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Synthetic dynamic helical polymers (supramolecular and covalent) and foldamers share the helix as a structural
motif. Although the materials are different, these systems also share many structural properties, such as helix
induction or conformational communication mechanisms. The introduction of stimuli responsive building
blocks or monomer repeating units in these materials triggers conformational or structural changes, due to the
presence/absence of the external stimulus, which are transmitted to the helix resulting in different effects, such
as assymetry amplification, helix inversion or even changes in the helical scaffold (elongation, J/H helical
aggregates). In this review, we show through selected examples how different stimuli (e.g., temperature,
solvents, cations, anions, redox, chiral additives, pH or light) can alter the helical structures of dynamic helical
polymers (covalent and supramolecular) and foldamers acting on the conformational composition or molecular
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1. Introduction

Non-natural helical polymers including foldamers,"” supra-

molecular”'®® and covalent helical polymers™*°~*° have been
extensively studied during the last decades due to the possibility
of creating a large variability of helical scaffolds with different
functionalities by rational design. These materials emerged as
consequence of the structure/function relationship found in
biomacromolecules such as DNA, peptides or polysaccharides,
whose helical scaffolds are directly related to their important
biological functions such as signalling, storage, duplication,
amplification, and processing of information.®** However, while
the building blocks used by nature are limited, chemistry offers a
wide range of chemical structures with different functionalities
limited mainly by the creativity of the scientist.**” In this line,
synthetic helical polymers with stimuli-responsive properties have
been extensively studied due to the possibility of using an external
stimulus (input) to produce a structural change, such as helix
inversion (output), in the polymer. In this review we will focus our
attention on those synthetic helical structures (covalent polymers,
supramolecular polymers and foldamers) whose helical scaffold
(sense and elongation) can be altered if an external stimulus triggers
a rational mechanism of information transmission through
changes in molecular conformations.”™

To create a synthetic stimuli-responsive helix by design, the
starting material must meet certain requirements, some of
which are discussed below.
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structure of their components, which is also transmitted to the macromolecular helical structure.

1.1 Foldamers

In helical foldamers'™"” (Fig. 1a), the building blocks must
preferably adopt a twisted conformation that propagates towards
the formation of a helical structure when an oligomer is
formed.”””* A problem found in the preparation of stimuli-
responsive foldamers is that if the conformation adopted by
the building block is too stable, the foldamer will behave as
quasi-static, making it difficult to tune its helical sense. This
effect is the most abundant when a foldamer is formed by chiral
residues, such as biotic foldamers by - and/or y-amino acids. In
these systems, a positive or negative torsion of the chiral residue
is favoured due to its intrinsic chirality, being difficult to reorient
it in the opposite direction. To avoid this problem, the foldamer
must be constituted mainly by achiral residues,”””® such as ami-
noisobutyric acid (Aib) (Fig. 1b), employed in the preparation of
stimuli-responsive biotic foldamers where the two P (plus) and M
(minus) twisted conformations are equally favoured. To induce a
helical sense in the foldamer, two approaches are usually followed,
such as supramolecular or covalent interactions with a chiral frag-
ment at one end of the foldamer helix described by the groups of
Clayden and Inai (Fig. 1c-¢).%® In these foldamers, the conforma-
tional preference adopted by the chiral residue is transmitted to the
adjacent achiral residue by adoption of a preferred P or M twisted
conformer and propagated to the other achiral residues through a
screw sense induction mechanism. Variations in the conformational
composition of the chiral residue, or the replacement of the chiral
residue by its enantiomer leads to the induction of the opposite
helical sense, generating a dynamic helical foldamers.

In other cases, the chiral residue can be introduced in the
middle of the foldamer sequence®® or encapsulated by the
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helical scaffold,"*®” although the mechanism of screw sense
induction is produced mostly by fixation of a conformation in
one of the residues of the foldamer backbone which is then
transmitted to the rest of the oligomer that adopts a preferred P
or M screw sense excess.

1.2 Dynamic helical polymers

In stimuli responsive covalent helical polymers, helix induction
mechanisms are different from those observed in foldamers. In
general, in these polymers, the main chain or polymer back-
bone is achiral, e.g., polyacetylenes and their derivatives,**™”
polyisocyanides,®®>® polysilanes®®°° or poly(quinoxaline-2,3-
diyl)s (PQXs)**°'™®7 (Fig. 2a), which adopt a preferred helical
sense due to the conformational composition adopted by the
pendant group. Thus, if the pendant is chiral, e.g., poly-5, a
poly(phenylacetylene) (PPA) that bears the benzamide of (S)-
phenylglycine methyl ester,’® the presence of a preferred con-
former at the chiral centre results in an induced helical sense in
the polymer main chain.

Variations in the conformational composition of the pen-
dant group by the presence of external stimuli, such as solvent
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polarity or the addition of metal ions, can result in either helical
sense enhancement or helical inversion effect (Fig. 2b). On the
other hand, if the helical polymer is achiral, e.g., a PPA bearing a
benzoic group as pendant (poly-6),°>'° a phenomenon of
asymmetry amplification (helical induction) arises from inter-
actions between the polymer and external chiral molecules,
such as chiral amines used as external stimuli.

The most frequently helix induction mechanism that gov-
erns the screw sense excess adopted by chiral and achiral
polymers is tele-induction.'® In this mechanism, changes in
the spatial distribution of substituents in the chiral centres or
in the species associated with the pendant groups result in
stimuli being transmitted through space to the polymer back-
bones, which adopt specific conformations that generate P or M
helical structures (Fig. 2b and c).

Interestingly, other helix induction mechanisms operating
from the pendants to the main chains of polymers have been
explored in recent years.

1.2.1 Helix induction mechanisms in dynamic helical polymers

1.2.1.1 Chiral harvesting. 1t is based on the introduction of a
chiral source at a remote position separated from the backbone
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Fig. 1 (a) Some achiral oligomer families forming axially racemic helices.
Schematic illustration of (b) an axially racemic oligoamide of Aib and its (c)
M or (d) P screw sense induction by introducing a chiral (1)-amino acid at
the N- and C-terminus respectively. (e) Schematic illustration of the non-
covalent screw sense induction of the axially racemic foldamer H-B-Ala-
(A%Phe-Aib)4-OMe by interaction with chiral acids.

by achiral spacers. In such a case, the information transmission
mechanism can follow two different paths. The induction of: (i)
a conformational change in the achiral spacer,'®” or (ii) a tilting
degree in the supramolecular arrangement of the achiral
spacers along the helix.'®> Both mechanisms are triggered by
changes in the conformational composition of a chiral group
placed in a remote position, which are transmitted to the
achiral spacer and further harvested by the polymer backbone
that adopts a P or an M screw sense excess.

Two illustrative examples are poly-7 and poly-8, PPAs that
bear an achiral and flexible Aib residue'®® and a planar and
rigid oligo(phenylene-ethynylene) (OPE)'® as spacers (Fig. 3a
and b, respectively).

1.2.1.2 Chiral overpass. Usually, when the pendant of a
helical polymer is composed by two or more chiral centres,
the one closest to the backbone of the polymer is more likely to
control its handedness, while the other centre has low-to-null
impact on the structural features of the helical structure.'®
Interestingly, the possibility of playing with the conformational
composition of these multi-chiral side chains makes possible to
activate a chiral-overpass effect.'®>'% For example, in poly-9,

This journal is © The Royal Society of Chemistry 2024
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Fig. 2 (a) Some families of dynamic helical polymers. (b) Helix inversion of
a chiral poly(phenylacetylene) bearing 4-benzamide of (S)-phenylglycine
methyl ester as pendant group by tuning its conformational composition
using solvent polarity as external stimulus. (c) Chiral amplification of an
achiral poly(phenylacetylene) bearing 4-benzoic acid as pendant using
chiral amines as external stimuli.

which bears the anilide of (S)-alanine-(R)-methoxyphenyl-
acetate—(S)-Ala-(R)}-MPA dimer—as pendant,'® two different
conformations, extended and bent, can occur (Fig. 4a). Thus, if
the dimer adopts an extended conformation, (S)-alanine,
located closer to the poly(phenylacetylene) main chain, com-
mands a preferred macromolecular structure (screw sense and
elongation) in the PPA (M helix, Fig. 4a). On the other hand, by
fixing a bent structure at the dimeric pendant, it is possible to
place the second chiral residue close to the backbone, which is
now responsible for the screw sense preference adopted by the
macromolecular helical polymer'®>'% (P helix, Fig. 4a).
However, if the (S)-Ala-(S)-MPA pendant is used, M helices are
obtained in both extended and bent conformations (Fig. 4a).

1.2.1.3 Substituent priority overpass. This helix induction
mechanism is found in dynamic helical polymers bearing con-
formationally locked chiral pendants such as chiral allenes.'®” In
these systems, the relative spatial orientation of the substituents is
always the same, and it is not possible to modulate it by altering
the conformational composition of the chiral moiety. In such
cases, to invert the helical sense of the polymer it is necessary to
modify the relative volume of one of the substituents.
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http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d3cs00952a

Open Access Article. Published on 18 Rhagfyr 2023. Downloaded on 13/09/2025 01:47:50.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

Review Article

a)
P helix

—='n
H
B

Helix
induction

Chiral
harvesting

poly-7, ap-OME
i OMe
CHCly| | THF M helix ap-OMe apcr, s
—vels CHCI; P helix THF M helix
H
Helix
induction .
Pturn  HN Chiral P turn
harvesting
(2 N
oM M helix

:S\

@ "[=CFs
OMe
poly-7, ap-CF
&) Chiral M helix P helix =
harvelg?ing ©<0 Top view
n spacer arrangement
H &
M helix
achiral and rigid 0<0
spacer
Tilting degree induction side view
.. © spacer arrangement
in the spacer —_

arrangement

Chiral
pendant (S)-

e
:&,

poly-8, anti-conformer

cHCI;H THF

Top view \
P helix spacer arrangement
Chiral M helix 0>0 P helix
harvesting A
; ©>0

achiral and rigid
spacer

=

side view
spacer arrangement

— ]

" Chiral \
pendant (S)-
poly-8, syn-conformer

Fig. 3 Screw sense induction of helical polymers through chiral harvest-
ing using (a) flexible and (b) rigid achiral spacers.

Tilting degree induction

in the spacer

arrangement P helix

As a result of this volume change, a new substituent located
in a different position will be responsible for producing varia-
tions in the macromolecular structure and inducing the screw
sense preference.

To show this effect, poly-10 was chosen as illustrative
example.'®” This polymer bears an allene pendant (Fig. 4b) in
which its two consecutive double bonds place their four sub-
stituents in two perpendicular planes. If these substituents are
different, the allene becomes chiral, as in poly-10, which shows
P axial chirality. In poly-10, the screw sense is governed by the
tert-butyl group located closest to the backbone (substituent a).
However, if a secondary or tertiary amine are added to a
solution containing poly-10, a supramolecular interaction is
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bearing a chiral allene as pendant using chiral amines as external stimuli.

established between the alcohol group (substituent b) of the
allene and the amine, increasing the size of this substituent. As
a result, substituent b, placed in a different spatial orientation
than substituent a, now controls the helical sense that poly-10
adopts, resulting in a helix inversion process.

1.2.2 Dynamic helical copolymers. Until now, we have
described the most abundant helix induction mechanisms found
in dynamic helical polymers constituted by a single monomer.
However, these helix induction mechanisms can also occur in
dynamic helical copolymers made by two different monomers. In
this case, in addition to the helical sense induction effect
produced by the pendants in the polymer backbone, it is neces-
sary to consider other communication mechanisms between the
different components of the copolymer, which can be either
chiral/achiral or chiral/chiral. In general, in these systems, one
of the monomers must adopt a preferred conformation that
activates a specific conformation in the other comonomer (chiral
or achiral). Thus, depending on the chiral composition of the
comonomers, different effects can be triggered, such as:

This journal is © The Royal Society of Chemistry 2024
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1.2.2.1 Sergeants and Soldiers effect’®®""" (Sergeant: chiral
(R or S), minor component; Soldier: achiral, major component).
The Sergeant orders the Soldier to adopt a conformation that
promotes the same helical scaffold (sense and elongation)
induced by the Sergeant.

1.2.2.2 Abnormal Sergeants and Soldiers effect™® (Sergeant:
chiral, minor component (R or S); Soldier: achiral, major compo-
nent). The Sergeant activates a conformation in the Soldier that
promotes a different helical scaffold than the one adopted by
the Sergeant (sense and/or elongation).

1.2.2.3 Chiral to chiral Sergeants and Soldiers effect'’? (Ser-
geant: chiral, minor component (R or S); Soldier: chiral (R or S),
major component). The Sergeant commands a specific confor-
mation on the Soldier, which differs depending on the absolute
configuration of the chiral Soldier (Fig. 5a and b). Thus, the two
enantiomeric configurations of the Soldier can adapt to the
scaffold induced by the Sergeant. For example, a PPA bearing
the 4-anilide of (R or S)-methoxyphenylacetic acid (poly-11)
behaves axially racemic (ECD = 0, mixture of P and M helices)
even though the pendant is chiral.'** This fact is due to the
presence of two conformers in equilibrium at the pendant, ap
and sp, which place the substituents of the chiral moiety in
different spatial locations, inducing opposite helical senses in
the PPA (Fig. 5a). Interestingly, replacement of the phenyl group
by an anthryl ring (poly-12) shifts the conformational composi-
tion of the pendant towards the ap conformer (Fig. 5a).""* When
the monomers of poly-12 (Sergeant) and poly-11 (Soldier) are
copolymerized to create poly[(S)-12sergeant)~€0-(S)-11soldier(1—r)]
and  poly[(R)-12(sergeantrc0-(S)-11soldier1—»)] COpPOlymer series
(Fig. 5b), it was observed that both series adopt opposite helical
senses, P and M, commanded by the (S)- or (R)-chirality of
the Sergeant respectively. The (S)-Soldier fits into the P and
M helical scaffolds adopting the ap or sp conformations
respectively.'*?

1.2.2.4 Chiral coalition or abnormal chiral to chiral Sergeants
and Soldiers effect'’? (Sergeant: chiral, minor component; Soldier:
chiral, major component). In this case, the role of the Sergeant is
to behave like a chiral dopant, triggering a specific conformation
in the Soldier that is different depending on the chirality of the
soldier. As a result, poly[(S)-Sergeant,-co-(S)-Soldier;; ] and
poly[(R)-Sergeant,-co-(S)-Soldier(; ] adopt the same helical struc-
ture, which is commanded by the chirality of the Soldier, e.g.,
poly[(S)-5,-co-(S)-11,_p] and poly[(R)-5,-co-(S)-111_) (Fig. 5¢)."*
However, the Sergeant is necessary to trigger a specific conforma-
tion in the Soldier, otherwise, without its presence, the Soldier
homopolymer behaves like an axially racemic helix.

1.2.2.5 Majority rules™™ [Sergeant: chiral; Soldier: chiral (Ser-

geant’s enantiomer)]. In this case, the screw sense preferences of
copolymer series made by two enantiomeric monomers (identical
chemical structure, mirror image relationship) are biased
towards P or M helices, commanded by a slight enantiomeric
excess of one of the enantiomers. For instance, in poly[(R)-
Sergeant, s¢-co-(S)-Soldier, 44], made by enantiomeric monomers

This journal is © The Royal Society of Chemistry 2024
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of 2,6-dimethylheptyl isocyanate (56% (R)-enantiomer/44%
(S)-enantiomer; ee 12%), the helix adopted by the copolymer is
identical to that adopted by the (R)-homopolymer.'**

1.2.2.6 Chiral accord and chiral conflict'’>™""”. Other inter-
esting phenomena can occur in chiral dynamic helical copoly-
mers although there is not amplification of asymmetry due to
the lack of communication between the two chiral components.
Thus, if the two comonomers of the copolymer induce inde-
pendently the same helical sense, a chiral accord''® emerges,
whereas if both comonomers induce opposite helical senses, a
chiral conflict'*®'*” is produced.

In short, the presence or absence of communication
between co-monomers in dynamic helical polymers can pro-
duce interesting stimuli-responsive properties in the materials
due to the dual or independent stimuli-responsiveness of the
comonomers towards a specific stimulus.

1.3. Supramolecular helical polymers

In supramolecular helical polymers,>'®® helices are achieved
by the presence of tilting degrees generated between building
blocks during the supramolecular polymerizations. Positive or
negative values of these tilting degrees are induced by the
absolute configurations of the chiral groups introduced in the
building blocks. Thus, depending on their absolute configura-
tions, P or M supramolecular helices will be formed.

The stimuli-responsive properties of those helices can pro-
duce the disassembly of the helical structures, helix inversion
or the formation of other aggregates.

In this review, we will only focus on helical structural
changes that result in a helix with opposite helical sense or
the formation of another type of helical aggregate, such as
J-type or H-type aggregates. To go from one supramolecular
helical structure to another, two different mechanisms can be
followed, a competitive pathway **® or a consecutive one.'****°

In a competitive pathway, a kinetic supramolecular aggregate
disassembles to provide the molecularly dissolved monomer that
further aggregates (thermodynamic aggregate) into a different
helical structure (sense and/or scaffold). The aggregation of an
asymmetric oligo(phenyleneethynylene) (OPE) bearing the anilide
of (S)-MPA [(S)-13] was chosen as illustrative example."*® In this
case, the kinetic aggregate (Aggl, M helix) was kinetically trapped
in MCH/Tol/DCM solvent mixture at room temperature, while the
thermodynamic aggregate (Aggll, P helix) was obtained in MCH/
DCM solvent mixture after thermal treatment (Fig. 6a).

In the consecutive pathway, one helical structure is transformed
into a different one, without going through the monomeric state.
For example, the N-annulated perylenetetracarboxamide (S5)-14"*°
aggregates to form fibrillar structures that evolve to form thicker
helical assemblies (Fig. 6b).

Supramolecular and helical polymers share many proper-
ties, such as the asymmetry amplifying effects found in their
copolymers. Thus, Sergeants and Soldiers or Majority Rules can
be found in both systems,'?’”*?* although their information
transmission mechanisms to induce screw sense excess are
different.
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Fig. 6 Supramolecular aggregation following a (a) competitive or a (b)
consecutive pathway.

2. Stimuli-responsive helical polymers

In this section we will use different examples found in the
literature to show how helical structures adopted by foldamers,
supramolecular and covalent helical polymers can be modified
(helix inversion, amplification of asymmetry or variations in the
helical scaffold) through interaction with different stimuli.***
We will focus our attention on those systems where the
structural changes are clearly identified, although we also will
go through other interesting examples where the structural
changes associated to the presence of an external stimulus are
not clear.

2.1 External stimulus: temperature

Temperature is involved in the activation/deactivation of supra-
molecular forces and in the variation of the conformational
composition of molecules. Hence, thermal control of screw
sense in foldamers and polymers can be achieved by taking
these parameters into account during macromolecule design.

2.1.1 Foldamers. It is the family of macromolecular helices
that presents fewer thermo-responsive examples in the literature.
The main reason is the importance of supramolecular forces to
keep the structure folded in a specific screw sense excess. Playing
with temperature generally affects the stability of the helical
oligomer structure, resulting in an equilibrium between a folded
structure (low-temperature) and a random coil macromolecular
structure (high-temperature).

This journal is © The Royal Society of Chemistry 2024
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Inai designed a dynamic helical foldamer consisting of a
nonapeptide made mostly by achiral residues such as Aib, $-Ala
(B-alanine) and A”Ph (Z-a,B-dehydrophenylalanine) and a
single chiral residue,'®® 1-Phe (i-phenylalanine), placed in an
internal position [H-B-Ala-A”Ph-Aib-(.)-Phe-(A”Ph-Aib),-OMe,
15] (Fig. 7a). The chiral residue is necessary to command a P
helix in the foldamer, which is protected at the C-terminus with
a methyl ester and has a free NH at the N-terminus, necessary
to establish supramolecular interactions with chiral acids.
Interestingly, when foldamer 15 interacts with Boc-p-amino
acids such as Boc-p-Pro-OH or Boc-p-Leu-OH, a P to M helix
inversion occurs in the foldamer. Activation/deactivation of the
supramolecular amino/carboxylic acid interaction between the
foldamer and the Boc-p-amino acids results in a reversible helix
inversion process between a P helix (high temperature, supra-
molecular interaction OFF) and an M helix (low temperature,
supramolecular interaction ON)."*>

In another work, Formaggio and De Zotti'*® found that by
replacing the amino alcohol leucenol (Lol) by leucine (Leu-OMe
or Leu-OH) at the C-terminus of the natural occurring trichogin
(a peptaibol, nOct-Aib-Gly-Leu-Aib-Gly-Gly-Leu-Aib-Gly-Ile-Lol,
16), the new peptides 16-OMe and 16-OH become thermo-
responsive transitioning from a P to an M helix with increasing
temperature (Fig. 7b). Again, these peptide sequences contain
many flexible and achiral residues, such as Gly and Aib, that
can be accommodated in the P and M helical senses.

a)
el 90w 9 w2 ow O
o o o 2
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Tric-COOH nOct-Aib-Gly-Leu-Aib-Gly-Gly-Leu-Aib-Gly-lle-Leu-OH (16-OH)

Fig. 7 Temperature responsive foldamers: Helix inversion (a) 15 (repro-
duced from ref. 125 with permission from the American Chemical Society,
copyright 2007) and (b) 16; elongation (c) 17 and (d) 18.

This journal is © The Royal Society of Chemistry 2024

View Article Online

Review Article

127 used tem-

In another example, Onitsuka and Kanbayashi
perature to change the elongation of an arylopeptide that
contains the axially unsymmetrical 2,6-napthylene as spacer
between the amino and the acid group (17) (Fig. 7c). This
amino acid has a long oligoether group in the side chain, a
thermo-responsive substituent that exhibits lower critical
solution temperature (LCST) behavior due to the transition in
the hydration of the side chains. At 25 °C, foldamer 17 is
soluble in water and adopts a 3;-helix, while when heated this
helical scaffold stretches and transforms into a 4,helix. In the
field of aromatic helical foldamers, Jeong'*® prepared one that
contains two indolocarbazole and two pyridine moieties (18)
(Fig. 7d). The addition of Pd(CH;CN),Cl, generated a double-
stranded helicate, which at low temperatures favors a more
stretched helix (syn—anti orientation of the internal pyridine) and
a more compact one at high temperatures (syn-syn orientation of
the internal pyridine).

2.1.2 Dynamic helical polymers. In literature there are
several examples dealing with temperature responsive helical
polymers, being poly(phenylacetylene)s the family with more
examples. For instance, Tabata'>®'*° studied the irreversible
helix rearrangement from cis-cisoid (compressed) to cis-transoid
(stretched) scaffolds in the solid state of PPAs bearing achiral
pendant groups such as n-octyl or n-hexyloxy alkyl chains (19,
20) (Fig. 8a). In both cases, changes in the elongation of the
polymer are accompanied by changes in the color of the solid
sample. Interestingly, they also found that these structural changes
can also occur in solution but in a reversible way. By using a PPA
that bears the (S)-2-octyl propiolate (21) (Fig. 8a) as pendant group,
they found that three helices, with the same helical sense but
different elongation degree, coexist within a polymer chain. Variable
temperature experiments allowed the equilibrium to be shifted
from one helical structure to another in an accordion-like helix

oscillation (HELIOS) due to variations in conformational composi-
tion in the chiral ester group.”*! In polyacetylenes, Masuda also

found a helical polymer bearing a chiral ester group (22) (Fig. 8a and
132

b) that shows helix inversion by thermal treatment.
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Fig. 8 (a) Chemical structures of polymers poly-(19-24). (b) ECD spectra
of poly-(5)-22 at different temperatures (ECD thermal switch) (reproduced

from ref. 132 with permission from the American Chemical Society,
copyright 2001).
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Another interesting example dealing with a temperature
driven conformational change at the pendant was described by
Wan'*? for a 3,5-disubstitued PPA, poly{(—)-3-methoxycarbonyl-
5-[N-methyl-N-(S)-(1-phenylethyl)carbamoyl] phenylacetylene} (23)
(Fig. 8a). In this case, the authors play with the cis/trans conforma-
tional composition of the tertiary amide using temperature.

Thus, while the ¢rans isomer is favored at low temperatures,
the cis ratio increases when the temperature is raised. As a
result, a reversible helix inversion is produced generating a
thermal helical switch. Zhang and Liu reported another PPA
that works as thermal helical switch by using the benzamide of
()-valine-OEt (24) as pendant (Fig. 8a)."** In this case, the
macromolecular helical structure adopted by the polymer in
chloroform at room temperature can be reversed by cooling the
solution to 15 °C or lower. Following in the line of macromolecular
helical changes induced by conformational changes driven by
temperature in the pendant groups, an interesting example is
the PPA designed by Bergueiro, Freire and Calderdn,"*® which
includes elastin as pendant (poly-25) (Fig. 9a). Elastin is a thermo-
responsive peptide, which undergoes conformational changes
when the temperature of the solution varies.

In this case, the thermal behavior of elastin with increasing
temperature changes from a lower critical solution temperature
(LSCT) to an upper critical solution temperature (UCST) once
polymerized. Below the cloud point temperature, the elastin in
the pendants adopts a hydrophobic state (B-spiral conformation),
which results in the adoption of an elongated structure. Above
the cloud point temperature, the pendant adopts a more hydro-
philic state (extended conformation), which induces a more
compressed helical scaffold. Yashima demonstrated, through a
beautiful example, that a thermal switch can be created from a
supramolecular PPA/chiral amine complex."*® Here, the PPA is
achiral and bears a bulky phenyl phosphonate group on the
pendant (26) (Fig. 9b).

The resulting polymer is achiral, and a mixture of P and M
helical senses are obtained. However, by adding chiral amines
such as (R)-1-(1-naphthyl)ethylamine, a chiral complex is formed in
DMSO and a P screw sense excess is induced in poly-26 at 25 °C. In
this complex, the helical sense is commanded by the phosphonate
group, which became chiral after complexation with the chiral
amine as inferred from VCD studies. Interestingly, when the
DMSO solution of poly-26/(R)-1-(1-naphthyljethylamine complex
heats up to 65 °C, a helix inversion from P to M is observed in
the PPA, which is accompanied by a planarity of the phosphonate
VCD signal. In this case, the authors indicate that phosphonate
may racemize or exist as the achiral form due to the resonance
effect of the P-OH and P—O group, and therefore the helix
induction comes from another moiety of the PPA/amino complex,
ie., the chiral amino group. Yashima created another thermal
switch based on supramolecular complexes between an achiral
PPA that bears a N,N-diisopropylaminomethyl group as pendant
(27) (Fig. 9c) and chiral substrates such as chiral acids."*’” In this
example, no changes in the helical sense of the poly-27/chiral acid
complex were observed by temperature changes. However, they
found that a colorimetric thermal switch is obtained by variations
in the polymer elongation. Thus, at low temperatures (0-20 °C), a
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Fig. 9 (a) Schematic representation of the thermal behaviour of a PPA
bearing an elastin derivative as pendant group (poly-25). (b) Chemical
structure of poly-26 and thermoresponsive behaviour of poly-26/(R)-1-(1-
naphthyllethylamine complex (reproduced from ref. 136 with permission
from the American Chemical Society, copyright 2005). Chemical struc-
tures of (c) poly-27, (d) poly-28 and (e) poly-(29). (f) Structure of poly-30
and its thermoresponsive behaviour.

compressed helical structure is induced in poly-27/chiral acid
complex (yellowish solution) while at higher temperatures (25-
40 °C), a stretched helix is obtained (orangish solution). In relation
to the development of PPA thermal switches based on changes in
polymer elongation, Takata reported a PPA that has a thermo-
responsive rotaxane as pendant (poly-28) (Fig. 9d)."*®

Thus, depending on the position of the crown ether in the
pendant, the polymer will adopt different degrees of stretching.
At high temperatures, the ring of the rotaxane will sit close to the
polyene backbone, resulting in a highly stretched helix. Conver-
sely, at lower temperatures, the crown ether ring will be situated
far from the backbone, adopting the PPA a more compressed
helical structure. This structural change is accompanied by a

This journal is © The Royal Society of Chemistry 2024
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color change of the solution, from red (high temperatures) to
yellow (low temperatures) that also occurs in the solid state.

Wan reported a polyacetylene, poly[(S)-2-ethynyl-N-propionyl-
pyrrolidine] (poly-29) (Fig. 9¢),"*° derived from proline, that
shows a LCST behavior in water accompanied by elongation
changes in the chiral polyacetylene helix. Thus, below 32 °C, the
polymer adopts a compressed P helix that produces a clear
solution, whereas at temperatures higher than 32 °C, a more
stretched helix is obtained that generated a cloud solution due
to the formation of aggregates. Zhang and Wan reported a 3,5-
dibenzoate PPA (poly-30) (Fig. 9f)"*° that also can vary its
structure between compressed and stretched helical scaffolds
in chloroform by deactivating, at high temperatures, the n-n*
interactions between the oxygen of one carbonyl group and the
carbon of another carbonyl in nearby upper or lower position
within the helix. These n-n* interactions stabilize compressed
cis—cisoidal polyene structures. At high temperatures, new inter-
actions between solvent and pendants stabilize stretched cis—
transoidal helices. Percec, Meijer and Zhang studied how tem-
perature produces structural changes (elongation, helix sense)
in dendronized PPAs. Thus, Meijer'*" designed a PPA where the
dendron grows directly from the phenylacetylene backbone. To
do that, they did a 3,4,5-trisubstitution at the aryl ring with
a chiral ether—poly[3,4,5-tris((S)-3,7-dimethyloctyloxy)phenyl-
acetylene], poly-31 (Fig. 10a). The resulting polymer shows a
helix inversion from M to P in a very narrow temperature range
(M helix at 20 °C, P helix at 30 °C), which is accompanied by a
stretching of the helical scaffold. Percec designed a dendronized
PPA%'%3 where the dendron and the PPA backbone are sepa-
rated by a chiral ether group (poly-32) (Fig. 10b). This polymer
shows a reversible cis-cisoidal to cis-transoidal (contraction/
extension) thermoresponsive isomerization of the backbone
that can act as a nanomechanical actuators. When extruded as
fibers, they have been shown capable of work by displacing
objects up to 250-times their mass (Fig. 10b). Li and Zhang'****®
designed water soluble PPAs bearing dendritic oligo(ethylene
glycol) (OEG) as pendants using chiral alanine as spacer
between the dendron and the PPA backbone. Different linkages
were used to connect the amino acid to the PPA, such as anilide
(poly-33) (Fig. 10c) or benzamide (poly-34) (Fig. 10d), which
provide the polymer with different thermoresponsive properties
such as reversible helix inversion (poly-33) or reversible contrac-
tion/extension (poly-34). This fact indicates that the amide
linkage, benzamide/anilide, plays an important role in the
thermal behavior of dendronized PPAs. Interestingly, the cloud
point temperature (7cp,) of poly-33 can be tuned by salt-in and salt-
out anions. Thus, while PFs~ and SCN™~ (salt in anions) largely
increased the Tc,, CI™ or S0O,*" (salt out anions) decreased the Tep.
In the case of adding salt in anions, the helix inversion occurs at
the T, without structural changes in the PPA, whereas by adding
salt out anions, temperature changes produce variation in the
polymer elongation. This fact indicates that structural changes are
produced by competitive interactions between OEG moieties,
water, and anions (Fig. 10e).

Apart from PPAs, there are other polyacetylene derivatives,
such as poly(biphenylacetylene)s or PDPAs, that show
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with permission from the American Chemical Society, copyright 2008), (c)
poly-33 and (d) poly-34. Schematic representation of the thermal beha-
viour of poly-33.

thermoresponsiveness. In both systems, the large steric hin-
drance in the backbone results in a kinetically trapped helical
structure with a certain helical sense excess that can evolve
towards the thermodynamic helicity by temperature changes.
For instance, Maeda'*® designed a PPA that bears 4-biphenyl
pendants with methoxymethyl (MOM) groups (poly-35)
(Fig. 11a) at the 2,2’-position. This pendant is achiral, and
therefore, the resulting polymer behaves as axially racemic.

A screw sense preference can be induced in poly-35 (Fig. 11a)
by adding a chiral alcohol as external stimulus. Interestingly,
depending on the temperature used to form the complex, the
crew sense induced in poly-35/chiral alcohol will be opposite,
e.g., poly-35/(S)-1-phenylethan-1-ol complex shows a P helix at
—10 °C and an M helix at 50°. In the field of PDPAs, Freire
designed an asymmetric PDPA that bears the benzamide of (L)-
alanine methyl ester as pendant (poly-36) (Fig. 11b)."*” This
polymer can adopt either P or M helical sense in different
solvents at high temperatures (DMSO, M helix; CHCl;, P helix).
This fact is due to a different conformational composition in
the pendant. Interestingly, after solvent removal, the induced
helical sense can be kinetically trapped after adding a solvent
that induces the opposite helical sense. The evolution to the
thermodynamic helix (opposite helical sense) can be controlled
by temperature, allowing to create a long-lasting memory effect
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Fig. 11 Thermal driven helix inversion of (a) PBPA poly-35, (b) PDPA poly-
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from the American Chemical Society, copyright 2000). Chemical struc-
tures of (d) polyisocyanide poly-38, (e) co-polyisocyanate poly-39, (f)
PMMA poly-40, (g) polyacrylate poly-41, (h) PMMA poly-42.

at low temperatures. Fujiki found that poly(silylene)s®®**%713

containing chiral side chains may exhibit temperature driven
helical sense inversion, such as poly{(S)-3,7-dimethyloctyl-3-
methylbutylsilylene} (poly-37) (Fig. 11c). Remarkably, in most
of these polymers, the macromolecular helix inversion to form
the diastereomeric helical structure is accompanied by a bath-
ochromic or hypsochromic shift. Thus, when a depletion and
shifting of the ECD signal occurs, in poly(silane)s partial helical
inversion takes place. Li and Zhang,'”® studied the thermal
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behavior of a polyisocyanide (poly-38) (Fig. 11d) that carries as
pendants dipeptides derivatized with oligoethylene glycols
(OEGS). In this polymer, the thermal behavior is provided by
the OEG chains, while the secondary structure of the polymer
remains unaffected. Thus, the OEG chains collapse at high
temperatures on the polymer backbone, increasing the turbid-
ity of the solution, while at low temperatures, those chains
adopt an extended and solvated conformation.

Green and Selinger'® demonstrated in poly(isocyanate)s,
e.g., poly-39 (Fig. 11e), how the absence of chiral-to-chiral
communication in helical copolymers made by two chiral co-
monomers can produce a material with interesting properties
such as a thermal behavior. Thus, when a chiral conflict
emerges, the two components of a copolymer induce opposite
helical senses, and therefore, at a certain comonomer ratio, the
copolymer is axially racemic. Interestingly, playing with the
temperature, it is possible to modulate the conformational
composition of the two components, and therefore the extension
of the chiral conflict, which can result in the adoption of a P or M
helical sense depending on the temperature used. Also, in the field
of helical copolymers, Mehl, Zhang and Liu'>® found that the
thermal behavior of thin film block copolymers (BCPs), compris-
ing poly(methylmethacrylate) (PMMA) and poly(cholesteryl-
oxyhexylmethacrylate) (PChMA) blocks, depends on the relative
lengths of the blocks (poly-40) (Fig. 11f).

Thus, when the PMMA block is short, a thermal helix
inversion is produced in the BCP, while no structural changes
are observed for those containing longer PMMA blocks.

They attribute this different behavior in the two-copolymer
series to the number of methyl substituents in the backbone,
which affect the copolymer packing. In polyacrylates and PMMAs,
Percec'”® and Zhang"” demonstrated through beautiful designs
how, regardless of the tacticity or the helical structure adopted by
the backbones, the pendants can self-assemble into P or M axial
arrays by inserting into them a flexible chain used as a spacer that
is connected to a planar and rigid fragment involved in m-n
supramolecular interactions [aromatic dendrons, poly-41 (Percec)
(Fig. 11g); azo derivatives, poly-42 (Zhang) (Fig. 11h)]. Thus, while
Percec introduced the chiral center in the flexible spacer,'®
Zhang introduced it as an external substituent of the azo group
at the periphery of the helix."®’

2.1.3 Supramolecular helical polymers. In general, supra-
molecular helical polymers are sensitive to temperature
changes due to the intrinsic nature of supramolecular interac-
tions, weak forces that can be activated/deactivated by tempera-
ture. In this review we will focus our attention on those
supramolecular aggregates whose axial arrangements change
from P to M or vice versa by tuning the temperature. An interest-
ing example was described by Shinkai for cholesterol derivatives
containing azobenzene moieties (43-44) (Fig. 12a and b)."*® In
these systems, the supramolecular chirality of the aggregate is
directly related to the cooling rate used to form a gel. Thus, 43
forms a gel with a positive exciton coupling when a methanolic
solution at 60 °C was slowly cooled in air. On the other hand, a
negative exciton was obtained when the temperature was rapidly
cooled in an ice-water bath at 2 °C. Interestingly, a consecutive

This journal is © The Royal Society of Chemistry 2024
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Fig. 12 Thermal driven helix inversion of supramolecular aggregates
using (a) and (b) azo (43-44) (reproduced from ref. 157 with permission
from the American Chemical Society, copyright 1994) and (c) naphthali-
mide cholesterol derivatives (45) (reproduced from ref. 158 with permis-
sion from Wiley-VCH, copyright 2018) as building blocks. (d) CPL
enhancement of 47 aligned in a thermoresponsive chiral metallosupra-
molecular polymer (46 + Ca*) (reproduced from ref. 159 with permission
from Wiley-VCH, copyright 2018).

P to M conversion was obtained by heating a cyclohexane gel of
compound 44, where the ECD spectrum gradually inverts from P
to M, with a critical inversion temperature of 27 °C, different from
the sol-gel transition temperature that takes place at 45 °C. In a
similar design, Zhao prepared cholesterol derivatives containing
naphthalimide conjugates (45) (Fig. 12c) to create temperature
sensitive chiral vesicles by dispersing a small portion of THF
stock solution in water."*”

In the aggregate, the chirality of the cholesterol moiety was
transferred to the naphthalimide group producing an M chiral
aggregate, which progressively evolves towards an aggregate
with opposite chirality by heating. This chiral inversion is
attributed to the ability of the vesicles to entrap water, which
can be released once the system is heated above 45 °C. Cholic
acid (46) (Fig. 12d) was also used by Yan to create thermo-
responsive metallo-supramolecular hydrogels."®® Cholic acid
self-assembles in the presence of Ca®*" to form fibrillar
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structures that promote the formation of a chiral gel in water.
The coordination mode between the carbonate groups of cholic
acid and the Ca*>" ions released by Ca(NO;), changes from the
metastable bidentate chelating mode to the thermally stable
bridging mode with increasing temperature. As consequence,
individual nanohelices bunch together to form large scale
helical bundles. This effect was used to align a light emitting
fluorescent dye within the fibers and create a circularly polarized
light emitting system (CPL). The CPL intensity of the hydrogel
doped with the fluorescent dye (47) (Fig. 12d) increases approxi-
mately 4-fold and the g, emission dissymmetry factor increases
from 0.04 to 0.1 as the temperature goes from 25 to 50 °C.
Water can play an important role in the formation of
supramolecular aggregates even when present as a trace in an
organic solvent. Through elegant examples, Meijer showed that
chiral supramolecular aggregates based on tetracarboxiamides
can adopt different helical structures due to the incorporation of
water as structural comonomer. This effect is found not only in
homochiral aggregates (48) (Fig. 13a),’®* but also in copolymer
series that follow the Sergeants and Soldiers effect*'™"*® [48
(chiral, Sergeant) + 49 (achiral, Soldier)]."®> Therefore, these
systems depend on water and temperature variations led to
different interactions between supramolecular aggregates and
water molecules, producing different helical structures with
diverse scaffolds and/or senses. This effect was also observed in
the self-assembly of triarylamines (50, 51) (Fig. 13b) and chiral
benzene tricarboxiamide (BTA) (52) (Fig. 13c)."®'®* Choi and
Jung developed trianilides with different p-alanine and/or glycine
units (53, 54) (Fig. 13d)."®® Interestingly, those containing one
(53) or two (54) alanine segments can self-assemble into M or P
supramolecular helical structures in toluene by playing with
temperature. Thus, while an M supramolecular helix is obtained
at low temperature (15 °C), an evolution to a supramolecular helix
with opposite P chirality is observed by heating, reaching the
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Fig. 13 Water effects in the thermal driven helix inversion of supramole-
cular aggregates using (a) tetracarboxiamides derivatives (48, 49) (repro-
duced from ref. 162 with permission from the American Chemical Society,
copyright 2020), (b) triarylamines (50, 51) and (c) chiral benzene tricarbox-
jamide (52). (d) Chemical structures of thermoresponsive chiral 1,3,5-

trianilides (53, 54).
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maximum ECD spectra at ca. 45 °C. This helix inversion is
attributed to conformational changes of the amide groups at
the glycine residues attached to the trianilide core.

Meijer and George reported another interesting example
showing how the solvent-aggregate interaction affects the axial
P/M chirality of the helical aggregate.'®* They designed a
coronene bisimide that has a 3,5-dialkoxy substitution in the
imide phenyl groups (55) (Fig. 14a). This molecule self-
assembles in methylcyclohexane (MCH), generating “molecular
pockets” in the assembly. Solvent molecules can intercalate or
form clathrates within the molecular pockets of the aggregate
at low temperature (—10 °C), inducing an M helical structure.
Interestingly, this weak solvent/aggregate interaction can be
disrupted at 10 °C, resulting in M to P helix inversion.

Likewise, Percec showed that dendron-based C3-symmetric
self-assembling dendrimers connected at their apex via trisesters
and trisamides of 1,3,5-benzenetricarboxylic show thermal helical
inversion due to the change of the lattice symmetry."®

Temperature can be used to discriminate between kinetic
and thermodynamic aggregates that possess opposite chirality.
Thus, Freire found that an asymmetric chiral OPE (13, Fig. 6a)'"®
can self-assemble into P or M supramolecular aggregates through a
competitive aggregation pathway controlled by thermal treatment.
Thus, while a kinetic P helix is obtained at room temperature in a

— 283K, (P)-Helicity
— 263 K, (M)-Helicity

k T T T T T |
300 350 400 450 500 550 600
Wavelength / nm

b) _>—OH Qo N
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' O
_<_ 56 57
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o0,

Fig. 14 (a) "Clathrate effect” in the thermal behaviour of a coronene
bisamide derivative (55) (reproduced from ref. 164 with permission from
the American Chemical Society, copyright 2017). Chemical structures of
(b) a two-component building block (56, 57) and (c) a quinquethiophene—
rhodanine derivative (58) that generates chiral thermoresponsive aggre-
gates. (d) Chiroptical thermal co-assembly based on achiral pyrenyl based
polymer (59) and chiral binapthyl based inducers (60).
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DCM/MCH mixture, the thermodynamic M helix is formed at 0 °C
after a heating/cooling cycle. Interestingly, the morphologies of
these aggregates are different, thus while the kinetic P helix is
formed by short oligomers that produced twisted sheets, the
thermodynamic M helix forms columnar helical aggregates.

Dou and Feng found that a similar effect is obtained during
the co-assembly of the two components of the building block."®®
Thus, C, phenylalanine-based aggregates (L-PF, 56) (Fig. 14b)
can be transformed into kinetically trapped architectures with
opposite helicity through a kinetic co-assembly pathway. In this
case, a P helix was formed by heating/cooling or anti-solvent
assembly of the r-phenylalanine derivative. Interestingly, the
addition of an achiral pyridine derivative (57) (Fig. 14b), which
can stablish supramolecular interactions with the 1-PF deriva-
tive, generates achiral aggregates after thermal treatment. For
its part, M chiral aggregates are obtained using the anti-solvent
assembly protocol. The morphology of the aggregates depends
also on the pathway followed by the self-assembly. In this sense,
Carretero found that a quinquethiophene-rhodanine derivative
(58) (Fig. 14c) self-assembles through hydrogen bonding inter-
actions into opposite chiral helical structures before and after a
heating/cooling cycle in pure toluene or in a 20/1 toluene/
chloroform mixture.'®”

Supramolecular chemistry can also be used to induce chir-
ality in an achiral polymer by interacting with a chiral molecule.
Thus, Chen, Quan and Zheng created helical nanofibers by the co-
assembly of achiral pyrenyl based polymer (59) and -chiral
binapthyl based inducers (60) (Fig. 14d) through n-r interactions.
The co-assemblies show chiroptical properties due to the for-
mation of helical fibers which can be tuned by thermal annealing
towards P or M helical senses. The emissive properties of the
pyrenil moiety allows to create a thermal CPL switch.'®®

2.2 External stimuli: anions

Negatively charged ions can be used as external stimuli to
promote helix inversion of foldamers, dynamic covalent helical
polymers and supramolecular polymers. Anions can establish
supramolecular interactions with different functional groups,
disrupting preexisting interactions or generating new ones that
result in an inversion of the helical structure.

2.2.1 Anion-responsive foldamers. In this section, we high-
light recent advances that have been made in anion-responsive
foldamers whose morphology and function are modified in the
presence of such stimuli. Due to their relevance, several examples
of anion foldamers can be found in the literature, so the reader
can find excellent reviews focused solely on these systems.*>*%°
However, we will focus this section on the foldamer/anion
binding that leads to a modification in the elongation or sense
of a preformed helical scaffold. In this sense, non-covalent
interactions are the primary contact with the anion and therefore,
the solvent used plays an important role, favouring supramole-
cular foldamer/anion interactions in non-polar environments
over polar ones. Jeong reported anion-induced folding of an
oligoindole-ethynylene skeleton (60) (Fig. 15a) through indole-NH
hydrogen bonds with Cl™ delivered as TBACI (tetrabutylammonium
chloride)."”® This group developed also chiral oligoindole-based
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Fig. 15 (a) Chemical structure of an oligoindole—ethynylene foldamer
(60) and schematic illustration of its anion folding. (b) Chemical structure
and (c) ECD spectra of an oligoindole based foldamer bearing (S)- (61) and
(R)-phenylethylamido (62) groups as chiral termini (reproduced from ref.
171 with permission from the American Chemical Society, copyright 2008).

foldamers that bear (1S)- and (1R)-phenylethylamido groups as
chiral termini (61, 62) (Fig. 15b). These foldamers show a screw
sense excess in solution that depends on the chirality of the side
chain and that can be enhanced by interaction with Cl™ anions
(Fig. 15¢)."”" Thus, the chirality has been effectively transferred in
the folding process giving rise to a specific helical sense.

However, in these works the helical scaffolds cannot be
modulated from P to M or vice versa. So, the researchers took
a step forward and reported the first example of a switchable
anion-responsive foldamer based on a chiral indocarbazole
dimer that folds into a helical conformation by intramolecular
hydrogen bonding (63) (Fig. 16a)."”> The helical sense of this
dimer can be reversibly switched by binding it to a sulphate
anion in CH,Cl,. Thus, the anion disrupts the intramolecular
hydrogen bonds of the foldamer that stabilize the helical struc-
ture commanded by the chiral groups at the terminal ends. This
leads to a different helical scaffold with opposite screw sense due
to the formation of a new cavity with the NHs oriented towards
the interior where the anion is located (Fig. 16b). In another
example, they used a three-indolocarbazole-ethynylene trimer
bearing a terminal amide-linked (S)-arylethylamido group at both
ends (64)."”* In this system, they found that a helix inversion can
be achieved by using anions of appropriate size (Cl~, Br~, or
CH,;COO™) that fit in the foldamer cavity.

Recently, Talukdar and coworkers reported a selective chloride
anion responsive foldamer in which a double helical structure
suffers a conformational change (65) (Fig. 17a)."”* The foldamer-
anion interaction causes the unwinding of the double helical
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Fig. 16 (a) Chemical structure of the foldamer (63). (b) Schematic repre-
sentation and ECD spectra of the reversible helix inversion of 63 upon
addition and removal of sulphate ions (reproduced from ref. 172 with
permission from the American Chemical Society, copyright 2011).
(c) Molecular structure of a complex between 64 and different anions.
(d) ECD spectra of 64 in the absence (black) and in the presence of
different tetrabutylammonium (TBA) anion salts (reproduced from ref. 173
with permission from the Royal Society of Chemistry, copyright 2011).
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Fig. 17 (a) Chemical structure of 65 that folds into a double helix.
(b) Schematic illustration of conformational changes from double helix
to anion-coordinated supramolecular assembly. (c) Anion-induced supra-
molecular channel (reproduced from ref. 174 with permission from
Springer Nature, copyright 2022).

Self-Assembled
channel formation

structure to form an anion-coordinated supramolecular polymeric
channel, and where the double helical structure can be recovered by
adding Ag" salts (Fig. 17b), demonstrating the reversibility of the
process. Moreover, the formation of the anion-induced supramole-
cular ion channel results in efficient ion transport across lipid
bilayer membranes with excellent chloride selectivity (Fig. 17c). This
work demonstrates that anion-cation-assisted stimulus responsive
unwinding and rewinding of artificial double-helix systems paves
the way for developing smart materials with potential biomedical
applications.

In general, most of the reported anion-responsive foldamers
are not selective for a single anion. They usually bind to
different families of anions, e.g., halides (Cl", Br™, and 1)
and oxoanions (NO,, H,PO, , HSO,  and CH;COO).'7>17®
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However, selectivity is improving in recent years as the
reversal mechanisms become clearer. In this regard, a selective
oxoanion foldamer-switch was recently reported by Clayden,"””
who developed axially racemic oligourea foldamers [66-(a-g)]
(Fig. 18a) made from mesocyclohexane-1,2-diamine residues that
can adopt a preferred screw-sense, differentiating their termini
groups by the different characteristics of their hydrogen bonds.

Thus, a dynamic equilibrium between two alternative screw
sense conformers is set up whose relative population is determined
by the competing hydrogen-bonding properties of the terminal
groups, dictating the global hydrogen-bond directionality of the
foldamer. In this case, these preferences are relatively insensitive to
solvent effects and to neutral hydrogen-bond donors or acceptors.
However, addition of a geometrically compatible anionic binding
partner (acetate or phosphate) can induce a global refolding of the
oligomer. This foldamer/anion interaction causes the exposure of
previously embedded hydrogen-bond donors, resulting in the
inversion of the conformational preference. For example, upon
addition of achiral anion phosphate delivered from a tetrabutylam-
monium salt to a solution containing foldamer 66-b, an inversion
of the CD spectra is observed. This suggests an inversion of the
foldamer screw-sense (Fig. 18b) induced by anion binding to the
thiourea-terminated foldamer that leads to a conformational
change creating a switch in the hydrogen-bond directionality to
favour the bind between the thiourea and the phosphate.

Helix inversion can also be achieved from metallo-foldamers
when they interact with anions. Thus, Miyake created a peptide
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Fig. 18 (a) 2.51/14-helical oligourea foldamers as torsion balances for
hydrogen-bonding strength. (b) Screw-sense reversal and hydrogen-
bond-directionality reversal upon addition of tetrabutylammonium phos-
phate (TBAP) (0.2 mM in MeCN). The end groups of the foldamer used in
the titration are displayed on either side of the CD spectra. Reproduced
from ref. 177 with permission from the American Chemical Society, copy-
right 2018.
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82785 that contains, in the middle

foldamer based on Inai’s design
of the sequence, a chiral N,N'-ethylenebis[N-methyl-(S)-alanine]
connected to the N terminus of two H-(Aib-APhe),-Aib-OCH;
pentamers through a peptide bond (67).'”® Addition of a hexa-
coordinated metal center [Co(u), Zn(u), or Ni(u), delivered as
M(ClO,), salts] to a foldamer solution, forms a A-A complex
with the N,N'-ethylenebis[N-methyl-(S)-alanine] of the foldamer
that induces a P helix. Additional addition of NO;™ anions (from
TBANOs) produces a helix inversion from P to M due to a A- to
A-form change in the metal complex, resulting in a chiral transfer
from the metal center to the pentapeptide chains (Fig. 19a).
Interestingly, analogous P to M helix inversion process was
observed for Zn(u), Co(u) and Ni(u)-based complexes, although
with a different time scale, which is based on the substitution
lability of the metal center. Thus, the present metallo-peptide
complex offers time-tunable peptide helix inversion that has a
time scale from milliseconds to hours, as revealed by the stopped
flow CD measurements (Fig. 19b)."”®

2.2.2 Anion-responsive supramolecular polymers. Anions-
responsive supramolecular helical polymers that result in a
structural change in the supramolecular helix (sense, elonga-
tion) are a family of supramolecular helices with few examples
in the literature. This fact is probably due to the ability of
anions to disrupt the supramolecular forces that keep monomers
stacked, such as hydrogen bonds, leading to a molecularly
dissolved state. One of these examples was designed by Lee
who reported an anion-directed self-assembly of a coordination
polymer whose secondary structure is tunable.””® To do that, a
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Fig. 19 (a) Anion induced helix inversion of metallo-foldamer 67-M2*

(M3* = Co, Zn, Ni). (b) CD spectra changes of the 67-Co(ClO4), complex
upon addition of BusNNO=z and titration profiles of the CD wavelenght at
270 and 510 nm. Reproduced from ref. 178 with permission from the
American Chemical Society, copyright 2008.
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bent-shaped bipyridine ligand containing a dendritic aliphatic
side chain (68) was synthesized and complexed with silver ions
through a self-assembling process (Fig. 20a). The resulting com-
plexes showed a self-assemble into ordered structures that differ
as a function of the counterion size in the solid state.

For instance, fibers obtained by combining 68 with silver
nitrate (AgNO;) or silver tetrafluoroborate (AgBF,)—small anions—
self-assemble into helical chains that are organized in a 2D
hexagonal lattice (Fig. 20b). However, when a silver triflate salt is
used [Ag(CF;3S0;)], dimeric cycles are formed that are stacked on
top of each other, giving rise to columns that are assembled
laterally in a hexagonal fashion (Fig. 20b). This assembly behavior
changes dramatically when silver salts containing large anions are
used. For instance, metallo-supramolecular polymer chains based
on silver salts as heptafluorobutyrate (CF;CF,CF,CO,) are orga-
nized in a lamellar structure (Fig. 20b). Therefore, these results
demonstrate how a variation in the size of the counteranion can
regulate the secondary structure of the coordination polymer
chain, from helical, cyclic, to unfolded linear chain conforma-
tions in the solid state. This unique self-assembly behavior can
be explained by considering the size of the counteranion and
consequent chain conformation to maximize the electrostatic
interactions.
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Fig. 20 (a) Chemical structure of 68. (b) Schematic representation of the

different morphologies adopted by 68-Ag™ coordination polymer induced
by the anion size. Reproduced from ref. 179 with permission from the
American Chemical Society, copyright 2004. (c) Schematic representation
of the reversible conversion between folded and unfolded conformations of
the 68-Ag™ coordination chain upon counteranion exchange Reproduced
from ref. 180 with permission from John Wiley and Sons, copyright 2018.
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This transition was attributed to the strong attraction
between fluoride (F~) and silver ions leading to depolymerization
of the helical polymer into individual molecules. In the case of
C,FsCO,  Later, Lee found that anion exchange in the coordina-
tion polymer 68-Ag” led to a reversible sol-gel transition in

water.'”®

This sol-gel effect occurs due to a change in the
secondary structure of the coordination polymer, from a folded
helical conformation to an unfolded zigzag conformation. Thus,
in the presence of BF,~ anions, 68-Ag’ results in a gel that is
liquified when fluoride (F~) or pentafluoropropionate (C,F5sCO, ")
are present (Fig. 20c), the gel liquefaction occurs due to the large
size of this counterion compared to BF,~ (Fig. 20c)."*

More recently, Muranaka reported an anion-responsive
n-conjugated supramolecular assembly based on the chiral
anion receptor 69 (Fig. 21a)."®" A tripropyl-substituted triazatrian-
gulenium planar cation (TATA+) (Fig. 21a) forms an electrostatic
interaction with anion receptor 69, which traps the Cl™ anion
delivered from the TATA-Cl salt. This electrostatic interaction
results in a layer-by-layer chiral aggregate consisting of planar
units with opposite charges (Fig. 21b). Aggregation studies of 69 in
the absence and presence of TATA-Cl produce ECD and CPL
spectra with opposite signs (Fig. 21c and d). Since the assembly
modes depend on the ion-free and ion-pairing states of emissive n-
conjugated molecules, the chiroptical properties change accord-
ingly and thus result in readily tuneable CPL-active materials.

2.2.3 Anion-responsive dynamic covalent polymers. Dynamic
helical polymers, such as PPAs, have been used to sense anions
due to their stimuli-responsive properties. Thus, Kakuchi designed
different achiral pendant groups that bear functional groups

able to interact with anions such as amides,'®* ureas,'®*'5* or
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Fig. 21 (a) Chemical structure and anion-binding modes of anion recep-
tors 69. (b) Schematic model of charge-by-charge assembly. VT CD
spectra of 69 in (c) absence Cl™ and (d) presence of Cl™ added as a TATA
salt (1 equiv.). Reproduced from ref. 181 with permission from John Wiley
and Sons, copyright 2013.
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sulfonamides.***®>

These functional groups show high affinity
towards anions due to the acidity of their protons. The PPA/
anion interaction produces an elongation of the polymer due to
the size and/or basicity of the anion, which is usually accom-
panied by a yellow to red colour change. The accommodation of
the anions within the macromolecular helical structure results
in an elongation of the helical scaffold.

In elongated PPA structures, the conjugation between alter-
nating double bonds increases producing a red shift of the
polyene band in the UV-vis spectra that is accompanied by a
change in colour of the solution. Hua and Tian also reported
another PPA that bears a naphthalimide as pendant connected
to the PPA through an amide bond."®® This polymer works in a
similar way to the previous ones, acting as a colorimetric and
fluorescent chemosensor for the fluoride anion.

To create a selective anion detector based on a dynamic
helical polymer, such as a PPA, the design of the monomer is
crucial, as with many other stimuli. For instance, Kakuchi
designed a chiral PPA that bears, as a pendant, an amino acid
connected to the backbone through a urea group —i-leucine,
L-glutamic acid, r-aspartic acid, i-phenylalanine, r-isoleucine,
and r-alanine; PPA-Leu, PPA-Glu, PPA-Asp, PPA-Phe, PPA-lle,
and PPA-Ala, respectively.'®>'®” Thus, while the chiral amino
acid is used to induce a specific helical sense in the PPA, the
acidic urea groups are used to interact with anions. The anion/
chiral pendant interaction causes a conformational change in
the monomer repeating unit, which is harvested by the polyene
backbone producing an elongation and/or a helical sense
change. All these polymers showed modulable helicities by
external stimuli. Interestingly, the addition of various anions as
ammonium salts, such as tetra-n-butylammonium acetate (TBAA),
benzoate (TBAB), nitrate (TBAN), azide (TBAN3), fluoride (TBAF),
chloride (TBACI) and bromide (TBABr), to solutions containing
the different polymers showed different ECD responses depend-
ing on polymer and anion (Fig. 22a for PPA-Leu). Therefore, the
anionic signalling property of these polymers depends on both
the size of the anion and the amino acid selected as the pendant
group. For instance, while the addition of CH;COO™ to a solution
of PPA-Leu, PPA-Ala, and PPA-Ile induces a P helix in the polymer
(ECDsgo > 0), an M helix is induced in PPA-Phe, PPA-Asp, and
PPA-Glu (ECDsoo < 0) (Fig. 22b). Similar effects were observed
with other anions, such as C¢gH;COO ™, F, Cl, and Br , indicat-
ing that these polymers can be used for distinguishing anionic
hosts due to the resulting unique patterns. However, the mechan-
isms of helix modulation have not been fully described.

Working in the same direction, Kakuchi subsequently
reported analogous studies but using a different group for
anionic binding, i.e., sulfonamide group.'®® During the PPA/
anion interaction studies, the behavior of sulfonamide-PPAs is
coincident with that of urea-PPAs described above, confirming
that the amino acid side chain plays a relevant role in the
anion-PPA interaction.

On the other hand, PPAs can be used as chiroptical sensors
to detect anions. Freire reported a PPA (poly-(R)-11) that bears
an acidic anilide group as pendant (Fig. 23)."*° This polymer
behaves as axially racemic (mixture of P and M helices) due to
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Fig. 22 (a) Schematic representation of size-selective detection for
anions based on a PPA. ECD (upper) and UV/Vis absorption (lower) spectra
of poly-PPA-Leu upon addition of several anions (1 equiv. of anion to a
3.3 mmol L™ THF solution of poly-PA-Leu) (reproduced from ref. 183 with
permission from John Wiley and Sons, copyright 2008). (b) CD (upper) and
UV-vis (lower) spectra of urea-functionalized polymers with CHzCOO™
Reproduced from ref. 187 with permission from the American Chemical
Society, copyright 2004.

the presence, in the pendant, of two conformers in equilibrium
that have the carbonyl and methoxy groups [(O-C)-(C=0)] in
antiperiplanar (ap) or synperiplanar (sp) orientations. However,
upon interaction with different TBAA salts, the equilibrium can
shift toward the M or P helix due to a supramolecular interaction
between the anilide group and the anion. Thus, while AcO™,
BzO™ and N stabilize the sp conformer in the pendant group of
poly-(R)-11 and induce an M-helix, F~ and CN™ stabilize the ap
conformer inducing a P-helix in the PPA (Fig. 23).

Interestingly, upon adding larger amounts of TBAA salts, a
colorimetric shift from yellow to red is observed in the polymer
solution (Fig. 23). This colour change is produced by the deproto-
nation of the anilide group, and the induced elongated P helix
depends only on the accommodation of the deprotonated
anilide(—)/TBA(+) ion pair within the helix, a phenomenon inde-
pendent of the anion used to deprotonate the anilide group.

Recently, Gao designed an optically active helical polyacety-
lene carrying the amino acid (L)-alanine as pendant group,
connected to the PA backbone through the C-terminus and
functionalized at the N-terminus with a naphthalene diimide
(NDIs) derivative (poly-70) (Fig. 24)."°° In this polymer, the
PA/anion interaction is used to regulate the stacking modes

This journal is © The Royal Society of Chemistry 2024
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Fig. 24 (a) Chemical structure of poly-70. (b) Schematic representation
of time-dependent H to J structural changes in poly-70 by addition of Cl™
and the corresponding fluorescence effects. Reproduced from ref. 190
with permission from the Royal Society of Chemistry, copyright 2021.

of n-conjugated NDIs building blocks. Thus, anions such as CI™
induce a dynamic reorganization of the molecular arrangement
of NDIs within the helical scaffold, causing a transition from
H-type to J-type aggregates, which activates the fluorescence
emission at 515 nm and disrupts the induced helical structure
of the polymer backbone.

This journal is © The Royal Society of Chemistry 2024

Xie designed an asymmetrically 2,4-disubstituted PPA bear-
ing a benzamide of (r)-alanine ethyl ester and a methoxycarbo-
nyl group as chiral and achiral substituents respectively (poly-
71) (Fig. 25). This polymer adopts a contracted helix stabilized

by intramolecular hydrogen bonding networks among neigh-
191

bouring pendants amides.” This helical scaffold possesses
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Fig. 25 (a) Schematic mechanism of specific and (b) colorimetric fluoride
ion recognition by poly-71. Reproduced from ref. 191 with permission
from the American Chemical Society, copyright 2022.
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small pockets suitable for accommodating the smallest anion,
F~, which has a high basicity, excluding other anions. During
the poly-71/F interaction, the contracted cis-cisoidal backbone
of poly-71 transforms into a stretched cis-transoidal exhibiting
a nonpreferred-hand-sense helix, facilitating subsequent bind-
ing of F~ anions. Such unzipping effect gives rise to an ultralow
detection limit for F~ (2.85 x 10~° M or 0.54 ppb). Meanwhile,
the colour of the solution undergoes a change from colourless
to yellow due to the conjugated cis-transoidal conformation. As
a result, the study achieves a remarkable naked-eye recognition
of fluoride ions (F~) with high specificity and sensitivity."*>

2.3 External stimuli: cations

Metal ions can coordinate to many functional groups inducing
conformational changes, folding or aggregation of molecules or
macromolecules. This ability, in combination with the toxicity
properties of metals, makes helical polymers responsive to
metal ion stimuli a very attractive field.

2.3.1 Cation-responsive foldamers. The coordination of
metal ions with molecules or macromolecules can lead to the
formation of artificial helical molecules, such as metallofoldamers
or helicates."® Akine and Nabeshima designed a helical
lanthanide metal complex*®® equipped with a transducer mecha-
nism based on the (S,S)-trans-1,2-disubstituted ethylenediamine
unit (Fig. 26a), whose helical handedness can be inverted by taking
advantage of the host-guest interaction between the diammonium
guests and 18-crown-6 substituents (72, Fig. 26b)."®” Thus, short
alkanediammonium guests—H;N'(CH,),NH;" (n = 4, 6, 8)—
induce a P screw sense in the foldamer, while longer guest such
as H;N'(CH,);,NH;" promote M (Fig. 26c).

In another example, the authors use metal exchange of
helical complexes to induce a helix inversion.'*®'*® In this case,
the ligand He73 (Fig. 26d) underwent a four-step conversion
(He73 — 73Zn; — 73Zns — 73ZnzBa — 73Zn;La) upon sequential
metal addition (Zn>*, Ba®", then La*"). Associated with the conver-
sion, three-step helicity inversion took place (73Zns, P helix —
73Zns, M helix — 73ZnzBa, P helix — 73Zn;La, M helix) (Fig. 26e).

Tanaka prepare a discrete chiral metallofoldamer composed of
homochiral metallosalen complexes [(74zzNi),Pd] (Fig. 27a).>*
Connecting chiral Ni-salen moieties to the side chains with a
transition metal center like Pd(u), at proper coordination bond
angles, would lead to a helical organization of the columnar
assembly. The metallosalen exhibited thermotropic columnar
liquid crystalline properties and formed hexagonal columnar
phases, which exhibited high thermal stability and showed
orientation along the extrusion direction (Fig. 27b).

Another interesting example is the foldamer based on triazole-
linked phenanthroline ligands (75-76) (Fig. 27c) designed by Zhu
and Liu.”°" In the extended solid-state, these ligands formed
oligomeric channels through m-m interactions, that can trap
small guest molecules (Fig. 27d). Upon complexation with copper
ions (Fig. 27e), the foldamers intertwine to form a double-
stranded helix consisting of two foldamers coordinated with four
Cu' ions, resulting in a metallofoldamers (Fig. 27e and f). This
structural change is reversible, and it is possible to interconvert
the hollow channels observed in the extended solid-state
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structure of the ligands into the ‘“closed” structure of the copper
complex (Fig. 27f) and vice versa (Cs', Rb', K', Na', Li'). By
adding copper ions, ion transport is inhibited due to the
structural change in the foldamer metal complex, which can
be recovered once the Cu’ ions are removed (Fig. 27g).

Maayan demonstrated the positive allosteric cooperativity
ability of a peptoid that incorporates four 8-hydroxyquinoline
(HQ) ligands at fixed positions to create two distinct metal-
binding sites (77) (Fig. 28).>°*> Peptoid 77 can bind a copper ion
(Cu®") in one site that leads a conformational change that in
turn facilitates the coordination of a metal ion—Zn**, Co**—to
the second metal binding site, demonstrating a positive allos-
teric cooperativity in peptidomimetics (Fig. 28). This finding
was confirmed by competition experiments using a foldamer
(78) that did not exhibit an increase in order upon complexa-
tion with Cu®* (78Cu) (Fig. 28).

This journal is © The Royal Society of Chemistry 2024
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Fig. 27 (a) Chemical structure for 74zp-Ni and (74zz-Ni),Pd. (b) Helically
assembled LC metallofoldamer (74zz-Ni),Pd (reproduced from ref. 200
with permission from the Royal Society of Chemistry, copyright 2022). (c)
Molecular structures of 75 and 76. (d) Crystal structure of 75. (e) Molecular
structure of 75,-[Cu(CH3sCN)4PFgls (f) schematic representation of the
tentative formation, disassembly and reassembly of the 1D hollow helical
tubes from 75. (g) Schematic representation of the reversible ligand-gated
ion channel formed by 75 triggered by Cu* and NH3-H,O reproduced from
ref. 201 with permission from John Wiley and Sons, copyright 2020.

Jeong demonstrated the interplay between temperature and
metal ions as stimuli in a double-stranded dinuclear helicate."*®
Through self-assembly, the study combined an aromatic helical
foldamer 18 with dichloropalladium(u) (Fig. 7), yielding a helicate
that undergoes syn-anti and syn-syn conformational switching in
response to temperature changes.”® In the field of aromatic
oligoamides foldamers, Huc introduced, within a foldamer
sequence, a central diacid residue known as pyridazine-pyri-
dine-pyridazine (pyz-pyr-pyz) (Fig. 29a).°***" The resulting aro-
matic helical foldamers 79 and 80 have a central residue that can
effectively trap metal ions within their helix-shaped cavities
(Fig. 29a). In the absence of metal ions, the central pyz—pyr-pyz
residue is not folded. However, by addition of alkali or alkaline
earth metal ions, the foldamer folds forming a helical structure.
Interestingly, the metal ion coordination sphere remains acces-
sible for guest recognition, where cooperative interactions with
the helix host strengthen the binding of the guests (see Fig. 29b).
Moreover, depending on the metal ion used, the metal-foldamer
binding may involve first or second coordination spheres of the
metal hydrates (Fig. 29c).

This journal is © The Royal Society of Chemistry 2024
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Fig. 30 (a) Chemical structures of double-stranded spiroborate helicates
81, 82, and 83. (b) Schematic representation of the unidirectional spring-
like motion upon Na*-ion release and binding in 81. Reproduced from ref.
206 with permission from the Royal Society of Chemistry, copyright 2019.

Contraction motions of double-stranded spiroborate heli-
cates have been studied, in response to the binding and release
of protons and/or metal ions, by Yashima.?*>?%® Thus, novel
helicates composed of two tetraphenol strands bridged by two
spiroborate groups (81, Fig. 30a) exhibited a unique unidirectional
spring-like motion triggered by the presence of sodium cations.
The contracted double-stranded helicate with embedded sodium
ions undergoes a conformational change upon ion release with
cryptand [2.2.1] that results in the extension of the helicate
(Fig. 30b). However, when ortho-linked biphenol 82 or 6,6"-linked
2,2/-bipyridine (bpy) 83 are used as central residues (Fig. 30a), the
extended form cannot be induced after addition of cryptand [2.2.1]
due to their strong interaction with the sodium ion.

2.3.2 Cation-responsive supramolecular polymers. Addition
of metal ions can affect supramolecular self-assembly of building
blocks used in supramolecular chemistry. For instance, Bhatta-
charya showed that the addition of Ca®" ions to a pyrene-appended
oligopeptide sequence VPGKP (PyP) reinforces the mechanical
strength and reduces the critical gelator concentration of the
native gel through coordination with the free -COO™ group of the
gelator.”””

In another example, Yam found that supramolecular helical
metallofoldamers that conduct to a gel can be obtained by
combining an oligomeric m-phenyleneethynylene backbone with
Pt(u) ions. This metallofoldamer self-assembles through Pt-Pt and
n-m interactions to create a gel.’*® G. Feng reported also how,
depending on the metal used, a ditopic ligand composed of
terpyridine and acetylene segments can self-assemble into a helical
(Cu*) or non-helical (Zn**) aggregate.”® C.-L. Feng reported the
self-assembly of (r)-phenylalanine derivatives in presence of differ-
ent metal ions that determine the helical sense induction of the
assemblies.*'°

Continuing with metal-metal and n-n interactions, Akine
contributed to the field with the study of metal complexes that
exhibit stacking behaviour consisting of acyclic pyridine-
phenol ligands and Ni** or Pd** ions.”’' However, in these
systems, the sense or morphology of the chiral aggregate cannot
be controlled by the metal ion. In this line, Liu found during the
coassembly of para-pyridine imine-linked cholesterol conjugate
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(pPPMPCC, 84, Fig. 31a) with different metal salts that a precise