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Abstract: An optically inactive polyacetylene, poly((4-carboxyphenyl)acetylene) (poly-1), exhibits an induced circular
dichroism (ICD) in the UV-visible region upon complexation with chiral amines and amino alcohols in DMSO and
in the film, the sign of which reflects the stereochemistry including bulkiness, type (primary, secondary, or tertiary),
and absolute configuration of the amines. Therefore, the polyacetylene can be used as a novel probe for determining
the chirality of amines. Most primary amines and amino alcohols of the same configuration gave the same sign for
the induced Cotton effect; however, secondary and/or tertiary amines used in the present study tended to show
Cotton effect signs opposite to those of the primary amines and amino alcohols of the same configuration. The
magnitude of the ICD likely increases with an increase in the bulkiness of the chiral amines. The complexation
dynamics during the formation of the helical structure of poly-1 with chiral amines were investigated on the basis
of the spin-spin relaxation behavior and1H NMR, CD, and optical rotatory dispersion (ORD) titrations. The complex
formation of poly-1with chiral amines such as 1-(1-naphthyl)ethylamine and 2-amino-1-propanol exhibits a positive
nonlinear effect between the enantiomeric excess of the chiral amines and amino alcohols and the observed ellipticity
of the Cotton effects. The excess enantiomer bound to poly-1may induce an excess of a single-handed helix (right-
or left-handed helix), which may result in a more intense ICD than that expected from the ee of the amine. Moreover,
it was found that the coexistence of achiral amines such as 1-aminoethanol also induced an excess of one helical
sense of poly-1.

Introduction

Chiral recognition is of particular importance in living systems
which often show different pharmacokinetics and pharmaco-
dynamics activities toward a pair of enantiomeric drugs.1

Therefore, detection and assignment of the chirality of molecules
have been extensively studied by using chiral host molecules
capable of discriminating chiral guests.2 The most extensively
studied chiral host molecules are cyclodextrins,3 cyclophanes,4

crown ethers,2a,b,5and calixarenes6 which are cyclic compounds
with a specific cavity and/or functional groups capable of
interacting with particular guests through inclusion via hydrogen

bonding,π-π interaction, or ionic interactions.7 The chiral
recognition phenomena in solution have often been studied by
NMR, UV, fluorescence, and circular dichroism (CD) spec-
troscopies. Among them, CD may be the most powerful probe
of the chiral binding interactions in small bimolecular systems8

and also in biological systems, including the conformational
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changes of biopolymers such as DNA and proteins.9 In these
cases, the host molecules are chiral, but if a guest is achiral
and chromophoric, the host-guest complex will show an
induced CD (ICD) in the UV and/or visible region of the guest
molecule, and their binding constants and guest orientations can
be determined by using CD titrations or ICD curves.10

Recently, a very interesting approach has been performed with
achiral, chromophoric hosts, calixarenes,6e,11 resocinol cyclic
tetramers,12 porphyrin derivatives,13 and diboronic acid deriva-
tives.14 They can form complexes with particular guests, such
as chiral ammoniums, polyols, amino acid esters, and saccha-
rides, respectively, and the complexes exhibited a characteristic,
exciton-type coupled ICD15 in the absorption region of the hosts,
the sign of which reflects the absolute configuration of the
guests.16

Very recently, we also found a similar phenomenon for the
complexes of an optically inactive, chromophoric polymer with
chiral amines; a stereoregular poly((4-carboxyphenyl)acetylene)
(poly-1) can change its structure into the prevailing, dynamic

one-handed helix upon complexation with chiral amines and
amino alcohols, and the complexes showed a characteristic,
exciton-type coupled ICDs in the UV-visible region.17 The
Cotton effect signs corresponding to the helical sense can be
used as a novel probe for the chirality assignments of amines.18,19

This may be the first example of the prevailing helix induction
on an optically inactive polymer due to an acid-base interac-
tion.20,21

From the previous results of poly-1, we expected that related
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would also respond to chiral compounds capable of interacting
with these functional groups on the phenyl groups and show a
characteristic ICD depending on the stereochemistry of the chiral
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compounds. Actually, stereoregular poly((4-(dihydroxyboro)-
phenyl)acetylene)22 and poly((4-(diisopropylamino)methyl)-
phenyl)acetylene)23 were found to exhibit similar ICDs during
the complexation with optically active diols and sugars and
acids, respectively. The Cotton effect signs can be used for
the assignment of the absolute configuration of the chiral
compounds.
The original polyacetylenes are not optically active. How-

ever, they can show an ICD if the twist of adjacent double bonds
around a single bond preferentially occurs in one direction.24

Ciardelli et al.24a and Moore and Grubbs et al.24b reported that
polyacetylenes with a chiral substituent predominantly exist in
a favored helical sense due to the nonplanar conformation of
the polyene structure based on the CD analysis of the poly-
acetylenes. We also found that stereoregular, optically active
poly(phenylacetylenes) prepared from an optically active phen-
ylacetylene derivative having a chiral substituent such as a (R)-
1-phenylethylcarbamoyloxy group at theparaposition with use
of a rhodium catalyst exhibited an intense ICD in the UV-
visible region24f and showed high chiral recognition as a chiral
stationary phase (CSP) for HPLC.24e

The present work is concerned with the induced helix
formation of poly-1with chiral amines and amino alcohols. The
dynamics during the helix formation of poly-1 in the presence

of chiral amines were investigated by means of CD, optical
rotatory dispersion (ORD), and1H NMR titrations. The Cotton
effect signs of the ICDs can be used as a novel probe for
chirality and stereochemical assignments of the amines and
amino alcohols, including the absolute configuration and bulki-
ness of the amines in the acid-base complexation. The results
also contribute to the understanding of the acid-base equilibria
in aprotic polar solvents.25 In addition, the positive nonlinear
effect26 between the enantiomeric excess (ee) of the chiral
amines and amino alcohols and the observed ellipticity of the
Cotton effects is also described.

Results and Discussion

Synthesis and Structural Characteristics of Poly((4-car-
boxyphenyl)acetylene).Stereoregular poly((4-carboxyphenyl)-
acetylene) (poly-1) was prepared by polymerization of (4-
((triphenylmethoxy)carbonyl)phenyl)acetylene (TrA) with
[Rh(nbd)Cl]2 (nbd) norbornadiene),27 followed by hydrolysis
of the ester group (Scheme 1). This rhodium catalyst has been
reported to be effective for the polymerization of mono-
substituted acetylenes, especially (substituted-phenyl)acetylenes
to afford high molecular weight stereoregular polymers. The
resulting yellow-red polymer was soluble in dimethyl sulfoxide
(DMSO), dimethylformamide (DMF), N,N-dimethylacetamide
and insoluble in chloroform, acetone and tetrahydrofuran (THF).
The molecular weight (Mn) of poly-1 was estimated to be 4.6
× 104 as determined by gel permeation chromatography (GPC)
as its methyl ester.28

The stereoregularity of poly-1 was investigated by1H and
13C NMR spectroscopy. As for the structure of polyacetylenes,
there exist at least four possible conformers (Chart 1);cis-
transoid, cis-cisoid, trans-transoid,and trans-cisoid. The
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(22) Yashima, E.; Nimura, T.; Matsushima, T.; Okamoto, Y.J. Am.
Chem. Soc.1996, 118, 9800-9801.

(23) Yashima, E.; Maeda, Y.; Okamoto, Y.Chem. Lett.1996, 955-
956.

(24) For references of CD studies on other optically active polyacetylenes,
see: (a) Ciardelli, F.; Lanzillo, S.; Pieroni, O.Macromolecules1974, 2,
174-179. (b) Moore, J. S.; Gorman, C. B.; Grubbs, R. H.J. Am. Chem.
Soc.1991, 113, 1704-1712. (c) Yamaguchi, M.; Omata, K.; Hirama, M.
Chem. Lett.1992, 2261-2262. (d) Aoki, T.; Kokai, M.; Shinohara, K.;
Oikawa, E.Chem. Lett.1993, 2009-2012. (e) Yashima, E.; Huang, S.;
Okamoto, Y. J. Chem. Soc., Chem. Commun.1994, 1811-1812. (f)
Yashima, E.; Huang, S.; Matsushima, T.; Okamoto, Y.Macromolecules
1995, 28, 4184-4193. (g) Kishimoto, Y.; Itou, M.; Miyatake, T.; Ikariya,
T.; Noyori, R.Macromolecules1995, 28, 6662-6666. Chiral butadiene
derivatives with restricted rotation were successfully resolved into enanti-
omers by liquid chromatography with use of a chiral stationary phase. (h)
Becher, G.; Mansschrech, A.Chem. Ber.1981, 114, 2365-2368.

(25) (a) Bruckenstein, S.; Saito, A.J. Am. Chem. Soc.1965, 87, 698-
710. (b) Kolthoff, I. M.; Chantooni, M. K., Jr.; Bhowmik, S.J. Am. Chem.
Soc.1968, 90, 23-28. (c) DeTar, D. F.; Novak, R. W.J. Am. Chem. Soc.
1970, 92, 1361-1365. (d) Kolthoff, I. M.Anal. Chem.1974, 46, 1992-
2003. (e) Arnett, E. M.; Mitchell, E. J.; Murty, T. S. S. R.J. Am. Chem.
Soc.1974, 96, 3875-3891. (f) Kolthoff, I. M.; Chantooni, M. K., Jr.J.
Am. Chem. Soc.1976, 98, 5063-5068. (g) Kolthoff, I. M.; Chantooni, M.
K., Jr.J. Am. Chem. Soc.1976, 98, 7465-7470. (h) Hughes, D. L.; Bergan,
J. J.; Grabowski, E. J. J.J. Org. Chem.1986, 51, 2579-2585. (i) Arnett,
E. M.; Ahsan, T.; Amarnath, K.J. Am. Chem. Soc.1991, 113, 6858-6861.

(26) For leading references of the nonlinear effect on asymmetric
synthesis, see: (a) Puchot, C.; Samuel, O.; Dunach, E.; Zhao, S.; Agami,
C.; Kagan, H. B.J. Am. Chem. Soc.1986, 108, 2353-2357. (b) Oguni, N.;
Matsuda, Y.; Kaneko, T.J. Am. Chem. Soc.1988, 110, 7877-7878. (c)
Noyori, R.; Kitamura, M.Angew. Chem., Int. Ed. Engl.1991, 30, 49-69.
(d) Noyori, R.Asymmetric Catalysis in Organic Synthesis; John Wiley &
Sons: New York, 1994; pp 273-293. (e) Mikami, K.; Motoyama, Y.;
Terada, M.J. Am. Chem. Soc.1994, 116, 2812. (f) Guillaneux, D.; Zhao,
S.-H.; Samuel, O.; Rainford, D.; Kagan, H. B.J. Am. Chem. Soc.1994,
116, 9430-9439. (g) Kitamura, M.; Suga, S.; Niwa, M.; Noyori, R.J. Am.
Chem. Soc.1995, 117, 4832-4842. For recent references of the nonlinear
effect on helix-sense selective copolymerization, see: (h) Green, M. M.;
Reidy, M. P.; Johnson, R. J.; Darling, G.; O’Leary, D. J.; Willson, G.J.
Am. Chem. Soc.1989, 111, 6452-6454. (i) Okamoto, Y.; Nishikawa, M.;
Nakano, T.; Yashima, E.; Hatada, K.Macromolecules1995, 28, 5135-
5138. (j) Green, M. M.; Garetz, B. M.; Munoz, B.; Chang, H.; Hoke, S.;
Cooks, R. G.J. Am. Chem. Soc.1995, 117, 4181-4182. (k) Green, M. M.;
Peterson, N. C.; Sato, T.; Teramoto, A.; Cook, R.; Lifson, S.Science1995,
268,1860-1866. (l) Fujiki, M.Polym. Prep.1996, 37, 454-455.

(27) (a) Furlani, A.; Napoletano, C.; V. Russo, M. V.; Feast, W. J.Polym.
Bull. 1986, 16, 311-317. (b) Furlani, A.; Napoletano, C.; Russo, M.; Camus,
A.; Marsich, N.J. Polym. Sci., Polym. Chem. Ed.1989, 27, 75-86. (c)
Tabata, M.; Yang, W.; Yokota, K.Polym. J.1990, 12, 1105-1107. (d)
Tabata, M.; Takamura, H.; Yokota, K.; Nozaki, Y.; Hoshino, T.; Minakawa,
H.; Kodaira, K.Macromolecules1994, 27, 6234-6236. (e) Kishimoto, Y.;
Eckerle, P.; Miyake, T.; Ikariya, T.; Noyori, R.J. Am. Chem. Soc.1994,
116, 12131-12132. (f) Kishimoto, Y.; Miyatake, T.; Ikariya, T.; Noyori,
R. Macromolecules1996, 29, 5054-5055. (g) Tabata, M.; Sadahiro, Y.;
Nozaki, Y.; Inaba, Y.; Yokota, K.Macromolecules1996, 29, 6673-6675.

(28) In the previous study,17 we used a higher molecular weight poly-1
for ICD experiments. However, no significant changes in ICD spectra in
the presence of optically active amines were observed.
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chemical shift and line shape of the main chain’s olefinic protons
and aromatic protons are considered to be sensitive to the
conformers.29 The 1H NMR spectrum of poly-1 in DMSO-d6
(Figure 1) showed a sharp singlet centered at 5.83 ppm due to
the main chain protons, which can be assigned to thecis-
transoidalmain chain’s olefinic protons, and thecis content is
estimated to be approximately 100% by the integral ratio of
the olefinic proton resonance and the other aromatic proton
resonances based on the literature method for poly(phenylacety-
lene).29 Similar sharp resonances were also observed in the13C
NMR spectrum (see Experimental Section). The sample showed
the same1H NMR spectrum even after 1 month, indicating that
the poly-1 is stable in solution.

Other transition metal catalysts such as WCl6-n-Bu4Sn and
MoCl5-n-Bu4Sn complexes are known as excellent catalysts to

polymerize acetylenes.30 However, these catalysts could not
polymerize TrA, and produced stereoirregular poly(phenylacety-
lenes) in the polymerization of (4-(ethoxycarbonyl)phenyl)-
acetylene (EB); their1H and 13C NMR spectra showed very
broad resonances. Poly-1 compounds derived from these
stereoirregular polymers were used to investigate the effect of
stereoregularity and conformation of the main chain on the
induction of a helix of poly-1 by the complexation with chiral
amines and amino alcohols, which will be discussed later.
CD Studies on the Complexation with Chiral Amines and

Amino Alcohols. Poly-1 forms a complex with various chiral
amines (2-17) (Chart 2) and amino alcohols (18-32) (Chart
3), including simple primary amines (2-4), cyclic primary
amines (5, 6), secondary and/or tertiary amines (7-16), and
amino alcohols (18-32), including quinidine (30) and quinine
(31) through an acid-base interaction. The complexes showed
a split-type ICD in the UV-visible region in both solution and
the film state, the sign of which reflects the stereochemistry,
including absolute configuration of the amines. Figure 2 shows
typical CD spectra of poly-1 in the presence of optically active
primary amines (Figure 2A) and primary and tertiary amino

(29) (a) Simionescu, C.; Dumitrescu, S.; Percec, V.J. Polym. Sci., Polym.
Symp.1978, 64, 209-227. (b) Furlani, A.; Napoletano, C.; V. Russo, M.
V.; Feast, W. J.Polym. Bull.1986, 16, 311-317. (c) Furlani, A.; Licoccia,
S.; Russo, M. V.J. Polym. Sci., Part A, Polym. Chem.1986, 24, 991-
1005. (d) Furlani, A.; Napoletano, C.; V. Russo, M. V.; Marsich, N.J.
Polym. Sci., Part A, Polym. Chem.1989, 27, 75-86. (e) Lee, D.-H.; Lee,
D.-H.; Soga, K.Makromol. Chem., Rapid Commun.1990, 11, 559-563.
(f) Very recently, Noyori and co-workers have determined the structure of
poly(phenylacetylene) prepared with a rhodium catalyst to be exactlycis-
transoidalin both solution and solid state by means of NMR spectroscopy
using the poly(phenylacetylenes) partially labeled with2H and/or 13C:
Proceeding of the International Symposium on Molecular Catalysis ‘96:
Tokyo, Japan, 1996; pp 21 and 22.

(30) For reviews, see: (a) Masuda, T.; Higashimura, T.AdV. Polym. Sci.
1987, 81, 121-165. (b) Shirakawa, H.; Masuda, T.; Takeda, K. InThe
Chemistry of Triple-Bond Functional Groups; Patai, S., Ed.; John Wiley &
Sons: New York, 1994; Chapter 17.

Scheme 1

Chart 1

Figure 1. 1H NMR spectrum of poly-1 in DMSO-d6 at 60 °C (500
MHz, TMS). The× denotes protons from CHCl3.

Chart 2
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alcohols (Figure 2B) in dry DMSO.31 Enantiomers of2 induced
intense split-type ICDs of mirror images (Table 1). There are
three Cotton effects with the exciton-type splittings in the ICDs
in Figure 2. However, the assignments of the Cotton effects
have not yet been done, although conjugated polyenes may be
regarded as a suitable chromophore for the exciton-coupled
CD.15 The intensity of the ICD increased with an increase in
the concentration of the chiral amine and reached an almost
constant value ([θ] ) ca.3 × 104 deg cm2 dmol-1 at 375 nm)
at [2]/[poly-1] ) 50. The results clearly indicate that the
complexation involves an acid-base equilibrium,33 and the
poly-1 having a rather irregulart twist of the adjacent double
bonds around a single bond may be transformed into the helical
conformation with a predominant screw-sense by interacting
with the chiral amine as schematically illustrated in Figure 3.34

No ICD signals were observed when the methyl ester of poly-1
was used with excess (50-fold) (R)-2 in DMSO.
Molecular mechanics and molecular dynamics calculations

with the Dreiding force field35 were carried out for a model
polymer (20 repeated monomer units) of poly-1 in order to gain
information regarding the conformation of the poly(phenyl-
acetylene) prepared in this study. A planar extended backbone
conformation has been reported for atrans-transoidalpoly-
acetylene and substituted polyacetylenes,36 while a helical
conformation has been proposed for a fewcis-transoidaland

cis-cisoidalsubstituted polyacetylenes.37 The rhodium catalyst
used in this study may give almost completecis-transoidalpoly-
(phenylacetylenes).27,29f Therefore, we constructed acis-trans-
oidal poly((4-carboxyphenyl)acetylene) (20 mer) as a model
polymer for calculations according to the previously reported

(31) Water may affect an acid-base complexation in aprotic organic
solvents,32 and therefore, the effect of water on the ICD magnitude of the
complexes of poly-1with (S)-2 and (R)-18was investigated on the basis of
CD titrations. As seen in the supporting information, a very small amount
of water (less than 2% by volume to DMSO) did not affect the magnitude
of ICDs of the complexes, although the ICD signals of poly-1-(R)-18
complex decreased with an increase in the amount of water.

(32) (a) Izutsu, K.Acid-Base Dissociation Constants in Dipolar Aprotic
SolVents; Blackewll: Oxford, 1990. (b) Reichardt, C.SolVents and SolVent
Effects in Organic Chemistry; VCH: Weinheim, Germany, 1990.

(33) The UV-vis spectrum of poly-117 very slightly changed upon
addition of chiral amines. The dilution experiments of the complexes
between poly-1 and (S)-2 or (R)-18 also support the equilibria; dilution of
the complexes resulted in a nonlinear decrease in the ICD magnitude (see
the Supporting Information).

(34) The stereoregular poly-1 may be regarded as an analog of helical
polyisocyanates with very short persistence length. The polyisocyanates have
a long, alternate sequence of left- and right-handed helices, in other words,
long persistence length (more than 100 monomer units), so as to give a
considerable cooperativity.26k However, the persistence length of the poly-1
is very short, and a helix reversal of the poly-1 would appear on average
every 2-4 monomer units on the basis of the copolymerization of optically
active phenylacetylenes with achiral phenylacetylenes (see ref 24f).
Copolymers of a small amount of optically active phenylacetylene (ca.10
mol %) with achiral phenylacetylene showed much weaker induced CD in
the UV-visible region than the homopolymer, and copolymers of the
optically active phenylacetylene (30 mol %) with an achiral phenylacetylene
derivative bearing a bulky substituent at theparaposition showed an intense
induced CD. These results clearly indicate that the chiral monomer units
of the poly(phenylacetylenes) affect only neighboring monomer units to
take the same helical conformation. The molecular modeling and molecular
dynamics simulations also supported the above speculation. Consequently,
we think that the poly(phenylacetylenes) are not completely the same as
the polyisocyanates. However, as previously described, the poly-1 can be
considered as the limitative analog of the polyisocyanates with a very short
persistence length.

(35) (a) Mayo, S. L.; Olafson, B. D.; Goddard, W. A., IIIJ. Phys. Chem.
1990, 94,8897-8909. (b) Rappe´, A. K.; Goddard, W. A., IIIJ. Phys. Chem.
1991, 95, 3358-3363. (c) Castonguay, L. A.; Rappe´, A. K.; Casewit, C. J.
J. Am. Chem. Soc.1991, 113, 7177-7183. (d) Wang, Q.; Stidham, H.
Spectrochim. Acta1994, 50A,421-433. (e) Smith, T. L.; Masilamani, D.;
Bui, L. K.; Khanna, Y. P.; Bray, R. G.; Hammond, W. B.; Curran, S.; Belles,
J. J., Jr.; Binder-Castelli, S.Macromolecules1994, 27, 3147-3155. (f)
Brizzolara, D.; Cantow, H.-J.; Diederichs, K.; Keller, E.; Domb, A. J.
Macromolecules1996, 29, 191-197.

(36) (a) Cernia, E.; D’ilario, L.J. Polym. Sci., Polym. Chem. Ed.1983,
21, 2163-2176. (b) Clough, S. B.; Sun, X.-F.; Subramanyam, S.; Beladak-
ere, N.; Blumstein, A.; Tripathy, S. K.Macromolecules1993, 26, 597-
600. (c) Gorman, C. B.; Ginsburg, E. J.; Grubbs, R. H.J. Am. Chem. Soc.
1993, 115, 1397-1409.

(37) (a) Clough, S. B.; Sun, X.-F.; Tripathy, S. K.Macromolecules1991,
24, 4264-4269. (b) Nishide, H.; Kaneko, T.; Igarashi, M.; Tsuchida, E.;
Yoshioka, N.; Lahti, P. M.Macromolecules1994, 27, 3082-3086.

Chart 3

Figure 2. CD spectra of poly-1 with (R)- or (S)-amines (2-6) (A)
and amino alcohols (18, 20, 24, and30) (B) in DMSO. The CD spectra
were measured in a 0.05 cm quartz cell at ambient temperature (ca,
20-22 °C) with a poly-1 concentration of 1.0 mg (6.8µmol monomer
units)/mL. [amine]/[poly-1] ) 50.

Figure 3. Schematical illustrations of the formation of a helical
structure with chiral amines.
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method.24f The optimized model polymer (Figure 4A) had a
left- or right-handed helical structure depending on the initial
twist angle about a single bond; the phenyl rings were twisted
out of the backbone by 46-68° and the average dihedral angles
of the double and single bonds from planarity were 24( 7°
and 15( 3°, respectively. The polymer had a slightly tight
helical conformation compared with that of poly(phenyl-

acetylene).24f However, the conformation of the helical poly-
(phenylacetylene) shown in Figure 4A changed to a rather
irregular conformation after 80 ps of molecular dynamics
simulations; the dihedral angles of the double bonds from
planarity were in the range-156 to 138° (Figure 4B). This
indicates that the helical conformation of poly-1 may not be
stable enough in solution and a helix reversal appeared on

Figure 4. Stereoviews of optimized structures of poly-1 (20 mer) (A) and those after 80 ps of molecular dynamics simulations (B).
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average every 2-4 monomer units, but it will take a dynamic,
one-handed helical conformation upon complexation with
optically active amines and amino alcohols, thus showing ICD.38

The split type and magnitude of the Cotton effects appear to
reflect the configuration, bulkiness, and type (primary, second-
ary, or tertiary) of chiral amines and the magnitude of the ICD
likely increases with an increase in the bulkiness of the chiral
amines; actually, the observed ICD increased in the order4 <
6< 3, 5, 2. The bulky groups introduced at theparaposition
of poly-1 appear to contribute more efficiently for the polymer
to take a predominant screw sense. This speculation is
supported by the previous fact that the magnitude of ICD of
copolymers of an optically active phenylacetylene derivative
bearing an (R)-(1-phenylethyl)carbamoyloxy group at thepara
position and achiral comonomers with the same rhodium catalyst
increased with an increase in the bulkiness of the substituents
at thepara position of the comonomers.24f

One may think that the basicity of amines in DMSO may
also influence the magnitude of the ICDs. However, the above
mentioned order of the ICD intensities for the complexes with
the primary amines2-6 is not completely correlated with the
basicity or binding affinity to poly-1 of the amines: For instance,
an acid-base binding constant (K) of (R)-4with 4-vinylbenzoic
acid, a model compound of poly-1, obtained by1H NMR
titration experiments in dry DMSO-d6 was larger than that of
(R)-2. Nevertheless, the poly-1-(R)-4 complex exhibited a
weaker ICD than that of the poly-1-(R)-2 complex. This
indicates the importance of the bulkiness of amines for induction
of an excess one-handed helical conformation of poly-1,
accompanied by an intense ICD, which will be discussed later
in detail.
The results of the ICD for the complexes with other chiral

amines including secondary and/or tertiary amines are also
summarized in Table 1. The complexes with secondary and/or
tertiary amines (7-16) showed a rather weak ICD compared
to those with primary amines except for bulky (S)-12 and
brucine (13). The magnitude of the observed ICDs likely
decreases in the following order: primary amine (3) > second-
ary amine (7) . tertiary amine (10). (R)-N,N-Dimethyl-1-
phenylethylamine (10) exhibited almost no ICD at a poly-1
concentration of 1.0 mg/mL, but it showed a weak ICD with
the opposite Cotton effect sign when the concentration of poly-1
increased five times (5.0 mg/mL). On the contrary to the
observed ICDs for the complexes with the primary amines as
seen in Figure 2A, this order seems to be correlated with the
basicity of amines in DMSO, because they are similar in
bulkiness. Therefore, other chiral amines with a weaker basicity
such as the (S)-nicotine (15), (S)-cotinine (16), andL-tryptophan
methyl ester (17) showed no ICD. The acid-base binding
constants (K) for (R)-3, (S)-7, and (R)-10with 4-vinylbenzoic
acid obtained by1H NMR titration experiments support the
speculation above; theK values decrease in the order3 > 7 >
10 (see below). An amino group far from the chiral center (11)
may not work well for inducing a helical conformation to show
a clear ICD.
The results of the ICD studies for various chiral amino

alcohols (18-32) are summarized in Table 2, and the typical
CD spectra are shown in Figure 2B. In contrast to the ICD
results for chiral amines, most chiral amino alcohols exhibited

a very intense ICD irrespective of the bulkiness and type of the
amino alcohols; two less bulky ethanolamines (18 and19) and
tertiary amino alcohols26, 30, and31 showed a significantly
intense ICD. The cooperative hydrogen bond formation of the
hydroxy group to a carboxy residue of poly-1 as well as the
acid-base interaction39 must play an important role in the
intense ICD. The importance of both hydroxy and amino groups
of amino alcohols for the intense ICD is evidenced by the fact

(38) The calculations of a conformation of poly-1-(S)-2 or (S)-18
complex may be particularly interesting, for there are two possible helical
conformations with a right- or left-handed helix in the main chain, whose
free energies may differ from one another because they are diastereomers.
The chiral amines should control a helical sense to one-handedness in excess
since the poly-1-(S)-2 or (S)-18 complex showed a very intense ICD in
the UV-visible region. The calculations are in progress.

(39) (a) Manabe, K.; Okamura, K.; Date, T.; Koga, K.J. Am. Chem.
Soc.1992, 114, 6940-6941. (b) Manabe, K.; Okamura, K.; Date, T.; Koga,
K. J. Am. Chem. Soc.1993, 115, 5324-5325. (c) Manabe, K.; Okamura,
K.; Date, T.; Koga, K.J. Org. Chem.1993, 58, 6692-6700.

Table 1. Signs of Split Cotton Effects and Molar Ellipticities ([θ])
for Poly-1-Amine Complexesa

first Cotton second Cotton third Cotton

amine sign
[θ] × 10-3

(λ ) sign
[θ] × 10-4

(λ ) sign
[θ] × 10-4

(λ )

(R)-2 + 2.47 (447.0) - 3.06 (375.0) + 2.91 (334.0)
(S)-2 - 2.40 (447.0) + 2.86 (375.0) - 2.71 (334.0)
(R)-2b + 0.36 (447.0) - 0.44 (375.5) + 0.40 (334.0)
(R)-2b,c + 1.40 (447.0) - 1.33 (375.0) + 0.88 (316.0)
(R)-3 + 1.45 (440.0) - 1.26 (376.0) + 1.30 (336.0)
(S)-4 d + 0.14 (377.5) - 0.14 (330.0)
(R)-5 + 3.94 (443.0) - 2.68 (372.5) + 2.70 (334.0)
(R,R)-6 d - 0.30 (378.0) + 0.28 (330.0)
(S)-7 + 0.89 (438.5) - 0.85 (376.0) + 0.89 (333.5)
(R)-8 d - 0.113 (380.0) + 0.099 (328.0)
(R)-9 d - 0.11 (376.0) + 0.10 (335.0)
(R)-10 ca.0 ca.0 ca.0
(R)-10e d + 0.096 (376.0) - 0.053 (333.0)
(R,R)-11 d + 0.06 (386.0) - 0.12 (334.0)
(S)-12 + 0.83 (435.0) - 1.20 (374.0) + 1.21 (341.0)
13 + 0.97 (441.0) - 2.04 (374.0) f
(R,R)-14 d + 0.082 (382.0) - 0.089 (328.0)
(S)-15 ca.0 ca.0 ca.0
(S)-16 ca.0 ca.0 ca.0
L-(S)-17 ca.0 ca.0 ca.0

a All spectra were measured in DMSO at ambient temperature (ca.
18-20 °C) with poly-1 (1.0 mg/mL); the molar ratio of a chiral amine
to monomer units of poly-1was 50; [θ] (deg cm2 dmol-1) andλ (nm).
b The molar ratio of a chiral amine to poly-1 was 1.c In the film. d It
could not be estimated due to the very weak Cotton effect.eThe
concentration of poly-1 was 5.0 mg/mL.f It could not be measured
because of overlap with the guests.

Table 2. Signs of Split Cotton Effects and Molar Ellipticities ([θ])
for Poly-1-Amino Alcohol Complexesa

first Cotton second Cotton third Cotton

amine sign
[θ] × 10-3

(λ ) sign
[θ] × 10-4

(λ ) sign
[θ] × 10-4

(λ )

(R)-18b + 2.22 (437.0) - 3.21 (373.0) + 3.67 (330.0)
(R)-19 - 1.84 (442.0) + 2.44 (374.0) - 2.91 (331.0)
(R)-20 + 2.28 (444.0) - 2.17 (374.0) + 2.32 (333.0)
(S)-21 - 1.15 (444.0) + 1.74 (374.0) - 1.86 (334.0)
(S)-22b - 3.06 (443.0) + 3.30 (371.0) - 3.65 (331.0)
(S,S)-23c + 0.33 (422.0) - 0.24 (352.0) - 0.49 (317.0)
(1R,2S)-24 - 2.76 (439.0) + 3.24 (372.0) - 3.31 (331.0)
(1R,2S)-25 - 3.11 (439.0) + 2.84 (374.0) - 2.75 (332.0)
(S)-26 + 4.96 (429.0) - 2.12 (374.0) d
(1S,2R)-27 - 1.34 (444.0) + 3.49 (373.0) - 4.71 (329.0)
(1R,2S)-28 + 0.76 (444.0) - 3.41 (374.0) + 4.65 (328.0)
(1S,2S)-29 - 1.03 (439.0) + 0.81 (373.0) - 0.87 (330.0)
(8R,9S)-30 - 5.11 (439.0) + 3.11 (376.0) d
(8S,9R)-31 + 6.51 (448.0) - 2.47 (385.0) d
D-32b - 2.03 (440.0) + 2.08 (371.0) - 2.33 (332.0)

a All spectra were measured in DMSO at ambient temperature (ca.
18-20 °C) with poly-1 (1.0 mg/mL); the molar ratio of a chiral amine
to poly-1 was 50; [θ] (deg cm2 dmol-1) andλ (nm). b The molar ratio
of a chiral amine to poly-1 was 10.c It gave a different CD pattern
compared with other chiral amines and amino alcohols.d It could not
be measured because of overlap with the guests.
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that the presence of excess (S)-2-aminobutane (4) and (S)-2-
butanol resulted in very weak and no ICD, respectively. Poly-1
recovered from the poly-1-(S)-18 complex in DMSO by
reprecipitation into diethyl ether did not show any ICD, but it
showed almost the same ICD in the presence of (S)-18 again.
The advantages of the present polyacetylene are not only its

long-wavelength absorption, high sensitivity, and response to
chiral amines, but also easy preparation into a film in which an
excess one-handed helix of poly-1may be preferentially fixed
in the presence of optically active amines and the two helical
conformations may not be in dynamic equilibrium in the film.
Actually, the poly-1-(R)-2 complex (1:1 mol/mol) exhibited
an ICD identical in pattern and sign to that in solution, and the
intensity was greater than that observed in DMSO solution for
the same molar ratio (see Table 1).
Effect of the Stereoregularity of Poly-1 on ICD. Stereo-

regularity of poly-1 seems to be important for induction of a
dynamic, helical structure of poly-1 with chiral amines. To
confirm this, stereoirregular poly((4-carboxyphenyl)acetylenes)
were prepared with WCl6-n-Bu4Sn and MoCl5-n-Bu4Sn catalysts
which are known to givetransandcis rich poly(phenylacety-
lenes), respectively.30 However, these catalysts did not poly-
merize TrA, and therefore, a less bulky (4-(ethoxycarbonyl)-
phenyl)acetylene (EB) was used as a monomer and polymerized
with these catalysts, followed by alkaline hydrolysis to give
poly((4-carboxyphenyl)acetylenes). The polymerization results
are summarized in Table 3 together with the ICD results with
optically active2 and18 in DMSO. The1H NMR spectra of
the polymers showed very broad resonances at 5.0-8.3 ppm,
while the poly-1 derived from polyEB prepared with the
rhodium catalyst showed very sharp peaks in its1H NMR
spectrum (see the supporting information), indicating that the
polymers prepared with the WCl6-n-Bu4Sn and MoCl5-n-Bu4Sn
catalysts may not be stereoregular in the main chain configu-
ration and conformation. Moreover, the stereoirregular poly-1
compounds showed very weak or almost no ICD in the 300-
500-nm range, as shown in Table 3. These results clearly
indicate that the regular main chain conformation must be
essential for the formation of a helical conformation to exhibit
an ICD with chiral amines and amino alcohols.
Relation between the Cotton Effect Signs and the Absolute

Configuration of Chiral Amines and Amino Alcohols. As
shown in Tables 1 and 2, all primary amines (2-6) and amino
alcohols (18, 20-25, 27-29, 32) of the same configuration gave
the same Cotton effect signs. The only exception is 2-hydroxy-
1-aminopropane (19) bearing an amino group on the carbon
adjacent to the stereogenic center, which showed the opposite
Cotton effect signs compared with the other primary amines
and amino alcohols. The relationships between the Cotton effect
signs and the absolute configurations of chiral primary amines
and amino alcohols can be generalized as follows (Figure 5):

primary amines may be favorably complexed with poly-1 to
form an ion pair as described in Figure 5A, where the bulkiest
substituent (L) is placed remote from the poly-1 (anti-staggered)
and the smaller alkyl group (S) and the hydrogen are in a
staggeredposition, and therefore, the complexes with (R)- and
(S)-amines may show an ICD with mirror images depending
on the configuration. In the complexes, the helical sense (right-
or left-handed) or the Cotton effect sign may be governed by
the steric difference in the hydrogen (H) and the less-bulky
substituent (S), and the bulky substituent (L) may contribute to
an extent of a single-handedness, in other words, the ICD
magnitude.
In an acid-base complexation, five species, free acid (AH)

and base (B), hydrogen bonded complex, contact ion pair (or
hydrogen bonded ion-pair), solvent separated ion pair, and free
ions, are at equilibrium in solution (eq 1).19b,32 In DMSO the
equilibrium lies between the ion pairs and the free ions, and
ion pairing has been shown to be predominant.40

Although acid-base complexations in solution have been
studied extensively,21m-v,41 a complete structural interpretation
of the ion-pairing behavior in solution is still not completely
solved,40 whereas those in crystalline states have clearly been
determined by X-ray analysis.21b,n,o,p,s-v Takenaka19c and Ar-
nett40 proposed an intermolecular, bidentate-type hydrogen bond

(40) Zingg, S. P.; Arnett, E. M.; McPhail, A. T.; Bothner-By, A. A.;
Gilkerson, W. R.J. Am. Chem. Soc.1988, 110, 1565-1580.

(41) Eliel, E. L.; Wilen, S. H.Stereochemistry of Organic Compounds;
VCH: New York, 1994; Chapter 6, pp 153-295.

Table 3. Polymerization of TrA and EA and ICD Results

polymer second Cottone

monomera catalystb solvent time (h) temp (°C) yield (%)c Mh n× 10-4 d [θ] × 10-4 (nm)f [θ] × 10-4 (nm)g

TrA [Rh(nbd)Cl]2 THF 3 30 56.5 4.6h +3.21 (374) -3.06 (375)
EA WCl6-n-Bu4Sn toluene 3 60 93.9 5.1 ca.0 ca.0

MoCl5-n-Bu4Sn toluene 24 60 30.1 1.3 -0.04 (375)i +0.04 (332)l
[Rh(nbd)Cl]2 THF 20 30 92.5 21.5 +1.55 (374)j -1.49 (376)j

-2.62 (374)i,k +2.19 (375)k,l

a TrA: [4-((triphenylmethoxy)carbonyl)phenyl]acetylene. EA: [4-((ethoxy)carbonyl)phenyl]acetylene.b [Monomer]) 0.5 M, [monomer]/[Rh
or W] ) 100, [monomer]/[Mo]) 50, [W or Mo]/[n-Bu4Sn]) 1. cMethanol insoluble fraction.dDetermined by GPC (polystyrene standards using
THF as the eluent).eCD spectra were measured in DMSO at ambient temperature (ca. 18-20 °C) with poly-1 derived from polyTrA or polyEA
(1.0 mg/mL); the molar ratio of a chiral amine to carboxy residues of poly-1 was 50.f (S)-18was used.g (R)-2 was used.hDetermined by GPC as
its methyl ester.i (R)-18was used.j The polymer not completely hydrolyzed (73%) was used.kCompletely hydrolyzed polymer was used.l (S)-2
was used.

Figure 5. Proposed structures for the poly-1-amine (A) or amino
alcohol (B) complexes and the relationships between the Cotton effect
signs and the absolute configurations of primary amines and amino
alcohols.
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ion pair between 2-benzoylbenzoic acid and optically active
primary amines and between (R)-mandelic acid and (R)-(1-
phenylethyl)amine, respectively. A similar bidentate-type ion
pair model may be applicable to the present system to explain
the relation between the Cotton effect signs and the absolute
configuration of chiral amines (Chart 4). The conformation of
amine is closer to thegauche-staggeredrather than to theanti-
staggeredform, and the helical sense appears to be controlled
by the difference in the bulkiness of the L and S groups on the
stereogenic center.
A similar model can be possible for primary amino alcohols,

which may be complexed with the poly-1 as shown in Figure
5B. The hydroxy group may participate in intermolecular
hydrogen bonding with the carboxy group together with the
acid-base ion pairing of the amino group.42 A similar
intermolecular hydrogen bonding can be seen in the crystal of
the (1S,2R)-ephedrinium (R)-mandelate ion pair.40 These
cooperative interactions might enhance the complexation be-
tween poly-1 and amino alcohols.39 In the complexes, the
direction and affinity of the hydroxy group for the hydrogen
bond toward the carboxy group of poly-1 may be the most
important for controlling both the helical sense and an extent
of the single-handedness, and therefore, the complexes with
amino alcohols showed an intense ICD independent of the
bulkiness of the substituent (R) with the same Cotton effect
signs as the primary amines.43

The above relationship between the absolute configurations
and the Cotton effect signs may be extended to secondary and/
or tertiary amines and amino alcohols. However, there is not
a general relation because of the limited amount of data, but a
tendency was observed;7 and 10-14 showed the opposite
Cotton effect signs compared with those of the primary amines
(2-6) if their configurations were the same, although the
secondary amines8 and9 exhibited the same ICD sign as the
primary amines. Tertiary amino alcohols (26, 30, and31) also
showed the opposite ICD signs to the primary amines. More
examples and structural studies are needed for proposing a
rationale for the chirality assignments of secondary and/or
tertiary amines in the complexation with poly-1.
Although the CD exciton chirality method developed by

Nakanishi and Harada15 has been extensively applied for
determining the absolute configurations of chiral molecules, the

method requires the introduction of chromophores suitable for
the exciton coupling at hydroxy or amino groups. The present
ICD method using poly-1 requires no derivatization and may
have great potential for general use, although the theoretical
basis is far less certain of depending on structural interactions
than the quantum basis of the exciton chirality method.

1H NMR Studies on the Complexation of Poly-1 with
Amines and Amino Alcohols. As described above, the
magnitude of ICDs of the poly-1-amine complexes depends
on the bulkiness and type (primary, secondary, or tertiary) of
the amines, while that of the poly-1-amino alcohol complexes
is almost independent of these factors. It is likely that the
complexation power of amines with poly-1 in nonaqueous,
aprotic polar solvents such as DMSO may be closely correlated
with “basicity”, in other words, binding affinity in the acid-
base interaction which is in equilibrium (the proton transfer
equilibrium) (see eq 1). The strengths of acids and bases in
aprotic polar solvents are known to be influenced by many
factors, for instance the electronic properties of the acids and
bases, solvent properties, and ion-pair structures,32,39 and in
DMSO the equilibrium appears to be between the hydrogen-
bonded ion pair and the free ions as mentioned above.40

Therefore, it is particularly interesting to investigate the relation
between the binding affinity of amines and amino alcohols to
poly-1 in the formation of acid-base complexes and the
magnitude of the ICDs of the complexes. The results will
contribute to the understanding of acid-base equilibria in aprotic
polar solvents.25,32,39,40

We first attempted to estimate the binding constants (K) per
monomer unit of poly-1 to chiral amines and amino alcohols
using 1H NMR titrations, since the CD titrations10 could not
provide preciseK values because of nonlinear changes in the
Cotton effect intensity during the complexation of poly-1 with
an increasing amount of chiral amines (see below). However,
it was difficult owing to the broadening of the peaks of chiral
amines and amino alcohols and the overlapping in the reso-
nances of poly-1. 4-Vinylbenzoic acid was then used as a model
compound of poly-1, andK values for typical chiral amines
((R)-2, (R)-3, (S)-4, (S)-7, and (R)-10) and (R)-2-amino-1-
propanol ((R)-18) were measured by using the standard1H NMR
titrations in DMSO-d6.45

Table 4 gives theK values of the amines and amino alcohol
upon complexation with 4-vinylbenzoic acid together with the
[θ] values for the second Cotton effect in the complexation with
poly-1 at [amine or amino alcohol]/[poly-1] ) 50 in DMSO.
1H NMR titrations were carried out under the conditions of
constant [4-vinylbenzoic acid] with varying [amine or amino
alcohol] at 22°C.

(42) Grunwald, E.; Price, E.J. Am. Chem. Soc.1964, 86, 2970-2977.
(43) Takenaka19c,dand Arnett40 reported, however, that in solution five-

membered, cyclic intramolecular hydrogen bonding44 is preferred for
â-amino alcohols including ephedrine, pseudoephedrine, alaninol, and
leucinol in the presence of acids. Takenaka claimed that the amino alcohols
may behave like secondary amines.19c

(44) Edund, U.; Holloway, C.; Levy, G. C.J. Am. Chem. Soc.1976, 98,
5069-5073.

(45) Yashima, E.; Yamamoto, C.; Okamoto, Y.J. Am. Chem. Soc.1996,
118, 4036-4048.

Chart 4 Table 4. Structure Effect on Induced CD (Second Cotton; [θ] ×
10-4 deg cm2 dmol-1) for Poly-1 (1.0 mg/mL)-Amine Complexes
in DMSO and Binding Constants (K) for the Complexation of
Amines with 4-Vinylbenzoic Acid

amines [θ] × 10-4 a K (M-1)b

(R)-2 -3.06 57( 2
(R)-3 -1.26 146( 5
(S)-4 0.14 117( 5
(S)-7 -0.85 37( 2
(R)-10 ca.0 (+0.10)c 5( 1
(R)-18 -3.21 509( 30

aCited from Tables 1 and 2; the molar ratio of a chiral amine to
poly-1 was 50.b Estimated by1H NMR titrations in DMSO-d6 with
4-vinylbenzoic acid as the model compound of poly-1. c Poly-1 (5.0
mg/mL).
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The titration curves were analyzed by linear ((R)-10)12a,45,46

and nonlinear ((R)-2, (R)-3, (S)-4, (S)-7, and (R)-18))45,47least-
square methods by using a binding model with a 1:1 stoichi-
ometry, and are in agreement with the 1:1 complexation. The
1:1 complexation was also confirmed by the continuous variation
plot (Job plot)48 for the 4-vinylbenzoic acid-(R)-18 complex.
The maximal complex formation occurred at around 0.5 mol
fraction of (R)-18.
Comparison of theK values in DMSO-d6 indicates a higher

affinity of the amino alcohol ((R)-18) to 4-vinylbenzoic acid
than those of the other amines and the binding constants
increased in the order10 , 7 < 2 < 4 < 3 < 18 (tertiary<
secondary< primary amines). The results are very consistent
with the basicity order of amines in DMSO (tertiary< secondary
< primary amines), for instance, the reported pKa values of the
conjugated acids of alkylamines in DMSO increase in the
following order: Me3N (8.4), Et3N (9.0) < Me2NH (10.3),
Et2NH (10.5)< MeNH2 (11.0), EtNH2 (11.0).32a,49 However,
the [θ] values for the second Cotton in the complexation with
poly-1 at [amine or amino alcohol]/[poly-1] ) 50 increased in
the order10 , 4 < 7 < 3 < 2 < 18 (see Tables 1 and 2).
More basic, but less bulky amine4 exhibited a weaker ICD
compared with2, 3, and7. The results clearly indicate that
both basicity and bulkiness of the amines are important factors
for the ICD.50

The binding affinity of amines to poly-1 can be indirectly
evaluated from dynamic1H NMR experiments of the mixtures
at high temperature ranges (30-110 °C) (see the Supporting
Information). Spin-spin relaxation time (T2) is sensitive to
molecular motions,51 and therefore it is informative to know
how the mobility of poly-1 changes upon complexation with
chiral amines. The resonances of the methine Ha and aromatic
Hb and Hc protons of free poly-1 exhibited sharp peaks even at
30 °C, while those of the complexes with amines, especially
with the amino alcohol (R)-18, were much broadened and almost
no peak was detected in the 5-8 ppm range even at 70°C.
These results indicate that the mobility of the poly-1 was

unequivocally restricted due to binding with the amines,
especially with (R)-18. The half line width may be used as a
probe for estimating the interaction occurring in the acid-base
complexation, since the half line width (∆ν1/2) of an NMR
resonance is simply related toT2 by the following eq 2:51

T2 is correlated with the dynamic processes in the molecule
under study. Comparison of the changes in the half line width
of Ha-Hc proton resonances of poly-1 in the presence of (S)-2
and (R)-18 suggests that (R)-18may bind more strongly with
poly-1 than (S)-2. Similar changes in the half line width of
poly-1 were also observed in dynamic1H NMR experiments
of the mixtures of poly-1 with (R)-3, (S)-7, or (R)-10 at
temperature ranges of 30-70 °C (see the Supporting Informa-
tion); the half line width of Ha-Hc proton resonances of poly-1
increased in the order of10< 7< 3 at the temperature ranges,
in good agreement with theK values obtained with the1H NMR
titrations (Table 4).
Effect of Solvents on ICD. As mentioned previously, the

strengths of acids and bases in aprotic organic solvents are
known to be influenced by solvent properties.19e,32,39,40 In order
to investigate the solvent effects on the ICD, CD spectra of
poly-1 in the presence of optically active amines ((R)-2, (R)-3,
(S)-7, and (R)-10) and amino alcohol ((R)-18) were measured
in DMF, CH3CN/DMSO (3/1, v/v), and CHCl3/DMSO (3/1, v/v)
(Table 5). Because of poor solubility of poly-1 in CH3CN and
CHCl3, DMSO was used as a component for dissolving poly-
1, and the concentration of poly-1 in the CHCl3/DMSO mixture
was set at 0.125 mg/mL. The complexes in DMF and CH3-
CN/DMSO gave much weaker ICDs compared with those in
pure DMSO, although the Cotton effect signs agreed with those
in DMSO except for the poly-1-(R)-10complex in DMF, which
exhibited smaller ICD with an opposite Cotton effect sign. On
the other hand, in the mixture of CHCl3/DMSO, the complexes
showed rather intense ICDs by considering the lower concentra-
tion of poly-1 in CHCl3/DMSO (0.125 mg/mL) than in other
solvents (1.0 mg/mL) (see also the figure showing the concen-
tration effect on the ICD in DMSO in the Supporting Informa-
tion). The differences in the magnitude of the ICDs may be
ascribed to the difference in binding constants in the acid-
base equilibrium or ion-pair structures in these solvents.32b In
polar DMSO, DMF, and CH3CN (the dielectric constantεr >
30) ion association is weak and the hydrogen bonded ion pair
is predominant,32,39,40while in less polar CHCl3 (εr ) 4.8) ion
association is strong and a contact-ion pair may be a major
specie.21m,39 Therefore, relatively intense ICDs in CHCl3/DMSO
seems to be caused by a strong interaction of the chiral amines
with poly-1 within the contact ion pairs.
Complexation Dynamics. An indication of dynamics of the

helix formation of poly-1 upon complexation with optically
active amines and amino alcohols was obtained through CD,
ORD, and1H NMR titration experiments. Figure 6 shows the
CD titration curves during the complexation of poly-1with (S)-
2, (S)-18, and (8R,9S)-30 in DMSO. The CD intensity increased
with an increase in the concentration of the chiral amines and
amino alcohols and reached an almost constant value. Particu-
larly, the magnitude of the ICD of the complex between (S)-18
and poly-1 (Figure 6B) dramatically changed with an increase
in the amount of (S)-18; at around the region where the molar
ratio of (S)-18 to poly-1 is from 0.5 to 1, the change in the CD
signal was abrupt, probably because the polymer may start to
form a predominantly one-handed helical structure at around
this region.

(46) Kelly, T. R.; Kim, M. H. J. Am. Chem. Soc.1994, 116, 7072-
7080.

(47) (a) Sawada, M.; Okumura, Y.; Shizuma, M.; Takai, Y.; Hidaka,
Y.; Yamada, H.; Tanaka, T.; Kaneda, T.; Hirose, K.; Misumi, S.; Takahashi,
S. J. Am. Chem. Soc.1993, 115, 7381-7388. (b) Albert, J. S.; Goodman,
M. S.; Hamilton, A. D. J. Am. Chem. Soc.1995, 117, 114-1144. (c)
Sawada, M.; Takai, Y.; Yamada, H.; Hirayama, S.; Kaneda, T.; Tanaka,
T.; Kamada, K.; Mizooka, T.; Takeuchi, S.; Ueno, K.; Hirose, K.; Tobe,
Y.; Naemura, K.J. Am. Chem. Soc.1995, 117, 7726-7736.

(48) Job, P.Ann. Chim. Ser.1928, 9, 113-134.
(49) The basicity of amines in aprotic polar solvents cannot be deduced

from the pKa values of amines in water; pKa values of the conjugated acids
of alkylamines in water increase in the following order: MeNH2 < Me3N
< Me2NH. (a) Pine, S. F.Organic Chemistry, 5th ed.; McGraw-Hill: New
York, 1987; Chapter 7. (b) Benoit, R. L.; Mackinnon, M. J.; Bergeron, L.
Can. J. Chem.1981, 59, 1501-1504.

(50) Takenaka et al. measured binding constants of analogous chiral
acid-base complexations ofpara-substituted (S)-1-phenylethylamine de-
rivatives and (R)- or (S)-indane-1-carboxylic acids by means of IR
spectroscopy in CCl4.19eThey observed that the binding constants increased
in the order tertiary, primarye secondary amines and claimed that the
binding constants were affected by inductive and resonance effects of the
substituent at thepara position rather than by steric hindrance.

(51) Wüthrich, K. NMR of Proteins and Nucleic Acids; Wiley: New
York, 1986; Chapter 1.

∆ν1/2 ) 1/2πT2 (2)
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A similar titration experiment was then carried out between
poly-1 and (R)-18with ORD spectroscopy instead of CD (Figure
7). The figure showed a curve similar to the CD titration curve;
optical rotation of the complex dramatically increased as well

as the CD signal around the same molar ratio and the specific
rotation of the complex ([R] at 350 nm) reached up to 30 000°.
The value is so high because the Cotton effect is near in the
wavelength.

Measurements of changes in1H NMR spectra during the
complexation of poly-1 with (R)-18 also support the above
speculation. In the presence of an increasing amount of (R)-
18, the resonances of the Ha-Hc protons of poly-1 were more
broadened (Figure 8A) and the half line width (∆ν1/2) for the
resonances of poly-1 significantly increased (Figure 8B). The
marked broadening of these proton resonances of poly-1
indicates that the mobility of the poly-1was restricted, probably
due to the formation of a one-handed helical conformation upon
binding with (R)-18.52

Table 5. Solvent Effect on Molar Ellipticities ([θ]) for Poly-1-Amine Complexesa

first Cotton second Cotton third Cotton

solvent (v/v) εrb amine sign [θ] × 10-3 (λ) sign [θ] × 10-4 (λ) sign [θ] × 10-4 (λ)

DMSO 46.45 (R)-2 + 2.47 (447.0) - 3.06 (375.0) + 2.91 (334.0)
(R)-3 + 1.45 (444.0) - 1.26 (376.0) + 1.30 (336.0)
(S)-7 + 0.89 (438.5) - 0.85 (376.0) + 0.89 (333.5)
(R)-10 ca.0 ca.0 ca.0
(R)-10c d + 0.10 (376.0) - 0.05 (333.0)
(R)-18 + 2.22 (437.0) - 3.21 (373.0) + 3.67 (330.0)

DMF 36.71 (R)-2 d - 0.11 (375.0) d
(R)-3 d - 0.07 (378.0) d
(S)-7 d - 0.12 (385.0) + 0.10 (335.5)
(R)-10 d - 0.05 (384.0) + 0.09 (321.5)
(R)-18 d - 0.15 (381.0) + 0.24 (328.0)

CH3CN/DMSOe (3/1) 35.94/46.45 (R)-2 d - 0.12 (375.0) + 0.13 (333.0)
(R)-3 d - 0.08 (384.5) d
(S)-7 d - 0.10 (377.0) + 0.15 (329.0)
(R)-10 d + 0.21 (386.0) - 0.25 (343.0)
(R)-18f d - 0.11 (378.0) + 0.14 (327.0)

CHCl3/DMSOg (3/1) 4.81/46.45 (R)-2 d - 0.42 (383.0) + 0.31 (336.0)
(R)-3 d - 0.37 (378.0) + 0.35 (331.0)
(S)-7h d - 0.27 (377.0) + 0.28 (337.0)
(R)-10 ca.0 ca.0 ca.0
(R)-18h + 3.33 (442.0) - 2.72 (380.0) + 2.59 (333.0)

a All spectra were measured at ambient temperature (ca. 18-20 °C) with poly-1 (1.0 mg/mL); the molar ratio of a chiral amine to poly-1 was
50; [θ] (deg cm2 dmol-1) andλ (nm). bRelative permittivity (dielectric constant) for the pure liquid at 25°C. The values are cited from ref 32b.
c The concentration of poly-1 was 5 mg/mL.d It could not be estimated due to the very weak Cotton effect.eAcetonitrile (CH3CN)/DMSO) 3
(v/v). f Because of the low solubility of the poly-1-(R)-18 complex, the molar ratio of a chiral amine to poly-1 was set at 5.gCHCl3/DMSO) 3
(v/v); because of the low solubility of poly-1 in the solvent, the concentration of poly-1 was set at 0.125 mg/mL.h Because of the low solubility
of the poly-1-(S)-7 or poly-1-(R)-18 complex in the solvent, the molar ratio of a chiral amine to poly-1 was set at 10.

Figure 6. Titration curves of the absolute values of ICD at 374 nm in
the complexation of poly-1 (1.0 mg/mL) with (S)-2 (O), (8R,9S)-30
(4) (A), and (S)-18 (b) (B) in DMSO at ambient temperature (ca. 18-
20 °C).

Figure 7. Titration curves of the absolute values of ORD at 350 nm
in the complexation of poly-1 (1.0 mg/mL) with (R)-18 (b) (A) in
DMSO at ambient temperature (ca. 18-20 °C). The changes of ORD
spectra at [(R)-18]/[poly-1] ) 0.5, 1, and 2 marked by arrows in part
A are also shown in B.

Figure 8. Changes of1H NMR spectra (A) and∆ν1/2 values of proton
resonances (Ha (4), Hb (0), Hc (O)) of poly-1 (15 mg/mL) in
complexation with (R)-18 in DMSO-d6 at 50 (A and B) and 70°C (C).
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Positive Nonlinear Effect and Chirality Amplification. In
the course of studies described above, optically pure amines
and amino alcohols were used for all experiments. However,
an interesting phenomenon was found in the complexation of
poly-1 with partially resolved amines or amino alcohols; the
complex formation of poly-1 with partially resolved amines or
amino alcohols displays a unique, positive nonlinear relationship,
in other words, chirality amplification,26,54 between the ee of
amines and amino alcohols and the observed ellipticity of the
Cotton effects as shown in Figure 9. CD intensities of poly-1,
corresponding to the helical sense excesses, are out of proportion
to the ee’s of amines and amino alcohols, showing a convex
deviation from the linearity through a wide range of ee values
of the amine (2) and amino alcohols (18, 24, and30/31) in
DMSO.55 The extent of the departure from linearity was greater
for the amino alcohols (18, 24, and30/31) (Figure 9B-D) than
the amine (2) (Figure 9A). Typically, when poly-1 was
dissolved in DMSO with 50-fold excess 2-amino-1-propanol
(18) of 50% ee (S rich), the complex showed as intense CD as

that of 100% ee (Figure 9B). The excess enantiomer bound to
the polymer may induce an excess of a single-handed helix
(right- or left-handed helix) in spite of its proportion, which
will result in a more intense induced CD than that expected
from the ee of18.56 Green et al. recently reported a parallel
effect in a polyisocyanate with the chiral pendants covalently
bound.26k This was termed “majority rule” by excess enanti-
omers.57

A more interesting phenomenon of the chirality amplification
was observed in the CD titrations during the complexation of
poly-1 in the presence of a small amount of (S)-18with achiral,
optically inactive amines such as 2-aminoethanol (33) in DMSO.
The CD titrations were carried out as follows (Figure 10A):
an increasing amount of achiral33 was added to the samples
containing a constant amount of poly-1 (ca. 1 mg/mL) in the
presence of increasing concentrations of (S)-18 ([(S)-18]/[poly-
1] ) 0.1, 0.3, 0.5, 0.75, 1.0, 1.5, and 2) which had been prepared
for the CD titration experiments as shown in Figure 6B. The
degree of chirality amplification is significant at [(S)-18]/[poly-
1] ) 0.3 and 0.5. For instance, addition of33 to the solution
of poly-1-(S)-18 (molar ratio, 0.3:1) (which showed, in the
absence of33, a very weak ICD (a in Figure 10, parts A and
B) because of a lack of a helical conformation of the poly-1)
caused a dramatic increase of the magnitude of the Cotton effect
(b-e in Figure 10, parts A and B). A mixture of poly-1, (S)-
18, and33 (e in Figure 10B, molar ratio, 1:0.3:5) showedca.
ten times larger ellipticity of the second Cotton effect than that
of the original poly-1-(S)-18mixture (a in Figure 10B, molar
ratio 0.3:1). The increase of the Cotton effect intensity suggests
the formation of a predominantly one-handed helix upon
complexation with the achiral33. This may be the first example
of the chirality amplification by an achiral molecule through

(52) The changes in the spin-spin relaxation time (T2) or the half line
width (∆ν1/2) are correlated with the dynamic processes of the particular
nucleis in the molecule,51 in other words, the local mobility changes of the
molecule, but it may not be directly correlated with the dynamic processes
of a global conformational change in the molecule. The change of the
viscosity indexR in the intrinsic viscosity-molecular weight relationship
([η] ) KMR) will be useful for studying a global conformational change53

of poly-1 during the complexation with chiral amines or amino alcohols.
(53) (a) Fujiki, M.J. Am. Chem. Soc.1996, 118, 7824-7825. (b) DuPre´,

D. B.; Wang, H.Macromolecules1992, 25, 7155-7159. (c) Gu, H.;
Nakamura, Y.; Sato, T.; Teramoto, A.; Green, M. M.; Andreola, C.;
Peterson, N. C.; Lifson, S.Macromolecules1995, 28, 1016-1024. (d)
Okamoto, N.; Mukaida, F.; Gu. H.; Nakamura, Y.; Sato, T.; Teramoto, A.;
Green, M. M.; Andreola, C.; Peterson, N. C.; Lifson, S.Macromolecules
1996, 29, 2878-2884.

(54) The nonlinear effects are now frequently observed in asymmetric
synthesis, and the origin of the nonlinear effects has been elucidated at a
molecular level; see ref 26g. However, a very few examples have been
reported on the nonlinear effect in polymer synthesis. See ref 26h-l for
examples.

(55) Exactly,30 and 31 are not enantiomers, but diastereomers, and
therefore, de was used in Figure 9D.

(56) The departure from linearity was found to be sensitive on the mixing
manner of (R)- and (S)-amines with poly-1, and the curve in Figure 9A
was somewhat different from the previously reported one.17 See Experi-
mental Section in detail.

(57) There may be another way to explain the positive nonlinear
effectsthat is the possible exclusion of one enantiomer by the helical sense
formed by the excess enantiomer. This is not possible in Green’s covalent
system and requires further experiments. If this is the case, the polymer
could act as a chiral filter for nonracemic amines or amino alcohols of less
than 100% ee.

Figure 9. Nonlinear effects between the absolute values of ICD for
the second Cotton effect and percent ee of2 (Srich, A), 18 (Srich, B),
and24 ((1R,2S) rich, C) and percent de of30 and31 (30 rich, D) in
the complexation with poly-1 in DMSO; the molar ratio of2, 24, and
30/31 to monomer units of poly-1 was 50 and the molar ratio of18 to
monomer units of poly-1was 5. The dotted line has been drawn between
the origin and the point corresponding to an ee or de of 100%.

Figure 10. Amplification of ICD by the addition of achiral 2-amino-
ethanol (33) in the complexation with poly-1 (A). The solid line (b)
represents a titration curve of [θ]374 in the complexation between poly-1
and (S)-18 (see Figure 6B).33 was added into the solution of poly-
1-(S)-18 complex; the molar ratio of33 to (S)-18was 1 (], b), 2 (0,
c), 3 (O, d), and 5 (4, e). The dotted line has been drawn to the origin
and the point corresponding to [θ]374 at [(S)-18]/[poly-1] ) 2. The
changes of ICD spectra (a-e in A) are also shown in B.
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the prevailing helix formation due to an acid-base interaction.58
The existence of33 on poly-1 due to its strong chelation
(binding) must facilitate the induction of the one-handed helical
structure on poly-1. This phenomenon is similar to that
observed for the copolymers of an optically active phenylacety-
lene with achiral phenylacetylene derivatives bearing a bulky
substituent at thepara position.24f

The coexistence of other achiral amines (34-36) or an amino
alcohol (37) with (S)-18 also induced an increased excess of
one helical sense of poly-1 as evidenced by the increase in
optical activity. The formation of a predominantly one-handed
helix upon addition of achiral compounds into the solution of
poly-1-(S)-18 (molar ratio 0.3:1) in DMSO was followed by
measuring the changes in the ICD intensity at 374 nm (Figure
11). Because of the solubility limit of35 in the presence of
poly-1 in DMSO, a larger amount of35 could not be used.
Although all achiral compounds enhanced the ICD values
depending on the structures of the molecules, the extent of an
excess of one helical sense of poly-1 is significant for33 and
the Crown ether derivative34. It seems to be of great interest
that the achiral34 existing along the helical poly-1 through an
acid-base complexation with the poly-1 may be in a chiral
situation and may show chiral recognition ability, for instance
to amino acids. Further investigation along this line is now in
progress.

Experimental Section

Materials. Tetrahydrofuran (THF) was dried over sodium ben-
zophenone ketyl and distilled onto LiAlH4 under nitrogen. Toluene
was distilled from sodium benzophenone ketyl under nitrogen. These
solvents were distilled under high vacuum just before use. DMF and

DMSO were dried over calcium hydride and distilled under reduced
pressure. Acetonitrile and chloroform were dried over calcium hydride
and distilled. These solvents were stored under nitrogen over molecular
sieves 4 Å (Nacalai Tesque). CDCl3 (99.8 atom % D, Nacalai Tesque),
CD3CN (99.8 atom % D, Nippon Sanso), and DMSO-d6 (99 atom %
D, Aldrich) were dried over molecular sieves 4 Å and stored under
nitrogen. All solvents used for measurements of CD and NMR spectra
were purged with argon prior to use.
Bis(triphenylphosphine)palladium dichloride and [(norbornadiene)-

rhodium(I) chloride]2 [Rh(nbd)Cl]2 were purchased from Aldrich and
used as received, and MoCl5 and WCl6 were purchased from Mitsuwa
Chemical (Osaka, Japan) and used as received. Ethyl 4-iodobenzoate,
tetrabutylammonium fluoride (1.0 M in THF), and triphenylmethyl
chloride were obtained from Tokyo Kasei (Japan). Triphenylphosphine
and copper(I) iodide were from Kishida (Osaka, Japan). (Trimethyl-
silyl)acetylene was supplied from Shinetsu Chemical (Tokyo, Japan).
(R)- and (S)-2 were purchased from Yamakawa Chemical (Tokyo,
Japan). Other optically active amines and amino alcohols were
available from Aldrich.
[4-((Triphenylmethoxy)carbonyl)phenyl]acetylene (TrA). To a

mixture of ethyl 4-iodobenzoate (25 g, 0.091 mol), bis(triphenylphos-
phine)palladium dichloride (0.25 g, 0.36 mmol), triphenylphosphine
(0.38 g, 1.45 mmol), and copper(I) iodide (0.41 g, 2.2 mmol) in
triethylamine (300 mL) was added (trimethylsilyl)acetylene (19.2 mL,
0.14 mol). The reaction mixture was stirred under nitrogen at room
temperature for 15 h. After filtration, the filtrate was evaporated under
reduced pressure. The residue was chromatographed on silica gel with
hexane-ethyl acetate (1/2, v/v). After the solvent was removed under
reduced pressure, the resulting ethyl [4-(trimethylsilyl)ethynyl]benzoate
was dissolved in ethanol (60 mL), and 1 N NaOH (90 mL) was added
to the solution at 0°C. The solution was stirred at 0°C for 2 h and at
room temperature overnight, then washed with ether (2× 150 mL),
and the aqueous layer was acidified with 1 N HCl. The precipitated
solid was extracted with ether (500 mL), and the ether layer was washed
with water (2× 50 mL) and dried over MgSO4. After filtration, the
solvent was removed by evaporation. The resulting (4-carboxyphenyl)-
acetylene was dissolved in the mixture of toluene (52 mL) and
triethylamine (25 mL), and to this solution was added triphenylmethyl
chloride (16.7 g, 0.060 mmol). The solution was stirred at room
temperature for 2 h and then heated at 50°C for 5 h (the solution
should not be heated under reflux because of the formation of
byproducts). After filtration, the solvent was removed by evaporation
and the crude residue was purified by recrystallization from hexane-
benzene (9/1, v/v) to give 5.7 g of TrA as colorless crystals in 30%
yield based on ethyl 4-iodobenzoate (mp 159.0-160.5°C). TrA thus
obtained was used for polymerization immediately after purification.
IR (KBr): 1721 (νCdO). 1H NMR (CDCl3): δ 3.24 (s,tCH, 1H),
7.26-7.45 (m, aromatic, 15H), 7.56 (d, aromatic, 2H), 8.06 (d, aromatic,
2H). Anal. Calcd for C28H20O2: C, 86.57; H, 5.19. Found: C, 86.58;
H, 5.28.
[4-(Ethoxycarbonyl)phenyl]acetylene (EA). To a solution of ethyl

[4-(trimethylsilyl)ethynyl]benzoate (12.5 g, 0.051 mol) prepared above
in THF (10 mL) was added tetrabutylammonium fluoride (150 mL) in
THF (1.0 M). The solution was stirred under nitrogen at room
temperature for 20 min before evaporating the solvent. The crude
product was diluted with ether, and the solution was washed with 1%
aqueous HCl and water, and then dried over MgSO4. The solvent was
removed under reduced pressure, and the residue was chromatographed
on silica gel with hexane-ethyl acetate (2/1, v/v). After the solvent
was evaporated, the residue was distilled under reduced pressure (bp
56-59 °C/(0.15 mmHg)) to give EA (3.8 g, 43%). IR (neat): 1721
(ν CdO). 1H NMR (CDCl3): δ 1.31 (t, CH3, 3H), 3.23 (s,tCH, 1H),
4.38 (q, CH2, 2H), 7.56 (d, aromatic, 2H), 8.00 (d, aromatic, 2H).
Polymerization. Polymerization was carried out in a dry glass

ampule under a dry nitrogen atmosphere with [Rh(nbd)Cl]2, WCl6-n-
Bu4Sn, or MoCl5-n-Bu4Sn as catalysts. A typical polymerization
procedure is described below.
Monomer TrA (3.5 g, 9.0 mmol) was placed in a dry ampule, which

was then evacuated on a vacuum line and flushed with dry nitrogen.
After this evacuation-flush procedure was repeated three times, a three-
way stopcock was attached to the ampule, and THF was added with a
syringe. To this was added a solution of [Rh(nbd)Cl]2 in THF at 30

(58) Green et al. reported a similar phenomenon. They found a dramatic
effect of a small amount of chiral comonomer during the formation of an
excess of one helical sense of a copolymer in the copolymerization of
optically active isocyanate with achiral hexyl isocyanate. The obtained
copolymer showed optical activity larger than that expected from the content
of the feed chiral monomer. This can be considered as a typical example
of the chirality amplification in a polymer.26j,k For other examples, see ref
24f: (a) Carlini, C.; Ciardelli, F.; Pino, P.Makromol. Chem.1968, 119,
244-248. (b) Farina, M.Top. Stereochem.1987, 17, 84-87. (c) Ciardelli,
F.; Salvadori, P.Pure Appl. Chem.1985, 57, 931-940.

Figure 11. Amplification of ICD by the addition of achiral amines33
(a,0), 34 (b,4), 35 (c,b), 36 (d,]), and37 (e,O) in the complexation
with poly-1 (1.0 mg/mL) in DMSO at ambient temperature (ca. 18-
20 °C). Achiral amines were added into the solution of poly-1-(S)-18
complex ([(S)-18]/[poly-1] ) 0.3 (mol/mol)).
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°C. The concentrations of the monomer and the rhodium catalyst were
0.5 and 0.005 M, respectively. The color of the mixture changed to
dark red within 1 h. After 3 h, the resulting polymer was precipitated
into a large amount of methanol, collected by centrifugation, and dried
in vacuo at 50°C for 2 h. The poly(TrA) was solvolyzed in methanol
(270 mL) containing a small amount of HCl, and the solution was stirred
for 3 h at room temperature. After filtration, the mixture was
concentrated toca. one-fifth of its original volume and the resulting
poly((4-carboxylphenyl)acetylene) (poly-1) was poured into a large
amount of ether, collected by centrifugation, and dried in vacuo at 50
°C for 3 h (0.77 g, 59% yield). Poly-1 was soluble in DMSO, DMF,
and dimethylacetamide (DMA), but insoluble in chloroform, acetonitrile,
THF, and acetone. Conversion of poly-1 into the methyl ester was
carried out with CH2N2 in ether solution according to the method
reported previously.59 The molecular weight (Mn) of the methyl ester
of poly-1was estimated to be 46 000 as determined by gel permeation
chromatography (GPC) (polystyrene standards with THF as the eluent).
The elemental analysis of the polymer agreed satisfactorily with the
calculation.
Spectroscopic data of poly-1: IR (KBr) 1686 (νCdO); 1H NMR

(DMSO-d6, 60 °C) δ 5.82 (s,dCH, 1H), 6.70 (singlet-like, aromatic,
2H), 7.56 (singlet-like, aromatic, 2H);13C NMR (DMSO-d6, 60 °C) δ
126.8, 129.0, 129.7, 145.5 (aromatic), 132.0, 138.5 (CdC), 166.5
(CdO). Anal. Calcd for (C9H6O2‚1/2H2O)n: C, 69.67; H, 4.50.
Found: C, 69.22; H, 4.09.
Poly((4-carboxyphenyl)acetylenes) with a different stereostructure

were prepared by a different route; [4-(ethoxycarbonyl)phenyl]acetylene
(EA) (0.88 g in toluene, 1.1 M) was polymerized with WCl6-n-Bu4Sn
(1/1 mol/mol, [EA]/[WCl6] ) 100) or MoCl5-n-Bu4Sn (1/1 mol/mol,
[EA]/[MoCl 5] ) 50) in dry toluene at 60°C. The resulting polymers
were poured into a large amount of methanol, collected by filtration,
and dried in vacuo at 50°C for 2 h. The polymers were converted to
poly((4-carboxyphenyl)acetylenes) by hydrolysis of the ester groups
in THF-aqueous NaOH (10 N) (4/1, v/v). The hydrolyzed polymer
was collected by centrifugation and dissolved in a small amount of
distilled water. The aqueous solution was acidified with 1 N aqueous
HCl, and the precipitated poly((4-carboxyphenyl)acetylene) was col-
lected by centrifugation and dried in vacuo at 50°C for 3 h. Conversion
of poly-EA obtained with [Rh(nbd)Cl]2 in THF at 30°C into poly((4-
carboxyphenyl)acetylene) was done in the same way as described above,
but the1H NMR spectrum of the hydrolyzed polymer showed that it
containedca.30% of the ethyl group. Complete hydrolyzed polymer
was obtained by further treatment of the polymer in an alkaline-THF
solution. The detailed polymerization results are shown in Table 3.
Spectroscopic data of poly-EA obtained with WCl6-n-Bu4Sn: IR

(KBr) 1727 (νCdO); 1H NMR (CDCl3, 60 °C) δ 1.25 (broad singlet,
CH3, 3H), 4.30 (broad singlet, CH2, 2H), 5.6-8.2 (br, dCH and
aromatic, 5H);13C NMR (CDCl3, 50 °C) δ 14.4 (broad singlet, CH3),
61.5 (broad singlet, CH2), 124-150.5 (br, CdC and aromatic), 166.0
(br, CdO). Anal. Calcd for (C11H10O2)n: C, 75.84; H, 5.79. Found:
C, 75.05; H, 5.77.
Spectroscopic data of poly-EA obtained with MoCl5-n-Bu4Sn: IR

(KBr) 1727 (νCdO); 1H NMR (CDCl3, 60 °C) δ 1.35 (broad singlet,
CH3, 3H), 4.30 (broad singlet, CH2, 2H), 5.5-8.2 (br, dCH and
aromatic, 5H). Anal. Calcd for (C11H10O2)n: C, 75.84; H, 5.79.
Found: C, 74.01; H, 5.98.
Spectroscopic data of poly-EA obtained with [Rh(nbd)Cl]2: IR (KBr)

1727 (νCdO); 1H NMR (CDCl3, 60 °C) δ 1.32 (s, CH3, 3H), 4.30 (s,
CH2, 2H), 5.76 (s,dCH, 1H), 6.68 (s, aromatic, 2H), 7.62 (s, aromatic,
2H). 13C NMR (CDCl3, 50 °C) δ 14.2 (s, CH3), 61.0 (s, CH2), 127.2,
129.4, 129.7, 146.1 (s, aromatic), 132.3, 139.3 (s, CdC), 165.8 (s,
CdO). Anal. Calcd for (C11H10O2)n: C, 75.84; H, 5.79. Found: C,
75.84; H, 5.76.
Instruments. Melting points were measured on a Bu¨chi melting

point apparatus and are uncorrected. NMR spectra were measured on
a Varian VXR-500S spectrometer operating at 500 MHz for1H and
125 MHz for 13C with TMS as the internal standard. IR spectra were
recorded with a Jasco Fourier Transform IR-7000 spectrophotometer
with a Jasco PTL-396 data processor. Absorption spectra were taken
on a Jasco Ubest-55 spectrophotometer. CD spectra were measured

in a 0.05-cm quartz cell unless otherwise noted with a Jasco J-720 L
spectropolarimeter. The concentration of poly-1was calculated on the
basis of monomer units. The film was prepared by casting a DMSO
solution of poly-1 (1.0 mg) and (R)-2 (6.8µmol) on a cylindrical quartz
cell (0.5 cm thick and 2 cm in diameter) followed by evaporation of
the solvent under reduced pressure. The absorption and CD spectra of
films cast on the quartz cell were measured four times by rotating the
sample quartz plate by 90, 180, and 270° from the first position around
the axis of the incident light beam with the same apparatus. The
spectral pattern and intensity were scarcely changed by rotating the
sample. The CD spectra were calibrated to the same molar concentra-
tion on the basis of the data of the absorption measurement.60 Gel
permeation chromatography (GPC) was performed with a Jasco Trirotar-
II liquid chromatograph equipped with a UV-visible (254 nm; Jasco
875-UV) detector. GPC columns, Shodex KM-802.5 (30 cm) and
A-80M (50 cm), were connected in series and THF was used as the
eluent at a flow rate of 1.0 mL/min. The molecular weight calibration
curve was obtained with standard polystyrenes (Tosoh).
Effect of H2O on ICD. A solution of poly-1 (5 mg/ca. 4 mL) in

DMSO was prepared in two 5-mL flasks. To this was added (S)-2 or
(R)-18 (277 and 27µL, respectively), the resulting solutions were diluted
with DMSO to keep the poly-1 concentration at 1.0 mg/mL ([(S)-2]/
[poly-1] ) 50, [(R)-18]/[poly-1] ) 10 mol/mol), and the initial CD
spectra were taken. The solutions were diluted with increasing volumes
of H2O (50, 200, 250, 250, 500, and 750µL for (S)-2 and 50, 200,
250, 500, 500, and 3500µL for (R)-18) and CD spectra were recorded
for each addition of H2O. The concentration of poly-1 was corrected
by using theε value of poly-1 (ε400 ) 2520 cm-1 M-1) which had
been previously determined.
CD Measurements: Concentration Effect of Poly-1 on ICD.A

typical experimental procedure was described below. A stock solution
of (R)-18 (100µL/1 mL) in DMSO was prepared. A 5 mg/ca.1.5 mL
solution of poly-1 in DMSO was prepared in a 2-mL flask equipped
with a stopcock. To this was added 135µL of the stock solution of
(R)-18with a Hamilton microsyringe, the resulting solution was diluted
with DMSO to keep the poly-1 concentration at 2.5 mg/mL ([(R)-18]/
[poly-1] ) 5 mol/mol), and the initial CD spectrum was recorded with
a 0.01-cm quartz cell. A 1-mL aliquot of the poly-1-(R)-18 solution
was transferred to a 5-mL flask with a transfer pipet and diluted with
DMSO, giving a 0.5 mg/mL solution of poly-1-(R)-18complex. The
CD spectrum of this solution was taken with use of a 0.05-cm quartz
cell, and the above similar dilution procedure was repeated (concentra-
tions of poly-1-(R)-18complex were 0.25, 0.05, 0.025, and 0.005 mg/
mL: see the Supporting Information)). In a similar manner, concen-
tration effect on ICD of poly-1-(S)-2 complex ([(S)-2]/[poly-1] ) 50
mol/mol) was also investigated (concentrations of poly-1were 2.5, 1.0,
0.5, and 0.05 mg/mL).
CD Titration. Stock solutions of (S)-2 (100µL/mL) and (8R,9S)-

30 (200 mg/2 mL) in DMSO were prepared. In the complexation of
poly-1 with (S)-2, a 10 mg/10 mL solution of poly-1 in DMSO was
prepared in a 10-mL flask equipped with a stopcock, to this was added
11 µL of the stock solution of (S)-2, and the initial CD spectrum was
recorded. This gave a poly-1-(S)-2 complex (1/0.1 mol/mol). Aliquots
3, 2, 2, and 2 mL of the poly-1-(S)-2 solution were transferred to four
flasks equipped with a stopcock, and 6.6 (poly-1/(S)-2, 1/0.3 mol/mol),
8.9 (1/0.5), 20 (1/1), and 94 (1/5)µL of the stock solution of (S)-2
were added to the flasks, respectively. Then, absorption and CD spectra
were taken for each flask to give the titration curve in Figure 6A. The
concentration of poly-1 was corrected by using theε value of poly-1
(ε400 ) 2520 cm-1 M-1) when the concentration change of poly-1-
(S)-2 solutions was not negligible. The same procedure was done in
the titration of poly-1 with the stock solution of (8R,9S)-30 or with
neat (S)-18.
In the titration experiments of poly-1-(S)-18complexes with achiral

amines (Figures 10 and 11), samples containing an almost constant
amount of poly-1 (ca. 1 mg/mL) in the presence of increasing
concentrations of (S)-18, which had been prepared for the titration
experiments described above, were used. To the samples were added
an increasing amount of 2-amino-1-ethanol (33) to afford Figure 10.

(59) Nakano, T.; Okamoto, Y.; Hatada, K.J. Am. Chem. Soc.1992, 114,
1318-1329.

(60) Yashima, E.; Noguchi, J.; Okamoto, Y.Macromolecules1995, 28,
8368-8374.
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In the titration with other achiral amines (34-37) (Figure 11), stock
solutions of poly-1 (10 mg/10 mL) and (S)-18 (200µL/2 mL) in DMSO
were prepared. To the poly-1 solution was added 16µL of the stock
solution of (S)-18 to afford a poly-1-(S)-18mixture (1/0.3 mol/mol).
Aliquots of 3, 2, 2, and 2 mL of this solution were transferred to four
flasks and the initial CD spectra were measured. Increasing amounts
of achiral amines (34-37) were directly added to the flasks, and CD
spectra were taken for each flask to give the titration curves in Figure
11.
The nonlinear effects between intensities of ICD and percent ee of

2, 18, and24 and percent de of30 and31 in the complexation with
poly-1were investigated in DMSO. A typical experimental procedure
is described below. Stock solutions of poly-1 (2 mg/mL, 10 mL), (S)-
18 (200µL/2 mL), and (R)-18 (200µL/2 mL) were prepared. Aliquots
of the stock solutions of (S)- and (R)-18were placed into seven 1- or
2-mL flasks so that the percent ee of the mixtures (S rich) was 5, 10,
20, 40, 50, 60, and 80, respectively. The solutions were then diluted
with DMSO until the total volume of the solutions was less than half
of the column of the flasks. To the flasks was added a 0.5- or 1-mL
aliquot of the stock solution of poly-1, and the resulting solutions were
immediately mixed with a vibrator (Iuchi, Japan) and finally diluted
with DMSO. The poly-1 concentration was held constant at 1 mg/mL
in all runs ([18]/[poly-1] ) 5 mol/mol).
The separate addition of neat or stock solutions of (S)- and (R)-18

to the poly-1 solution should be avoided, because the complex gave
more intense ICD rather than those shown in Figure 9B, or exhibited
an opposite Cotton effect depending on the addition order of (S)- and
(R)-18 to the poly-1 solution. The same procedure was performed in
the experiments with (S)-2 and (R)-2, (1R,2S)-24 and (1S,2R)-24, and
(8R,9S)-30 and (8S,9R)-31 ([2, 24, or 30 and31]/[poly-1] ) 50 mol/
mol).

1H NMR Titration. The1H NMR titration experiments of amines
with a model compound of poly-1, 4-vinylbenzoic acid, were performed
as below. Typically, stock solutions of 4-vinylbenzoic acid (34 mM)
and (R)-2 (3.1 M) in DMSO-d6 were prepared. A 0.8-mL aliquot of
the stock solution of 4-vinylbenzoic acid was transferred with a
hypodermic syringe to a 5-mm NMR tube, and the initial1H NMR
spectrum was recorded at 22°C. To this was added 14 aliquots of the
stock solution of (R)-2 (11.8-117 mM), and NMR spectra were taken
for each addition of (R)-2. The chemical shifts of aromatic and vinyl
proton resonances of 4-vinylbenzoic acid were followed, and the binding
constant (K) was calculated by a nonlinear least-squares method.45,47

A similar procedure was done for other amines, while a linear-least-
squares method12a,45,46was used for estimating the binding constant
between 4-vinylbenzoic acid and (R)-10; the concentrations of 4-vi-
nylbenzoic acid (6.8 mM) and (R)-10 (100-474 mM) were chosen so
as to meet the Benesi-Hildebrand conditions ([(R)-10]t/[4-vinylbenzoic
acid]t g 10) (t ) total). Satisfactory fits were observed in all cases
for a 1:1 complexation.

Job Plot. The stoichiometry of the complex between 4-vinylbenzoic
acid and (R)-18was determined by the continuous variation plot (Job
plot).48 Stock solutions of 4-vinylbenzoic acid and (R)-18 in DMSO-
d6 were prepared (34 mM). In five NMR tubes, portions of the two
solutions were added in such a way that their ratio changed from 0 to
1, keeping the total volume at 0.8 mL. The1H NMR spectrum for
each tube was taken at 22°C, and the change in chemical shift of the
aromatic proton resonances of 4-vinylbenzoic acid was used to calculate
the complex concentration. The complex concentration was plotted
against the mole fraction of (R)-18.
Molecular Modeling and Calculations. Molecular modeling and

molecular mechanics calculation were performed with the Dreiding
force field (version 2.11)35 as implemented in Cerius2 software (version
1.5, Molecular Simulations Inc., Burlington, MA, USA) running on
an Indigo2-Extreme graphics workstation (Silicon Graphics). Charges
on atoms of poly-1 were calculated with use of QEq35a,b in Cerius2;
total charge of the molecule was zero. The polymer model of 20-mer
(20 repeating monomer units) was built by Polymer Builder in Cerius2.
The starting main chain conformation of a polymer model was defined
as the double bond geometry (cis or trans) and a conformation of a
rotational single bond. The double bond geometry was fixed tocis
and the initial dihedral angle of a single bond from planarity was set
to 30° (transoid).24f The energy minimization was accomplished first
by Conjugate Gradient 200 (CG 200) and then by Fletcher Powell (FP)
until the root-mean-square (rms) value became less than 0.01 kcal mol-1

Å-1, respectively. Molecular dynamics calculations were run for 60
ps at 300 K and 20 ps at 500 K with a step size of 1 fs.
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