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There is growing interest in the design of synthetic chain
molecules that acquire well-defined conformations in solu-
tion,[1±4] analogous to the folded state of proteins or nucleic
acids. Toward this end, there remains much to be learned
about the structure and dynamics of conformationally or-
dered polymer molecules, and in particular about how to
achieve conformational uniqueness in solution.[5±7] Studies on
solvent ± polymer interactions reveal the important role that
solvophobicity[8] can play in driving polymers into compact
conformations.[9] However, it is evident from theoretical
studies that the collapsed state of most chain molecules,
especially homopolymers, is highly degenerate.[10, 11] In ad-
vancing foldable chain molecules from disordered, collapsed
states to conformational uniqueness, it is important to under-
stand how to use weak interactions cooperatively, and how to
derive order from both side-chain as well as main-chain
interactions.

We have previously shown[4, 12] that phenylene-ethynylene
oligomers (i. e. , 1) can be driven to fold into helical[13]

conformations by solvophobic forces. Recently we also

demonstrated that incorporation of a single chiral binaphthol
unit into the backbone induces a bias in the helical twist
sense.[14] However, the kinked binaphthol monomer signifi-
cantly decreased the stability of the folded conformation.
Here we demonstrate that a small, chiral perturbation to the
side chain[15±17] causes a bias to the helical twist sense without

disrupting the conformational stability [Eq. (1)]. These re-
sults indicate that side chains can play a role in helping to
promote conformational order. Moreover, solvent and ther-
mal denaturation studies monitored by absorption and
circular dichroism spectroscopies reveal insight into the
cooperative nature of the folding process and the manner in
which this conformational order develops. Specifically, these
studies show that there is a significant progression in
conformational order following the initially formed helical state.

To perform these studies we prepared a series of m-
phenylene ethynylene oligomers with chiral side chains (2).
These oligomers are analogous to the previously reported
achiral series 1, except for the introduction of a methyl group
at the second carbon atom of each of the side chains. This
places the stereochemical information in reasonably close
proximity to the aromatic backbone. The chiral unit was
derived from l-ethyl lactate, which is readily available in high
enantiomeric purity, using standard synthetic transforma-
tions.[18] All oligomers were characterized by 1H NMR
spectroscopy, HPLC, size-exclusion chromatography (SEC),
and mass spectrometry and shown to be greater than 99 %
pure. The synthesis and analytical data of all compounds can
be found in the Supporting Information.

UV absorption measurements established the conditions
that caused oligomers 2 to adopt a helical conformation. This
is revealed from the ratio of absorbances at 287 and 303 nm as
we have previously reported (the helical conformation has a
significantly lower A303/A287 ratio than the random conforma-
tion).[4, 12] It was found that, within experimental error, the
conformational transitions of the chiral oligomers 2 displayed
the same chain-length and solvent dependence as their achiral
counterparts 1. Thus, the introduction of a methyl group in the
side chain did not destabilize the helical state.

Circular dichroism (CD) measurements were performed in
order to study the twist sense bias.[19] In chloroform, chiral
oligomers 2 showed no ellipticity in the backbone chromo-
phore (250 ± 400 nm), regardless of chain length and temper-
ature studied. This is not surprising because in chloroform the
oligomers are expected to be in a random-coil conformation;
hence, there is little possibility for transferring chiral infor-
mation from the side chains to the backbone.

In sharp contrast to the behavior in chloroform, a remark-
able Cotton effect was observed for dilute solutions of
oligomers 2 in acetonitrile at room temperature. The elliptic-
ity was dependent on chain length and was zero only for
oligomers not long enough to adopt a helical conformation
(n< 10). As shown in Figure 1, the UV spectrum of 2 (n� 8)
in acetonitrile exhibits a bandshape characteristic of the
random coil conformation and a CD spectrum that displays no
ellipticity. However, the UV spectrum of 2 (n� 18) in
acetonitrile exhibits the bandshape indicative of the helical
conformation and a CD spectrum that displays a bisignate
Cotton effect. These results suggest that the transfer of chiral
information from the side chains to the main chain can only
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occur once order is present in the backbone. The putative
helical conformation likely places the side chains in close
proximity, thereby heightening their ability to interact in a
cooperative manner to give rise to the diastereomeric
preference of one twist sense over the other.

Figure 1. Normalized absorption (top) and CD spectra (bottom) of 2 (n�
8, solid line; n� 18, dashed line) in acetonitrile. A� absorbance.

A measure of chiral induction is given by the anisotropy
factor gabs�De/e at 316 nm. Figure 2 shows how gabs varies
with chain length for dilute solutions of 2 in acetonitrile at
several temperatures. It is evident from this plot that there is a
critical chain length below which no chiral induction is
observed (i. e. , n< 10). This coincides with the length needed
to form a stable helical conformation for 1.[12] It is also
apparent that beyond the critical size, the chiral induction
grows steadily as the chain lengthens (Figure 2). Also, the
chiral induction decreases when the samples are heated.
Mixtures of 1 and 2 (n� 18) showed a linear relationship
between ellipticity and mole percent of 2. This, together with

Figure 2. Plot of the chiral induction, expressed in terms of the anisotropy
factor gabs�De/e, as a function of chain length l at different temperatures
for solutions of 2 in acetonitrile. The data were recorded at 316 nm.

vapor pressure osmometry experiments,[4] confirms that these
are primarily unimolecular phenomena.

Previous studies have shown that the helix ± coil transition
can be driven by changes in solvent or temperature.[4, 12] The
effect of solvent on oligomers that display a preferential twist
sense was monitored by absorption and CD spectroscopies.
Typical solvent denaturation curves are shown in Figure 3.
The addition of chloroform to dilute solutions of 2 in
acetonitrile resulted in an increase in the ratio of absorbances

Figure 3. Solvent denaturation curves of 2 measured by a) the UV
absorbance ratio A303/A287 and b) the circular dichroism (gabs at 316 nm).

at 303 and 287 nm (Figure 3 a).[20] This increase is associated
with the loss of helical order as we have previously shown.[4, 12]

When the same solvent denaturation is monitored by CD
spectroscopy, it is only at high acetonitrile compositions that a
Cotton effect is observed (Figure 3 b).[20] The sudden onset
and rapid growth in molar ellipticity at high acetonitrile
concentrations is indicative of cooperative interactions.

It should be emphasized that the onset of the twist sense
bias occurs at a solvent composition that is well beyond the
helix ± coil transition as monitored by UV spectroscopy. These
different transition behaviors are interesting and may reveal
important aspects about the nature of this solvophobically
induced organization. It is important to remember that UV
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Complexes assembled from metal-containing subunits[1±12]

have attracted much attention in view of their very interesting
structures, for example, ferric wheels,[1] and properties, for
example, molecular-based magnetism,[2] and multistep, multi-
electron redox reactions.[3] Designing the spatial arrangement

spectroscopy detects the presence of a stable helical con-
formation, while CD spectroscopy detects the presence of
diastereomeric excess. The solvophobicity of the hydrocarbon
backbone, which is presumably much larger than that of the
polar side chains, could explain why the backbone adopts
helical order well before bias is imparted to the helix twist
sense. From the CD data, the diastereomeric excess originates
at approximately the same chloroform composition regardless
of chain length (Figure 3 b). Based on this observation it is
plausible that ordering of the solvated side chains, a process
that lags behind helix formation, is the mechanism by which
chirality is transferred to the backbone. The analogy might be
made to the ªmolten globular stateº of proteins, a state in
which the peptide backbone possesses a native-like confor-
mation while having disordered side chains.[21, 22]

An alternative way to explain the observed transition
behavior is to consider the dynamics and conformational
uniqueness of the backbone. At high chloroform compositions
(but when the oligomers are still helical, as judged by UV
spectroscopy) there are possibly a large number of energeti-
cally similar, helical-like backbone conformations that inter-
convert rapidly. Here the analogy might be made to the
ªcompact denatured stateº of proteins, a collapsed form in
which there is a broad ensemble of backbone and side-chain
conformations even though there is extensive hydrophobic
clustering.[23] The UV spectrum simply fails to provide the
needed resolution to distinguish between a well-ordered,
conformationally unique backbone and a mixture of helical-
like conformers. The dynamics and structural diversity
available to the backbone in this conformational state may
preclude cooperative interactions among the side chains that
give rise to the twist sense bias. Upon increasing the amount
of acetonitrile, a smaller set of backbone helical conforma-
tions becomes populated, allowing the side chains to order
and transfer their chirality to the main chain. Regardless of
which of these explanations is correct, the transfer of chirality
appears to be a highly cooperative process that requires a
progression of conformational order beyond the initially
formed helical state. The sharpness of the CD transition
points toward a high twist sense bias that obviously cannot be
deduced from the magnitude of the Cotton effect.

In conclusion, we have demonstrated that it is possible to
bias the twist sense of a solvophobically driven helical
conformation by the attachment of chiral side chains. These
results show that the side chains can play more than just an
ancillary role in these conformationally ordered oligomers.
The diastereomeric bias only appears after the backbone
acquires a conformationally ordered state. Solvent denatura-
tion studies showed that a helical conformation is a necessary,
but not a sufficient condition for inducing a diastereomeric
bias. In particular, the onset of the twist sense bias was shown
to lag significantly behind the appearance of helical con-
formations, possibly because a large ensemble of ªcollapsedº
conformations is initially formed. To further elucidate the
nature of the folding and chirality transfer, additional experi-
ments in more polar media will be undertaken.

Received: April 14, 1999
Revised: August 4, 1999 [Z 13281]

[1] R. S. Lokey, B. L. Iverson, Nature 1995, 375, 303 ± 305.
[2] S. H. Gellman, Acc. Chem. Res. 1998, 31, 173 ± 180.
[3] D. Seebach, J. L. Matthews, Chem. Commun. 1997, 2015 ± 2022.
[4] J. C. Nelson, J. G. Saven, J. S. Moore, P. G. Wolynes, Science 1997, 277,

1793 ± 1796.
[5] P. G. Wolynes, Nat. Struct. Biol. 1997, 4, 871 ± 874.
[6] J. D. Bryngelson, J. N. Onuchic, N. D. Socci, P. G. Wolynes, Proteins:

Struct. Funct. Genet. 1995, 21, 167 ± 195.
[7] C. M. Dobson, A. Sali, M. Karplus, Angew. Chem. 1998, 110, 908 ± 935;

Angew. Chem. Int. Ed. 1998, 37, 868 ± 893.
[8] C. Reichardt, Solvents and Solvent Effects in Organic Chemistry,

VCH, New York, 1990.
[9] C. Williams, F. Bochard, H. L. Frisch, Ann. Rev. Phys. Chem. 1981, 32,

433 ± 451.
[10] H. S. Chan, K. A. Dill, Macromolecules 1989, 22, 4559 ± 4573.
[11] C. J. Camacho, D. Thirumalai, Phys. Rev. Lett. 1993, 71, 2505 ± 2508.
[12] R. B. Prince, J. G. Saven, P. G. Wolynes, J. S. Moore, J. Am. Chem. Soc.

1999, 121, 3114 ± 3121.
[13] A. E. Rowan, R. J. M. Nolte, Angew. Chem. 1998, 110, 65 ± 71; Angew.

Chem. Int. Ed. 1998, 37, 63 ± 68.
[14] M. S. Gin, T. Yokozawa, R. B. Prince, J. S. Moore, J. Am. Chem. Soc.

1999, 121, 2643 ± 2644.
[15] F. Ciardelli, S. Lanzillo, O. Pieroni, Macromolecules 1974, 7, 174 ± 179.
[16] J. S. Moore, C. B. Gorman, R. H. Grubbs, J. Am. Chem. Soc. 1991, 113,

1704 ± 1712.
[17] M. M. Green, N. C. Peterson, T. Sato, A. Teramoto, R. Cook, S. Lifson,

Science 1995, 268, 1860 ± 1866.
[18] H. M. Janssen, E. Peeters, M. F. van Zundert, M. H. P. van Genderen,

E. W. Meijer, Macromolecules 1997, 30, 8113 ± 8128.
[19] As expected, no ellipticity could be detected for any of the achiral

oligomers of series 1 under conditions where the helical conformation
is stable. This is explained as the presence of a racemic mixture of left-
and right-handed helices.

[20] All measurements were determined to be independent of time. See
the Supporting Information for full details of sample preparation.

[21] E. I. Shakhnovich, A. V. Finkelstein, Biopolymers 1989, 28, 1667 ±
1680.

[22] A. V. Finkelstein, E. I. Shakhnovich, Biopolymers 1989, 28, 1681 ±
1694.

[23] K. A. Dill, D. Stigter, Adv. Protein Chem. 1995, 46, 59 ± 104.

[*] Prof. T. Ito, T. Kajiwara
Department of Chemistry
Graduate School of Science
Tohoku University, Aramaki Aoba-ku
Sendai 980-8578 (Japan)
Fax: (�81) 22-217-6548
E-mail : ito@agnus.chem.tohoku.ac.jp

[**] This work was supported by a Grant-in-Aid for Scientific Research on
Priority Area ªMetal-Assembled Complexesº (No. 0149102) and the
Encouragement of Young Scientists (No. 11740366) from the Ministry
of Education, Science, Sports, and Culture, Japan.


