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Abstract: In helical polymers, helical sense induction is
usually commanded by teleinduction mechanism, where
the largest substituent of the chiral residue directly
attached to the main chain is the one that commands the
helical sense. In this work, different helical structures
with different helical senses are induced in a helical
polymer [poly-(phenylacetylene)] when the conforma-
tional composition of two different dihedral angles of a
pendant group with more than two chiral residues is
tamed. Thus, while the dihedral angle at chiral residue 1
[(R)- or (S)-alanine], attached to the backbone, produ-
ces an extended or bent conformation in the pendant
resulting in two scaffolds with different stretching
degree, the second dihedral angle at chiral residue 2
[(R)- or (S)-methoxyphenylacetamide] places the sub-
stituents of this chiral center in a different spatial
orientation, originating opposite helical senses at the
polymer that are induced through a total control of the
“chiral overpass effect”.

Introduction

During the last decade, the field of helical polymers has
flourished in the preparation of new architectures with
defined macromolecular structure (i.e., handedness and
elongation degree) that mimic the natural ones—peptides,
saccharides or nucleic acids amongst others—, drawing the
attention of the scientific community for their potential
applications as chiral materials.[1] It should be noted that
these systems have been successfully applied in different
fields such as asymmetric synthesis,[2] sensing,[3] chiroptical
switches,[4] switchable chiral stationary phases for HPLC,[5]

chiral templates,[6] spin filters,[7] CPL sources[8] and biological
applications[9] among others. Since the applications men-
tioned above directly rely on the secondary structure
exhibited by these macromolecules, the preparation of
defined compressed/stretched scaffolds with preferred P/M
handedness is a matter of great interest to obtain chiral
materials with enhanced properties. Among helical poly-
mers, poly(phenylacetylene)s (PPA)s[10] represent an appeal-
ing family of compounds where both structural features,
elongation and handedness, can be modulated either sepa-
rately or together by the application of proper external
stimuli.[11] The adoption of a screw sense excess in a PPA
can be achieved following different strategies such as
supramolecular interactions with chiral or achiral moieties,
as well as by the inclusion of a single chiral center with a
preferred conformation at the pendant group of the
polymer.[12] Remarkably, further modifications on the con-
formational composition of the pendant group can lead to
helix induction,[13] helix inversion[14] or even to modifications
on the stretching degree of the polymer backbone.[3a,15]

Unfortunately, when the pendant is composed by two or
more chiral centers, the one closest to the polymer backbone
is most likely to control the handedness of the polymer,
while the other center has low-to-null impact on the
structural features of the helical structure.[16] Interestingly,
our group has recently reported the “chiral-overpass”
inductive mechanism. To activate such an effect, a bent
conformation must be fixed at the pendant group through
an external stimulus (i.e., metal cations). This geometry
locates the second chiral moiety closer to the polyene
backbone, now being responsible for the helical sense
adopted by the polymer.[17] In this system, by changing the
absolute configuration of the second chiral residue, it is
possible to invert the helical sense of the PPA.
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Herein we want to take a step forward by doing a
selective conformational control of two different dihedral
angles. Thus, while the first dihedral angle will be respon-
sible for the activation/deactivation of the chiral overpass
induction, the second dihedral angle, located on chiral
residue 2, will be the cause of the P/M helical sense induced
in the PPA when the chiral overpass effect is activated. To
do that, we envisaged a monomer unit that combines an
amino acid involved in structural motifs such as turns[4a,18]

and β-sheets[4b,18] together with a conformationally switch-
able arylacetic acid.[11,12a,15b,19] Therefore, while playing with
the conformation of the amino acid it is possible to activate
(γ-turn)/deactivate (extended) the chiral overpass effect,
conformational changes at the arylacetic group will position
the aryl ring in opposite directions and thus inducing a P or
an M helical sense at the PPA without changing the absolute
configuration of the second residue (Scheme 1).

Results and Discussion

A set of monomers made up of all possible diastereoisomers
of the 4-ethynylanilides of (S)- or (R)-Alanine (Ala)
derivatized at the N-terminus with the two enantiomeric

forms (R)- or (S)-α-methoxy-α-phenylacetic acid (MPA)—
m-(S)-Ala-(R)-MPA; m-(S)-Ala-(S)-MPA; m-(R)-Ala-(R)-
MPA; m-(R)-Ala-(S)-MPA—(Figure 1) were prepared fol-
lowing a multistep synthetic protocol (see Supporting
Information).

Crystal structures of m-(S)-Ala-(R)-MPA and m-(S)-
Ala-(S)-MPA were obtained, and their X-Ray studies
showed extended structures of the two chiral residues (see
Figures S13 and S14).[20] These monomers were polymerized
using [Rh(nbd)Cl]2 as catalyst,[21] which produced the
corresponding polymers (Figure 2) in high yield, low poly-
dispersity (see Table S2) and cis-stereoregularity of double
bonds as inferred by 1H NMR[22,23] (see Fig S15–16) and
Raman (see Fig S17).[23] Differential Scanning Calorimetry
(DSC) experiments showed the presence of two consecutive
exothermic peaks for both polymers suggesting the adoption
of cis-transoidal (c-t) stretched structures (ω1>90°, see
Figure S18).[24]

Chiral overpass studies were then performed by ECD,
UV/Vis and VCD. To carry them out, polymers poly-(S)-
Ala-(R)-MPA and poly-(S)-Ala-(S)-MPA were dissolved in
CHCl3 and DMSO. These solvents were chosen to promote
the formation and disruption of a bent structure at the
pendant. Thus, while CHCl3 favors a bent structure, most
probably stabilized by intra-pendant hydrogen bonds to
form a γ-turn mimetic motif at the pendant, DMSO disrupts
these supramolecular bonds due to its interaction with the
anilide groups. As a result, a β-sheet mimetic motif is
generated at the pendant (extended structure).[18] ECD/UV/
Vis spectra of poly-(S)-Ala-(S)-MPA in CHCl3 and DMSO
depict a variation in the stretching degree in total agreement
with the presence of a bent and extended structure at the
pendant group respectively (Figure 3b).

To corroborate the presence of this equilibrium between
bent and extended structures promoted by the activation/
deactivation of an intramolecular hydrogen bond, external
stimuli such as F� (added as TBAF salt) or TFA, which act
as hydrogen bond disruptors,[4b,11a] were added to the CHCl3
solution of poly-(S)-Ala-(S)-MPA giving rise to an ECD/
UV/Vis pattern resembling that obtained in DMSO (Fig-
ure 3c). Moreover, addition of metal cations (i.e., Li+ and
Ba2+ perchlorates, 10 mgmL� 1 MeOH solutions) to a
solution of poly-(S)-Ala-(S)-MPA in CHCl3 also promoted
the adoption of compressed helices analogous to the
previous ones. The reason lies in the coordination of the
metal ions with the C=O groups that promote the formation
of an extended structure in the pendant (Figure 3d).[13a,14b, c]

Analogous studies were carried out for the other polymer
counterparts displayed in Figure 2, which show the same
stretching effects and opposite helical sense of the PPAs due
to enantio/diastereomeric relationships (See S22 and S23).

To further corroborate that PPA compression/stretching
is due to selective manipulation between a bent and an
extended structure in the pendant (Figure 4a), VCD spectro-
scopy studies were carried out. This technique is a powerful
tool in the structural elucidation of supramolecular and
covalent helical polymers.[19b,25] Comparison of the VCD
patterns of poly-(S)-Ala-(R)-MPA and poly-(S)-Ala-(S)-
MPA in CDCl3 and DMSO-d6 reveals a totally different

Figure 1. Structures of monomers employed in this work. a) mono-(S)-
Ala-(R)-MPA and its X-Ray structure. b) mono-(S)-Ala-(S)-MPA and its
X-Ray structure. c) mono-(R)-Ala-(R)-MPA and d) mono-(R)-Ala-(S)-
MPA.

Figure 2. Structures of the polymers employed in this work.
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dichroic spectra when shifting from a bent (CHCl3) to an
extended conformation at the pendant (DMSO) in both
cases (Figures 4b and 4c).[26] Therefore, VCD is a useful
technique to elucidate structural variations at the pendant
group.

Computational DFT studies were carried out on mono-
mers m-(S)-Ala-(R)-MPA and m-(S)-Ala-(S)-MPA using
the wB97XD functional together with the 6–31G(d,p) basis
set. As input, the structures of the monomers were
introduced with a γ-turn conformation at the alanine
residue. The obtained optimized geometries indicated that
the chirality of the Ala promotes in the γ-turn a specific
angle of � 65°, independent of the absolute configuration of
the second chiral center (i.e., the MPA moiety), maintaining
in both cases an ap conformation in the MPA moiety (see
Figures 5c–d and Figure S24). Comparison of the calculated
γ-turn VCD pattern with the experimental ones obtained for
poly-(S)-Ala-(R)-MPA and poly-(S)-Ala-(S)-MPA in CHCl3
shows a good match between theoretical and experimental
data, and almost identical for both polymers. This fact
indicates that the VCD pattern (bisignate) observed for
either poly-(S)-Ala-(R)-MPA and poly-(S)-Ala-(S)-MPA in
CHCl3 is governed by the presence of a bent structure at the
pendant in this solvent (γ-turn a specific angle of � 65°),
whose � /+ sign is unaffected by the absolute configuration
of the MPA moiety (Figures 5a–b).

Next, to further confirm that bent and extended con-
formations at the pendants have different VCD patterns,
theoretical studies were carried out on mimetics of multi-
parallel β-sheet motifs of mono-(S)-Ala-(R)-MPA and
mono-(S)-Ala-(S)-MPA (see Figure S24). These studies
show a good match between theoretical—using B3LYP
functional with the 6-31G(d,p) basis set—and experimental
studies performed in DMSO, which confirms this extended
structure at the pendant (Figures 5b-5c).

Interestingly, in the VCD pattern of an extended
structure for poly-(S)-Ala-(R)-MPA and poly-(S)-Ala-(S)-
MPA is possible to observe the opposite orientation of the
carbonyl band of the MPA (ca. 1670 cm� 1) due to their
enantiomeric relationship (Figures 4b,c (DMSO) and Fig-
ure 5).

ECD studies were performed for these polymers in
CHCl3 and DMSO to determine how the conformational
changes at the pendant affect to the helical sense excess of
the polyene main chain. As expected, when the pendant
group adopts an extended structure—poly-(S)-Ala-(R)-
MPA and poly-(S)-Ala-(S)-MPA dissolved in DMSO—, the
helical sense is induced by the chiral residue closest in
sequence to the polyene backbone, in this case the alanine
group (Figure 6a). As a result, an M helical sense is induced
in poly-(S)-Ala-(R)-MPA and poly-(S)-Ala-(S)-MPA even
though the absolute configuration of the second chiral
residue, i.e., MPA, is different in both. On the contrary,
when these studies are carried out in CHCl3, a helical sense
inversion happens when the absolute configuration of MPA
changes (Figure 6b). This outcome confirms the activation
of the chiral overpass effect in CHCl3 due to the presence of
a bent structure in the pendant. Similar effects were
obtained for the enantiomeric series poly-(R)-Ala-(R)-MPA
and poly-(R)-Ala-(S)-MPA, with opposite helicities induced
in the PPAs due to the enantiomeric relationships (see S22
and S23).

Next, the total control of the chiral overpass effect was
explored by playing with the conformational composition of
the MPA moiety while the alanine fragment remains in a
bent structure. To do that it is necessary to have two
solvents that do not disrupt the intra-pendant hydrogen
bond of alanine, but at the same time possess different
polarities to play with the antiperiplanar/synperiplanar
conformational equilibrium of the MPA moiety. Thus, while
an antiperiplanar conformation is favoured in low-polar

Scheme 1. Conceptual representation of multi-state chiral overpass-induction controlling both stretching and handedness.
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solvents, an increase in the solvent polarity favors the
adoption of a synperiplanar conformation in this fragment.
To achieve this goal, CHCl3 was chosen as low-polar solvent
while cyclohexanone and acetone were selected as polar
solvents. ECD and UV/Vis studies of poly-(S)-Ala-(R)-
MPA and poly-(S)-Ala-(S)-MPA in these solvents indicate
the presence of a scaffold with similar elongation but
opposite helical sense (Figure 7). Thus, a positive ECD band
centered at 448 nm was obtained for poly-(S)-Ala-(R)-MPA
in CHCl3 indicating the adoption of a P helix by the polyene
backbone, while a negative band is obtained for poly-(S)-
Ala-(R)-MPA in acetone or cyclohexanone, indicative of an
M helicity (Figure 7a).[26]

This helical inversion is a consequence of a conforma-
tional change in the MPA fragment, from antiperiplanar
(CHCl3) to synperiplanar (acetone or cyclohexanone), which
places its aromatic ring in different orientations, producing
the inversion. In the case of poly-(S)-Ala-(S)-MPA, the
results were the opposite, showing a negative ECD band

Figure 3. a) Conceptual representation of the conformational manipu-
lation from bent to stretched pendant group of poly-(S)-Ala-(S)-MPA.
ECD/UV/Vis and spectroscopy monitoring of the above process
triggered by b) polar effects, c) hydrogen bond disruptors (TFA/TBAF)
and d) metal coordination.

Figure 4. a) Conceptual representation of bent and extended conforma-
tions in the pendant groups. VCD/IR spectroscopy monitoring the
dichroic inversion related to the conformational switch triggered by
polar effects of b) poly-(S)-Ala-(R)-MPA and c) of poly-(S)-Ala-(S)-MPA.

Figure 5. a) and b) Computed structures for bent conformations (γ-
turn) of m-(S)-Ala-(R)-MPA and m-(S)-Ala-(S)-MPA and comparison of
experimental vs calculated VCD/IR spectra with the corresponding
polymers poly-(S)-Ala-(R)-MPA and poly-(S)-Ala-(S)-MPA in CDCl3. c)
and d) Computed vs experimental VCD/IR spectra of the extended
conformation of poly-(S)-Ala-(R)-MPA and poly (S)-Ala-(S)-MPA in
DMSO-d6.
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centered at 448 nm when dissolved in CHCl3 (M helix),
while a positive band (P helix) is obtained when dissolved in
acetone or cyclohexanone (Figure 7d). These studies were
also carried out for the enantiomeric series—poly-(R)-Ala-
(R)-MPA and poly-(R)-Ala-(S)-MPA (Figures S22 and
S23)—obtaining, as expected, a total control of the helix,
inducing P and M helices in the PPA by a total control of
the chiral overpass effect. Moreover, it should be noted that
poly-(S)-Ala-(R)-MPA and poly-(R)-Ala-(R)-MPA have
identical behavior, inducing a P helix in CHCl3 and a M
helix in acetone. In turn, polymers poly-(S)-Ala-(S)-MPA
and poly-(R)-Ala-(S)-MPA showed opposite helical sense
inductions, M helix in CHCl3 and P helix in acetone, due to
the opposite configuration of the second chiral residue
(MPA) (Figure 7).

Finally, we proceeded to do the structural elucidation of
the polymers using atomic force macroscopy (AFM) and the
information previously obtained from Raman, DSC, IR,
ECD and VCD studies. AFM allowed us to directly visualize
the macromolecular helical structures adopted by the

polymers[27] following the protocol developed by the groups
of Yashima[28] and Percec.[29] High-resolution AFM images
were obtained from dilute solutions of poly-(S)-Ala-(S)-
MPA (0.05 mgmL� 1, CHCl3) and poly-(S)-Ala-(S)-MPA/Li+

complex in 1/1 (mol/mol) ratio that were spin coated onto
freshly cleaved highly oriented pyrolytic graphite (HOPG).
These images showed, as expected, the presence of a
compressed poly-(S)-Ala-(S)-MPA/Li+ complex and a
stretched helical scaffold for poly-(S)-Ala-(S)-MPA
(Figures 8, S25 and S26). In both cases, cis-transoidal
scaffolds were obtained with P orientation of the external
helix and M orientation of the internal one. These helices
showed different helical pitches and packing angles. Thus,
values of 4.8 nm and 50° were obtained for poly-(S)-Ala-(S)-
MPA/Li+ complex (compressed helix), while 5.8 nm and 40°
were obtained for poly-(S)-Ala-(S)-MPA (stretched helix).

Combining all the structural date allowed us to construct
cis-transoidal helical structures with dihedral angles between
conjugated double bonds of ω1= � 160° and ω1= � 170° for
the compressed and stretched helices, and where the internal

Figure 6. Conceptual representation and ECD spectra of the activation
and deactivation of the chiral overpass effect by controlling the
presence of a) an extended (DMSO) conformation or b) a bent
conformation (γ-turn, CHCl3) in the pendants of poly-(S)-Ala-(R)-MPA
and poly-(S)-Ala-(S)-MPA.

Figure 7. Conceptual representation of the chiral overpass induction by
conformational modulation of the second chiral center monitored by
ECD/UV/Vis spectra of a–b) poly-(S)-Ala-(R)-MPA and c–d) poly-(S)-
Ala-(S)-MPA (CyHex and acetone, respectively).
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and external helices rotate in opposite directions (Pext/
Mint).

[27b]

Conclusion

In conclusion, this work demonstrates how the chiral over-
pass induction effect can be totally tamed, by introducing in
the pendant groups of PPAs two chiral residues, which show
independent and selective conformational control. As a
result, it is possible to selectively induce an excess of P or M
helical sense in the PPA main chain by varying the
conformational composition at the second chiral residue
through a chiral overpass effect. This polymer switch is
achieved by a thorough design of the monomeric repeating
unit. In our case, an alanine residue in either (R) or (S)
configuration was introduced to link the pendant group to
the PPA backbone through an anilide linkage and to play
between an extended and a bent structure due to a
conformational control in this group. Moreover, a second
chiral residue consisting of (R)- or (S)-methoxyphenyl acetic
acid was added to the pendant through the N-terminus of
the alanine. This second chiral residue shows a conforma-
tional composition between two major conformers that
places the bulkiest substituent, phenyl, in opposite directions
and will allow the helical sense of the PPA to be controlled
by means of a chiral overpass effect that occurs when
alanine adopts a bent structure. As a result, when alanine
adopts an extended structure, the second chiral residue is
placed far from the polyene backbone. Thus, the helical
sense adopted by the PPA is commanded by the chirality of
the alanine, while changes in the absolute configuration of
the second chiral center or conformational changes at this
residue does not affect the helical sense of the PPA. In
contrast, when alanine adopts a bent structure, both
conformational changes and changes in the absolute config-
uration of the MPA moiety result in a helix inversion in the

PPA. This fact indicates that a total control of chiral
overpass effect is achieved.

To our knowledge, this is the first time that a chiral
overpass effect has been tamed, making it possible to induce
both helical senses in the PPA by changes in the conforma-
tional composition of the second chiral residue (MPA). As a
remarkable result, three different helices are produced in
the PPA by varying the conformational composition in the
monomer repeating unit. This unique and novel helical
sense control portrayed here opens promising prospects in
advanced helical sense control of PPAs and can be applied
to develop new multi-stimuli responsive chiral polymeric
materials with enhanced applications as sensors, as chirop-
tical switches or in chiral recognition, among many others.
Efforts in those directions are currently underway in our
laboratory.
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