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ABSTRACT: L-Leucine-phenylacetylene adducts 6 and 14 undergo self-association in concentrated
solutions and heterocomplexation with solvent molecules through hydrogen bond formation. The adducts
are polymerized by rhodium catalysts into poly(4-ethynylbenzoyl-L-leucine methyl ester) (1e) and poly-
[11-(4-ethynylphenoxy)undecanoyl-L-leucine methyl ester] (2e), with the polymerizations of 6 producing
polymers with high molecular weights (Mw up to 1.47 × 106) and high stereoregularity (Z content up to
100%) in high yields (up to 92%). The ester groups of “polyesters” 1e and 2e are selectively hydrolyzed
under basic conditions to afford “polyacids” 1a and 2a carrying free leucine pendants. The polymers are
thermally stable (up to ∼260 °C) and undergo Z-E isomerization at ∼200 °C. The chirality transcription
from the L-leucine pendants induces the chain segments of polymers 1 to helically spiral predominantly
in one preferred direction, while the helicity induction processes in 2 are interrupted by the relaxations
of the long flexible spacers between the chiral pendants and the polyene backbones. The chiroptical
properties of the amphiphilic polymers change with solvent. In nonpolar solvents, 1 shows high optical
activities and strong Cotton effects, whose helical structures are stabilized by intra- and interchain
hydrogen bonding. The chain helicity of the polymers decreases in polar solvents due to the partial
breakage of the hydrogen bonds within and between the polymer strands.

Introduction

In the living world, nature utilizes covalent forces to
knit small building blocks such as amino acids to make
macromolecules such as proteins, which are further
organized into higher-order supramolecular structures
by noncovalent forces.1 One structural motif frequently
utilized by nature in the assembling processes is helix,
which is expressed at all levels of organizational hier-
archy: e.g., R-helix of proteins, double helix of DNA,
triple helix of collagen, helical coat of tobacco mosaic
virus, and spiral bacterium of Spirillum.2 While various
noncovalent forces are involved in the formation of the
helical structures, hydrogen bonding is beyond doubt
the most important driving and stabilizing force in the
bioassembling processes.3 Learning from nature, scien-
tists have made synthetic polymers with helical confor-
mations.4 In many such polymer systems, it has been
speculated that hydrogen bonding induces and main-
tains the helical structures.5-7 Detailed studies on the
hydrogen-bond formation and its effects on chain helic-
ity in the synthetic polymer systems have, however,
been rarely performed.

We are interested in creating helical macromolecules
by hybridizing synthetic hydrophobic conjugated poly-
mers with naturally occurring hydrophilic building
blocks at the molecular level.8,9 It is envisioned that the
hybrid descendants may be both semiconductive and
biocompatible. Such cytophilic molecular wires may find

bioelectronic applications, e.g., as biosensors in medical
diagnosis, as controllers in drug delivery, and, more
exotically, as artificial nerves in cytotech nanorobotics.10

The amphiphilic polymers may emulate the behaviors
of biopolymers, thus offering a simple artificial model
system for the studies of complex natural systems. In
our previous work,11 we attached pendants of L-valine
(Val), an amino acid commonly found in proteins, to the
backbone of poly(phenylacetylene) (PPA), the best-
known photoconductive polyacetylene.12 The Val-PPA
hybrids formed helical structures and self-assembled
into biomimetic morphologies, in which hydrogen bond-
ing was believed to play a vital role.

In this work, we incorporated another common amino
acid, L-leucine (Leu), into the PPA structure and syn-
thesized a group of Leu-containing PPA derivatives (1
and 2; Chart 1). We examined whether the Leu pen-
dants could also induce the PPA backbone to helically
rotate and, if so, how the internal and external pertur-
bations such as molecular structures and environmental
variations would affect the chain helicity of the Leu-
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PPA hybrids. Special efforts were made to elucidate the
hydrogen-bond interactions in the polymer systems.

Results and Discussion

Monomer Preparation and Hydrogen Bonding.
We designed two leucine-phenylacetylene (Leu-PA)
adducts, in one of which the Leu moiety is directly
attached to the phenyl ring via a rigid amide bond (6;
Scheme 1), while in another, the Leu moiety is sepa-
rated from the phenyl ring by a flexible decyl spacer
(14; Scheme 2). We vary the molecular structure in this
way, in an effort to understand the chiral transcription
processes in the polymer systems or, more specifically,
to learn how the chirality of the Leu pendant is
transcribed to the helicity of the PPA backbone, after
the monomers have been polymerized. We are intrigued
to know how the alkyl spacer will affect the chiral
transcription or whether the Leu chirality in polymers
2 will induce the PPA chain to spiral, when the pendant
and the backbone are separated far apart by 10 meth-
ylene groups.

The Leu-PA monomers (6 and 14) are prepared by
respective amidations of 4-ethynylbenzoic acid (3)13 and
11-[(4-ethynyl)phenoxy]undecanoic acid (13) with L-
leucine methyl ester hydrochloride (5). Precursor 3 is
first converted to its reactive acid chloride intermediate
(4) by the reaction with SOCl2; nucleophilic substitution
of the electrophile by 5 under a basic condition yields
the desired monomer (6; Scheme 1). Acid 13 is prepared
from 7 via multistep reactions (Scheme 2). In a dichloro-
methane (DCM) solution containing catalytic amounts
of 1,3-dicyclohexylcarbodiimide (DCC) and 4-(dimethyl-
amino)pyridine (DMAP), 13 is transformed by the
reaction with 5 to its amide derivative, giving a white
solid of monomer 14. All the reactions proceed smoothly,
and the products are isolated in high yields. The purified
products all give satisfactory spectroscopic analysis data
(see Experimental Section for details).

It is well-known that amino acids and peptides in
biological systems form hydrogen bonds.14 Will the Leu
moiety in the Leu-PA adducts also form hydrogen

bonds? To answer this question, we studied their NMR
spectra. NMR spectrometry is a powerful tool for
experimentally investigating hydrogen-bonding proc-
esses.15,16 When a proton is involved in hydrogen bond-
ing, its electrons are shared by two electronegative
elements and its electron density is hence decreased.
As a result, it is deshielded and comes into resonance
at a lower field.16 For intermolecular hydrogen bonding,
its extent is affected by environmental conditions (sol-
vent, concentration, etc.). In a nonpolar solvent, the
degree of hydrogen bonding increases with an increase
in the solution concentration, leading to a downfield
shift in the resonance peak of the proton.16

We measured the NMR spectra of the Leu-PA
adducts under different conditions. Figure 1 shows the
1H NMR spectra of deuteriochloroform solutions of 6
with different concentrations at room temperature. The
weighted average position of the resonance peak of its
amide proton changes with the variation in the concen-
tration in the aprotic solvent. The dilute solution of 6
(50 mg/mL) exhibits a resonance peak of amide proton
at δ ∼ 6.7 (marked with a downward arrow in Figure
1A). When the concentration is increased to 78 mg/mL,
a similar spectrum is observed, but the amide resonance
is moved to δ ∼ 6.8. Further gradual increase in
concentration progressively downfield shifts the amide
resonance. When the solution concentration is increased
to 300 mg/mL, the amide resonance is shifted to as far
as δ ∼ 7.6 (Figure 1F). Clearly, the amide protons are
deshielded due to the formation of intermolecular
hydrogen bonds accompanying the solution thickening.

Plotting the NMR data reveals that the peak position
of the amide resonance downfield shifts with an increase
in the concentration of the chloroform solution in a lin-
ear fashion (Figure 2). This suggests that the population

Scheme 1

Scheme 2

Figure 1. 1H NMR spectra of chloroform-d solutions of 6 with
varying concentrations (mg/mL): (A) 50, (B) 78, (C) 100, (D)
150, (E) 200, and (F) 300. The resonance peaks of the amide
proton (HNCO) are marked with downward arrows (V), while
those of the solvent are marked with asterisks (/).
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of the hydrogen-bond complexes of 6 increases linearly
with concentration.16 With a strong self-association
capability, the molecules of 6 may cluster together by
extruding the surrounding solvent molecules. The Leu-
PA molecules may self-associate via the formation of
multiple hydrogen bonds between the N-H group of one
molecule and the CdO group of another, a dimeric
example of which is illustrated in the upper part of
Chart 2 [6‚6 or (6)2]. Upon binding to another electro-
negative element of oxygen, the amide proton experi-
ences a deshielding effect, leading to the observed
downfield shift in its resonance peak. Similar to that of
6, the resonance of the amide group of 14 is also
downfield shifted with an increase in concentration, but
the extent of the downfield shift or the degree of the
intermolecular hydrogen bonding is smaller.

To further learn the hydrogen bonding behaviors of
6, we studied solvent effect on its NMR spectra. Metha-
nol is a protic solvent capable of hydrogen bonding and
may thus be used as a spectroscopic probe to trace the
processes of intermolecular hydrogen-bond formation.
Figure 3 shows the 1H NMR spectra of 6 in deuterated
methanol/chloroform mixtures with different methanol
ratios at a fixed concentration (50 mg/mL). Addition of
20 vol % of deuteriomethanol into the deuteriochloro-
form solution of 6 brings about a big downfield shift in
the amide resonance (cf. panels B and A of Figure 3).
The shift of the amide resonance is as large as δ ∼ 2
ppm when the methanol ratio is increased to 80 vol %
(Figure 4). The chemical shift of the amide peak
progressively increases with increasing methanol frac-

tion. With an increase in the methanol ratio, a particu-
lar hydrogen-bond complex will be populated and/or the
number of methanol molecules complexed with one
molecule of 6 (n) will be increased (an example with n
) 4 being given in Chart 2), both or either of which will
downfield shift the amide resonance. The formation of
the intermolecular hydrogen-bond complexes is also
supported by the observation that the resonance peak
of the nondeuterated methanol residual is downfield
shifted with an increase in the methanol ratio in the
mixture (Figure 3). The heterocomplexation of the O-H
group of methanol with the acidic ≡C-H group of 6 is
revealed by the downfield shift in the ethynyl resonance
peak; such a shift is absent in the case of increasing
the solution concentration of 6 in aprotic chloroform (cf.
Figure 1).

Acetone is an aprotic but hydrogen-bonding solvent16

and can also be used as a heterocomplexation probe. In

Figure 2. Concentration dependence of the chemical shift of
the resonance peaks of the amide proton of the chloroform-d
solutions of 6.

Chart 2

Figure 3. 1H NMR spectra of methanol-d4/chloroform-d
solutions of 6 (50 mg/mL) with varying ratios of methanol-d4
(vol %): (A) 0, (B) 20, (C) 40, (D) 60, and (E) 80. The resonance
peaks of the amide (HNCO) and ethynyl (HC≡) protons are
respectively marked with downward arrows (V) and open circles
(O), while those of the solvents are marked with asterisks (/).

Figure 4. Solvent dependence of the chemical shifts of the
amide resonance peaks of 6 and its polymer 1e (sample from
Table 1, no. 11) in methanol-d4/chloroform-d mixtures. Con-
centration: 50 mg/mL.
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deuterated acetone/chloroform mixtures, 6 exhibits a
similar downfield shift with an increase in acetone ratio
(Figure 5). When an equal volume of acetone (50%) is
added into a chloroform solution of 6 with a concentra-
tion of 150 mg/mL, the amide resonance is downfield
shifted for δ ∼ 0.6 ppm. Increasing the acetone ratio to
∼67% and the solution concentration to 200 mg/mL
further downfield shifts the amide resonance. In a
concentrated solution (300 mg/mL) in “pure” acetone
(100%), the amide proton of 6 resonates at a very low
field (Figure 5F). This lowfield shift is obviously caused
by the intermolecular hydrogen bond formation between
the N-H group of 6 and the CdO group of acetone. The
CdO group of the solvent also hydrogen bonds with the
≡C-H group of 6, giving rise to the observed large

downfield shift in the resonance peak of the ethynyl
proton.

Polymer Synthesis and Structural Character-
ization. We tried to convert the Leu-PA monomers to
their polymers using transition-metal catalysts. Me-
tathesis catalysts such as WCl6 and MoCl5 are classic
initiators for acetylene polymerization,8,17 but when they
were added into the monomer solutions, no polymeri-
zation occurred. Further trials with addition of cocata-
lysts and increase in temperature all ended up with
failure. The Leu-PA adducts seem to be toxic to the
metathesis catalysts, possibly due to the deactivation
of the metallic species by the polar functional groups of
the monomers. We then turned our attention to other
transition-metal catalysts with better tolerance to polar
groups. Organorhodium complexes are known to be
effective in polymerizing PA monomers with functional
groups in insertion mechanism,8,11,18 and we thus
checked whether these complexes could work for our
Leu-PA monomers.

We first examined the polymerization of monomer 6
in a DCM solution of [Rh(cod)Cl]2. After 24 h reaction
at room temperature, a yellowish polymeric product is
isolated by precipitating the reaction mixture into an
acetone/diethyl ether mixture. This proves that the
rhodium complex works for the PA polymerization,
although the yield of the polymer is low (∼24%; Table
1, no. 1). Addition of a small amount of triethylamine
(TEA) boosts the yield of the polymer and also its Mw
(to 89% and 6.1 × 105, respectively). The polymeriza-
tions in other solvents, including THF(/TEA), dioxane,
and toluene, all proceed well and give satisfactory
results. We checked the ligand effect and found that,
except for Rh(nbd)(tos)(H2O), all the complexes with
other ligands, including Rh(cod)(NH3)Cl, Rh(cod)(tos)-
(H2O), and [Rh(nbd)Cl]2, functioned as effective poly-
merization catalysts. Particularly, when [Rh(nbd)Cl]2 is
used as catalyst in THF, a polymer with a remarkably
high Mw (∼1.2 × 106) is obtained in a high yield (∼78%;
Table 1, no. 10). Addition of a small amount of TEA
further increased the isolation yield to ∼92%. When the
catalyst concentration is decreased from 5 to 1 mM, a
polymer with an Mw as high as ∼1.5 × 106 is obtained
in a comparably high yield (85.2%).

We then inspected the polymerization behaviors of 14,
a congener of 6 with a long spacer between the Leu and
PA moieties. All the rhodium complexes of [Rh(cod)Cl]2,
Rh(cod)(NH3)Cl, and [Rh(nbd)Cl]2 are effective in poly-

Table 1. Polymerization of 4-Ethynylbenzoyl-L-leucine Methyl Ester (6)a

no. catalyst solventb yield (%) Mw
c Mw/Mn

c Z (%)d

1 [Rh(cod)Cl]2 DCM 23.5 148 000 8.54 97.2
2 [Rh(cod)Cl]2 DCM/TEA 89.0 613 000 3.52 84.2
3 [Rh(cod)Cl]2 THF 69.4 439 000 4.76 80.1
4 [Rh(cod)Cl]2 THF/TEA 58.2 465 000 6.95 70.6
5 [Rh(cod)Cl]2 dioxane 71.6 477 000 3.96 83.0
6 [Rh(cod)Cl]2 toluene 37.5 140 000 8.47 99.4
7 Rh(cod)(NH3)Cl THF 59.4 632 000 3.64 100.0
8 Rh(cod)(tos)(H2O) THF 66.6 448 000 9.02 94.9
9 Rh(cod)(tos)(H2O) THF/TEA 86.5 590 000 8.20 89.3

10 [Rh(nbd)Cl]2 THF 78.2 1240 000 4.77 83.1
11 [Rh(nbd)Cl]2 THF/TEA 91.7 416 000e 3.54 89.8
12 Rh(nbd)(tos)(H2O) THF trace
13 Rh(nbd)(tos)(H2O) THF/TEA trace

a Carried out at room temperature under nitrogen for 24 h; [M]0 ) 0.1 M, [cat.] ) 5 mM; nbd ) 2,5-norbornadiene, cod )
1,5-cyclooctadiene, tos ) p-toluenesulfonate, TEA ) triethylamine. b Volume of solvent used: 2 mL; volume of TEA added: 1 drop.
c Estimated by GPC in THF on the basis of a polystyrene calibration. d Determined by 1H NMR analysis. e Mw is increased to 1470 000
when [cat.] is decreased to 1 mM. [Unless otherwise stated (e.g., the hydrolysis experiments), all other measurements regarding the
properties of “polyester” 1e were carried out using the sample with Mw of 416 000.]

Figure 5. 1H NMR spectra of 6 under different environmental
conditions. The resonance peaks of the amide (HNCO) and
ethynyl (HC≡) protons are respectively marked with down-
ward arrows (V) and open circles (O), while those of the solvents
are marked with asterisks (/).
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merizing this monomer. The rhodium catalyst with nbd
ligand, compared to its counterparts with cod ligand,
give generally better polymerization results. The poly-
merizations initiated by [Rh(nbd)Cl]2 in THF/TEA and
DCM/TEA produce polymers with high Mw (20 × 103)
in high yields (>98%; Table 2, nos. 8 and 10). Compared
with those of the polymers of 6, the molecular weights
of the polymers of 14 are lower. The reason for this is
not clear but may be related to the difference in the
electron densities of the triple bonds of the monomers.
Because of the electron-withdrawing effect of the car-
bonyl group (-CO-) at the para position of the phenyl
ring, the ethynyl group of 6 is electron-poor, while that
of 14 is electron-rich due to the electron-donating effect
of the oxy (-O-) group at the same position. The
electron-deficient monomer may have better coordinated
with the metal center, and the resultant active species
may have robustly propagated to give high molecular
weight polymers.13,18c Similar phenomena have been
observed in the rhodium-catalyzed polymerizations of
the PA derivatives containing saccharide19 and nucleo-
side moieties:20 the monomers with the p-carbonyl
groups produce higher molecular weight polymers than
those with the p-oxy groups.

In the polymers of 6 and 14, the amino acid moieties
are protected by methyl ester groups, and the polymers
may thus be referred to as “polyesters”, i.e., 1e and 2e
(“e” for “ester”), respectively. We tried to cleave the
methyl ester groups and convert the “polyesters” to their
acid forms, “polyacids” 1a and 2a (“a” for “acid”),
respectively. We chose KOH as the cleaving agent.21,22

The base-catalyzed hydrolyses of the polyesters proceed
steadily, and the deprotected polyacids are isolated in
high yields (>95%). A GPC curve of the polyacid 1a
obtained after ∼1 h hydrolysis of 1e is shown in Figure
6 as an example. The chromatogram is “normal” in
shape, from which an Mw of ∼1.1 × 106 is estimated.
The high Mw value proves that the polymer has not
undergone catastrophic decomposition during the hy-
drolysis reaction because one or two backbone scissions
would dramatically decrease the Mw to half or one-third
of its original value. The Mw value of the polyacid is
somewhat lower than that of the starting polyester

(∼1.5 × 106), partly because of the cleavage of the
methyl ester groups of the pendants and probably also
due to the different solubility and hence hydrodynamic
volume of the polyacid from that of the polyester parent
in the eluent. Interestingly, prolongation of the hydroly-
sis time to 2 h brings about little change in the isolation
yield and molecular weight of the resultant polyacid,
suggesting that the hydrolysis reaction is mild and
harmless to other functional groups of the polymer.
Similar results are obtained when the Leu groups of 2e
are deprotected by the KOH-catalyzed hydrolysis under
similar reaction conditions.

We used spectroscopic methods to analyze the molec-
ular structures of the polymers (see Experimental
Section for detailed characterization data). An example
of the 1H NMR spectra of polyacid 1a is shown in Figure
7; a spectrum of its polyester parent 1e is also given in
the same figure for the purpose of comparison. Polyester
1e shows a well-resolved spectrum in deuterioacetone,
well corresponding to its expected molecular structure.
The resonance of the protons of its ester (CO2CH3), vinyl
(HC)), and amide (HNCO) groups peak at δ ∼3.8, ∼5.9,
and ∼8.0, respectively (Figure 7A). After hydrolysis, the
polyacid product exhibits no any ester signals at δ ∼
3.8 (Figure 7B), in place of which a new acid peak
appears at δ ∼ 12.6 (Figure 7C). The vinyl and amide
peaks remain intact. The spectroscopic data thus con-

Table 2. Polymerization of
11-[(4-Ethynyl)phenoxy]undecanoyl-L-leucine Methyl

Ester (14)a

no. catalyst solventb
yield
(%) Mw

c Mw/Mn
c

1 [Rh(cod)Cl]2 THF 30.4 6000 1.74
2 [Rh(cod)Cl]2 THF/TEA 92.4 4000 5.95
3 [Rh(cod)Cl]2 DCM 40.1 3000 1.46
4 [Rh(cod)Cl]2 DCM/TEA 98.9 4000 1.69
5 Rh(cod)(NH3)Cl THF 69.8 9000 7.69
6 Rh(cod)(NH3)Cl DCM 63.3 18000 4.71
7 [Rh(nbd)Cl]2 THF 53.2 8000 2.19
8 [Rh(nbd)Cl]2 THF/TEA 99.0 20000 2.84
9 [Rh(nbd)Cl]2 DCM 63.6 4000 5.77

10 [Rh(nbd)Cl]2 DCM/TEA 98.2 20000 3.47
11 [Rh(nbd)Cl]2 dioxane 48.6 5000 2.88
12 [Rh(nbd)Cl]2 toluene 50.0 11000 2.28

a Carried out at room temperature under nitrogen for 24 h; [M]0
) 0.1 M, [cat.] ) 5 mM. Z contents of the polymers were not
estimated by 1H NMR analysis because of the difficulty in clearly
identifying their amide resonance peaks in the chemical shift
region of 5.5-8.0 ppm (see text). Abbreviations: nbd ) 2,5-
norbornadiene, cod ) 1,5-cyclooctadiene, tos ) p-toluenesulfonate,
TEA ) triethylamine. b Volume of solvent used: 2 mL; volume of
TEA added: 1 drop. c Estimated by GPC in THF on the basis of a
polystyrene calibration.

Figure 6. GPC chromatogram of 1a prepared by ∼1 h
hydrolysis of 1e (sample from Table 1, no. 11, note e) in
methanol at room temperature.

Figure 7. 1H NMR spectra of (A) acetone-d6 solution of 1e
(sample from Table 1, no. 11) and (B) methanol-d4 and (C)
DMSO-d6 solutions of 1a (sample from Figure 6). The reso-
nance peaks of TMS, solvents, and water are marked with
asterisks (/).
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firm that the methyl ester groups have been completely
cleaved and that the double bonds in the PPA backbone
and the amide bonds in the Leu pendants have been
unharmed by the KOH-catalyzed deprotection reaction.
It is well-known that an ester bond is much easier to
undergo hydrolysis reaction than an amide bond,21,22

and this reactivity difference enabled us to selectively
hydrolyze the ester groups under the mild reaction
conditions.

For a PPA derivative, there exist four theoretically
possible stereostructures of chain segments: E-s-Z, Z-s-
E, E-s-Z, and Z-s-Z, which are conventionally named
as cis-transoid, trans-cisoid, cis-cisoid, and trans-
transoid, respectively (Chart 3A).23,24 The ease of the
formation of a certain conformational structure is
mainly determined by the steric and electronic effects
of the pendant groups (ï). The PA polymerization may
produce the chain segments of E-s-Z and Z-s-E confor-
mations, and the formation of the E-s-E and Z-s-Z
conformers is unlikely because of the obvious unfavor-
able steric effect.23,24 The E-s-Z and Z-s-E segments
should resonate at different frequencies in the NMR
analysis because they locate in different chemical
environments: indeed, calculations on the basis of
Shoolery’s rules suggest that the E-s-Z and Z-s-E
conformers of PPA absorb at δ 6.36 and 6.09, respec-
tively. Polyester 1e, being a PPA derivative, shows a
singlet centered at δ ∼ 5.8 (cf. Figure 7A), which is
absent in the spectrum of its monomer. This peak is
thus assignable to the resonance of the olefinic pro-
ton of the Z-s-E conformer of the polymer. Using an
equation similar to those we published previously,18,23

the Z content of 1e is estimated to be ∼90% (cf. Table
1, no. 11). The polymers prepared under other conditions
are all Z-rich, with the polymer prepared by Rh(cod)-
(NH3)Cl in THF exhibiting a Z content of 100% (Table
1, no. 7); that is to say, the polymer possesses a perfectly
stereoregular Z conformation. Similarly, from the NMR
spectrum of polyacid 1a, it is estimated that its Z
content is ∼90%, identical (within experimental error)
to that of the starting material, viz., its polyester parent
1e. This provides circumstantial evidence that the
polymer backbone is unbroken and that the chain
stereoregularity is unaffected by the base-catalyzed
hydrolysis reaction.

The similar calculation of Z content, however, cannot
be done for polyester 2e. Its NMR spectra in deuterated
chloroform and DCM are poorly resolved. The resonance
peak of its amide proton cannot be identified and
resolved with confidence because of its overlapping with
those of the aromatic and olefinic protons in the chemi-
cal shift region of δ 5.5-8.0. Fortunately, polyacid 2a
gives a resolved spectrum in methanol-d4, from which
a Z content of ∼81% is obtained. This high Z content
suggests that 2a possesses a stereoregular conforma-
tion. As discussed above, in the case of polymers 1, the
PPA chain conformation is unaffected by the hydrolysis
reaction. The same may be true for polymers 2: the
chain conformation of polyester 2e may also be stereo-
regular and Z-rich because its polyacid cousin 2a
possesses a high Z content.

It is well-known that (unsubstituted) polyacetylene
-(CHdCH)n- undergoes irreversible cis-to-trans isomer-
ization upon thermal treatment.25 Being polyacetylene
derivatives, 1 and 2 may also isomerizate from Z to E
conformation when a sufficient amount of energy is
supplied. We thus used differential scanning calorimetry
(DSC) to investigate their isomerization processes. In
the first heating scan, 1e starts to exhibit an exothermic
valley from ∼170 °C (Figure 8A). Thermogravimetric
analysis (TGA) indicates that 1e is thermally stable and
does not lose any weight when heated to a temperature
as high as ∼260 °C. The exothermic valley around 200
°C should thus be associated with its thermally induced
Z-E isomerization. Like that of its polyacetylene par-
ent, the isomerization of 1e is also irreversible: the
successive first cooling and second heating scans detect
no any peaks at ∼200 °C and give almost flat lines over
the whole scanned temperature region. Polyacid 1a
exhibits a similar exothermic valley but in a higher

Chart 3

Figure 8. DSC thermograms of (A) 1e (Table 1, no. 11) and
1a (prepared by ∼1 h hydrolysis of 1e) and (B) 2e (Table 2,
no. 8) and 2a (prepared by ∼1 h hydrolysis of 2e) recorded
during heating and cooling scans under nitrogen at a scanning
rate of 10 °C/min.
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temperature region. The multiple hydrogen bonding
between the polyacid strands may have rigidified the
macromolecular chains, thus “red”-shifting the isomer-
ization temperature.26

Similar phenomena are observed in the DSC analyses
of 2. Although some technical difficulties are encoun-
tered in directly determining the Z content of 2e, the
polyester exhibits an exothermic peak associated with
Z-E isomerization in the first heating scan (Figure 8B),
proving that 2e is indeed Z-rich in conformation.
Compared to 1e, 2e undergoes isomerization in a lower
temperature region, which may be caused by the
internal plasticization effect of its long flexible spacer.
The isomerization is again irreversible, as verified by
the virtually flat lines recorded by DSC during the first
cooling and second heating scans. The isomerization
temperature of polyacid 2a is, however, only slightly
higher than that of its polyester parent 2e. The stiffness
of the polyene backbone of 2a is probably affected to a
little extent by the hydrogen bonding between the Leu
pendants because of the decoupling effect of the flexible
alkyl buffer between the main and side chains.

Molecular Interaction and Chain Helicity. The
1H NMR analyses of the Leu-PA adducts offered useful
information about the intra- and intermolecular hydro-
gen bonding of the monomers (cf. Figures 1-5), and we
used the same technique to investigate the molecular
interactions in their polymers. The high molecular
weights of the polymers made their solutions very
viscous, leaving little room for us to manipulate in terms
of varying their solution concentrations. We were,
however, able to examine the solvent effect, although
the high molecular weights of the polymers significantly
limited our choice of solvent. Figure 9 shows the 1H
NMR spectra of 1e in deuterated methanol/chloroform
mixtures. The spectrum in “pure” chloroform is broad,
possibly due to association of the macromolecular chains
in the nonpolar solvent through intra- and interchain

hydrogen bonding.27 The poor resolution of the spectrum
makes it difficult to elucidate the resonance signals.
Addition of a small amount of methanol (20 vol %) to
the chloroform solution helps improve the spectral
resolution, and the amide resonance can now be identi-
fied to occur at δ ∼ 8 (Figure 9B). Further addition of
more methanol solvent progressively downfield shifts
the resonance peak of the amide proton as well as that
of the hydroxyl proton of methanol solvent. Clearly,
intermolecular hydrogen bonds have been formed be-
tween the hydroxyl groups of the solvent molecules and
the amide groups of the Leu pendants. Such hydrogen
bonding should contribute to the solvation of the poly-
mer chains and to the partial disassembling of the self-
associated macromolecular clusters, making the poly-
mer more soluble and the spectra better resolved.

When the NMR data are plotted, the change in the
solvent composition is found to cause relatively small
downfield shift in the amide resonance of the polymer,
in comparison to that of its monomer (Figure 4). The
smaller changes in chemical shift and the broader peaks
of proton resonance are attributable to the existence of
the intra- and interstrand hydrogen bonds in the
polymer system, as schematically illustrated in panels
B and C of Chart 3. When the Leu moieties are
covalently bound to every repeat unit of the PPA chain,
the closely located amide groups in the same and/or
different chains may readily form hydrogen bonds in
relatively nonpolar environment, which may explain
why the amide resonance of the polymer is more
downfield shifted than that of its monomer in the
solvent mixture with a low methanol fraction (cf. Figure
4). The steric effect of the macromolecular chain, on the
other hand, may hamper the methanol molecules from
approaching the amide groups of the Leu pendants; as
a consequence, not all the amide groups can form
intermolecular hydrogen bonds with the solvent mol-
ecules. This may thus explain why the extents of the
downfield shifts of the amide resonance of the polymer
are smaller than those of its monomer in the solvent
mixtures with high methanol fractions.

Also because of steric reasons, bulky pendants of
neighboring repeat units of the polymers may not be
able to locate on the same plane but have to twist an
angle to avoid the involved steric crowdedness. When
the pendants are asymmetric, their cooperative twisting
toward one preferred direction may generate a chiral
force field to induce the chain segments to spiral in a
crew sense. To get some clues on whether the PPA
chains are induced to helically rotate, we measured their
optical rotations at 20 °C ([R]D

20). In toluene, polyester
1e showed an [R]D

20 value as high as -826.1° (Table 3,
no. 1), which is opposite in sign and bigger in magnitude
compared to that of its monomer (+23.4°). It is known
that a polymer chain with a helical conformation can
generate a very high optical activity,4 and the high [R]D

20

value of 1e suggests that its optical activity is not from
its chiral Leu pendants but from its helical PPA chains.
Interestingly, the [R]D

20 value of the polyester varies
drastically with solvent; that is, its optical activity is
susceptible to the surrounding environment. When the
solvent changes from toluene to chloroform and finally
to DMF, the [R]D

20 value changes in magnitude and/or
sign (from -826.1° to -737.7° and finally to +183.3°;
Table 3, nos. 1-5). Polyacid 1a exhibits similar [R]D

20

values, which also varies vigorously with solvent. There
seemly exists some correlation between the Debye

Figure 9. 1H NMR spectra of methanol-d4/chloroform-d
solutions of 1e (50 mg/mL; sample from Table 1, no. 11) with
varying ratios of methanol-d4 (vol %): (A) 0, (B) 20, (C) 40,
(D) 60, and (E) 80. The resonance peaks of the amide (HNCO)
and vinyl (HC)) protons are respectively marked with down-
ward arrows (V) and open circles (O), while those of the solvents
are marked with asterisks (/).
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solvent polarizability and the specific optical rotation,
with both 1e and 1a displaying highest |[R]D

20| values
in nonpolar solvents.

Polymers 2, however, behave in a very different way.
Polyester 2e shows a nearly zero [R]D

20 value in chlo-
roform (Table 3, no. 6). Similarly, polyacid 2a is optically
inactive, whose [R]D

20 value in alkalified water is
practically nil. We checked the solvent effects of the
polymers but failed to obtained high [R]D

20 values,
although small optical activities are observed in a few
solvent mixtures (e.g., [R]D

20 values of +75° and +45°
are obtained for 2e in the chloroform/methanol mixtures
with 1:7 and 1:11 volume ratios, respectively). On the
basis of these observations, it may be concluded that
polymers 2 do not possess helical structures with a pre-
dominant handedness. This suggests that the stereo-
genic Leu moieties located far apart from the conjugated
PPA backbone cannot effectively induce the main chain
to helically rotate or that the relaxation of the long
flexible alkyl spacers has virtually shut off the chiral
transmission process from the Leu pendants to the PPA
backbone. On the other hand, the Leu moieties in
polymers 1 are linked to the PPA backbone via rigid
aromatic connecting groups, which may have enabled
efficient transcription of the pendant chirality to the
backbone helicity. As discussed above, the high optical
activities of 1 suggest that the polymers possess helical
conformations, and we thus further studied their chir-
optical properties using circular dichroism (CD) spec-
tropolarimetry, a powerful tool for conformational analy-
sis.29,30

As shown in the upper part of Figure 10, polymer 1e
is clearly CD-active. In chloroform, it exhibits a strong
CD band at ∼375 nm with a molar ellipticity ([θ]) as
high as ca. -43 800 deg cm2 dmol-1. Since its monomer
6 is CD-inactive at λ > 300 nm, the first Cotton effect
of the polymer (at ∼375 nm) thus must be associated
with the absorption of its conjugated PPA backbone,
proving that the polymer chains take helical conforma-
tions with an excess of one-handedness. The high CD
intensity or strong Cotton effect implies a great pre-
dominance of the chain segments with long persistence
lengths of one helical sense. While the formation of
regular chains of helical conformation is entropically
unfavorable, this entropic cost may be compensated or
balanced by the stabilization effects of intra- and/or
interstrand hydrogen bonds formed between the Leu
moieties, as diagrammatically depicted in panels B and
C of Chart 3. This balance may, however, be readily
broken by external perturbations, taking into account
the noncovalent nature of the hydrogen bonding, and

the system may adapt to the new environments and
reach new equilibrium states under the new sets of
external conditions. Careful examination of the four
conformational structures shown in Chart 3A reveals
that the handedness and pitch of a helical segment of a
PPA chain can be altered through a single-bond rota-
tion. Such an atropisomeric transition involves little
energy,4 thus further suggesting a high susceptibility
of the chain helicity to external perturbations. Indeed,
the CD spectrum of 1e is very sensitive to a change in
its environment. Similar to its [R]D,20 the [θ] of the
polymer changes markedly with solvent, a “simple”
external perturbation. The intensities of the CD peaks
are considerably weakened, when the solvent is changed
from chloroform to DCM and methanol. In DMF, the
first Cotton effect is inverted in sign, suggesting that
the relative population of the right- and left-handed
helical chains in this solvent is opposite to those in other
solvents.

It is envisioned that the PPA chains of different
conformations may undergo different electronic transi-
tions. This is indeed the case and 1e exhibits solvato-
chromism:31 its absorption spectrum changes with sol-
vent. In DCM, 1e absorbs little visible light (lower part
of Figure 10). In a related chiral poly(propargyl) system,
it was found that the polyacetylenes capable and
incapable of absorbing visible light possessed helical and
disordered conformations, respectively.32 The same may
be true for 1e. Its low absorptivity in the visible suggests
that its PPA backbone is not well conjugated, due
possibly to the irregular bending and crumpling of the
polymer chains in this solvent of middle polarity (cf.
Table 3, no. 3). Such disordered PPA chains may coil in
a random fashion and hence exhibit little CD activity
in the visible. Chloroform possesses a low Debye solvent
polarizability. The polymer chains may self-associate in
this nonpolar solvent, as suggested by the poorly
resolved NMR spectrum of 1e in deuteriochloroform (cf.
Figure 9A). In the self-association process, the helical

Table 3. Specific Rotations of L-Leucine-Containing
Poly(phenylacetylene)s in Different Solvents

no. solvent
(ε - 1)/
(ε + 2)a [R]20

D, deg (c, g/dL)

1e 1ab

1 toluene 0.31 -826.1 (0.092)
2 chloroform 0.56 -737.7 (0.132) -606.7 (0.045)c

3 DCM 0.73 -394.7 (0.064)
4 methanol 0.91 -101.2 (0.082) -197.1 (0.034)
5 DMF 0.92 +183.3 (0.036) +323.4 (0.047)

2e 2ab

6 chloroform 0.56 ∼0.0 (0.500)
7 water 0.96 ∼0.0 (0.300)d

a Debye solvent polarizability function.28 b Prepared by ∼1 h
hydrolyses of 1e (Figure 6) or 2e (Figure 8B). c Mixture of
methanol/chloroform (3:7 by volume) used in this measurement.
d Alkalified with NaOH (0.2 M)

Figure 10. CD and UV spectra of 1e (sample from Table 1,
no. 11) in different solvent environments. CD spectrum of a
chloroform solution of monomer 6 is shown for comparison.
Spectral data in DMF below 260 nm were not taken because
of the interference by solvent absorption. Concentration
(mM): ∼1.5 (CD), ∼0.1-0.3 (UV).
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segments may act as chaperons1 to guide the polymer
chains to fold into regular superhelix structures.30 The
“sergeant and soldier” principle33 may also come into
play: the chiral segments may serve as templates to
correct the misarranged segments via cooperative hy-
drogen bonding. The resultant supramolecular assem-
blies with regular chain helicity are probably respon-
sible for the strong Cotton effects of the polymer in
chloroform.30 DMF, on the other hand, is a polar solvent
with a high solvating power. The solvated polymer
chains may take extended conformations with long
persistence lengths of conjugation, hence the observed
high absorptivity in the visible spectral region. The
specific solvent-chain interactions may have inverted
the predominance of the chain segments of one-handed-
ness over the other, thus reversing the sign of the first
Cotton effect, compared to those in other solvents. The
solvating power of protic methanol to the Leu pendants
is even higher. When the solvating interaction becomes
so strong, it effectively increases the bulkiness of the
pendant groups. According to Grubbs and co-workers,
such steric effects may force the PPA backbone to take
more conjugated conformation17b and to absorb more
strongly in the visible. The strong hydrogen bonding of
methanol with the Leu moiety (cf. Chart 2) may,
however, destroy the intra- and interchain hydrogen
bonds (cf. Chart 3). Without stabilization by the self-
associating hydrogen bonds, entropic chaos may ran-
domize the rotating directions of the chain segments.
The polymer chain consisting of randomly rotating
segments without a strong preference of one-handedness
thus shows weak CD signals. The hypothesis of strong
solvation of the polymer chains by methanol is substan-
tiated by the well-resolved 1H NMR spectrum of 1e in
deuteriomethanol (see Supporting Information). Not
only the Leu pendant but also the PPA backbone show
sharp resonance peakssthis is possible only when both
the pendant and the backbone are well solvated by, or
exposed to, the solvent; in other words, the polymer
chains are molecularly dissolved without aggregation.
The isolated polymer strands, in the absence of the
regulating and stabilizing intra- and interchain hydro-

gen bonds, would be randomized to irregular conforma-
tions without a strong preference in chain helicity.

Polyacid 1a exhibits chiroptical properties similar to
those of its polyester counterpart 1e. Again, 1a shows
opposite helical preponderance of chain segments in
DMF and methanol (Figure 11). Adding nonpolar sol-
vent of chloroform into polar solvent of methanol
enhances its Cotton effects, probably due to the forma-
tion of regular superhelix structures in the solvent
mixture with relatively low polarity. The absorption
spectra of 1a are also similar to those of 1e. No marked
solvatochromism is, however, observed in this system;
the polyacid is only partially soluble in nonpolar sol-
vents, which prevented us from using the solvents with
appreciably different polarizabilities. As for polymers
2e and 2a with long alkyl spacers between the Leu
pendants and the PPA backbone, almost no CD signals
are detectable at λ > 300 nm in all the solvents we
tested, doubly confirming the nonhelicity of macro-
molecular chains of this group of polymers.

Concluding Remarks

In this work, we melded a naturally occurring build-
ing block, L-leucine, with a synthetic conjugated poly-
mer, polyacetylene, and generated the hybrid am-
phiphilic polymers encoded with pendant chirality and
hydrogen-binding capability. Our results and findings
can be summarized as follows:

(1) Molecular hybridization: We successfully created
the stereoregular Leu-PPA molecular hybrids and
converted the polyesters to their corresponding poly-
acids by selective hydrolyses without harming the amide
functional groups.

(2) Z-E isomerization: The chain conformations of
the polymers are isomerized by a simple thermal
process: heating the polymers to ∼160-200 °C readily
changes the Z conformers to their E isomers.

(3) Hydrogen bonding: The 1H NMR analyses offer
direct experimental evidences for the existence of intra-
and interchain hydrogen bonds in the polymer systems,
and the CD and UV analyses reveal their involvements
in the induction and stabilization of the (supra)molecu-
lar helical structures.

(4) Chain helicity: The chain segments of the polyene
backbones are induced by the chiral pendants to heli-
cally spiral in a screw sense. The pendant chirality-
backbone helicity transcription process is, however,
essentially turned off by placing the chiral pendants far
apart from the polyene backbone.

(5) Solvatochromism: Electronic absorptions and chir-
optical transitions of the polyacetylene solutions are
altered to considerable extents by varying their solvents.

We are currently studying the hierarchical assembly
and biological activity of the new amphiphilic helical
polymers. Our preliminary microscopic and bioassay
results indicate that the hybrid polymers readily self-
fold into biomimetic nanostructures34 and are cyto-
compatible when placed in contact with living cells.35

The results of our systematic investigations on the
supramolecular self-organizations and biomedical ap-
plications of the polymers will be reported in due course.

Experimental Section
Materials. Dioxane, toluene, and THF were purchased from

Aldrich, dried over 4 Å molecular sieves, and distilled from
sodium benzophenone ketyl immediately prior to use. DCM
(Lab-scan) and DMF (RdH) were distilled over calcium hy-

Figure 11. CD and UV spectra of 1a (sample prepared by
∼45 min hydrolysis of 1e) in different solvent environments.
Spectral data in DMF below 260 nm were not taken because
of the interference by the solvent absorption. Polymer concen-
tration (mM): ∼1.5 (CD), 0.1-0.2 (UV).
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dride. TEA and pyridine (both RdH) were distilled and dried
over KOH. Acetone (Lab-scan) and DMSO (Merck) were dried
over 4 Å molecular sieves prior to use. L-Leucine methyl ester
hydrochloride {5; [R]D

24 +13.2° (c 5, H2O); Sigma}, 11-bromo-
undecanoic acid (7), 4-iodophenol (9), (trimethylsilyl)acetyl-
ene (11), bis(triphenylphosphine)palladium(II) chloride, DCC,
DMAP, copper(I) iodide (all Aldrich), methanol (Lab-scan),
thionyl chloride, potassium iodide, and potassium hydroxide
(all RdH) were used as received. 4-Ethynylbenzoic acid (3) and
the rhodium complexes were prepared according to our previ-
ously described procedures.13,36

Instrumentation. The average molecular weights (Mw and
Mn) and polydispersity indexes (Mw/Mn) of the polymers were
estimated by GPC using a Waters Associates liquid chromato-
graph equipped with a Water 510 HPLC pump, a column
temperature controller, a Waters 486 wavelength-tunable UV
detector, and a Waters 410 differential refractometer. Styragel
columns HT3, HT4, and HT6 were used in the GPC system,
covering a molecular weight range as wide as 102-107. The
polymer solutions were prepared in THF (∼2 mg/mL) and
filtered with 0.45 µm PTFE syringe-type filters before being
injected into the GPC system. THF was used as eluent at a
flow rate of 1.0 mL/min. The column temperature was main-
tained at 40 °C, and the working wavelength of the UV
detector was set at 254 nm. A set of 12 monodisperse
polystyrenes (Waters) was used as calibration standards.

The FT-IR spectra were recorded on a Perkin-Elmer 16 PC
FT-IR spectrometer. The 1H and 13C NMR spectra were
measured on a Bruker ARX 300 NMR spectrometer in deu-
terated solvents of chloroform-d, acetone-d6, DCM-d2, methanol-
d4, and/or DMSO-d6. The solvents and tetramethylsilane
(TMS) were used as internal references for the NMR analyses.
The thermal stability of the polymers was evaluated on a
Perkin-Elmer TGA 7 under nitrogen at a heating rate of 10
°C/min. The DSC thermograms of the polymers were recorded
on a Setaram DSC 92 under nitrogen at a scanning rate of 10
°C/min. The UV spectra were recorded on a Milton Roy
Spectronic 3000 array spectrophotometer. The specific optical
rotations ([R]D

20) were measured on a Perkin-Elmer 241
polarimeter at 20 °C using a beam of plane-polarized light of
d line of a sodium lamp (589.3 nm) as monochromatic source.
The CD spectra were taken on a Jasco J-720 spectropolarim-
eter in 1 mm quartz cuvettes using a step resolution of 0.2
nm, a scan speed of 50 nm/min, a sensitivity of 0.1°, and a
response time of 0.5 s. Each spectrum was the average of 5-10
scans. The molar concentrations of the polymer solutions were
calculated on the basis of the repeat units of the polymers.

Monomer Synthesis. The chiral Leu-PA adducts 6 and
14 were prepared by amidations of 4-ethynylbenzoyl chloride
4 and 11-[(4-ethynyl)phenoxy]undecanoic acid 13, respectively,
with l-leucine methyl ester hydrochloride 5 (cf. Schemes 1 and
2). The detailed experimental procedures are given below.

4-Ethynylbenzoyl Chloride (4). Into a 100 mL, two-necked
round-bottom flask were added 1 g (6.8 mmol) of 3 and 10 mL
of DCM under nitrogen. After cooling with an ice-water bath,
0.8 mL (11 mmol) of thionyl chloride and 0.1 mL of DMF were
slowly injected into the flask. The resultant mixture was slowly
warmed to room temperature and stirred for ∼8 h (or until
the acid completely dissolved). Excess thionyl chloride and
solvent were removed at 40 °C under reduced pressure. The
pure acid chloride was obtained by extraction with diethyl
ether (50 mL × 3). Evaporation of the solvent gave 0.92 g of
pale orange crystals of 4 (yield: 82.2%). IR (KBr), ν (cm-1):
2364 (s, ≡C-H), 2110 (s, CtC), 1728 (s, CdO). 1H NMR (300
MHz, CDCl3), δ (TMS, ppm): 8.1 (m, 2H, aromatic protons o
to CdO), 7.6 (m, 2H, aromatic protons m to CdO), 3.4 (s, 1H,
≡CH).

4-Ethynylbenzoyl-L-leucine Methyl Ester (6). Into a 100 mL
round-bottom flask were added 1.11 g (6.1 mmol) of 5, 3 mL
of pyridine, and 10 mL of DCM under nitrogen. The contents
were mixed by stirring and then cooled with an ice bath. A
solution of 4 (1.00 g, 6.1 mmol) in 10 mL of DCM was slowly
injected into the flask. The reaction mixture was gradually
warmed to room temperature and stirred overnight. The
mixture was diluted with 100 mL of DCM, and the resultant

solution was washed twice with a dilute hydrochloric acid
solution and once with deionized water. The organic layer was
dried over 5 g of magnesium sulfate. After filtration of the solid
and removal of the solvent, the crude product was purified on
a silica gel column using a mixture of chloroform/acetone (15:1
by volume) as eluent. Evaporation of the solvents gave 1.12 g
of 6 as white solid (yield: 67.1%). IR (KBr), ν (cm-1): 2105
(m, CtC), 1742 (s, CdO), 1628 (s, CdO). 1H NMR (300 MHz,
CDCl3), δ (TMS, ppm): 7.8 (m, 2H, aromatic protons o to CdO),
7.5 (m, 2H, aromatic protons m to CdO), 6.6 (d, 1H, NH), 4.8
(m, 1H, NHCH), 3.8 (s, 3H, CO2CH3), 3.2 (s, 1H, ≡CH), 1.7
(m, 3H, CHCH2), 1.0 (m, 6H, (CH3)2). 13C NMR (75 MHz,
CDCl3), δ (CDCl3, ppm): 173.7 (CO2), 166.3 (CONH), 133.7
(aromatic carbon attached to CdO), 132.1 (aromatic carbons
m to CdO), 127.0 (aromatic carbons o to CdO), 125.5 (aromatic
carbon p to CdO), 82.7 (PhC≡), 79.6 (HC≡), 52.4 (CO2CH3),
51.1 (NHCH), 41.5 (CH2), 24.9 (CH), 22.8, 21.9 ((CH3)2). [R]D

20

+23.4° (c 0.064, chloroform).
Methyl 11-Bromoundecanate (8). Into a 500 mL round-

bottom flask equipped with a reflux condenser were added 7
(13.3 g, 50 mmol) and 200 mL of methanol. With gentle
stirring, 5 mL of concentrated sulfuric acid was added dropwise
into the flask. The reaction mixture was refluxed for 2 h. After
cooling the content to room temperature, calcium carbonate
was added gradually to neutralize the excess acid. The solvent
was removed by a rotary evaporator. The residue in the flash
was redissolved in 200 mL of chloroform and washed with
deionized water. The organic layer was dried over 5 g of
magnesium sulfate. After filtration of the solids and removal
of the solvent, the crude product was purified on a silica gel
chromatography column using chloroform as eluent. Evapora-
tion of the solvent afforded 11.9 g of 8 as colorless liquid
(yield: 85.2%). 1H NMR (300 MHz, CDCl3), δ (TMS, ppm): 3.7
(s, 3H, OCH3), 3.4 (m, 2H, CH2Br), 2.3 (m, 2H, CH2CO2CH3),
1.9 (m, 2H, CH2CH2Br), 1.6 (m, 2H, CH2CH2CO2CH3), 1.5-
1.3 (m, 12H, (CH2)6).

Methyl 11-(4-Iodophenoxy)undecanate (10). Into a 250 mL
round-bottom flask equipped with a reflux condenser, 5 g (22.7
mmol) of 9, 1.3 g (23.2 mmol) of potassium hydroxide, and 5.7
g (34.3 mmol) of potassium iodide were dissolved in 100 mL
of acetone/DMSO (9:1, v/v) mixture with gentle stirring. To
the mixture was added 6.3 g (22.6 mmol) of 8, and the content
was then refluxed for 24 h. The solids were removed by
filtration, and the filtrate was evaporated under reduced
pressure. The crude product was dissolved in 50 mL of DCM,
and the resultant solution was washed with 50 mL of deionized
water. The aqueous phase was extracted twice with 50 mL of
DCM. The combined organic layers were dried over 5 g of
magnesium sulfate. The crude product was condensed and
purified on a silica gel column using chloroform as eluent.
Evaporation of the solvent gave 7.5 g of pale yellow solid of
10 (yield: 79.3%). 1H NMR (300 MHz, CDCl3), δ (TMS, ppm):
7.5 (m, 2H, aromatic protons m to -O-), 6.7 (m, 2H, aromatic
protons o to -O-), 3.9 (m, 2H, PhOCH2), 3.7 (s, 3H, OCH3),
2.3 (m, 2H, CH2CO2CH3), 1.8 (m, 2H, PhOCH2CH2), 1.6 (m,
2H, CH2CH2CO2CH3), 1.5-1.3 (m, 12H, (CH2)6).

Methyl 11-[(4-Trimethylsilylethynyl)phenoxy]undecanate (12).
Into a 100 mL, two-necked, round-bottom flask were added
140 mg (0.2 mmol) of bis(triphenylphosphine)palladium(II)
chloride, 10 mg (0.05 mmol) of copper(I) iodide, and 40 mL of
a TEA solution of 10 (4.18 g, 10 mmol) under nitrogen. After
all the catalysts were dissolved, 1.7 mL (12 mmol) of 11 was
injected into the flask, and the mixture was stirred at room
temperature for 12 h. The solids formed during the reaction
were removed by filtration and washed with TEA. The filtrate
was then evaporated by a rotary evaporator. The residue in
the flask was redissolved in 100 mL of chloroform and washed
with 50 mL of hydrochloric acid (1 M) and then 50 mL of
deionized water. The crude product was condensed and puri-
fied on a silica gel column using chloroform as eluent. Removal
of the solvent gave 3.6 g of light yellow solid of 12 (yield:
92.7%). IR (KBr), ν (cm-1): 2158 (s, C≡C), 1733 (s, CdO). 1H
NMR (300 MHz, CDCl3), δ (TMS, ppm): 7.4 (m, 2H, aromatic
protons m to -O-), 6.8 (m, 2H, aromatic protons o to -O-),
3.9 (m, 2H, PhOCH2), 3.7 (s, 3H, OCH3), 2.3 (m, 2H, CH2CO2-
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CH3), 1.8 (m, 2H, PhOCH2CH2), 1.6 (m, 2H, CH2CH2CO2CH3),
1.5-1.3 (m, 12H, (CH2)6), 0.2 (s, 9H, (CH3)3Si).

11-(4-Ethynylphenoxy)undecanoic Acid (13). Into a 100 mL
round-bottom flask equipped with a reflux condenser were
placed 2.10 g (5.4 mmol) of 12 and 50 mL of a 4% (w/v)
methanol solution of potassium hydroxide. The mixture was
refluxed for 4 h and was then poured into 100 mL of 1 M
hydrochloric acid. The isolated product was obtained by
filtration and dried in a vacuum oven at room temperature
(pale yellow solid; yield: 95.1%). IR (KBr), ν (cm-1): 3285 (s,
≡C-H), 2105 (m, C≡C), 1700 (s, CdO). 1H NMR (300 MHz,
CDCl3), δ (TMS, ppm): 7.4 (m, 2H, aromatic protons m to -O-
), 6.8 (m, 2H, aromatic protons o to -O-), 3.9 (m, 2H,
PhOCH2), 3.0 (s, 1H, ≡CH), 2.3 (m, 2H, CH2CO2H), 1.8 (m,
2H, PhOCH2CH2), 1.6 (m, 2H, CH2CH2CO2H), 1.5-1.3 (m,
12H, (CH2)6).

11-(4-Ethynylphenoxy)undecanoyl-L-leucine Methyl Ester (14).
In a 250 mL round-bottom flask, 2.0 g (6.6 mmol) of 13, 1.25
g (6.9 mmol) of 5, and 36 mg (0.27 mmol) of DMAP were
dissolved in 100 mL of dry DCM. The solution was cooled with
an ice-water bath, to which a DCM (50 mL) solution of DCC
(1.65 g, 8.0 mmol) was added slowly with stirring through a
dropping funnel with a pressure-equalization arm. The reac-
tion mixture was stirred overnight. After filtration of the solids,
the filtrate was concentrated by a rotary evaporator. The crude
product was purified on a silica gel column using CHCl3/
acetone (20/1 by volume) mixture as eluent. Removal of the
solvents yielded 1.85 g of white solid of 14 (yield: 65.2%). IR
(KBr), ν (cm-1): 2107 (m, CtC), 1741 (s, CdO), 1641 (s, CdO).
1H NMR (300 MHz, CDCl3), δ (TMS, ppm): 7.4 (m, 2H,
aromatic protons m to -O-), 6.8 (m, 2H, aromatic protons o
to -O-), 5.8 (d, 1H, NH), 4.7 (m, 1H, NHCH), 3.9 (m, 2H,
PhOCH2), 3.7 (s, 3H, CO2CH3), 3.0 (s, 1H, ≡CH), 2.2 (m, 2H,
CH2CO2NH), 1.8-1.6 (m, 7H, PhOCH2CH2, NHCHCHCH2,
CH2CH2CO2NH), 1.5-1.3 (m, 12H, (CH2)6), 1.0 (m, 6H, (CH3)2).
13C NMR (75 MHz, CDCl3), δ (CDCl3, ppm): 173.6 (CO2), 172.7
(CONH), 159.4 (aromatic carbon attached to -O-), 133.4
(aromatic carbons m to -O-), 114.3 (aromatic carbons o to
-O-), 113.7 (aromatic carbon p to -O-), 83.0 (PhC≡), 75.5
(HC≡), 67.9 (PhOCH2), 52.1 (CO2CH3), 50.4 (NHCH), 41.6
(NHCHCH2), 36.4 (CH2CO2NH), 29.3-29.0 (CH2), 25.8
(PhOCH2CH2), 24.7 (CH, CH2CH2CO2NH), 22.7, 21.8 ((CH3)2).
[R]D

20 +1.6° (c 1.644, chloroform).
Polymerization. All the polymerization reactions and

manipulations were carried out under nitrogen using Schlenk
techniques in a vacuum-line systems except for the purification
of the resultant polymers, which was done in a fume hood. A
typical experimental procedure for the polymerization of 6 is
given below.

Poly(4-ethynylbenzoyl-L-leucine methyl ester) (1e). Into a 20
mL Schlenk tube with a sidearm was added 0.2 mmol of 6.
The tube was evacuated under vacuum and then flushed with
dry nitrogen three times through the sidearm. THF (1 mL)
was injected into the tube to dissolve the monomer. The
catalyst solution was prepared in another tube by dissolving
[Rh(nbd)Cl]2 (0.01 mmol) in 1 mL of THF with 1 drop of TEA,
which was transferred to the monomer solution using a
hypodermic syringe. The reaction mixture was stirred at room
temperature under nitrogen for 24 h. The mixture was then
diluted with 2 mL of THF and added dropwise to an acetone/
diethyl ether mixture (150 mL) under stirring. The precipitate
was collected by filtration and dried under vacuum at room
temperature to a constant weight. The polymeric product was
isolated as yellowish fibrous solid in a high yield (91.7%). Mw:
416 000 (a polymer with an Mw of 1470 000 was obtained when
[cat.] was decreased from 5 to 1 mM), Mw/Mn: 3.54 (GPC,
polystyrene calibration). IR (KBr), ν (cm-1): 3031 (w, )CH),
1742 (s, CdO), 1648 (s, CdO). 1H NMR (400 MHz, acetone-
d6), δ (TMS, ppm): 8.0 (NH), 7.6 (aromatic protons o to CdO),
6.7 (aromatic protons m to CdO), 5.9 (Z olefin proton), 4.7
(NHCH), 3.6 (CO2CH3), 1.7 (CH2CH), 0.9 ((CH3)2). 13C NMR
(100 MHz, acetone-d6), δ (TMS, ppm): 173.8 (CO2), 167.5
(CONH), 145.8 ()C-), 139.5 (aromatic carbon p to CdO), 134.0
(aromatic carbon attached to CdO), 128.1 (H-C), aromatic
carbons o and m to CdO), 52.3 (CO2CH3, NHCH), 41.0 (CH2),

25.7 (CH), 23.2, 22.0 ((CH3)2). UV (MeOH, 1.76 × 10-4 mol/L),
λmax (nm)/εmax (mol-1 L cm-1): 274/9.60 × 103, 399/3.65 × 103.
[R]D

20 -737.7° (c 0.132, chloroform).
Poly[11-(4-ethynylphenoxy)undecanoyl-L-leucine methyl es-

ter] (2e). It was synthesized by a reaction procedure similar
to that described above except using 14 as monomer. Brownish
yellow solid product; yield: 99.0%. Mw: 20 000, Mw/Mn: 2.84
(GPC, polystyrene calibration). IR (KBr), ν (cm-1): 3066 (w,
)CH), 1748 (s, CdO), 1648 (s, CdO). 1H NMR (300 MHz,
CDCl3), δ (TMS, ppm): 6.6 (aromatic protons m to -O-), 6.4
(aromatic protons o to -O-), 5.7 (Z olefin proton), 4.6 (NHCH),
3.9 (PhOCH2), 3.7 (CO2CH3), 2.2 (CH2CO2NH), 1.8-1.3
(PhOCH2CH2, CH2CH2CO2CH2, NHCHCHCH2, CH2), 0.9
((CH3)2). UV (CHCl3, 1.33 × 10-4 mol/L), λmax (nm)/εmax (mol-1

L cm-1): 270/7.06 × 103, 395/1.90 × 103. [R]D
20 ∼0° (c 0.5,

chloroform).
Hydrolysis. The ester groups of polyesters 1e and 2e were

selectively hydrolyzed under a basic condition. A typical
experimental procedure for the hydrolysis of 1e to polyacid
1a is given below.

Poly(4-ethynylbenzoyl-L-leucine) (1a). To a 50 mL round-
bottom flask were added 211 mg (0.77 mmol) of 1e and a
methanolic solution of potassium hydroxide (2 g of potassium
hydroxide in 20 mL of methanol). After 2 h stirring at room
temperature, the mixture was poured into a dilute aqueous
hydrochloric acid solution. The precipitate was collected by
filtration and dried under vacuum to a constant weight. The
polyacid 1a was isolated as yellowish solid in 95.2% yield.
Mw: 1050 000, Mw/Mn: 13.8 (GPC, polystyrene calibration).
IR (KBr), ν (cm-1): 3032 (w, )CH), 1721 (s, CdO), 1643 (s,
CdO). 1H NMR (300 MHz, DMSO-d6), δ (DMSO-d6, ppm): 12.6
(CO2H), 8.4 (NH), 7.7 (aromatic protons o to CdO), 6.8
(aromatic protons m to CdO), 5.8 (Z olefin proton), 4.5
(NHCH), 1.7 (CH2CH), 0.9 ((CH3)2). 13C NMR (100 MHz,
CD3OD), δ (TMS, ppm): 176.0 (CO2), 169.2 (CONH), 146.8
()C-), 140.3 (aromatic carbon p to CdO), 133.7 (aromatic
carbon attached to CdO), 128.5 (H-C), aromatic carbons o
and m to CdO), 52.7 (NHCH), 41.2 (CH2), 26.2 (CH), 23.4, 22.0
((CH3)2). UV (MeOH, 1.31 × 10-4 mol/L), λmax (nm)/εmax (mol-1

L cm-1): 272/8.92 × 103, 395/3.25 × 103. [R]D
20 -606.7° [c 0.045,

methanol/chloroform (3:7 v/v)].
Poly[11-(4-ethynylphenoxy)undecanoyl-L-leucine] (2a). The

hydrolysis of 2e was conducted in a similar way as described
above. Brownish yellow solid product; yield: 97.5%. Mw:
15 300, Mw/Mn: 1.5 (GPC, polystyrene calibration). IR (KBr),
ν (cm-1): 3061 (w, )CH), 1749 (s, CdO), 1648 (s, CdO). 1H
NMR (300 MHz, CD3OD), δ (CD3OD, ppm): 6.6 (aromatic
protons m to -O-), 6.4 (aromatic protons o to -O-), 5.8 (Z
olefin proton), 4.4 (NHCH), 4.2 (CO2CH2), 3.9 (PhOCH2), 2.2
(CH2CO2CH2), 1.8-1.5 (PhOCH2CH2, NHCHCHCH2, CH2CH2-
CO2CH2), 1.5-1.1 ((CH2)6), 0.9 ((CH3)2). UV (MeOH, 1.19 ×
10-4 mol/L), λmax (nm)/εmax (mol-1 L cm-1): 265/8.05 × 103, 395/
2.24 × 103. [R]D

20 ∼0° [c 0.3, NaOH/H2O (0.2 M)].
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