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Optically active polymers with a controlled helix-sense have
recently attracted considerable interest not only for mimicking
biological helices, but also for developing novel chiral materals.
Fully synthetic helical polymers have been prepared either by the
polymerization of optically active monomers, such as isocyariates,
silanestP acetylened¢ or by the helix-sense selective polymerization
of achiral methacrylate’, isocyanides$, and carbodiimidéswith
bulky substituents by chiral catalysts or initiators. The former helical
polymers are dynamic in nature, and the population of the
interconverting right- and left-handed helices can be switched under
certain conditions2 ¢ while the helical conformations of the latter
polymers are stables{atic) in solution and their helical senses are
kinetically determined during the polymerizati&t® 4 We now
report a unique helix-sense controlled polymerization of an enan-
tiomerically pure isocyanide, which produces bathtic diaster-
eomeric right- and left-handed helical polyisocyanides whose helical
sense can be controlled by the polymerization solvent and temper-
ature (Figure 1). Moreover, the resulting helical polyisocyanides
with the opposite helix-sense form lyotropic, cholesteric liquid
crystals (LCs) with opposite twist-senses, respectively. Similar
amino acid- or peptide-bound helical polyisocyanides have been
extensively studie@?® but one of the helices could be produced
from the polymerization of an isocyanide enantiomer. Accordingly,
the opposite helical polyisocyanide requires the polymerization of
the opposite enantiomer.

We synthesized novel enantiomerically pure phenyl isocyanides
bearingL- or p-alanine residues with a long alkyl chain as the
pendants through an amide linkage (fet, see Figure 1), and these
were then polymerized with an achiral nickel catalyst (NiGh
various solvents at different temperatufesigure 2A shows the
CD spectra of the poly-1s measured in CHglat 25 °C.
Interestingly, the first Cotton effect signs that reflect the helix-
sense of the polymer backbone, such as,Q@bly-L-1a) and
toluene (polye-1b) obtained by the polymerization at ambient
temperature in nonpolar solvents, were opposite to that polymerized
in polar THF (polyt-1c). This suggests that the helix-senses of
poly-L-1laand polyt-1c may be opposite to each other, regardless
of the fact that the polymers have the samalanine pendants.
Because the right- and left-handed helices of polis are
diastereomers, therefore their CD spectra, particularly in the pendant
aromatic regions (235280 nm), differ from one anothér.

Although the first Cotton effect intensity at around 360 nm
(Aesirst) Of the as-prepared poly-Lcwas very weak{1.3), it slowly
but dramatically increased with time at high temperature and
reachedAesss = —8.5 after the polymer annealed in toluene at
100°C for 12 days (Figure SB? Under the same conditions, the
poly-L-1ashowed a decrease in the CD intensity of ca. 31% (Figure
S1). These results indicate that the helical conformation of the as-
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Figure 1. Structures ofL-1 and L-2 and schematic illustration of

diastereomeric helical polyisocyanides produced by the helix-sense con-
trolled polymerization of.-1. The helix-sense can be controlled by the
solvent polarity and temperature during the polymerization, resulting in the
formation of static diastereomeric helical polyisocyanides, whibeyields

only the left-handed helical poly-2 independent of the polymerization
conditions. The helix-senses of the diastereomeric pdlgwere determined

by their AFM measurements (see text).
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Figure 2. (A) CD spectra of poly--1a (a, blue line), poly=-1b (b, red
solid line), and poly=-1c (c, green line) polymerized in Cgltoluene, and
THF, respectively, at ambient temperature; polgd (d, red dotted line)
polymerized in toluene at 100C; and polyt-1e (e, black line) after poly-
L-1d annealed in toluene at 10C for 6 days. The absorption spectrum of
poly-L-1a(f) is also shown. The CD and absorption spectra were measured
in CHCl; at 25°C (0.2 mg/mL). (B-D) Polarized optical micrographs of
cholesteric LC phases of polyda (B), a 1:1 mixture of poly--1a and
poly-L-1e (C), and polyt-1e (D) in CHClz (15 wt %).

prepared poly—1c with a slight excess of one helical sense is not
stable and changed into a thermodynamically more stable, excess

single-handed helix upon heating, while the as-prepared pdly-
may adopt a rather stable, kinetically controlled helical conformation

whose helix inversion barrier seems to be sufficiently high to

maintain the predominant helical sense. If this is the case, the
polymerization of_-1 in nonpolar solvents at high temperature will

yield helical polymers with handedness identical to that of the poly-

L-1c. In fact, poly+-1 obtained by the polymerization afl in

toluene at 100C (poly-.-1d) exhibited the opposite negatives
value (—4.6) to that of polye-1b, and the CD intensity further

increased in the negative direction after the polymer annealed in

toluene at 100C for 6 days (poly=-1€, Aefirst = —11.0; Figure

10.1021/ja0576536 CCC: $33.50 © 2006 American Chemical Society
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Figure 3. AFM phase images of self-assembled poige (A) and poly-
L-1a(B) on HOPG. Scale= 10 x 20 nm. Schematic representations of the
left-handed helical poly-1e (left) and right-handed helical poly-la (right).

2D helix-bundles with periodic obligue pendant arrangements (blue and
pink lines, respectively) are also shown.

2A) (the specific rotation ({]%%) also increased from-410 to
—814 (Table S1))°

We assume that these unusual helix-sense controlled polymeriza-

tions of L.-1 depend on the solvent polarity and temperature and
that the change in the CD intensity upon heating may be governed
by the “on—off” fashion of the intermolecular hydrogen bonds

between the pendant amide residues of the growing chain end and

L-1 during the propagation reaction, which may force the poly-
into either a right- or left-handed helix. In polar solvents and even
in nonpolar solvents at high temperature, such hydrogen bonding
will be hampered, resulting in the thermodynamically favorable
helical conformation (negativAes<; value)!! This speculation was
supported by the fact that poly2 (Figure 1), in which the amide
linkage was replaced by the ester one, exhibited negativg,
values independent of the polymerization conditions (Figure S3),
and the CD intensity hardly changed after the polymer solution
annealed at 100C for 12 days (Figure S1).

Additional strong evidence of diastereomeric helical structures
of the poly+-1s showing the opposit&e;s; Sign was obtained from
the polarized optical microscopy studies. Poffa (Aefirst = +8.1)
and polyt-1e (Aeqre = —11.0) formed a lyotropic, cholesteric LC
in concentrated CHGlsolutions due to their main-chain stiffness,
thus showing a fingerprint texture (Figure 2B and 2D, respectively);
the spacings of the fringes corresponding to the half pitch of the
cholesteric helical structure were 6.4 and b, respectively. A
1:1 mixture of the cholesteric solutions produced a significant
expansion of the spacing (18n; Figure 2C). This transformation
clearly demonstrated that the palyts showing the opposit&eirst
sign indeed have helical senses opposite from each other.

Finally, the helical structures of the diastereomeric helical
polyisocyanides were investigated by atomic force microscopy
(AFM). Figure 3 shows typical high-resolution AFM images of
poly-L-1e (A) and polyt+-1a (B) spin cast from dilute toluene
solutions (0.2 mg/mL) on highly oriented pyrolytic graphite
(HOPG), followed by benzene vapor exposure at ca?Qfor 12
h.12The polymers self-assembled into well-defined (A) and slightly
irregular (B) 2D helix bundles. The bundle structures of polje
are clearly resolved into individual polymer chains packed parallel
to each other, in which the left-handed helices with a helical pitch
of 1.3 nm are predominant (Figure 3A). However, the polja
chains most likely consist of right-handed helical segments with a
helical pitch of 1.25 nm, together with minor, but distinctly left-
handed, helical segmeri&sThis remarkable pseudo-mirror-image
relationship suggests that palyta and polyt-1e have predomi-
nantly right- and left-handed helical structures, respectitely.

Consequently, the macromolecular helicity and mesoscopic,
supramolecular cholesteric twist can be controlled by the molecular
chirality of the pendant of a single enantiomeric phenyl isocyanide
through polymerization under either kinetic or thermodynamic
control, and their helical senses can be determined by direct AFM

observations. The present results not only demonstrate this new

phenomenon but will also provide new chiral materials in areas

such as LCs and chiral selectérsurther studies of the mechanism
of the helix-sense controlled polymerization and the three-
dimensional solid-state structures of the diastereomeric helical
polyisocyanides by X-ray diffractidAwill be the object of a future
investigation.

Supporting Information Available: Full experimental details. This
material is available free of charge via the Internet at http://pubs.acs.org.
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