been induced by strong
interactions such as acid—base interactions?*>> and host—guest inter-
actions?®=3! between a chiral molecule and a polymer. In these cases,
the polymer requires a functional group to interact with the chiral
molecule, which may restrict the molecular design of optically active

functional polymers. Moreover, the right- and left-handed helical
structures are more similar to diastereomers than enantiomers because
the external non-racemic chiral molecules strongly interact with
specific sites on the polymer. By contrast, Green et al. demonstrated
the induction of preferential helical sense by weak interaction between
a chiral molecule and a polymer, that is, by solvation of the polymer in
an optically active solvent, such as by dissolving poly(hexylisocyanate)
in optically active chloroalkane solvents.’>* The helical polymer
possessing no chiral moieties except for helicity has two conforma-
tional enantiomers the states of which are thermodynamically equiva-
lent to one another, and the optically active solvents induced a very
small energetic preference per monomer residue for one conforma-
tional enantiomer. However, the energy difference was greatly ampli-
fied in the polymer by the length of the helical sequences when a high
energetic cost of helical reversals in the polymer chain was required.
Consequently, Green et al. predicted the applicability of this method
to other examples of a large number of dynamically racemic helical
polymers. However, there are only a few examples of helical polymers
the optical activity of which observed in solution is due to the chiral
helical bias induced by weak interaction,** such as chiral solvation,
although there have been reports on polymer aggregates exhibiting
preferential helicity in optically active media.3>-3® Moreover, inducing
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a preferential helical sense in an optically active solvent requires
removing and recovering the chiral solvent for the economy of chiral
molecules and for formation of the helical polymer without any other
chiral source. In this study, we found that a number of poly(pheny-
lacetylene)s (poly(1)—poly(6)) showed induction of a preferential
helical sense in optically active solvents and resulted in enantioen-
riched helical polymers after the removal of chiral solvents. In
particular, the newly synthesized poly(6) retained the induced helical
sense, even in an achiral solvent.

EXPERIMENTAL PROCEDURE

Materials

[4-(Trimethylsilyl)phenyl]acetylene (2) and poly(2) (M,=2.7x10% M,/
M,,=4.6) were synthesized as described previously.>® 2-Bromo-6-(3-methyl-3-
tetrahydropyranyloxy-1-butynyl)anthracene was synthesized from 2,6-dibro-
moanthracene according to a method in the literature.*%*! 1-Bromo-4-[(tri-
methylsilyl)ethynyl|benzene*? and benzyl 2,4,6-trihydroxybenzoate.*> were
synthesized according to respective methods in the literature. Tetrakis(triphe-
nylphosphine)palladium(0) (Pd(PPhs),) (Aldrich, St Louis, MO, USA),
bis(triphenylphosphine)palladium(II) chloride (Pd(PPh;),Cl,) (Aldrich), n-
butyllithium (Kanto Chemical, Tokyo, Japan, 1.6M in hexane) and (bicy-
clo[2.2.1]hepta-2,5-diene)chlororhodium(I) dimer catalyst ([Rh(nbd)Cl],)
(Aldrich) were used without further purification. Other conventional reagents
were used as received or purified by conventional methods.

Synthesis of monomers

[(3,5-Di-tert-butyl-4-hydroxyphenyl) phenylacetylene (3). A two-necked flask
was charged with zinc chloride (1.09 g, 8.0 mmol) that was heated and dried
under a rapid stream of nitrogen. After the flask was cooled at room
temperature, [3,5-di-tert-butyl-4-(trimethylsilyl) phenyl] phenyllithium  pre-
pared from 1.56 M n-butyllithium (10 ml) and [3,5-di-tert-butyl-4-(trimethyl-
silyl)phenyl] phenylbromide (2.86g, 8 mmol) in dry tetrahydrofuran (THF)
(17 ml) at —70 °C was added to the flask under a nitrogen atmosphere. The
mixture was stirred for 2h and added to a dry THF (9ml) solution of 1-
bromo-4-[(trimethylsilyl)ethynyl]benzene (1.0g, 4mmol) with Pd(PPhj),
(92 mg, 0.080 mmol). The mixture was stirred for 24 h at room temperature,
then treated with saturated aqueous NaCl (250 ml), extracted with chloroform
and washed with water. The chloroform layer was dried over anhydrous sodium
sulfate. After evaporation, the crude product was dissolved in methanol
(50 ml), and potassium carbonate (1.1 g, 80 mmol) was added to this solution.
After stirring for 12h at room temperature, the mixture was extracted with
chloroform and washed with water. The chloroform layer was dried over
anhydrous sodium sulfate and evaporated. The crude product was purified by
silica-gel column separation to yield 3 (0.37 g, 1.2 mmol). Yield 31%, mp 117—
118 °C. Infrared (IR) (KBr, cm™!) 3632 (vo_p), 2958 (vc_p, tert-butyl). 'H
nuclear magnetic resonance (NMR) (CDCl;, 270 MHz; p.p.m.) 6 1.49 (s, 18H,
tert-butyl), 3.11 (s, 1H, C=C-H), 5.31 (s, 1H, OH), 7.39 (s, 2H, PhH), 7.51 (d,
2H, J=8.7 Hz, ArH), 7.52 (d, 2H, J=8.7 Hz, ArH). 13C NMR (CDCls; p.p.m.): 9
30.36, 34.53, 78.1, 83.78, 119.83, 123.81, 126.62, 131.38, 132.31, 132.52, 136.20,
142.43. Anal. caled. for C,H,6O: C, 86.23; H, 8.55. Found: C, 86.20; H, 8.63.

2-(3,5-Di-tert-butyl-4-hydroxyphenyl)-6-ethynylanthracene (4). 2-Bromo-6-(3-
methyl-3-tetrahydropyranyloxy-1-butynyl)anthracene (1.0 g, 2.4 mmol) allowed
to react with [3,5-di-tert-butyl-4-(trimethylsilyl) phenyl] phenyllzinc chloride in
the same manner as described above, followed by the removal of the protecting
group in the usual manner. The crude product was purified by silica-gel column
separation to yield 4 (0.17g, 0.42mmol). Yield 17%. IR (KBr, cm~!) 3632
(Vo_r1)» 2958 (Ve_y, fert-butyl). 'H NMR (CDCls, 270 MHz; p.p.m.) § 1.54 (s,
18H, tert-butyl), 3.20 (s, 1H, C=C-H), 5.34 (s, 1H, OH), 7.46 (dd, 1H, J=8.8,
1.6 Hz, ArH), 7.58 (s, 2H, PhH), 7.76 (dd, 1H, J=8.8, 1.6 Hz, ArH), 7.94 (d, 1H,
J=8.8 Hz, ArH), 8.05 (d, 1H, J=8.8 Hz, ArH), 8.10 (d, 1H, J=1.6 Hz, ArH), 8.20
(d, 1H, J=1.6Hz, ArH), 8.38 (s, 1H, ArH), 8.43 (s, 1H, ArH). 13C NMR
(CDCls; p.p.m.): 6 30.36, 34.55, 77.80, 84.33, 118.49, 124.25, 124.66, 126.18,
126.22, 126.43, 127.59, 128.25, 128.64, 130.64, 131.01 131.13, 132.02, 132.67,
132.97, 136.30, 139.41, 153.85. Anal. caled. for C30H300: C, 88.63; H, 7.44.
Found: C, 88.26; H, 7.38.
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4-(4-Ethynylphenyl)-4-hydroxyl-2,2,6,6-tetramethylpiperidine 1-oxyl (5). A two-
necked flask was charged with magnesium (1.5 g, 60 mmol) that was heated and
dried under a rapid stream of nitrogen. After the flask was cooled at room
temperature, 1-bromo-4-[(trimethylsilyl)ethynyl|benzene (15 g, 60 mmol) in THF
(20ml) was added under a nitrogen atmosphere. The mixture was stirred and
refluxed for 1h to yield the Grignard reagent. The reagent was cooled at room
temperature, treated with 2,2,6,6-tetramethyl-4-piperidone (4.8g, 31 mmol) in
THF (6 ml) and then stirred at 3040 °C for 12 h. After removal of the solvent,
15% HCI (80 ml) was added to the reaction mixture and filtered off. The filtrate
was treated with saturated aqueous NaOH (20 ml), and then extracted with ether
and washed with water. The ether layer was dried over anhydrous sodium sulfate
and evaporated. The excess reactants of the crude product were removed by silica-
gel column separation with ethyl acetate as an eluent, and the residue was eluted
with methanol and evaporated to produce 4-{4-[(trimethylsilyl)ethynyl]phenyl}-
4-hydroxyl-2,2,6,6-tetramethylpiperidine (5.7 g, 17 mmol). Yield 56%, mp 108—
109°C. IR (KBr, cm™!) 3400 (Vo_1p» Ver)s 2950 (Ve_p). '"H NMR (CDCls,
270 MHz; p.p.m.) ¢ 0.22 (s, 9H, Si(CH3)3), 1.20 (s, 6H, CH3), 1.40 (s, 6H, CH3),
1.49 (s, 1H, OH), 1.67 (d, 2H, J=13.6 Hz, CH,), 1.80 (d, 2H, J=13.6 Hz, CH,),
2.58 (s, 1H, NH), 7.41 (s, 4H, PhH). The product (4.9 g, 15 mmol) was dissolved
in methanol (50 ml), and 2.5M KOH methanol solution (10 ml) was added to this
solution under a nitrogen atmosphere. After stirring for 12 h at room temperature
and evaporation, the mixture was extracted with ether and washed with water.
The ether layer was dried over anhydrous sodium sulfate and evaporated. The
excess reactants of the crude product were removed by silica-gel column
separation with ethyl acetate as an eluent, and the residue was eluted with
methanol and evaporated to yield 4-(4-ethynylphenyl)-4-hydroxyl-2,2,6,6-tetra-
methylpiperidine (3.4 g, 13 mmol). Yield 88%, mp 142-143 °C. IR (KBr, cm™!)
3343 (VO,H, VN,H), 3285 (VEC—H): 2950 (VC—H)~ 1H NMR (CDCI3, 270 MHz;
ppm.) & 124 (s, 6H, CHs), 1.42 (s, 6H, CHj), 135 (s, 1H, OH), 1.69 (d, 2H,
J=13.5Hz, CH,), 1.83 (d, 2H, J=13.5Hz, CH,), 2.68 (s, 1H, NH), 3.05 (s, 1H,
C=C-H), 7.46 (s, 4H, PhH). Oxidation of the product was performed using a
modification of the literature method.** Overall, 30% hydrogen peroxide (3.0 ml)
was added to a solution of the product (2.6g, 10mmol) and sodium tungstate
(0.17 g, 0.50 mmol) in water (5ml) and methanol (15ml) with stirring at room
temperature. After stirring for 14 h at room temperature, the mixture was treated
with saturated aqueous potassium carbonate, extracted with ether and washed
with water. The ether layer was dried over anhydrous sodium sulfate, filtered and
evaporated. The crude product was purified by silica-gel column separation with
ethyl acetate/chloroform (1/4 v/v) as an eluent to yield 5 (2.4 g, 8.9 mmol). Yield
89%, mp 142-143°C. Thin layer chromatography (TLC) (ethyl acetate/
chloroform=1/4 v/v): Rf=0.5. IR (KBr, cm™!) 3343 (vo_p, Vn_m)> 3285
(V=c—H)»> 2950 (Vc_p), 2100 (Vc=c). Anal. calcd. for Ci7H»,NO,: C, 74.97; H,
8.14; N, 5.14. Found: C, 74.78; H, 8.20; N, 5.09.

Benzyl 2,6-dihydroxy-4-ethynylbenzoate (6). Triflation*® of benzyl 2,4,6-trihy-
droxybenzoate and protection,*® of hydroxyl groups were performed using
modification of the respective literature methods. 4-Nitrophenyltriflate (6.2 g,
23 mmol) and potassium carbonate (8.3 g, 60 mmol) were added to a solution
of benzyl 2,4,6-trihydroxybenzoate (7.8 g, 30 mmol) in N,N-dimethylforma-
mide (DMF) (300 ml) with stirring at room temperature. After stirring for 5h
at room temperature, the reaction solution was diluted with water (300 ml) and
extracted with ethyl acetate. The organic layer was dried over anhydrous
sodium sulfate, filtered and evaporated. The residue was filtered through
silica-gel column with ethyl acetate/hexane (1/4 v/v) as an eluent. The crude
product (5.0g, 12.7mmol) of Rf=0.5 (TLC: ethyl acetate/hexane=1/4 v/v),
chloromethylmethyl ether (4.0ml, 52mmol) and dichloromethane (60 ml)
were stirred at 0 °C under a nitrogen atmosphere and N,N-diisopropylethyla-
mine (18 ml, 0.10mol) was added dropwise. After stirring for 4h at room
temperature, cold saturated aqueous sodium bicarbonate (71 ml) was added to
the solution at 0 °C and the mixture was stirred for 30 min, then treated with
water (355ml), extracted with dichloromethane and washed with saturated
aqueous NaCl. The organic layer was dried over anhydrous sodium sulfate,
filtered and evaporated. The residue was dissolved in DMF (24 ml), and then
chloromethylmethyl ether (1.8 ml, 24 mmol) was added to the solution at 0 °C.
The solution was added to a two-necked flask charged with 60% sodium
hydride (0.56g, 14mmol) at 0°C and then stirred for 30min at room
temperature. The mixture was treated with water, extracted with ethyl acetate



and washed with water. The organic layer was dried over anhydrous sodium
sulfate, filtered and evaporated. The residue was purified by silica-gel column
separation with ethyl acetate/hexane (1/4 v/v) as an eluent to yield benzyl 2,6-
bis(methoxymethoxy)-4-(trifluoromethanesulfonyloxy)benzoate (3.5g, 7.3m
mol). Yield 24%. TLC (ethyl acetate/hexane=1/4 v/v): Rf=0.25. 'H NMR
(CDCl3, 270 MHz; p.p.m.) 6 3.40 (s, 6H, CH3), 5.13 (s, 4H, OCH,0), 5.39 (s,
2H, OCH,Ph), 6.77 (s, 2H, PhH), 7.34-7.45 (m, 5H, PhH). The product (2.4 g,
5.0mmol) and bis(triphenylphosphine)palladium (II) chloride (0.53 mg,
0.75mmol) were dissolved in triethylamine (15ml) and DMF (85ml), and
trimethylsilylacetylene (5.5ml, 40 mmol) was added to this solution under a
nitrogen atmosphere. The solution was stirred at 90 °C for 7 h. The solution was
cooled, treated with water, extracted with ether, washed with water and dried
over anhydrous sodium sulfate. The solvent was evaporated, and the residue was
purified by silica-gel column separation with ethyl acetate/hexane (1/10 v/v) as
an eluent to yield benzyl 2,6-bis(methoxymethoxy)-4-[(trimethylsilyl)ethynyl]-
benzoate (1.8g, 4.2mmol). Yield 84%. TLC (ethyl acetate/hexane=1/10 v/v):
Rf=0.10. 'H NMR (CDCls, 270 MHz p.p.m.) J 0.24 (s, 9H, Si(CH3)3), 3.40 (s,
6H, CH3), 5.12 (s, 4H, OCH,0), 5.39 (s, 2H, OCH,Ph), 6.90 (s, 2H, PhH), 7.32—
747 (m, 5H, PhH). The product (1.3 g, 3.0mmol) and potassium carbonate
(0.041g, 0.30 mmol) were dissolved in methanol (100 ml) under a nitrogen
atmosphere. After stirring for 5h at room temperature and evaporation, the
mixture was extracted with dichloromethane and washed with water. The
dichloromethane layer was dried over anhydrous sodium sulfate, filtered and
evaporated. Benzyl 2,6-bis(methoxymethoxy)-4-[(trimethylsilyl)ethynyl]benzo-
ate (1.1g, 3.0mmol) was then obtained without further purification. Yield
100%. IR (KBr, cm™") 3276 (Vec_p), 2962, 2919 (Vo_p), 1732 (Ve—o). '"H NMR
(CDCls, 270 MHz; p.p.m.) 6 3.09 (s, 1H, C=C-H), 3.39 (s, 6H, CH3), 5.11 (s, 4H,
OCH,0), 5.39 (s, 2H, OCH,Ph), 6.95 (s, 2H, PhH), 7.33-7.45 (m, 5H, PhH).
The product (0.53g, 1.5mmol) was dissolved in THF (1ml), and 4~ HCl
(4.0 ml) was added to this solution under a nitrogen atmosphere. The mixture
was stirred at 60 °C for 6 h. The mixture was then cooled, extracted with ether,
washed with saturated aqueous NaCl and dried over anhydrous sodium sulfate.
The solvent was evaporated, and the residue was purified by silica-gel column
separation with ethyl acetate/hexane (1/4 v/v) as an eluent to yield 6 (0.30g,
1.1 mmol). Yield 75%, mp 113-114°C TLC (ethyl acetate/hexane=1/4 v/v):
Rf=0.43. IR (KBr, cm™1) 3391 (Vo_g1), 3299 (Vc_p), 2977 (Ve_p), 1689
(Vc—0)- 'H NMR (CDCl3, 270 MHz; p.p.m.) § 3.19 (s, 1H, C=C-H), 5.50 (s,
2H, OCH,Ph), 6.59 (s, 2H, PhH), 7.43 (br, 5H, PhH), 9.7 (br, 2H, PhOH). 1°C
NMR (CDCl3; p.p.m.): 6 68.52, 80.37, 82.25, 100.49, 111.84, 128.85, 129.10,
129.42, 130.07, 133.56, 160.61, 169.01. Anal. caled. for CigH ,04: C, 71.64; H,
4.51. Found: C, 71.57; H, 4.31.

Polymerization

An appropriate amount of monomer (typically, 0.5-1.0g) was placed in a
Schlenk tube equipped with a three-way stopcock, a rubber septum and a
Teflon-coated magnetic stirring bar. The tube was placed under vacuum,
followed by a nitrogen backflush. A solvent was transferred to the tube, and
the monomer was dissolved in the solvent with stirring. The necessary amount
of rhodium complex and appropriate amines dissolved in the solvent were
added to the stirred monomer solution. The reaction solution was poured into
methanol or hexane to yield a polymer precipitate. The precipitate was washed
with the precipitant and then dried in vacuo to yield a polymer. The detailed
polymerization conditions and results are tabulated in Table 1.

Measurements
IR spectra were obtained using a Shimadzu FTIR4200 (Shimadzu, Kyoto,
Japan) or a Jasco FT/IR-4200 spectrometer (Jasco, Tokyo, Japan). NMR ('H,
13C) spectra were measured using a Varian Unity 500SW (Varian, Palo Alto,
CA, USA; 500 MHz) or a Jeol JNM-GSX-270 (Jeol, Tokyo, Japan; 270 MHz)
spectrometer. Average molecular weights (M,, and M,,) were evaluated by gel
permeation chromatography (GPC) calibrated by polystyrene standard at 25 °C
on THF eluent using Jasco liquid chromatograph instruments with PU-2080,
DG-2080-53, CO-2060, UV2070, CD-2095 and polystyrene gel columns
(Shodex KF-807L; Showa denko, Tokyo, Japan).

Both circular dichroism (CD) and ultraviolet-vis absorption spectra were
recorded using a Jasco J-720WI spectropolarimeter with a Peltier controller for
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temperatures from 50 to —15°C (a quartz cell of 0.1 cm path length; sample
concentration=0.1-1mm based on the monomer unit) and were analyzed
using the associated J-700 software (Jasco).

Molecular mechanics calculations

Molecular mechanics calculations using the Merck Molecular Force Field 94
(MMFF94) were performed on a PC equipped with an Intel Pentium D
processor (Intel, Santa Clara, CA, USA, 3.0 GHz) using Spartan ‘04 for Windows
(Wavefunction, Irvine, CA, USA). The optimized helical conformations were
calculated on poly(1) and poly(5) with 21 monomer units by varying the
dihedral angle (¢) of two neighboring double bonds in the backbone as the
starting set of parameters. The reversal conformations were optimized by
varying ¢ of 10 monomer units from the optimized helical structures in 10°
decrements. The optimized helical conformations were calculated on poly(6)
with 21 monomer units by varying ¢ as the constraint set.

RESULTS AND DISCUSSION

Polymerization in the presence of chiral PEA

The poly(phenylacetylene)s poly(1)—poly(6) were obtained by poly-
merization of the corresponding achiral monomers using rhodium
complex catalysts (Scheme 1). We had already succeeded in HSSP of
achiral monomers 7 and 8 using a chiral catalyst system, that is,
polymerization using [Rh(nbd)Cl], catalyst in the presence of (R)-1-
phenylethylamine ((R)-PEA) or (S)-1-phenylethylamine ((S)-PEA) to
yield the corresponding poly(phenylacetylene)s poly(7)!>1¢ and
poly(8)!”1® with enantioenriched helical conformation in solution.
The preferential helical sense of poly(7) and poly(8) is kinetically
stabilized by intramolecular hydrogen bonds and the bulkiness of the
side groups, respectively. However, no optical activity was observed for
poly(1)—poly(6), which were prepared under the same polymerization
conditions as poly(7) and poly(8), wherein poly(2) had already been
reported in the study by us.!® Poly(1)-poly(5) have less steric hin-
drance than poly(8), which would easily lead to full racemization of
polymers on the intra-chain and/or inter-chain even if the HSSP had
proceeded. Monomer 6 has hydroxyl groups like monomer 7, but the
optimized structure of monomer 6 showed intra-monomer hydrogen
bonds, which was confirmed from the chemical shift (9.7 p.p.m.) of
the hydroxyl group in 'H NMR and the carbonyl stretching at
1689 cm™~! in IR. Therefore, inter-monomer hydrogen bonds would
not form effectively during polymerization.

Transformation to enantioenriched helical polymers in chiral
solvents

When the optically inactive poly(1)—poly(5) were dissolved in enan-
tiopure PEA or B-pinene, induced CD signals appeared in the
absorption region (>300nm) of the backbone chromophore
(Figure 1), while the absorption spectra maintained the initial spectra
in achiral solvents, such as chloroform and THE. The Cotton effect

Table 1 Polymerization of phenylacetylene derivatives using
Rh*(nbd)[(y-CgH5)B~(CgH5)3] in the presence of chiral PEA2

No. Monomers Solvents Yield (%) M, (x 10%F M/M £
1 1 Toluene 80 3.2 2.2
2 3 CHCI3 80 3.9 3.1
3 4 CHCI3 62 7.6 2.2
4 5 THF 85 2.8 3.2
5 6 Toluene 59 1.4 2.8

a[M1p=0.05m (No.1, 3), 0.02m (No.2), 0.5m (No.4), 0.2m (No.5); [Mlg/[Rh]p=25 (No.1, 3),
10 (No.2), 50 (No.4), 100 (No.5); [PEA]o/[Rh]p=400 (No.1, 3, 5), 780 (No.2), 20 (No.4); 2h
(No. 1, 3), 33h (No. 2), 24h (No. 4), 3h (No. 5); r.t; PEA: phenylethylamine.

bMethanol insoluble fraction (No.1, 3, 4, 5), hexane insoluble fraction (No.2).

®Measured by GPC calibrated with polystyrene standard.
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Figure 1 UV-vis and CD spectra of (a) poly(1) (10 mwm), (b) poly(2) (10 mwm),
(c) poly(3) (1 mwm), (d) poly(4) (0.4mwm) and (e) poly(5) (0.8 mwm) in chiral
solvents. UV, ultraviolet.

was attributed to induction of the preferential helical sense of the
polyacetylene backbone because the optically active solvents did not
exhibit ultraviolet-vis and CD absorption above 300 nm. It is clear that
the optically active solvents induced chiral helical bias to the energe-
tically equivalent helical conformations of poly(1)—poly(5). It was
confirmed that this behavior did not arise from aggregation of the
polymer but from the polymer in solution because a dilute solution
yielded the same ultraviolet-vis and CD patterns with the same € and

Polymer Journal

Ag value as the original solution. Moreover, the addition of achiral
solvent such as chloroform and THF to the solution in the chiral
solvent decreased the CD signal intensity. This observation indicates
that the energy of intermolecular interaction between the polymer and
chiral solvents was comparable to that between the polymer and
common achiral solvents and was smaller than that of strong inter-
actions such as acid—base and host—guest interactions. The CD signals
appeared even for the solution of the polymers without polar groups,
such as poly(1) and poly(2).

Stability of enantioenriched helical conformation

The moderately hindered structure of the side group would be
preferred for the induction of chiral helical bias because a high
energetic cost of helical reversals in the polymer chain was required.
In fact, poly(3)—poly(5) having hindered side groups exhibited larger
anisotropy factors (g-factors) and thermal stability of the CD signals
compared with poly(1) and poly(2) (Figure 2). The molecular
mechanics calculation supported the higher energetic cost of helical
reversals for poly(5) compared with poly(1). The optimized structures
for helical and reversal conformation were calculated using MMFF94
force field on poly(1) and poly(5) with 21 monomer units as shown in
Figure 3. The energies of the reversal conformation relative to the
helical conformation were calculated as lkcalmol~! for poly(1) and
6kcalmol~! for poly(5).

Even if the chiral solvents were completely eliminated, the CD
spectra retained a similar pattern to the solution CD spectra. This
behavior proves that the CD signals of the backbone chromophore
were hardly attributable to electronic interaction or orbital mixing
from the chiral solvents. As an example, Figure 4 shows the CD spectra
of poly(5), the thin film of which was prepared by casting the solution
dissolved in (R)-PEA on a quartz plate and evaporating the solvent.
When the film sample was redissolved in an achiral solvent (for
example, THF), the CD signal completely disappeared, and the (R)-
PEA-free condition was confirmed by gas chromatography (GC)
analysis of the achiral solution. It was clear that the optical activity
due to their helical conformations were maintained in the solid states
of the polymers, even if there was no chiral molecule in the polymer.

Retention of enantioenriched helical structure via hydrogen bond
switching

The visible absorption maximum of as-prepared poly(6) in chloro-
form appears at a longer wavelength (ca. 450 nm) due to the extended
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Figure 2 Temperature dependence of Ae/e (at 380nm) of poly(l) (@),
poly(3) (M) and poly(5) (A) in enantiopure PEA.

Figure 3 MMFF94-optimized structures of poly(1) and poly(5) with 21
monomer units; (a) helical and (b) reversal conformations for poly(1) and (c)
helical and (d) reversal conformations for poly(5).
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Figure 4 UV-vis and CD spectra of poly(5) in (R)-PEA (broken line) and the
film (solid line) formed by the solvent-casting method from the (R)-PEA
solution. UV, ultraviolet.

n-conjugation of the backbone (Figure 5a); the longer wavelength
absorption was attributed to the relatively less-distorted backbone
conformation with extended m-conjugation. The relatively less-dis-
torted backbone of poly(6) and the intra-monomer hydrogen bonds
would frequently induce helix inversion in the chain propagation step
and vanish the preferential helical sense of the polyacetylene backbone.
In enantiopure PEA, the ultraviolet-vis absorption of poly(6)
decreased at 450 nm and increased at 300 nm. These changes were
accompanied by the appearance of CD signals (Figure 5b). It was clear
that chiral PEA promoted helical transformation to induce the
preferential helical sense. The solution of poly(6) dissolved in enan-
tiopure PEA was cast on a quartz plate, and the solvent was evaporated
to produce a thin film. The CD spectrum of the thin film exhibited a
similar pattern to that of poly(6) solution in the original enantiomeric
PEA (Figure 5¢), and the CD pattern remained after the film sample
was redissolved in an achiral solvent such as chloroform and THF
(Figure 5d). Moreover, the poly(6) solution in (R)-PEA was repreci-
pitated into methanol, and the CD spectrum of the polymer thus
obtained, in the achiral solvent, also exhibited a similar pattern to that
of poly(6) solution in (R)-PEA (Figure 5e). The contamination and
reaction of (R)-PEA during (R)-PEA solvation were ruled out because
the elemental analysis of the poly(6) did not detect the presence of
nitrogen. The polymer thus obtained was dissolved faster in chloro-
form than the preformed polymer. This fact suggests that irregular
intermolecular hydrogen bonds of the preformed polymer solid were
diminished through the transformation to the enantioenriched helix.

The mechanism of stabilization of the enantioenriched helical
conformation is proposed to be as follows. The as-prepared poly(6)
had major intra-monomer hydrogen bonds and helix reversal states
that would induce intermolecular and/or irregular hydrogen bonds in
solid states. When the poly(6) was dissolved in (R)-PEA, the polar
(R)-PEA reduced the intra-monomer hydrogen bonds, and then, the
carbonyl group in the side groups rotated to be perpendicular to the
phenyl group. The steric hindrance of the side group increased, and
the dihedral angle of two neighboring double bonds in the backbone
became distorted, which promoted transformation to the enantioen-
riched helical conformation. When (R)-PEA was removed by evapora-
tion or precipitation, the intra- and/or inter-monomer hydrogen
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Figure 5 UV-vis and CD spectra of poly(6); (a) as-prepared poly(6) in
chloroform, (b) poly(6) in (R)-and (S)-PEA, (c) poly(6) films prepared from
enantiopure PEA solution, (d) chloroform solution of films prepared from
enantiopure PEA solution and (e) chloroform solution of reprecipitated
poly(6) after dissolution in (R)-PEA. UV, ultraviolet.

bonds in the polymer chain were reconstructed to retain the enan-
tioenriched helical conformation, even in the achiral solvents. This
speculation was supported by the molecular mechanics calculation
using MMFF%4 force field on poly(6) with 21 monomer units. The
calculated energies are plotted against the dihedral angle (¢) of two
neighboring double bonds in the backbone in Figure 6, and two
minimum energies are observed at ¢=150° and ¢$=70°. The
former would correspond to the as-prepared poly(6), and the trans-
formation to the later, the lowest minimum energy conformer, was
promoted through the hydrogen bond switching due to the solvation
in (R)-PEA.

CONCLUSIONS

We have succeeded in producing helical poly(phenylacetylene)s pos-
sessing no chiral moieties except for helicity by transformation from
the preformed racemic helical conformation to an enantioenriched
helical conformation in chiral solvents, followed by removal of the
chiral solvents. The transformation was successful even if the corre-
sponding achiral monomers were unsuitable for HSSP, and the
interaction between a chiral molecule and the polymer was weak
like a solvent—solute interaction. Moreover, poly(6) in an achiral
solvent such as chloroform and THF maintained its enantioenriched
helical conformation; that is, the chirality of the helical sense was
memorized without any other chiral or achiral additives. This finding
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Figure 6 Relationship between the energies and the dihedral angle (¢) of
two neighboring double bonds in the backbone of poly(6). The energies were
calculated using an MMFF94 force field on poly(6) with 21 monomer units.

is in contrast to a report by Yashima et al.,*’ who showed that the
memory of poly((4-carboxyphenyl)acetylene)’s helicity was assisted by
interaction with achiral small molecules. At this stage, the enantio-
purity of the preferential helical sense is not clear, although the CD
signal intensity of poly(5) in enantiopure PEA was comparable to that
of poly(phenylacetylene)s bearing chiral pendant groups at the para-
position.!”*850 However, this method is an attractive synthetic
method for optically active helical polymers, as is the HSSP method,
because the method does not require a chiral moiety in the monomer,
thus increasing the flexibility for monomer design. For example,
poly(5) has a TEMPO moiety that is a stable radical often used in
magnetic and redox materials.
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