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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 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,

196 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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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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poly(phenylacetylene)s. (b) Chiral amplification of a poly(phenylacetylene)
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.
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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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Fig. 10 Structures of (a) poly-31, (b) poly-32 (reproduced from ref. 143
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-
36 and (c) polysilylane, poly-37 (reproduced from ref. 149 with permission
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
OVEOTH0 R
' O
_<_ 56 57

d)
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
79 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

water.

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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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
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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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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
control over the chirality of the resulting metal-organic supramo-
lecular polymer (MOSP) aggregates can be obtained by choosing
the correct metal ion (Fig. 31b).*"* For instance, metallosupra-
molecular polymer obtained from 84 and Co**, Cu®* and Zn**
produced chiral aggregates with opposite chirality to those
obtained by combination of 84 and Ag*, Mn>" and Bi*". Interest-
ingly, in the case of the 84/Bi*" complex a transition between
opposite chiral aggregates can be obtained by varying the 84/Bi**
ratio (Fig. 31a).

Yashima and co-workers investigated helical foldamer 85,
which has a flexible metal-coordination moiety of 2,6-pyridinebis-
(acylhydrazone) (Fig. 32a).>"* This foldamer can adopt different
helical structures in the presence or absence of silver metal ions.
Moreover, foldamer and metallofoldamer self-assemble to form
helical nanofibers with different shapes, which can undergo
reversible transformations by adding or removing the silver ions.
This macromolecular conformational change is driven by the
metal ions and occurs in a cooperative and positive allosteric
manner, meaning that the binding of one ion influences the
binding of others. Thus, the metal-coordination-driven confor-
mational change of 2,6-pyridinebis(acylhydrazone) linkers from
a W-form to a U-form facilitates the formation of another helical
foldamer composed of U-shaped linkers (Fig. 32b).

Lin studied the self-assembly and stimuli-responsive properties
of a tripodal quinolinamido-based supramolecular organogel (86,
TBT-gel) (Fig. 33).>"* Through experimental and theoretical studies, it
is demonstrated how the TBT-gel assembles into a one-dimensional
helical supramolecular polymer through strong hydrogen bonds and
- interactions. The addition of Fe®* ions leads to the formation of
a metallogel (86-Fe-gel) through coordination interactions. Interest-
ingly, the TBT-gel selectively responds fluorescently to Fe*" and F~
ions via a competitive coordination mechanism, which is attributed
to an intramolecular charge transfer process (Fig. 33).

Feng explored the control of circularly polarized lumines-
cence (CPL) in supramolecular gels obtained by co-assembly of

This journal is © The Royal Society of Chemistry 2024
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a chiral phenylalanine-derived hydrogelator (87) (Fig. 34) and
achiral coumarin derivatives triggered by addition of metal
ions.”"> The study demonstrates that the handedness of CPL
in these hydrogels can be efficiently inverted by the incorpora-
tion of coumarin derivatives through non-covalent interactions,
and further tuned by the addition of metal ions. The key factors
influencing CPL inversion are hydrogen bonds, coordination
interactions, and steric hindrance.

The co-assembled hydrogels exhibit chiral inversion and the
formation of different nanostructures (nanotwists, nanohe-
lices, and nanotubes) depending on the combination of com-
ponents (Fig. 34).

Zhao investigated the self-assembly of a cholesterol-azopyridine
conjugate known as PAzPCC (88) and the influence of light and
metal ions in the supramolecular chirality of the aggregates
(Fig. 35a).*'® Thus, PAzZPCC forms organogels that undergo a
dimensional transition from 2D microbelts to 1D nanotubes and
finally to 0D nanoparticles when exposed to UV light, which is
driven by E/Z photoisomerization of the azopyridine unit. Further-
more, the self-assembled structures show helicity inversion
mediated by metal ions through metal coordination. Interestingly,
variations in the solvent while keeping the metal ion unaltered can

This journal is © The Royal Society of Chemistry 2024
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lead to the formation of structures with opposite or racemic helical
sense (Fig. 35b and c).

Jaworsky and Jung described a P/M reversible helical switch
based on the formation of a chiral supramolecular gel using
terpyridine-based ligands (89) and Co®" ions at different metal/
ligand ratios (Fig. 36a).>'” Thus, at low Co®>* concentrations,
octahedral complexes that promote the formation of M aggre-
gates are formed, while above 0.6 equivalents, a co-existing
square pyramidal complex that promotes the formation of P
aggregates emerges (Fig. 36a). The helical inversion was fully
reversible and controlled. Being enantiomeric ligands, 89 and
90 exhibited analogous Co>* concentration-dependent switch-
ing mechanism (Fig. 36b).

2.3.3 Cation-responsive dynamic covalent polymers. Maeda
and Freire designed an achiral poly(phenylisocyanate) that
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bears a single chiral MPA derivative at the polymer terminus
(a-end) (poly-91) (Fig. 37a).>'® This chiral residue has a switchable
conformer that allows, through a conformational communication
mechanism, to control the P/M helical sense of the polymer
backbone when different external stimuli such as solvents or
metal ions are used (Fig. 37b and c). The helix enhancement is
produced via a domino effect, whose helical sense was certainly
assigned by a combination of VCD spectroscopy and DFT calcula-
tions (Fig. 37d). Freire and Riguera used the same chiral MPA
group as pendant to control the helical sense of a PPA by using
monovalent or divalent metal ions (Fig. 38a and b).>'° Thus, while
in poly-(R)-11 an M helix is induced by addition of monovalent
metal ions, which stabilize an ap conformer at the pendant,
addition of divalent metal ions induces a P helix by fixing a sp
conformer.

The cross-linking ability of metal ions was employed to
prepare nanospheres with tuneable size and chirality, which were
achieved by controlling the metal-polymer ratio (Fig. 38c).?2°2>*
Interestingly, in the case of poly-(R)-11/M" helical polymer-metal
complexes, a dual P or M helical sense can be induced by adding a
cosolvent that switches the coordination mode between the
monovalent ion and the pendant group, allowing tuning of the
sp or ap conformer.”** The ability of poly-(R)-11 to adopt three
different chiral states in the absence (axially racemic) and the
presence of monovalent (M helix) and divalent (P helix) metal ions
was used by Maeda and Freire to create a three-state switchable
chiral stationary phase that allowed inverting the elution time of
enantiomers by changing the helical sense of the polymer
(Fig. 38d).>>>**¢

The capacity of the MPA pendant group to interact selectively
with monovalent and divalent metal ions was used by Freire and
Riguera to explore the activation of the Sergeants and Soldiers
effect in an axially racemic copolymer’®” series—poly-11,-co-
92, ,—made by a dormant Sergeant (11) and an achiral Soldier,
that bears the anilide of diphenyl acetic acid (92) (Fig. 39). By
tuning the conformational composition of the chiral MPA pen-
dant with monovalent and divalent metal ions in the poly-[11,-co-
92, ,] copolymer series, it was possible to selectively activate the
Sergeants and Soldiers effect, adopting the copolymer a P or an M

- i+
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Fig. 37 (a) Chemical structure for poly-91. (b) ECD spectra of poly-91 in
different solvents and (c) in dichloromethane after addition of different
amounts of LiClO4. (d) Schematic illustration of the switchable domino
effect along a polymer chain. Reproduced from ref. 218 with permission
from the Royal Society of Chemistry, copyright 2019.
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nanostructures obtained for poly-(R)-11/M™*. Reproduced from ref. 222 with
permission from John Wiley and Sons, copyright 2014. (d) Application of poly-
(R)-11/M™ as multiple-switch chiral stationary phase. Reproduced from
ref. 225 with permission from the American Chemical Society, copyright 2019.

helical sense commanded by the Sergeant (Fig. 39). Additionally,
it was also found that both P and M helical senses can be induced
in poly-[11,-c0-92, _,] copolymer series by using monovalent metal
ions and a cosolvent.**®

Working on the mechanisms of conformational communi-
cation along fully chiral copolymer chains, selective MPA/M™"
(n = 1, 2) interactions were employed to describe the helix
induction mechanisms in copolymer series that show chiral
coalition,"**'"® chiral to chiral Sergeants and Soldiers effect,"*>
chiral accord and chiral conflict.""”

Riguera, Seco and Freire explored the coordination of metal
ions with PPAs containing amino acids as pendant groups to
change the conformational composition in the amino acids
and induce a helical change (sense/elongation) in the PPAs.
Thus, in seminal work, Riguera and Seco discovered that an
anti-syn conformational change can triggered in a PPA bearing
the benzamides of (L)-phenylglycine methyl ester (PGME, poly-5)
as pendant when dissolved in low polar solvents.’® Therefore, if a
metal ion is added to the two carbonyl groups of the pendant
when they are oriented antiperiplanar (anti) in low polarity
solvents, a chelate is produced between the metal ion and the
amino acid that orients the two carbonyls in a synperiplanar (syn)
manner.

This conformational change is accompanied by helical
inversion of the PPA (Fig. 2b). Subsequently, Riguera and Freire
demonstrated that PPAs containing aromatic amino acids as

This journal is © The Royal Society of Chemistry 2024
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pendants, such as the benzamide of (r)-phenylalanine methyl
ester (poly-93), or the benzamide of (1)-phenylglycine methyl
ester (poly-5), can adopt up to four different helical scaffolds,
in chloroform via dynamic coordination chemistry, when Li" and
a cosolvent as methanol are used as external stimuli (Fig. 40a).>*°
Thus, while the Li" ion can create a tripodal coordination with
the carbonyls and the aryl ring of the pendant, the cosolvent
(MeOH) has the ability of change the coordination mode of the
Li" due to the selective disruption of Li*-O=C and Li-n inter-
actions (Fig. 40a).

If other amino acids that lack an aromatic ring in the side
chain are used as pendants, three different helices, instead of four,
can be obtained from this dynamic metal-pendant coordination.

The crosslinking ability of the metal ions was used by Freire
and Riguera to create P and M macroscopically chiral nano-
spheres from a single PPA-metal complex (Fig. 40b).>*°

2.4 External stimulus: redox

Metal complexes with a chiral response to redox stimuli**'>** have
attracted the attention of the scientific community, as well as the
chiral response of rotaxanes that exhibit redox responsiveness.>*>
Currently, there is growing interest in harnessing redox processes
to control the properties and functions of larger macromolecules,
such as polymers and foldamers (Fig. 41a), enabling the design of
stimuli-responsive systems as well as the investigation of their
properties.

2.4.1 Redox-responsive foldamers. Tetrathiafulvalene (TTF)
is a very popular electro-donating molecule with a rich redox
chemistry found in numerous research articles due to its efficient
radical formation. Therefore, combining TTF with other frag-
ments with self-assembly properties can generate interesting
materials. For instance, Sallé designed a tetrathiafulvalene redox
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unit combined with an oligopyridine-dicarboxamide foldamer
(94)**® (Fig. 41b) that folds, after oxidation, into stable radical-
cation dimers. A nonlinear increase in difference of UV-Vis
absorption with the concentration before and after the electrolysis
confirmed the intermolecular interactions of 94 (Fig. 41c).

The different spectroscopic data align with the dimerization of
94, while the possibility of supramolecular macrocycle formation
is ruled out based on the high experimental value of Kgyim
(Fig. 41d and e), which cannot be achieved through n-dimer
interactions alone, as it happens in the macrocycle structure.

They propose that the oligopyridine-dicarboxamide has stron-
ger dimerization tendency in the oxidized foldamer compared to
its neutral counterpart [Kgim(94%* ") = 10 x Kgim(94)]. Moreover, it
was found that the length of the oligopyridine-dicarboxamide
foldamer plays an important role in the supramolecular polymer-
ization of 94. For instance, an oligomer containing the terminal
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Fig. 41 (a) Schematic representation of foldamer hybridization after oxi-
dation. (b) Chemical structure of foldamer 94 and molecule 95. (c) Typical
normalized spectrum obtained through spectroelectrochemical measure-
ment upon oxidation of 94. (d) Evolution of AA770 upon oxidation of 94 (e)
possible supramolecular arrangements accounting for intermolecular
radical-cation dimerization of 94. Reproduced from ref. 236 with permis-
sion from the Royal Society of Chemistry, copyright 2019.
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TTF and a pyridine carboxiamide residue (95) (Fig. 41b) needs to
increase the solution concentration up to 250-fold to force its
aggregation. This result also indicates that the terminal TTF
groups do not have propensity to form 1D polymers, and therefore
excluding as aggregation products from 94, the formation of 1D
polymers.

Stoddart studied the design, folding behaviour, and potential
applications of redox-responsive foldamers constructed using
oligobipyridinium chains.>®” Varying the number of BIPY>"
units in oligoviologens 96-(2v**), 96-(3v®"), 96-(4v®), 96-
(5V'*") and 96-(12V>*") (Fig. 42a), and utilizing short, flexible
p-xylylene linkers, the researchers achieved extended conforma-
tions through Coulombic repulsion in the fully oxidized state.
Upon reduction, the foldamers folded into stable conformations
due to interactions between BIPY*" radical cations.

This study shows how the folding behaviour of 96 was influenced
by intra- and intermolecular radical-radical interactions (Fig. 42b),
which depended on the chain length of the oligoviologens. Thus,
longer oligoviologens, 1k, 96-(12V***), showed greater radical stabili-
zation, resulting in lower energy levels in their reduced states and
the formation of intramolecular trisradical complexes. In contrast,
the shorter oligoviologens, 96-(2-5V™"), displayed reduced radical
stabilization, rendering them unable to form triradical complexes
(Fig. 42c). Consequently, foldamers with a reduced number of
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Fig. 42 (a) Structural formulas of 96-(2V**), 96-(3V®*), 96-(4V®*), 96-
(5V1%), and 96-(12V3**). PFg~ counterions are omitted. (b) Schematic
illustration of the switching process under redox stimulus. (c) Cyclic
voltammograms of five oligoviologens. (d) Representations along the a-
axis of the long-range packing order of the radical cationic species 336t
Reproduced from ref. 237 with permission from the American Chemical
Society, copyright 2015.
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viologens units form radical-radical dimers and infinite packing
due to intermolecular radical-radical interactions (Fig. 42d).

2.4.2 Redox-responsive supramolecular polymers. Redox
phenomena play an important role in the chirality and morphol-
ogy of supramolecular helical aggregates. Thus, Feng found that
the chirality of a supramolecular gel consisting of a derivative of
(t)-phenylalanine diethylene glycol (LPFEG) (97) (Fig. 43a) can be
tuned by the oxidation state of graphene oxide (LPFEG-GO) added
to the system.”®® It was found that reduction of graphene oxide
(GO) to reduced graphene oxide (RGO) disrupts the hydrogen
bonding and hydrophobic interactions between GO and the chiral
molecules (97), leading to a chiral inversion in the LPFEG-GO gel
(Fig. 43b and c). The redox phenomena and reduction of GO to
RGO significantly influenced the supramolecular chirality and
drove the reversible chiral inversion observed in the LPFEG-GO
gel system.

The redox phenomenon also plays a significant role in the sol-
gel transition of various supramolecular systems containing
cholesteric groups on their outer surface. A noteworthy study
by Fang and co-workers showed the redox sensitivity of a chiral
cholesteric ferrocene gel to different oxidants.”** Thus, the
building block 98 (Fig. 44a) was designed introducing a redox
sensitive ferrocene group derivatized, in each cyclopentadiene
ring, with a glycine residue that has a cholesterol unit anchored
at the C terminus. This molecule self-assembles to form a chiral
gel, which can be oxidized using Ce*" [(NH,),Ce(NO;)¢] and
producing a colour change from yellow to green. This colour
switch is attributed to the different oxidation states of the
ferrocenyl residues within the gel, which are transformed into
ferrocenium cations. The presence of positive charges at the core
of the supramolecular aggregate disrupts the intermolecular
hydrogen bonding network and the interaction of cholesteric
residues resulting in a gel to sol process.

Conversely, although the addition of hydrazine for the reduction
of ferrocenium cations to ferrocenyl produces the desired yellow
colour, the gel state could not be recovered (Fig. 44a). Other
examples of supramolecular assemblies involving ferrocene deriva-
tized with peptide moieties have been used to demonstrated sol-gel
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Fig. 43 (a) Structure of monomer 97. (b) Plot of CD intensity of LPFEG
and LPFEG—-GO hydrogels at around 270 nm versus UV irradiation time. (c)
The representative transition stages from right-handed nanofibers to left-
handed twists with increasing UV irradiation time. Reproduced from ref.
238 with permission from the American Chemical Society, copyright 2020.
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Fig. 44 (a) Self-assembly structure of 98 and gel-sol transition after

oxidation with (NH4),Ce(NOs)s. Reproduced from ref. 239 with permission
from Elsevier, copyright 2015. (b) Structure of monomer 99 and the
reversible gel-sol transition after oxidation and reduction. Reproduced
from ref. 241 with permission from John Wiley and Sons, copyright 2005.
(c) Structure of monomer 100. Formation of a gel made of J aggregates
and gel-sol transition after oxidation with DTT. Reproduced from ref. 242
with permission from the Royal Society of Chemistry, copyright 2014.

transitions induced by a redox process, as observed in the work
conducted by Kraatz and Adhikari on the supramolecular transfor-
mation of FcCO-Val-Phe-Phe-OMe from a nanofibrous gel to a
spherical micelle.** Shinkai*** designed an oligothiophene-based
gelator bearing cholesteryl groups at both ends of the thiophene
sequences (99) to study its redox properties. In this case, a reversible
redox sol-gel transition was found by adding FeCl; as an oxidant
and ascorbic acid as a reductant (Fig. 44b). Ju described another
interesting redox cholesteric gel using a disulfide bond as redox
stimuli responsive group (100).*> Thus, compound 100 forms a gel
through a combination of H-bonds and n—r interactions when the
disulfide bond is present. However, addition of a reductant agent
such as 1,4-dithiothreitol (DTT) destroys the fibres, obtaining a
solution that can be monitored by SEM (Fig. 44c).

2.4.3 Redox-responsive dynamic covalent polymers. Dynamic
covalent helical polymers also play an important role in the
development of redox responsive macromolecular helical struc-
tures. Thus, Wu>*® prepared a polyisocyanide with a thioether
pendant (poly-101) that can be oxidized to a sulfoxide group
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poly-101 poly-102

(poly-102) using hydrogen peroxide (Fig. 45). Upon oxidation,
the specific optical rotations and Cotton effects of poly-101 are
reversed, suggesting helix inversion of the polyisocyanide macro-
molecular structure (Fig. 45).

In a different example, also using polyisocyanides as dynamic
helical polymers, Wu studied the use of organoiodine-functionalized
helical block copolymers as catalysts for asymmetric oxidations
(poly-103) (Fig. 46).>** By immobilizing the organocatalyst on the
helical polymers, the researchers not only facilitated catalyst
recycling from homogeneous reactions, but also observed a
significant boost in enantioselectivity. This immobilization strategy
allowed the creation of an organoiodine-functionalized single left-
and right-handed helical polyisocyanides block copolymerized with
chiral monomers. These helical polyisocyanides served as catalysts
for three asymmetric oxidations, delivering the desired products
with high yields and excellent enantioselectivity (Fig. 46).

Amabilino explored the potential of electroactive organic
polymers as chiral redox-polymer systems for applications in
molecular electronics.>*> Thus, a chiral polyisocyanide that
incorporates a tetrathiafulvalene (TTF) derivatized with stereo-
genic centres (poly-104) was designed and prepared (Fig. 47).
This polymer shows a reversible interconversion between three
univalent and two mixed-valence redox states, each of which
displays distinct chiroptical properties associated with the
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Fig. 46 Structure of poly-103 and three asymmetric catalysed reactions.
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presence of helical structures, as deduced from ECD studies
(Fig. 47).

Freire found that during the synthesis of hybrid materials
from dynamic helical polymers and metal nanoparticles,>**>*’
adding HAuCl, to an anilide-PPA [poly-(R)-11], oxidation of the
polyene backbone occurs, which leads to the loss of the helical
structure due to a delocalization of the radical along the polyene
chain (Fig. 48a—c). To overcome this problem, TOAB (tetraoctyl-
ammonium bromide) was added to the polymer solution in order
to trap the Au®" cations and prevent the oxidation of the polyene
(Fig. 48d).>"

In this new protocol, gold interact with the polymer once it
is reduced to Au®, which is obtained after the addition of
NaBH, as reducing agent. In this poly-11-AuNPs nanocompo-
site, the AuNPs are stabilized by supramolecular anilide-AuNPs
interactions (Fig. 48d).

This protocol was also used to successfully prepare a poly-
11-AgNPs nanocomposite.”*® In a different example, Freire
explored the helix inversion of a PPA during a redox metal
translocation process, a crucial step during the synthesis of
helical poly(phenylacetylene)-metal nanocomposites.>*> A PPA
copolymer made by two comonomers that contain the benza-
mides of methionine methyl ester [(L)-105] and (r)-alanine methyl
ester [(L)-106] as pendants in 0.2 (1)-105/0.8 (L)-106 ratio—poly-[(1)-
105, ,-c0-(L)-106, s]|—was prepared. In a low-polarity solvent
environment such as CHCl;, both pendant groups adopt an
anti-conformation that induces an M helix into the copolymer
(Fig. 49). However, upon complexation with gold (Fig. 49a-d) or
silver (Fig. 49e-h) cations, the copolymer undergoes helix inver-
sion from M to P due to the adoption of syn conformations in the
pendants through chelation with metal ions. Further reduction of
metal ions with NABH, produces translocation of the metal
towards the tioether group, which is accompanied by a confor-
mational change from syn to anti in the pendants accompanied
by a P to M helix inversion of the polymer (Fig. 49).

Yashima studied helical poly(phenylacetylene)s (PPAs) that
bear riboflavin as pendants by cyclic voltammetry (poly-107)

This journal is © The Royal Society of Chemistry 2024
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Fig. 48 (a) Schematic representation for the formation of radicals in poly-
(R)-1 in presence of HAUCly. (b) UV-vis and (c) CD spectra of poly-(R)-11
and poly-(R)-11 in presence of HAuCly. (d) Schematic representation for
the formation of poly-(R)-11-AuNPs nanocomposites by a variation of
Brust—Schiffrin method. Reproduced from ref. 247 with permission from
John Wiley and Sons, copyright 2021.

(Fig. 50a).>>° The study aimed to understand the electron
transfer capabilities of riboflavin pendants in these polymers.
The values obtained were similar to those of the monomer,
indicating that the redox behaviour was mainly governed by the
riboflavin units. On the other hand, when using another connec-
tion point between riboflavin and PPA (poly-108) (Fig. 50a), a
reduction curve was found at a more positive potential, indicating
a relationship between the connector used to link riboflavin and
PPA and its redox potential. These redox processes reversibly
induced conformational changes in the flavin skeleton that are
transmitted to the helical main chain (Fig. 50b and c).

Aida and Fukushima introduced an o-phenylene oligomer
(109) (Fig. 51b) that exhibits dynamic motion triggered by redox
reactions.®! Although the oligomer helices demonstrate rapid
inversion in a solution environment, a remarkable phenom-
enon of chiral symmetry-breaking is observed during crystal-
lization. Each crystal contains exclusively the right-handed
or left-handed enantiomeric form, resulting in a mixture of
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Fig. 49 (a) Schematic illustration for the preparation of poly-[(L)-105 -
co-(1)-106¢ g]-AuNPs and its chiroptical responses associated to a redox
driven translocation of a gold metal centre. (b) CD and (c) UV-vis spectra for
poly-[(1)-1054 ,-co-(1)-1064g], poly-[()-105¢,-co-(1)-106gl/Au>" and poly-
[(1)-105¢ 5-co-(1)-1060 g]-AUNPs. (d) TEM image for poly-(105¢,-co-106g g)-
AuNPs nanocomposites. (e)—(h) Idem for silver. Reproduced from ref. 249 with
permission from the Royal Society of Chemistry, copyright 2022.

non-racemic of crystals (Fig. 51a). Furthermore, the dynamic
motion of the helical oligomer in solution is considerably sup-
pressed upon one-electron oxidation (Fig. 51b). Using X-ray crystal-
lography, analysis of the neutral and oxidized forms reveals the
generation of a hole after oxidation, which is shared by the repeating
o-phenylene units. This shared hole facilitates locking of the helix
conformation, leading to sustained chiroptical memory. These find-
ings offer valuable insights into the behaviour of redox-active helical
polymers and their potential applications in various domains.

The synthesis and properties of a series of m-conjugated
polymers, formed by repeating units of tetrathiafulvalene vinylogue
(TTFV) and phenylacetylene, were investigated as supramolecular
hosts for non-covalent functionalization of single-walled carbon
nanotubes (SWNTs). These polymers adopt a folding conformation
in the neutral state, allowing them to interact effectively with
individual SWNTs and form supramolecular complexes with
good solubility in organic solvents. The polymers can be
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illustration of the redox-triggered switching of the helical structure of
poly-108. (c) Possible helical structure of poly-108 (30-mer). Reproduced
from ref. 250 with permission from the Royal Society of Chemistry,
copyright 2010.
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Fig. 51 (a) Schematic representation of the helical inversion dynamics of

oligomer 109 in solution and in solid state. (b) chemical structures of 109
and decay profiles of the CD intensities in spectra of the oligomer
dissolved in MeCN at 265 nm and the oligomer dissolved in MeCN in
the presence of the one-electron oxidant (4-BrCgH4)sN** [SbClg™] at
273 nm (green). Reproduced from ref. 251 with permission from Springer
Nature, copyright 2010.

activated by redox stimuli to change their molecular shapes to
linear structures in the oxidized state. It results in reversible
dissociation of polymers from SWNTs and efficient release of
pristine SWNTs from polymer dispersants.>*>*> There are also
examples of sol-gel transition compounds in which the disul-
phide bond can be cleaved with reducing agents such as
dithiothreitol (DTT).>**

This journal is © The Royal Society of Chemistry 2024
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2.5 External stimulus: light

The development of light-sensitive molecules has attracted the
attention of numerous scientist due to the possibility of mod-
ulating the structures and functions of molecules after light
irradiation. The introduction of these stimuli-responsive mole-
cules or functional groups as components of macromolecules
allows the generation of materials with unique light-responsive
behavior. As a result, there are many examples in the literature of
various types of well-established photo-responsive molecules,
such as azobencene,”’ diarylethenes,>®2%° stilbenes,?¢*>>
molecular motors,***7>¢® or acylhidrazones among others.
In this section we will focus our attention on the photomodula-
tion of the structure, properties, and functions of macromole-
cular helical structures.>*

2.5.1 Covalent helical polymers. Feringa and coworkers
reported the preparation of a polyisocyanate (PIC) with photo-
switchable screw sense (poly-110) (Fig. 52a). To this end, a
single chiral molecular motor was introduced as the initiator of
the PIC. Photoisomerization of the initiator triggers the chiral

267,268
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Fig. 52 (a) Helix inversion process of poly-110 bearing a chiral photo-
active molecular motor and subsequent hierarchical chiral transmission
from molecular motor to helical PIC cholesteric phase. Reproduced from
ref. 271 with permission from the American Chemical Society, copyright
2008. (b) Helix inversion process of PPA poly-111 via salt-bridge formation
with chiral molecular motor 112. Reproduced from ref. 272 with permis-
sion from the Royal Society of Chemistry, copyright 2017.
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inversion of the macromolecular PIC helix through a conforma-
tional communication mechanism, which is further transferred,
in a hierarchical way, to the cholesteric liquid crystalline phases
formed by these polymers (Fig. 52a).2”%*"*

The same group also reported the photoswitchable screw
sense of an achiral PPA by stablishing a supramolecular inter-
action between the pendant and a chiral photoswitchable
molecular motor. They prepared a PPA that bears a trialkyl
amine as pendant (poly-111), which was combined with a chiral
photoswitchable molecular motor functionalized with two carb-
oxylic acids (Fig. 52b). From this system they observed that
photomodulation of the motor chirality triggers the helical inver-
sion of the PPA main chain, as inferred by ECD spectroscopy
(Fig. 52b).>”*

Zentel reported several examples of light-driven helical
inversion of PIC copolymers consisting of achiral monomers
bearing an alkyl chain and chiral monomers bearing a photo-
switchable azo group (poly-113 and poly-114) (Fig. 53).%7*>"7
Depending on the chemical structure of the chiral azo mono-
mer, the E/Z photoisomerization process produced either helical
inversion (poly-113) or screw sense excess variation (poly-114)
(Fig. 53a and b). Due to the good photostability and reversibility
of the isomerization process, the PIC screw sense of poly-113
and poly-114 can be switched back and forth several times,
opening venues for the preparation of chiroptical switches.

2.5.2 Supramolecular helical polymers. Light has been
applied as stimulus to modulate the properties of supramole-
cular polymers. The introduction of photoresponsive groups in
the monomer building blocks made it possible to modify the
optical, chiroptical and morphological properties of different
types of these macromolecular entities.””® Meijer’s group has
recently employed light as an orthogonal external stimulus to
modulate the assembly of BTAs through chemical modification
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Fig. 53 Structures of PICs (a) poly-113 and (b) poly-114 copolymers and
CD monitoring of the helical variations in the E/Z photoisomerization
processes. Reproduced from ref. 276 with permission from the American
Chemical Society, copyright 1998.
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and photoisomerization of the side chains. Specifically, they
employed light to covalently modify the side chain of a cysteine-
based BTA (115) after a thiol-ene reaction. As the photoreaction
proceeds, the hydrogen bonding pattern of the newly functiona-
lized BTA (116) changes from one-dimensional self-assembled
stacks to homo and heterodimers, as proven by several spectro-
scopic techniques (Fig. 54a and b).””® In a different example, a BTA
derivative bearing an acyl hydrazone as side chain (117) effectively
co-assembles as an intercalator with a classical C;-symmetrical
BTA 52 (Fig. 54c). Photoirradiation triggers E/Z isomerization of
the acyl hydrazone moiety and, consequently, switches its behavior
from intercalator to chain capper in a reversible way.

This process modulates the polymer chain length and
triggers a macroscopic sol-gel transition (Fig. 54c and d).>*°

Diarylethenes (DAEs) represent a family of photoswitches
whose structure can be tuned from an open to a close conforma-
tion by light irradiation. This chemical transformation not only
changes the optical properties of the molecule, but also its
rigidity. This fact makes DAEs very interesting molecules to
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Fig. 54 (a) Structure of BTAS 115 and 116, bearing free and alkylated
cysteine moieties respectively. (b) Schematic illustration of the photo-
depolymerization process from one dimensional stack to homo/hetero-
dimers as the alkylation of the cysteine moieties takes place. Reproduced
from ref. 279 with permission from the Royal Society of Chemistry, copy-
right 2021. (c) Structure of BTAS 52 and 117. (d) Schematic illustration of
the photo-triggered E/Z isomerization process of BTA 117 that triggers a
change of function from intercalator to chain capper that is accompanied
by a gel-sol state. Reproduced from ref. 280 with permission from the
American Chemical Society, copyright 2020.
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create photoactive functional supramolecular aggregates. For
instance, Zhu reported the self-assembly of the DAE 118, which is
functionalized with naphtylamide units carrying a phenylalanine-
OH functional group (Fig. 55a). The supramolecular polymer-
ization of the system is assisted by the formation of carboxylate
bridges that generate macromolecular helical structures in
CCl,. The handedness of the systems depends on the absolute
configuration of the amino acid, while the morphology of the
aggregate depends on the open/closed state of the DAE group.
Photoisomerization of the DAE moiety triggers a reversible
morphological transformation from helical structures to
nanosheets related to the change in the DAE scaffold (Fig. 55a-d).”*"

> @
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Open DAE
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Fig. 55 (a) Structures of DAE-naphtylamide-Phe derivative 118 in open
and closed states. Morphological transformation from (b) helical structures
to (c) nanosheets upon light irradiation. (d) Schematic illustration of
carboxylate bridge-triggered self-assembly generating helical structures.
Reproduced from ref. 281 with permission from the American Chemical
Society, copyright 2016. (e) Structure of molecule 119. (f) Schematic
representation of helix induction in open-closed sates of DAE-OPP
derivatives. Reproduced from ref. 282 with permission from John Wiley
and Sons, copyright 2014.
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Akagi reported the self-assembly of oligo(para-phenylenes)
119 functionalized with DAE bearing chiral esters. The macromo-
lecular chirality of the system is reversible, showing inversion after
irradiation with UV-vis light. This helical transformation is related to
the open/closed form of the DAE moiety that promotes opposite
handedness in the different states. Noteworthy, this process works
both in solution and in solid state (Fig. 55¢ and f).**> Feringa
introduced a photoswitchable molecular motor in a supramolecular
helical polymer building block endowed with a urea side chain (120)
for the construction of photo-responsive supramolecular chiral
aggregates (Fig. 56a).°**2% In this system, the chirality of the
molecular motor (P,P)-cis-120 is hierarchically transferred to supra-
molecular structures generating preferred-handed helical fibbers.

Photoirradiation triggers rotation-induced morphological
changes (e.g, chiral, and geometric) that dramatically influence
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metastable trans

312 nm
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Fig. 56 (a) Structures of photoactive chiral molecular motor 120 and
illustration of multistate rotation. Cryo-TEM image images of (b) (P,P)-cis-
120 and (c) after irradiation with 312 nm light to reach (P,P)-trans-120. CD
and UV-vis spectra of (d) (P,P)-cis-120 and (e) (P,P)-trans-120. Repro-
duced from ref. 290 with permission from the American Chemical Society,
copyright 2022.
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the morphology and chirality of the supramolecular polymer
(Fig. 56a-e). Through this process they achieved dynamic con-
trol of the supramolecular polymer in multiple self-assembled
states. Therefore, a cascade of morphological transformations
from initial helical fibers to micelles, worm-like micelles, to
finally recovering helical fibers, is possible simply playing with
light irradiation.?®® Yagai designed a cone shape alkoxyazoben-
zene functionalized with chiral amides that self-assemble to
generate uniform toroidal nanostructures that can hierarchi-
cally organize into nanotubes or axially chiral nanofibrils under
the control by light, temperature, or concentration.>**>%

2.5.3 Foldamers. Feringa introduced oligo bipyridine moieties
as side chains of a photoswitchable molecular motor (121)
(Fig. 57a). In the presence of Cu(1), a metallofoldamer is formed
that folds into a double helix [121-Cu(1)]. Photochemical iso-
merization of the molecular motor triggers not only the chiral
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Fig. 57 (a) Structure of molecular motors endowed with bipyridine units.
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complexes. Reproduced from ref. 291 with permission from Springer
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inversion of the system but also the orientation of the coordi-
nating bipyridine units (Fig. 57a).

This different orientation of the coordinating units pro-
motes the formation of polymeric or discrete helical structures
(trans- and cis-conformations, respectively). In addition to modify-
ing the cis-/trans-equilibrium of the molecular motor, the chirality
of the system is also modulable with light, so the (P,P)-cis-121 and
the (M,M)-cis-121 conformations induce opposite handedness in
the discrete double helical structures (Fig. 57b and c).***

Moretto and Clayden reported a series of AIB-based folda-
mers containing photoswitchable fumaramide/maleamide lin-
kers to tune the P/M screw sense excess of the foldamers by
light. These moieties bearing carbonyl groups present different
compatibility with the hydrogen-bonding pattern of the folda-
mers, with the Z maleamide being compatible with the HB
network of the foldamer while the E fumaramide configuration
is not. Photoswitching from the insulating fumaramide to the
conducting maleamide allowed activation of the stereoselective
reactivity of 122, as proven by chiral HPLC (Fig. 58a and b).>?

Following this work, they have also reported the photoacti-
vation of a catalytic triad of reactive side chains - Ser, His and
Asp - present in foldamer 123. Light modulation of the E/Z
forms allows control of the reactivity of the system, as it only
works in the maleamide form, where the reactive groups are
placed in the proper orientation to catalyze the corresponding

-
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Fig. 58 (a) Screw sense induction process by light irradiation in AIB
foldamer 122 demonstrated by CD and NMR. (b) Schematic representation
of the diastereoselective chainextension reactions followed by chiral
HPLC. (c) Light-driven turn on/off catalytic activity of 123 bearing a
catalytic triad esterase. Reproduced from ref. 292 with permission from
the American Chemical Society, copyright 2016. (d) Switching the terminal
azobenzene chromophore between E and Z configurations changes the
population distribution between right- and left-handed conformations of
foldamers 124. Reproduced from ref. 293 with permission from the Royal
Society of Chemistry, copyright 2021.
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reaction (Fig. 58¢).>**
azobenzene containing AIB foldamer 124 inserted into an
artificial lipid membrane whose screw-sense was controlled
by a configurational change in the azobencene unit. The E/Z

Clayden and coworkers also reported an

conformers stabilize different hydrogen bond patterns within
the AIB foldamers, biasing the rate of the helix inversion
process (Fig. 58d).”>® The introduction of fluorine atoms into
the foldamer allowed direct monitoring of this process by *°F
NMR experiments (Fig. 58).”°

Huc reported an aromatic oligoamide (125) bearing a DAE
central linker (S) (Fig. 59a and b). Binding of fructose results in
the induction of opposite handedness depending on the open/
close state of the DAE unit, as demonstrated by CD (Fig. 59¢ and
d). This fact indicates that the DAE/fructose binding occurs in a
different way. Interestingly, subsequent irradiation of the host-
guest complex allows switching between P/M helical scaffolds
(Fig. 59¢).>°* To date, many foldamer containing azobenzene
groups has been reported, both as side chains and as part of the
macromolecular main chain. The introduction and photomo-
dulation of these azobenzene moieties allows control of the
folding of the foldamer, and consequently, its properties.>*> For
instance, the E/Z structural variation of the azobenzene group in
the side chains of the foldamer creates variations in the
supramolecular interaction that governs the folding of the
systems.>?¢3%1

Pieroni and Ciardelli™> reported examples on this topic in
poly(glutamic) 126 derivatives and Ueno and Osa in poly-
(aspartic)*®® 127 derivatives (Fig. 60a and b). This strategy was
also employed by Ciardelli and coworkers using spiropyrans
128 as photoresponsive side chains instead of azo derivatives
(Fig. 60c).>*

Short helical foldamers containing photoresponsive units in

296

the main chain or in the side chains can also be found in the

295

literature.”™” In these systems, the photoisomerization of the
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Fig. 59 (a) Structure of DAE core and (b) oligoamide sequence of 125. CD
spectra showing an increase of chiroptical activity after irradiation with
different wavelengths: (c) 4 = 365 and (d) 2 = 450 nm. (e) CD switching
upon subsequent irradiation cycles. Reproduced from ref. 294 with per-
mission from the Royal Society of Chemistry, copyright 2021.
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aspartic acid-azobenzene derivatives (127). (c) Structure of glutamic
acid-spiropyran derivative (128). A schematic illustration of the photo-
isomerization impact on the folding of the molecules is depicted below
each section. Reproduced from ref. 295 with permission from the Royal
Society of Chemistry, copyright 2016.

foldamer can trigger the unfolding of the system, a dimerization
process, or affect their guest-binding ability.**>>* As an illus-
tration, Jiang designed a small foldamer containing an azoben-
zene and two phenyl-1,2,3-triazole moieties (129) that, through
photoisomerization of the foldamer backbone, changes the
binding affinity for anions (Fig. 61a).>°® Flood showed that
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Fig. 61 (a) Structure of foldamer 129, binding to Cl™ and light-driven
conformational change. Reproduced from ref. 303 with permission from
the American Chemical Society, copyright 2010. (b) Structure of foldamer
130 and schematic illustration of the cascade of structural transformations
mediated by photoirradiation and anion binding. Reproduced from ref. 307
with permission from the American Chemical Society, copyright 2018.

foldamer 130, which contains a central benzene endowed with
an amino acid (Leu) along with aryl triazoles-azobenzene units,
can be used to bind or release small anions such as CIl,
depending on the E or Z configuration of the azo group.*”’

In case of using large anions such as BF,  to interact with
130, the Z/E isomerization of the azo group leads to the
formation of single or double helices.*"”

Foldamers based on oligo(meta-phenyleneethynylene)s (OmPEs)
provided inspiration for the preparation of photoresponsive
materials by including of photoresponsive azobenzene groups
in the side chains or, mainly, within the sequence.***>** Based on
these designs, Hecht reported several examples of photoresponsive
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Fig. 62 Structures and CD spectra showing variations in the helical
structures of foldamers containing (a) one central azo group (131) (repro-
duced from ref. 312 with permission from John Wiley and Sons, copyright
2006). (b) Alternating azo units (132) Reproduced from ref. 313 with
permission from the Royal Society of Chemistry, copyright 2013 and (c)
composed by azo units with alkynyl connectors of different lengths (133
and 134) Reproduced from ref. 314 with permission from John Wiley and
Sons, copyright 2015. Otherwise, stated variations in the ECD spectra
correlate with irradiation time.

OmPEs foldamers bearing, for instance, only the central azo unit
(131) (Fig. 62a),>'>" different alternating orientations of azoben-
zenes within the OmPEs-azo sequence (132) (Fig. 62b),*"*
composed entirely of azobenzene units (133) (Fig. 62c).>***'® Most
of the reported examples show variations in their folding degree
upon photoirradiation. Generally, a decrease in the intensity of the
CD signal is observed once the corresponding photostationary
state is reached.?> Representative examples of the structures and
their chiroptical properties are depicted in Fig. 62. Hecht also
reported that slight variations in the connectivity of the units that
make up the foldamers have a large impact on their chiroptical
responses.

Replacing the alkynyl connector in 133 by a bisalkynyl unit
resulted in self-assembly of foldamer 134, leading to a CD
inversion. The assembly/disassembly process is easily control-
lable by simply irradiating the sample (Fig. 62c).>'*

2.6 External stimulus: circular polarized luminescence

Circular polarized luminescence (CPL) is an intriguing property
of certain types of chiral luminophores that emit light with
preferred handedness.*"”*? In recent years, this type of materials
at both the molecular,****** macromolecular and supramolecular
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levels®*°*° have found applications in the development of CP-
OLEDS,**"*%? security encryption systems,*** tags for biology***
and asymmetric synthesis,®** in among many others. Although
CPL emission is a well-established research topic whose impor-
tance is constantly growing year by year, the application of CP-
light as an asymmetry inducer is still in its infancy. Therefore, a
small number of examples on this topic can be found in the
literature.>*® Here we summarize some of the most relevant
examples of asymmetry induction in covalent and supramole-
cular helical polymers.

2.6.1 Covalent polymers. The fist example of asymmetry
induction by CP-light in helical polymers was reported by Selinger,
Green and coworkers.®” They prepared a series of co-poly(iso-
cyanate)s (PIC)—(poly-X,-co-Y;_,) copolymer series 135, 136,
137 depicted in Fig. 63a—composed by a monomer bearing
an achiral alkyl group and another monomer possessing a
photoresolvable ketone pendant group (Fig. 63b). As expected,
for a racemic helical polymer, both helical senses are equally
populated and do not show a circular dichroism spectrum.
However, after irradiation with CP-light, the ketone pendant
(Fig. 63c) exhibits partial photoresolution. Thus, following the
Majority Rules effect,"'* an efficient chirality transfer from the
enantio-enriched pendant to the polymer backbone results in
an amplified photoresolution.

The ortho-, meta- or para-linkage of the photoactive moiety to
the polymeric backbone is also a key factor in the transfer of
asymmetry from the pendant to the main chain, losing effective-
ness when we go from ortho, to meta and para. It is important to
highlight that the helical sense of the polymer can be switched
reversibly by alternating irradiation with (+)- or (—)-CP-light and

a) [e)

*NJLHN -

b) Photoresolvable Moiety

copolymer, 135

°© *N)LHN

copolymer, 136

© *NJLHNJI\)1r

CD (mdegree)

copolymer, 137

Wavelength (nm)

Fig. 63 (a) Structure of the copolymers employed in this work 135, 136
and 137. (b) Schematic illustration of the photo-resolution of the prochiral
moiety by irradiation with CP-light. (b) Structure of the copolymers
employed in this work poly-135, poly-136 and poly-137. (c) ECD spectra
of 136 showing the asymmetry induction after irradiation with (+) or
(—)-CP-light. Reproduced from ref. 337 with permission from the Amer-
ican Chemical Society, copyright 2000.
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return to the axially racemic state by irradiation with non-
polarized light.”*

Nakano and coworkers induced a preferred handedness in
polyfluorene derivatives 138-140 by irradiation with either (+)-
or (—)-CP-light (Fig. 64a).°° They found that the helix induction
mechanism is based on a photoderacemization process in the
photostationary state. This is conceivable through a chirality
amplification process that takes place through the deactivation
of a coplanar conformation in polyfluorene leading to right-
and left-handed twisted dyads.

Asymmetry induction could be achieved for polymers with
longer alkyl chains [ie., poly(DOF) 138, octyl chain, and
poly(DDF) 139, dodecyl chain], while it was not feasible for
the one carrying a shorter chain [hexyl chain, poly(DHF) 140],
which required an auxiliary molecule to aid the induction of
chirality. The chirality-induced samples in the film state
remained stable for years if stored protected from light irradia-
tion and at room temperature (Fig. 64b and c).*® Natansohn
reported asymmetry induction in polymethylmethacrylate 141
endowed with photoresponsive azobencene units as side chains
(Fig. 65a). The generated liquid crystalline phase takes advan-
tage of the photoisomerization of all azobenzene groups in the
film plane, inducing a preferred arrangement of the chromophores
that changes from a random to a chiral environment (Fig. 65b). The
chirality of the films can be exchanged after subsequent irradiation
cycles with either (+) or (—)-CP-light, giving rise to interesting
chiroptical switches in the condensed state (Fig. 65c and d).**®
Similarly, Li, Yang and coworkers reported the impact of the linker
between the azobencene unit that now holds a stereogenic center
and the PMA backbone of 142(x) (x = 0-6) (Fig. 65¢) in the light-
driven asymmetry induction.

138 R = CgH,7, poly(DOF)
139 R = C;,Hys, poly(DDF)

140 R = CgHyg, poly(DHF) l(ﬂ or (-) CP-Light

b) a.— Prepared using L-CPL
c) b.— Prepared using R-CPL
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Fig. 64 (a) Schematic illustration of the asymmetry induction by CP-light
irradiation and structures of polymers 138-140. (b) ECD monitoring of
asymmetry induction after exposure to CP-light of poly(DOF) film (138). (c)
CPL spectra of photo-induced films of poly(DOF) (138). Reproduced from
ref. 50 with permission from the American Chemical Society, copyright 2018.
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schematic illustration of the supramolecular chiral structures of poly-
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Poly-142(0)

They found that shorter linkers did not produce efficient
chirality harvesting after thermal annealing, while the other
derivatives, bearing longer linkers (from Azo-PMA-142(1) to
Az0-PMA-142(6)), exhibited effective asymmetry transfer after
thermal annealing. Remarkably, all derivatives show asymmetry
induction after irradiation with (+) or (—)-CP-light, except 142(6)
which can only be folded/unfolded by UV light irradiation.*** In
the field of azobencene polymer derivatives, Meijer, Vantomme
and Meskers reported alternating copolymers formed by azoben-
zene and fluorene units (poly-143) that form cholesteric phases
with strong optical activity upon thermal annealing (Fig. 66a).
Taking advantage of the trans/cis/trans isomerization of the
azobencene units, the macromolecular helicity and organization
of the polymer chains could be modulated by CP-light (Fig. 66b-
e). Remarkably, due to the diastereomeric nature of the polymer
chains and the light, there is asymmetry in the interconversion
pathway.**® The same team also reported an azobencene-oligo-
siloxane alternating copolymer that shows a similar behavior, the
formation of a liquid crystalline chirality that can be controlled by
CP-light irradiation.**

2.6.2 Supramolecular polymers. Circular polarized lumi-
nescence has also emerged as an effective tool to induce
asymmetry in supramolecular polymers.
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chirality of the crystalline phase by subsequent irradiation with CP-light of
different chirality. Reproduced from ref. 340 with permission from John
Wiley and Sons, copyright 2021.

Kim, Seo and coworkers reported the asymmetry induction
by CP-irradiation of triphenylamine***~**° derivative 144a bear-
ing diacetylene units (Fig. 67a).

Irradiation with CP-light produced a chiral bias in the
arrangement of the triphenylamine core that was subsequently
amplified throughout the supramolecular polymerization pro-
cess. Further irradiation with light triggered the photopolymer-
ization of the diacetylene units, generating the corresponding
covalent polymer with memorized chirality (Fig. 67a-c).*** They
also showed that supramolecular chirality can emerge from a
transiently chiral molecular building block by transmitting
chiral information inherited from the CP-light irradiation.’**
Consequently, a chiral radical cation was generated that aggre-
gated into preferred-handed helical stacks (Fig. 67d). The
nonlinear screw sense excess as a function of CPL irradiation
time is reminiscent of the chiral induction expressed by the
Sergeants-and-Soldier principle, where the co-assembly of a
transiently chiral Soldier with a permanently chiral Sergeant
takes place. Moreover, matching the handedness of the CPL to
the Sergeant’s direction produced an abnormally enhanced
chiral response. However, in the mismatched scenario (CPL
vs. mismatched Sergeant’s direction) (Fig. 67e), a critical molar
fraction of the Sergeant was found to bifurcate the bias: above a
critical point, the helicity determined by the Sergeant persisted.
Below the critical point, the CPL can override the molecular
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Fig. 67 (a) Structures of derivatives 144a-c and schematic illustration of

the asymmetry induction and photopolymerization of 144a. ECD spectra
showing the mirror images generated after (b) CP-irradiation and (c)
photopolymerization. Reproduced from ref. 343 with permission from
Springer Nature, copyright 2015. (d) Sergeants and Soldiers coassembly
of 144a with (S)-144c as a molecular Sergeant: Schematic depiction of the
copolymerization to M-helix and P-superhelix formation. (e) Amplifying
and overriding molecular chiral information in the supramolecular state by
CPL: Schematic depiction of 144a/(S)-144c copolymerization upon |- and
r-CPL exposure. Reproduced from ref. 344 with permission from the
American Chemical Society, copyright 2022.

chirality with increasing irradiation time. Therefore, the
authors demonstrated that supramolecular chirality can be
developed following the handedness of the external stimulus
and overturn—in some extent—the one imposed via molecular
constraints (Fig. 67e).*** Recently, Raynal and coworkers demon-
strated how the presence of radical species in triarylamine tris-
amides affects to its self-assembly.**> Zou reported a similar
CP-light asymmetry induction in porphyrins 145 endowed with
diacetylene moieties (Fig. 68a).

Irradiation of these molecules with (+) or (—)-CP-light gen-
erated photo-induced protonation of the basic internal rim of
the macrocycle, producing P- or M-helical stacks, respectively

This journal is © The Royal Society of Chemistry 2024
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Fig. 68 (a) Structure of the porphyrin 145 used in this work. (b) Schematic

illustration of the photoinduced asymmetry induction. (c) ECD showing
the induction of mirror image helical structures upon irradiation with (+)-
or (—)-CPL. (d) TEM image of the supramolecular fibbers generated upon
self-assembly of 145. Reproduced from ref. 346 with permission from the
Royal Society of Chemistry, copyright 2019.

(Fig. 68b-d). Further irradiation with non-polarized light triggered
the polymerization of the diacetylene moieties yielding the corres-
ponding covalent polymer with memorized handedness.**® Sanchez
reported asymmetry induction in the supramolecular polymeriza-
tion of achiral N-annulated perylene derivative 146 (Fig. 69a). Irra-
diation with (+) or (—)-CP-light during the elongation process results
in the adoption of preferred P or M helical assemblies as determined
by ECD (Fig. 69b and c). Additionally, after removing CP irradiation,
these systems exhibit a “memory” that shows, after 2 hours, an ECD
trace virtually identical to that initially prepared."*’

Lee and co-workers reported the co-assembly of amidoamine 147
with monoacid 148 bearing diacetylene units that self-assemble to
generate supramolecular ribbons in both gel and film states
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Fig. 69 (a) Structure of 146. (b) Schematic illustration of the asymmetry
induction by CP-light irradiation. (c) ECD Spectra of the opposite handed
helical structures generated by irradiation with CP-light. Reproduced from ref.
120 with permission from the Royal Society of Chemistry, copyright 2020.
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duced from ref. 347 with permission from the American Chemical Society,
copyright 2022.

(Fig. 70). After irradiation with (+) or (—) CP-light, these ribbons
fold into preferred left- or right-handed structures, as determined by
ECD and SEM visualization.**”

2.7 External stimuli: solvents

The main endoergic contribution to solute-solvent interactions
is the formation of a cavity in the solvent to accommodate the
solute. This is a chemical property of the solvent, which depends
on the association of its molecules in a liquid state.**® The
interactions between solvents and solutes are of paramount
significance in the field of organic chemistry. They play a central
role in governing various aspects, such as solubility, reactivity, and
structural characteristics of the compounds involved.

2.7.1 Solvent-responsive foldamers. Helical folding in fol-
damers is a complex process influenced by both internal and
external factors.'***° The shape and rigidity of monomers, as
well as intermolecular interactions, such as attraction and
repulsion, rotational restrictions, solvophobic effects or aggre-
gation, play a role in the folding behaviour.

An important parameter that affects the folding of the
foldamers is the nature of the solvent, which greatly affects
their secondary structure. For instance, oligophenylethynylenes
are also called “solvophobic foldamers” due to their sensitivity
to solvents.**°>°? On the other hand, the aromatic amide
foldamers developed by Huc and co-workers showed remark-
able solvent folding stability in a wide range of solvents,***
which is quite unique compared to other foldamers. However,
this apparent and atypical lack of solvent dependence led them
to carry out more in-depth studies on the subject. Thus, a helical
aromatic oligoamide foldamer (149) bearing triethyleneglycol
(Tg) side chains (Fig. 71a) was prepared to study its folding in a
wide range of solvents.***
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Although the polymer is achiral, the two P and M helical
structures of 149 were isolated by chiral HPLC when folded into
an axially racemic mixture, allowing their exceptional stability
to be determined (Fig. 71a). The helices did not racemize
during the chromatography studies. By performing time depen-
dent ECD studies in different solvents (Fig. 71b-d), they found
that in chloroform, which was believed to provide highly stable
conformations, turned out to be one of the least favourable
solvents for these foldamers (Fig. 71c).

On the other hand, protic solvents,
water mixtures, demonstrated a remarkable ability to stabilize
helical conformations (Fig. 71d).

Another example of solvent-dependent aromatic foldamers
was reported by Li who prepared hybrid oligomers containing
one aromatic amide trimer or pentamer and one or two aromatic
1,2,3-triazole tetramers (150) (Fig. 72a).’*® In this case, the
researchers explored a conformational communication mecha-
nism to induce a helical sense in the 1,2,3-triazole tetramer from
the aromatic amide region. It was found that while in polar
solvents the conformational communication from the aromatic
amide to the triazole tetramer stops, in low polar solvents the
conformational communication flows between the two fragments
(Fig. 72b).

Flood and Liu described a more complex system where two
stimuli, solvent, and anions, were combined to produce a
structural change from single to double helices.*>” Thus, they
studied a series of C,-symmetric aryl-triazole foldamers (151)
(Fig. 73a) in which the interconversion between chloride-
stabilized single and double helices can be understood and
controlled by sequence modification strategies. Interestingly, a
1:1 single to 2:2 duplex (Fig. 73c) helical switch could be
obtained at room temperature by increasing the solvent polarity
(Fig. 73b and d), indicating that solvophobically driven
n-stacking plays a critical role in stabilization of the 2 : 2 double

3%% such as methanol-
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a)

B(P) C(m)

Fig. 72 (a) General foldamer structures 150 used in this work. (b) Sche-
matic representations of the solvent-dependent (A polar; B low-polar)
folding-induced processes for the different 150 derivatives. Reproduced
from ref. 356 with permission from John Wiley and Sons, copyright 2014.
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Fig. 73 (a) Chemical structure of anion foldamer host 151. (b) Double
helix formation of 151-Cl™ in response to solvent polarity (5 mM, 15 equiv.
of TEAC). (c) DFT-optimized geometry of the 2: 2 double helix formed by
151-Cl. (d) Two factors combined showing maximal solvent-induced
swings in double helix population around ambient temperatures (orange
shade). Reproduced from ref. 357 with permission from the American
Chemical Society, copyright 2018.

helix compared to the single helix. For instance, there was a
notable increase in the population of the double helix as the
proportion of acetonitrile in chloroform or DCE increased
(Fig. 73b). This indicates that the enhanced stability of double
helices in polar solvents is associated with greater burial of n
surfaces within the double helix structure.

This journal is © The Royal Society of Chemistry 2024
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Another family of foldamers whose helical structure is also
solvent dependent are the AIB containing foldamers described
by Clayden.’ These foldamers tend to form a 3;y-helix that
shows a solvent dependent decay of screw-sense excess induced
by chiral residues introduced in both ends (152) or at one end
(153) of the foldamer chain.>*®*>° The observed signal decay
was attributed to the occurrence of ‘tendril perversions’, which
are characterized by random breaks in hydrogen bonds along
the helix (Fig. 74a). These breaks cause a helical reversal in the
specific location where they occur, producing the observed

tendril perversion

MeH

J
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Y Y
25% ‘3c 50% 3¢ 100% °c
Within each oligomer in the series, the three pairs of 1°C labels

were identified by varying the 2'3C ratio
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Distance from chiral influence (number of residues)
Fig. 74 (a) Tendril perversions and (b) y-turn in AIB foldamer 152. (c)

Chemical shift differences (Ad) measured in a series of three ‘frame-
shifted” oligomers, each containing three pairs of abundance-labelled
(100%, 50% or 25%) *C labels. Screw-sense preference exhibited by Aib
oligomer 153 decays as a terminal chiral influence becomes more distant.
Reproduced from ref. 358 with permission from the Royal Society of
Chemistry, copyright 2016.
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decay in the signal. After exhaustive study using a variety of
analytical and computational techniques, the intrusion of ‘tendril
perversions’ was shown to have an effect analogous to a y-turn, a
less prevalent turn that involves the formation of a hydrogen bond
between residues i and i + 2 (Fig. 74b). Furthermore, y-turn
conformations were also found to be more frequent in polar
solvents, as tendril perversion increases from 0.5% per residue
in THF to 6% per residue in methanol (Fig. 74c).

In supramolecular helical polymers, monomeric repeating
units are held together by non-covalent interactions. The dynamic
nature of these interactions makes that the nature of the solvent can
affect supramolecular polymerization pathways.**® Consequently,
investigating interactions between supramolecular polymers and
solvents remains challenging as solvent molecules will participate in
the molecular stacking arrays of various ways. So, in recent years
detailed solvent effects on supramolecular polymers can be found in
several excellent works, focusing on stability, kinetics, pathway
selection, and structure,*®***** This review will focus mainly on
supramolecular polymers whose supramolecular helix evolves into a
different one due to the action of solvents.

2.7.2 Solvent-responsive  supramolecular  polymers.
instance, Meijer demonstrated how the morphology of bipyridine-
decorated BTA aggregates (154) can be tuned by the properties of
the solvent mixture itself (Fig. 75).>°® In this work, the correla-
tion between the formation of single or triple helical super-
structures of bipyridine-decorated BTAs (154) and the water
content in water-isopropanol mixtures was found to be signifi-
cant. Therefore, amphiphilic discotic molecules self-assemble
into supramolecular fibres formed by one or three discotic
molecules depending on the low (single) or high (triple) water
content of the water-isopropanol mixtures (Fig. 75).

Meijer and George reported a coronene bisimide bearing a
3,5-dialkoxy substitution on the imide phenyl groups (55)
(Fig. 14) that shows solvent-dependent aggregation behavior.'®*

For

LOW WATER Q
CONTENT

154 HIGH WATER
CONTENT
~
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. R0 w°
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SINGLE o o g TRIPLE
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Fig. 75 Chemical structure of amphiphilic BiPy-BTA (154) and its hier-
archical self-assembly from supramolecular fibre to triple helical bundle
depending on the water content of water—isopropanol mixtures. Repro-
duced from ref. 365 with permission from the American Chemical Society,
copyright 2014.
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Fig. 76 (a) Chemical structure of 155. (b) Normalized CD spectra of a

vesicle sample (mixture of THF/water) and a gel sample (mixture of THF/
hexane). TEM images of (c) M- and (d) P-type twist nanofibers observed in
hexane and water, respectively Reproduced from ref. 366 with permission
from the American Chemical Society, copyright 2016.

Thus, helix inversion is observed when cyclic solvents are used to
form the chiral aggregate, e.g., cis/trans-decalin mixture or cyclo-
hexane. Zhao reported another example of aggregation solvent
dependence using, as building block, a molecule that contains
naphthalimide and cholesteryl groups (155) (Fig. 76a).>***%” This
molecule self-assembles in low-polarity solvents (THF/hexane) into
right-handed supramolecular helices (ECD > 0) leading to
M-oriented fibres observed in transmission electron microscopy
studies (TEM) (Fig. 76b and c). In solvents with increased polarity
(THF/water), this molecule self-assembles into left-handed supra-
molecular helices (ECD < 0), that promote the formation of
toroidal structures formed by P fibres (Fig. 76b and d).

Ajayaghosh reported a chiral OPE (156) that assembles, in n-
decane, into a helical supramolecular polymer that in turn,
with increasing building block concentration, assembles into
superhelices of opposite handedness (Fig. 77a). Interestingly,
the addition of chloroform recoils the superhelices to get the
initial supramolecular helices.*®

Liu reported another example in which the solvent domi-
nates the helical structure over the rest of the stimuli.**® The
co-assembly of L-glutamide derivatives (157 = PULG) with achiral
anionic dyes (158, 159) (Fig. 77b) promotes the formation of P or
M helical structures in presence or absence of water. Thus, while
co-assembly of monomers in ethanol results in the formation of
M-oriented nanoribbon-like structures (Fig. 77¢ and d), addition
of water to the ethanol solution led to a helical inversion into a
P-helix (Fig. 77c and e). The amplification of asymmetry was
mainly driven by electrostatic interaction between the gelator
(157) and the achiral dyes (158, 159). Remarkably, this inter-
action caused the transformation of the nanofibrous structures
of the gelator into uniform left-handed helices stabilized by
hydrogen bonds of 157, while addition of water produced the
formation of right-hand helices stabilized by n-n stacking of
dyes 158 or 159. Orti and Sanchez designed a chiral N-annulated
perylene bisimide that self-assembles into supramoplecular
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Fig. 77 (a) Chemical structure of OPE 156. (b) Chemical structures of L-

glutamide derivatives (157) and achiral dyes 158 and 159. (c) Schematic
representation of different helical co-assemblies of 157 with 158 or 159
induced by solvent conditions. (e) SEM images of aggregates showing an M
helix obtained from ethanol. (d) SEM images of aggregates showing a
P helix obtained from ethanol/water. Reproduced from ref. 368 with
permission from the Royal Society of Chemistry, copyright 2019.

helical polymers with different handedness depending on the
solvent (methylclyclohexane or toluene).**°

2.7.3 Solvent-responsive covalent polymers. In chiral cova-
lent polymers, solvents are frequently employed as external
stimuli to induce helix inversion due to their effects on the
conformational flexibility of the chiral pendant groups. There-
fore, the use of organic and inorganic solvents, each of which
has unique physical and chemical properties, has enabled
screw sense control of dynamic covalent helical polymers.

Therefore, PPAs carrying chiral amino acid derivatives as
pendants usually show helix inversion in different solvents due
to conformational changes in the pendant group (Fig. 2b),”®
which places the substituents of the chiral pendant in different
spatial orientations. In this way, a mechanism is produced that
allows opposite helical senses to be induced.

For instance, Tang and Yashima described PPAs bearing
r-leucine®”® and p-i-alanine®”  derivatives as pendants that
showed solvent-induced helix inversion. Moreover, Yashima, using
a PPA with a chiral alanine as pendant (poly-160), was able to
visualize, through high-resolution AFM images, the two helical
senses adopted by poly-160 in solvents with different polarity, e.g.,
THF and benzene (Fig. 78).>”**”® Helix inversion also occurs in the
solid state by placing a 2D crystal in vapors of a solvent that
induces the opposite chirality (Fig. 78).

This dynamic behavior of PPAs in the solid state was also
employed by Tsuchihara to produce a colour change in a PPA
film under solvent exposure.’”* Thus, a chiral para-substituted
ether-PPA bearing an alcohol group and a long alkyl chain
(poly-161) (Fig. 79a) shows a colour change in the film state

This journal is © The Royal Society of Chemistry 2024
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Fig. 79 (a) Chemical structure of poly-161 (top), colour change of its film
under vapor exposure (middle), and ECD and UV spectra of its films in
different solvents (bottom). (b) Chemical structure of poly-162 (top),
schematic representation of its helical inversion (middle) and CD and
UV-vis spectra in DMSO/water at varied ratios. Reproduced from ref. 374
and 383 with permission from the American Chemical Society, copyright
2006.

prepared in diethylamine upon exposure of the film to solvent
vapors such as acetone, methanol, THF, and CHCl;. The yellow
to red colour change of the film is accompanied by a bath-
ochromic UV shift from 400 to 500 nm, and by a new ECD
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pattern with a positive Cotton band at 550 nm, which indicates
the presence of a highly stretched helix (Fig. 79a).

Another interesting examples of helix inversion under dif-
ferent solvent vapor exposures can be found in literature of
PPAs®”>?7® and PDPAs.>”” In some cases, solvent can produce
changes in both the elongation and the helical sense of dynamic
helical polymers. Yashima described PPA poly-162 containing
optically active cyclodextrin (CyD) as pendant (Fig. 79b),*”®
whose elongation and screw sense depend on the solvent used
to dissolve the polymer. Thus, while poly-162 adopts a more
compressed helix in alkaline water, when the DMSO content
increases in the solvent mixture, a bathochromic shift is
observed in the polyene band, which is accompanied by a colour
change of the solution from yellow to red and a helix inversion,
as inferred from ECD studies (Fig. 79b). These structural changes
are due to a different array of the CyD units along the polymer
chains in both solvents.

Over the last few years, several examples have been reported
involving solvent-induced helical structural changes in dynamic
helical polymers (sense and/or elongation) induced by solvents
that affect intra-pendant interactions within a helix.?”873%3

Recently, Wan®* reported a PPA bearing achiral alkoxycar-
bonyl and chiral alkylamide substituents at meta-positions of
its phenyl ring (poly-163) (Fig. 80a). In this case, a variation in
the elongation of the polymer between a cis-transoid (stretched)
and cis—cisoid (compressed) can be produced by playing with
the polarity of the solvent (Fig. 80b-d).

Another family of dynamic helical polymers, whose helical
scaffold shows solvent dependence, are polyquinoxalines (PQXs)
developed by Suginome and coworkers. In a first example, they
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Fig. 80 (a) Chemical structure of poly-163. (b) CD and UV-Vis spectra of

(R)/(S)-poly-163 in DMF and DMF/THF mixture (v/v, 10/90). (c) Photo-
graphs of poly-163 in solid and solution states in THF and in DMF
Reproduced from ref. 384 with permission from the American Chemical
Society, copyright 2017.
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reported a poly(quinoxaline-2,3-diyl)s that bears chiral (R)-2-
butoxy groups as side chains (poly-164).>*® This polymer adopts
a P helix in CHCl;, whereas an M helix is adopted in 1,1,2-
trichloroethane (1,1,2-TCE) (Fig. 81a), a helix inversion triggered
by a conformational change in the pendant. In a different
example, a polyquinoxanoline based phosphine (PQXphos)
copolymer, consisting of a chiral comonomer carrying (R)-2-
butoxymethyl groups and an achiral comonomer with a bulky
phosphorous group in a 950/50 ratio, also shows a helix inver-
sion in chloroform and in 1,1,2-trichloroethane/toluene (2/1)
mixture.*®

Next, the same group explored how solvents can affect the
Sergeants and Soldiers effect in poly(quinoxaline-2,3-diyl) copo-
lymers. Thus, different copolymer series were prepared using,
as chiral Sergeants, the monomeric repeating units carrying (R)-
2-butoxymethyl (165a), (S)-3-methylpentyl (165b), (R)-(pentan-2-
yloxy)methyl (165¢) and (S)-(2-methylbutoxy)methyl (165d) side
chains at positions 6 and 7 of the quinoxaline rings. Each
Sergeant was copolymerized with an achiral Soldier that bears
an achiral propoxymethyl chain also at positions 6 and 7 of the
quinoxaline rings (Fig. 81b).>**” In all cases, an effective P or M
solvent-dependent Sergeants and Soldier effect was observed. The
helical sense adopted by the copolymer is that dictated by the
chiral comonomer (Fig. 81b). The ability of these polymers to
adopt a single-handed helix, even when copolymerized with an
achiral quinoxanoline, was employed by the same group to prepare
a PQXphos acting as a catalysts, whose helical structure can be
transferred to an enantiospecific hydrosilylation reaction.*®® These
PQXs were also used to create a solvent-induced CPL switch.**°
Thus, after annealing in CHCl;, a PQX film displayed reflection of
right-handed CPL, whereas chiral reversion of reflected CPL was
observed after annealing in 1,2-DCE vapor.

Although most examples deal with the polarity of the
solvents, there is another relevant parameter that solvents
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Fig. 81 (a) Chemical structure of poly-(R)-164 and its CD spectrain 1,1,2-
TCE/CHClz with varied ratios. Reproduced from ref. 385 with permission
from the Royal Society of Chemistry, copyright 2010. (b) General chemical
structures of copolymers series 165a—d and their screw sense excess in
different solvents Reproduced from ref. 387 with permission from the
American Chemical Society, copyright 2013.
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possess and that must be considered, the donor character,
which is the ability to solvate cations and Lewis’s acids and is
related to the presence of atoms with free electron pairs. Freire
and Riguera developed a PPA that was able to differentiate
solvents based on their polarity and donor number, due to the
presence of two independent tuneable bonds in the pendant.
To do that, a PPA that bears (R)-a-methoxy-o-(trifluoromethyl)-
phenyl acetic acid (MTPA) as pendant [poly-(R)-166] was pre-
pared (Fig. 82).°°° In this polymer, the amide bond (H-)N-
C(=0) is sensitive to the donor ability of the solvent—trans,
non-donor solvents (CHCly); cis, donor solvents (THF), while
the (O=)C-C(-O) bond responds to the polarity of the sol-
vent—sp, polar solvents (DMSO); ap, low-polar solvents (DCM).
The sp/ap conformational change (O—)C-C(-O) produces a
helical inversion in the polymer due to a different spatial
location of the substituents, while the cis/trans conformational
change in the amide (H-)N-C(=O) produces changes in the
elongation of the polymer. As a result, four different helical
scaffolds are obtained for poly-(R)-166 taken into account the
donor character (compressed/stretched) and the polarity (P/M)
of the solvent (Fig. 82a). Moreover, this solvent behaviour for
poly-(R)-167 is observed in both solution and film state. The
authors used the ability of this polymer to form cis amide bonds
in THF to create a stereocomplex, where poly-(R)-166 interacts
with its enantiomeric and complementary helix to form fibre-
like aggregates that evolve into a gel at high concentrations.***

Freire performed also solvent-dependent studies on PDPAs
functionalized with chiral amino acids as pendants,**”»*>%3
obtaining syn/anti conformational equilibria similar to those
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Fig. 82 (a) Correspondence between the four different structural states

of poly-(R)-166 and the polar/low-polar and donor/non-donor properties
of the solvents. (b) Structure of poly-(R)-166 and PPAs with ortho-, meta-
and para-aromatic substitution and anilide and benzamide connectors.
Reproduced from ref. 391 with permission from the Royal Society of
Chemistry, copyright 2015.
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obtained for PPAs, although the activation energy to promote
helix inversion is very high providing the polymers a memory
effect. Also, the same group studied how the aromatic substitu-
tion in chiral PPAs (i.e., ortho, meta, para) and/or the connector
used to link pendant and backbone (i.e., anilide, benzamide)
affects the dynamic behaviour of PPAs and their solvent
response (Fig. 82b).>9%3%

The conformational control of the pendants by solvents was
also employed by Freire and Riguera to study conformational
communication mechanisms between chiral comonomers
along the polymer chain. Thus, they were able to prepare
several series of fully chiral copolymers in which the different
conformations adopted by the chiral Sergeants in various
solvents are transmitted to the chiral Soldiers through Sergeants
and Soldiers'*>'" or Chiral Coalition effects."

Most of the solvent response behavior of dynamic covalent
polymers found in the literature is based on a teleinduction
phenomenon, where the chiral information flows through the
different spatial orientation of substituents at the chiral centre
towards the polyene backbone. Lately, Freire’s group reported
two different chiral harvesting mechanisms to induce a helical
sense in the polymer (Fig. 3),'°>"%3*9%3%7 wwhere the conforma-
tional information in the chiral pendant placed at a remote
position is transferred to an achiral spacer and then harvested
by the polyene backbone. Another helix induction mechanism
that can be activated/deactivated by solvents is the Chiral
Overpass effect'®>'°® (Fig. 4a), where different chiral residues
of a multichiral pendant group can control the helical sense of
the helical polymer depending on the conformation adopted by
the pendant.

2.8 External stimuli: chiral molecules

Chiral molecules have been widely used as a stimulus to induce
the transfer of asymmetry from the molecular to the macro-
molecular level. Different strategies have been employed, from
simple chiral solvation to the development of sophisticated
receptors for specific targets. In this section we will show
different examples on the topic.

2.8.1 Covalent polymers. Chiral molecules represent the
archetypical stimuli for inducing asymmetry in covalent polymers.
Therefore, over the last decades, Okamoto, Yashima, Maeda and
others have developed a set of conjugated macromolecules that
carry different types of receptors such as carboxylic acids (e.g.,poly-
6),'03%% %0 crown ethers,*®*™* boronates,’*® phosphorylated
derivatives (e.g., poly-26),"***% gulphonic acids,**° amines
(eg, poly27),""*"*1> peptide sequences,”*"* cyclodextrines,**>*'>
and binaphthyls (e.g., poly-35),"***'® among many others. Upon
formation of the corresponding supramolecular interaction
between the polymer-bound receptor and the corresponding
chiral molecule, an efficient asymmetry transfer occurs towards
the macromolecule inducing preferred handedness. Remark-
ably, for some of the systems mentioned above, subsequent
removal of the chiral unit and its replacement with a non-chiral
counterpart gave rise to the memorized helical scaffold."*®
Further examples in other helical systems demonstrated an
efficient memory effect without the presence of a non-chiral
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chaperon if there is a sufficient energy barrier between the P/M
helices."*® The seminal example on this topic was reported by
Okamoto, Yashima and coworkers who worked with a polycarb-
oxylic polymer (poly-6) (Fig. 2, 83). The interaction of this
polymer with a chiral amine (e.g., (R)- or (S)-naphthylethyl-
amine) gives rise to the salt pair that promotes the adoption
of a preferred handedness. Replacement of the chiral amine
with an achiral amine or amino alcohol results in memorization
of the macromolecular screw sense.'®® This phenomenon was
denoted as Dynamic Helix Memory effect (Fig. 83a). In a second
generation of polymers, Maeda and Yashima managed to
remove the chiral inductor without adding other stimuli to
stabilize the helical structure, this phenomenon was called
Static Helix Memory (Fig. 83b).

This protocol has been successfully applied by Yashima’s
group working not only with PPAs with the aforementioned
receptors but also with other types of polymers such as poly-
(isocyanide)s (PICs),""**"” poly(phospazanes)*'®**® or PDPAs**°
among others, giving rise to different types of memory effects.
Similar effects occur in double-helical polymers stabilized by
carboxylate bridges through the intercalation of chiral amines.**'
A detailed explanation of each receptor and the memory effects
related to the nature of the polymer backbone can be found in
specific reviews.**?

Yashima also reported efficient asymmetry transfer during
the formation of inclusion complexes in the helical cavity of
PMMAs. Syndiotactic PMA (st-PPMA, poly-167) is known to
encapsulate fullerenes within its helical cavity.*>* Therefore,
they prepared a fullerene functionalized with a P or an M helical
3,0 peptide (168) (Fig. 84a). Upon encapsulation of the corres-
ponding fullerene, poly-167 folds into a preferred helical con-
formation, as demonstrated by VCD. Similarly, they found that
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Fig. 83 (a) Structures of polymers poly-6 and poly-35. Schematic illus-
tration of asymmetry induction and memory effect after (b) replacing the
chiral molecules by achiral ones (first generation, dynamic memory) and
(c) removal of the chiral molecules (second generation, static memory).
Reproduced from ref. 422 with permission from the Chemical Society of
Japan, copyright 2021.
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Fig. 84 (a) Schematic illustration of the asymmetry induction of PMMA

poly-167 upon encapsulation of fullerenes derivatives functionalized with
P or M 3jo-helical peptide (168) or with (b) P or M polylactic acid.
Reproduced from ref. 424 with permission from the American Chemical
Society, copyright 2020.

encapsulation of fullerene bearing P or M polylactic acid also
resulted in the folding of poly-167 into a preferred handedness
(Fig. 84b).***

Apart from directed supramolecular interactions between a
designed receptor and a target chiral molecule, in the literature
we can find a large number of examples of efficient asymmetry
transfer from solvent to solute (i.e., helical macromolecule).
Therefore, the use of chiral solvents as a source of chirality has
been applied for the helical induction in different macromole-
cules. For instance, Kwak reported the asymmetry induction of
a series of PDPAs containing trialkylsilyl moieties as pendant
groups (poly-169) by thermal annealing in (R)- or (S)-limonene
(Fig. 85a). During the annealing process, the macromolecule
concomitantly adopts a preferred helical sense that depends on
the absolute configuration of the solvent, as demonstrated by
ECD and CPL spectroscopies (Fig. 85b).***

In another example, Zhang employed the chirality of limo-
nene as an efficient asymmetry inductor in achiral PMMA-azo
(poly-170) (Fig. 85c and d)**® or crosslinked films of achiral poly-
(fluorene) derivatives®®” with chiral storage and self-recovering
properties. Thus, the chiroptical activity of poly-170 after induction
with limonene can be easily analyzed by CD spectroscopy due to
the presence of a strong bisignate band in the azo region
(Fig. 85€).*%°

Interestingly, in the case of chiral polyfluorene derivatives
[poly-(S)-171, Fig. 85f], Zhang induced opposite handedness in
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films generated from CHCI; or limonene solutions, because the
chirality came from a combination of the polymer side chains
and the solvents (Fig. 85g).**® Following this protocol, this
group has also prepared efficient multicolor CPL sources.**’

Suginome reported different examples of PQXs endowed
with solubilizing achiral lateral chains that adopt a preferred-
handed helical structure upon dissolving in chiral solvents, such
as poly-172 (Fig. 86a) that adopts a P helix in the presence of
(Rylimonene (Fig. 86b). This induction of asymmetry later occurred
in asymmetric catalysts for Suzuki, asymmetric silaborative C-C
cleavage and hydrosilylation reactions (Fig. 86c).**°

Nitschke and coworkers reported chiral induction, assisted
by chiral solvents, in double-helical metallopolymers 173 pre-
pared via subcomponent self-assembly (Fig. 87a). During these
studies, it was found that the metallopolymer/chiral solvent

This journal is © The Royal Society of Chemistry 2024


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 December 2023. Downloaded on 3/14/2026 12:34:08 PM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

Chem Soc Rev

a) O
PPh;
NS
990 10

Poly-172
b) S Poly-172 (DP) in
(R)-limonene
— (30)
_ — (40
4 — (60
2 —_ :102))
F — (150)
53 — (200)
— (250)
— (300)
-3 Wavelength (nm)
° [PdCI(-allyl)], SiCly
©/\ Poly-172 HSiCl,
—_—
(R)-Limonene/THF
Fig. 86 (a) Structure of poly-172. (b) CD spectra of poly-172 upon helical

induction with (R)-limonene. (c) Enantioselective reaction catalysed by
poly-172 and induced by (R)-limonene. Reproduced from ref. 430 with
permission from the American Chemical Society, copyright 2019.

interaction (ie., (S)-ethyl lactate) induces the adoption of P
double helices with a degree of asymmetry similar to the use of
a chiral initiator (Fig. 87b). Remarkably, asymmetry induction
works only during the self-assembly process, since the addition
of the chiral solvent once the polymer was generated did not
trigger any screw sense excess, as demonstrated by CD spectro-
scopy (Fig. 87b).**"
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Fig. 87 (a) Subcomponent self-assembly polymerization of double helical

metallopolymer 173 in the presence of a chiral solvent. (b) CD spectra
showing the formation of enantiomeric helical structures as function of
the enantiomeric form of the chiral solvent. Reproduced from ref. 431 with
permission from the American Chemical Society, copyright 2018.
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2.8.2 Supramolecular polymers. Chiral solvents represent
an effective strategy to induce asymmetry in supramolecular
polymers.**> Meijer and co-workers studied the impact of a
chiral solvent on the self-assembly of a chiral BTA-BIPY discotic
molecule [(S)-174] (Fig. 88a). Aggregation in dodecane shows an
active CD trace indicative of the formation of preferred-handed
supramolecular helices, induced by the intrinsic chirality of
BTA. Nonetheless, if aggregation occurs in a chiral alkane such
as (S)-(—)-2,6-dimethyloctane, the CD spectra show a slight
decrease in the CD trace, indicating a decrease in the asymmetry
of the aggregate (Fig. 88a)."** This group has also reported the use
of chiral (S)- or (R)-1-chloro-3,7-dimethyloctane to induce asymme-
try in triphenylene-2,6,10-tricarboxamides (TTAs)"***** bearing
non-chiral solubilizing chains (175 and 176) (Fig. 88b).*** Surpris-
ingly, only 20% ee of the chiral solvent is needed to fully induce a
preferred P/M-handedness in one-dimensional stack, following a
supramolecular majority rules effect. Taking advantage of the
induced handedness, these helical fibbers were employed as
efficient spin-filters attaining spin-polarization values of up to
40%.%**

This group also reported the impact of chiral solvents on the
self-assembly of TTAs containing chiral side chains [(S)-177 and
(R)-177]. They discovered that depending on the temperature,
the degree of solvation of the supramolecular polymer changes
and, consequently, the point chirality of the TTAS side chains
or the chirality of the solvents govern the screw sense of the
supramolecular polymer. Therefore, at low temperatures, when
the polymer is more solvated, chiral solvents govern the helicity
of the systems, while at high temperatures, when the polymer is
less solvated, point chirality is what controls the handedness of
the polymers (Fig. 88b).*** Moving from discotic to linear
molecules, the same group reported the self-assembly of three
different achiral oligo(p-phenylenevinylene)s (OPV)s with diami-
notriazine (A-OPVTs) (178) or ureidotriazine (A-OPVUTS) (179,
180) units devoid of chiral side chains (Fig. 88c). As expected,
aggregation in non-polar solvents gave rise to a racemic mixture
of helical aggregates, while the inclusion of a small percentage of
a chiral alcohol [i.e., (R)- or (S)-citronellol] produced a chiral bias
towards M- or P-helical stacks, respectively, as inferred by ECD
spectroscopy (Fig. 88d). Intriguingly, they found that chiral
alkanes were not able to efficiently transfer asymmetry to the
aggregate, thus indicating the presence of precise supramolecular
forces between solvent and solute (e.g., hydrogen bond between
the alcohol and the triazine unit) as a key factor in biasing the
handedness of the aggregates.”*® Bouteiller and coworkers
reported on the asymmetry induction in the formation of supra-
molecular nanotubes composed by benzene bisureas. In this
system, self-assembly of the achiral derivatives in the presence
of (R)- or (S)-limonene provided 33% of the maximum net helicity
achieved for analogous building blocks containing chiral side
chains.**

The chiral solvent-mediated asymmetry induction found in
supramolecular polymers in the solution state also operates at
the solid-liquid interface. Thus, De Feyter reported the multi-
component assembly of coronene, isophthalic acid and
dehydrobenzo[12]annulene at the solid-liquid interface, where
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Fig. 88 (a) Structure of BTA-(S)-174 and CD spectra showing the impact
of chiral solvent on the screw sense excess of the supramolecular polymer.
Reproduced from ref. 121 with permission from John Wiley and Sons,
copyright 1997. (b) Structures of TTAs 175 and 176. Structures of TTAs
(5)-177 and (R)-177 and CD spectra showing their temperature dependent
stereomutation in (S)-CldMeOct. Reproduced from ref. 433 with permis-
sion from Springer Nature, copyright 2021. (c) Structures of the OPVs
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helices depending on absolute configuration of the chiral solvent. (d)
Schematic illustration of the solvent drive symmetry breaking during
self-assembly. Reproduced from ref. 435 with permission from the Royal
Society of Chemistry, copyright 2011.
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the chirality of the system depended solely on the chiral solvent
used.”?” Another strategy to study the transfer of asymmetry
from a chiral molecule to supramolecular polymers is based on
the inclusion of a receptor at the periphery of the assembling
molecule. Following this idea, George and coworkers reported
on the formation of supramolecular polymers based on
naphthalene diimide that carried zinc-complexes as substitu-
ents (NDPA, 181). Opposite handedness is induced in the
supramolecular polymer that binds adenophosphates to these
receptors as a function of the number on phosphates anchored
to the chiral adenosine (i.e., ATP, P helix; AMP and ADP, M
helix). Additionally, the enzymatic transformation from ATP to
ADP mediated by alkaline phosphatase produces helix inver-
sion (Fig. 89).*384%9

2.8.3 Foldamers. As explained in the introductory section,
Inai and coworkers reported the so-called Domino effect in
foldamers composed by non-natural achiral amino acids alternat-
ing, in the sequence, Z-dehydrophenylalanine and Aib units. The
interaction of either the C or N terminus (COOH or NH, respec-
tively) of the foldamer with chiral amines or carboxylic acids
respectively, triggered the adoption of an excess of preferred screw
sense in the foldamer as depicted in Fig. 1¢.%>8>439441

This asymmetry induction mechanism was exploited by
Clayden and coworkers to develop stimuli-responsive folda-
mers based on 3;4-helical Aib peptides (Fig. 1)**® and oligour-
eas 66 (Fig. 18)."”” Different receptors such as amino groups,
ureas, boronic esters, pyridines, or metal complexes that upon
interaction with the corresponding guests induced changes in
the helical scaffold were introduced into the N or C terminus of
the foldamer. These interactions produced variations in the
spectroscopic data from NMR, CD or photoluminescence
among other techniques employed.®%7%7277478-81,4427444 Aq ap
example, the authors reported the preparation of an Aib folda-
mer carrying a 2-(aminomethyl)phenylboronic acid derivative
(182)—known to interact with geminal diols—placed at the
N-terminal position (Fig. 90a). Coordination of the diol 183
with the boron atom results in the adoption of a preferred
screw sense in the Aib foldamer. The helical bias is monitored
by the presence of evident chemical shifts and diastereotopic

F L
L AL

305 A/nm-— 445

(P)-NDPA-ATP

Pathway Il

Fig. 89 Chemical structure of naphthalene diimide 181, bearing as sub-
stituents zinc-complexes, that promotes P or M helical coassemblies by
interaction with ATP or ADP respectively. Reproduced from ref. 438 with
permission from John Wiley and Sons, copyright 2017.
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NMR signals in 'B and 'H experiments, respectively (Fig. 90b).**>
A very interesting asymmetry induction found in foldamers is
based on the encapsulation of achiral/chiral guests within the
helical cavity.”***™* Huc and Ferrand reported different
oligoamide-based foldamers (e.g., 184, Fig. 91a) and metallofol-
damers that encapsulate chiral guests such as tartaric acid**® or
different saccharides.”> Encapsulation of the corresponding
guest induced the adoption of a preferred-handed helical struc-
tures (Fig. 91b and c). Remarkably, modifications in certain
regions of the foldamer with light**" (Fig. 59) or addition of
metals induced additional helix inversion processes (Fig. 29b and
¢).2°%?%* 1j studied other examples of foldamers that encapsulate
saccharides, and designed oligohydrazide-type foldamers capable
of encapsulating glucose through hydrogen bonds. Changes in
foldamer length allowed the binding of different saccharides to
be modified, while the inclusion of chiral handles, such as
proline residues, allowed the binding events to be monitored
using CD spectroscopy.*”’***

meta-Phenylene ethynylenes (mPEs) represent another inter-
esting family of foldamers that adopt helical structures induced
by solvophobic effects.*>*"*>® For instance, Moore reported that
mPE 185 (Fig. 92a), with a triethyleneglycol side chain, folds
into a helical structure with no screw sense preference in
MeCN/H,0 mixtures. Upon addition of chiral terpenes, such
as pinene, a CD signal arises for both compounds indicating
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Fast F:1 \ 0

L VT
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> je]]

182/183 complex

Fig. 90 (a) Schematic illustration of the helical bias upon binding of a
substrate in the receptor of the Aib foldamer 182 and the corresponding
NMR spectroscopic output upon binding event. (b) Structure of the Aib
based foldamer 182 containing the boronate receptor for diols (top) and
1B and 'H NMR experiments showing the diastereotopic signals of 182
upon adoption of preferred screw-sense excess when interacts with the
chiral diol 183. Reproduced from ref. 445 with permission from Springer
Nature, copyright 2013.

This journal is © The Royal Society of Chemistry 2024

View Article Online

Review Article

‘ Foldamer Sequence (184) ‘

QQQ@QQ@WQO%@Q

o LR * pyr-piz-pyr
7 a P N
b)
s
€
£
E
X
w
<
c)
Fig. 91 (a) Structure of foldamer 184. (b) Schematic illustration of the

host—guest formation monitored by CD and structures of the guests. (c)
Host—guest complex formed by foldamer 184 and p-tartaric acid. Repro-
duced from ref. 450 with permission from the American Chemical Society,
copyright 2010.

the adoption of preferred handed helices. The asymmetry
induction comes from the formation of inclusion complexes,
where pinene is encapsulated within the helical cavity of the
mPE foldamer. Moore also prepared longer derivatives of up to
28 mPE units and also mPEs with different core linkers, which
were able to form inclusion complexes with chiral aromatic
pillars such as 186, 187 (Fig. 92b-d).*>*™**8

Inoue developed an m-pyridine ethynylene foldamer that,
upon binding to B-glucosides, folds into a helical structure with
preferred handedness in MeOH/H,O mixtures. Protonation of
the pyridine units also resulted in direct folding into helical
structures. Curiously, in this state, the chirality of the foldamer
(i.e., P and M helical conformations) depends on the mutarota-
tion of glucose. Additional modifications to the sequence of the
foldamer allowed the preparation of systems that self-assemble
into double-helical structures, which can be disassembled
upon binding the corresponding guests.****°°

2.9 External stimulus: pH

The influence of pH on stimuli-responsive helical polymers has
attracted significant attention from scientists working in this
field due to the possibility of controlling the helical sense
through the presence of positive or negative charges in the
chiral material.

2.9.1 pH-Responsive foldamers. In Chemical Biology, pH
control is crucial because many biological processes are
affected by pH fluctuations. Clayden and coworkers prepared
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Fig. 92 (a) Structure of foldamer 185. (b) Schematic illustration of the
host—guest formation with (c) chiral pillars 186 and 187 (reproduced from
ref. 457 with permission from the American Chemical Society, copyright
2001). ECD spectra upon the addition of a chiral molecule to foldamer 185.
Reproduced from ref. 458 with permission from John Wiley and Sons,
copyright 2002.

a series of Aib foldamers that respond to pH changes (188-198)
(Fig. 93a).** They demonstrated that these achiral helical folda-
mers selectively interact with chiral acidic ligands (199-206)
(Fig. 93b), inducing conformational preferences—screw sense
induction—detectable by "*C-NMR. By adding bases or acids to
the foldamer-ligand mixture, the conformational preference of
the foldamer chain can be switched between left- and right-
handed conformations (Fig. 93c). This pH-dependent conforma-
tional response allows the foldamer-ligand system to function as
a “proton-counting” molecular device, providing a tuneable and
reversible response to changes in its environment.

In a project led by Huc, a helix-rod was designed with host-
guest functionality.*®® This innovative design involved the
folding, binding, and random sliding motions of helical folda-
mers (specifically, aromatic oligoamides such as 207) along
rod-like guests (Fig. 94a). To facilitate this process, two distinct
binding stations were created along the rod-like guest 208: one
with a heptyl segment and the other with a diethylamine
segment.

The host-guest complex demonstrated negligible bias
between the two binding sites. However, during the experi-
mental work, an interesting observation was made. By adding
an acid, the researchers were able to selectively trap the host-
guest complex at a single binding site. Conversely, the addition
of a base, which served to deprotonate, successfully reactivated
the dynamic motion of the system (Fig. 94b).

2.9.2 pH-Responsive supramolecular polymers. pH-Responsive
chiral supramolecular aggregates have been employed to primarily
investigate mostly the pH-dependent chirality of co-assembled
hydrogels. In a specific study conducted by Feng and
coworkers,’®> a phenylalanine-derived gelator and an achiral
cationic polyacrylamide were co-assembled to form a chiral
hydrogel. The chirality could be controlled by pH adjustments,
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sentation of the helical sense of the foldamer at different pH after the
coordination with the ligands. Reproduced from ref. 444 with permission
from the American Chemical Society, copyright 2015.

so at pH 7, the hydrogels showed right-handed chirality, while at
pH 7 and above, the chirality switched to a left-handed configu-
ration. This observation suggests that at lower pH levels,
hydrogen bonds between carboxylic acids and amide groups
maintain the alignment of the nanostructures with a certain
twisting degree. In contrast, at higher pH values, the ionization
of carboxylic acid groups results in their interaction with
cationic quaternary ammonium ions through electrostatic inter-
actions, resulting in the rearrangement of packing patterns and
the formation of opposite chiral nanostructures.

Similarly, in another system investigated by Bhosale and
coworkers using NDI-L-Glu monomers (209), chiral supramole-
cular helices were formed (Fig. 95a)."®® In this case, the pH
response was as observed in the previous example. At acidic pH,

This journal is © The Royal Society of Chemistry 2024
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Fig. 94 (a) Molecular structure of aromatic oligoamide 207 and the rod
like guest 208. (b) Scheme of helix sliding along a nondegenerate guest
possessing a station that can be blocked or unblocked upon protonation
or deprotonation, respectively. The green dot symbolizes the amine
function, which can be included in the helical cavity. The yellow dot is
the corresponding ammonium, which is not included in the helical cavity.

the monomers interacted through hydrogen bonding between
the amides and carboxylic acids, while at high pH the car-
boxylic acids were deprotonated, and electrostatic repulsion
stabilized the opposite helical sense (Fig. 95b). Additionally, in
this system, it was found that the P/M helical sense of the
supramolecular aggregate could be switched and intercon-
verted after several pH cycles (Fig. 95¢).

The pH-responsive self-assembly of a histidine-functionalized
perylene diimide (HPH, 210) was studied by Govindaraju
(Fig. 96a). This molecule exhibited a pH reversible chiroptical
supramolecular aggregate switch with tunable 1D nanostructures
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Fig. 95 (a) Molecular structure of 209 and graphical illustration of P or M
helical senses of the supramolecular aggregate tuneable by the action of
pH. (b) CD spectra of 209 at pH 3 and 9. (c) pH chiroptical switch of a
supramolecular aggregate of 209 after different cycles at pH = 3 and pH =
9. Reproduced from ref. 463 with permission from Springer Nature,
copyright 2018.
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between thin or thick fibrils and belts.*** The pH-induced self-
assembly of 210 was confirmed by CD measurements (Fig. 96b
and c).

Besenius also explored pH-responsive supramolecular aggre-
gates using oppositely charged phenylalanine-based dendritic
peptide amphiphiles (211 and 212, Fig. 97a), which enabled
selective homopolymerization by pH modulation and charge
switching into comonomers.*®® The strategy involves attractive
Coulomb interactions in oppositely charged dendritic peptide
amphiphiles that reinforce weak non-covalent interactions,
resulting in the formation of alternating supramolecular copo-
lymers. By altering the pH and switching the peptidic mono-
mers, attractive electrostatic interactions are disrupted, leading
to selective polymerization and the formation of homopolymers
211 of the basic comonomer at high pH and homopolymers 212
of the acidic comonomer at low pH. The transition between
copolymers and homopolymers is reversible (Fig. 97b).

2.9.3 pH-Responsive dynamic covalent polymers. Yu explored
the synthesis of water-soluble, double-helical polymers that exhibit
responsiveness to multiple stimuli, including pH.**® The authors
achieved this goal by employing Passerini multicomponent
polymerization-induced assembly (PMPIA), which resulted in the
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Fig. 96 (a) Molecular structure and schematic representation of 210.

(b) Schematic illustration of the pH-responsive reversible chiroptical
aggregate switch and its tuneable 1D morphology induced by protonation—
deprotonation. Curly arrows indicate the handedness of the molecular
assembly of 210 (c) CD spectra of 210 at different pH. Inset: Plot of CD
intensity at 572 nm versus pH. (d) Reversible chiroptical switching at 572 nm as
a function of pH cycles. Curly arrows indicate the handedness of the
molecular assembly of 210. Reproduced from ref. 464 with permission
from the Royal Society of Chemistry, copyright 2016.
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Fig. 97 (a) Chemical structures of the C3-symmetric dendritic peptide
comonomers 211 and 212 and (b) their pH-regulated supramolecular
polymerization into homopolymers of 211 and 212, at high and low pH
respectively, and 211-212 copolymers at neutral pH. Reproduced from
ref. 465 with permission from John Wiley and Sons, copyright 2015.

formation of reversible polymers that adopt a helical structure and
possess an aggregation-induced emission (AIE) effect. The assem-
bly of polymers was driven by the polymerization-induced genera-
tion of supramolecular interactions in chiral o-acyloxyamides
(poly-213) (Fig. 98). Under neutral pH conditions, the polymers
self-assembled into a double helix structure, which was stabilized
by hydrogen bonds between the pyridines and the protons of the
amides. This helical arrangement exhibited circularly polarized
luminescence (CPL) and fluorescence due to m-stacking inter-
actions of the pyridines. As the pH decreased, the pyridines in the
a-acyloxyamides became protonated. Consequently, supramolecu-
lar interactions were simultaneously disrupted (Fig. 98). Increasing
pH causes neutralization of hydrogen atoms in amide bonds,
leading to breakdown of hydrogen bond interactions.

Freire successfully synthesized water-soluble helical amine-
PPAs with pH-responsive behaviour, such as poly-214.**” Impor-
tantly, the location of the amino group within the polymer
determines the mechanism and direction of the helical response.
At acidic pH, the preferred helical conformation is stabilized by a
hydrogen bond between the ammonium and carbonyl groups,
while at higher pH values, when the amino group is deprotonated,
an antiperiplanar orientation is preferred between both groups,
placing the substituents of the chiral centre in different locations
and therefore, promoting opposite helical senses. Helix inversion
could be observed in MeOH, but not in water, due to solubility
problems of the neutral form of poly-214 (Fig. 99).

Masuda reported poly(phenyleneethynylene-pyromellitic
diimide)s,**® which exhibited stable helical conformations that
could be disrupted by the addition of NaOH and subsequently
recovered by the addition of HCI. Zheng and Bao studied the
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Fig. 98 Schematic illustration of double-helical AlIE-active polymers 213
with multiple responsiveness via the PMPIA. Reproduced from ref. 466
with permission from the Royal Society of Chemistry, copyright 2020.

self-assembly of 1D gadolinium(u) phosphonate coordination
polymers (CPs) using different metal sources and ligands. They
achieved the formation of helical superstructures with control-
lable twist directions by manipulating interchain interactions
and pH. The specific counter-anions present in the system and
the pH determined the chemical composition and morphology
of the CPs.*®® Other examples dealing with a helix to random
coil transition triggered by pH are found in the literature for
unnatural polypeptides*’® and graft copolymers,*”" however, the
main goal of this review is to describe systems that form helical
structures whose scaffolds can be altered by the presence of
external stimuli.

3 Conclusions and outlook

Dynamic helical polymers (covalent and supramolecular) and
foldamers share the helix as structural motif, which can be
altered (sense and elongation) by the presence of external
stimuli. In this review, we highlight the most important helix
induction and conformational communication mechanisms
triggered by the presence of different external stimuli, which

This journal is © The Royal Society of Chemistry 2024
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provoke conformational or structural changes in the monomer
repeating units or building blocks and which are shared by
these different materials.

Thus, although helical polymers (covalent and supramole-
cular) and foldamers belong to different research areas, the
knowledge and advances achieved in the different materials
can also be applied to others. Therefore, through a rational
design of the components of helical polymers, it is possible to
create dynamic helices with stimuli-responsive properties that
can be used in different applications such as sensing, molecu-
lar recognition, asymmetric synthesis, signalling, information
storage, and son on.

In summary, this review shows the main stimuli-responsive
properties of dynamic chiral helical polymers, and the mechanisms
involved in the structural changes induced in macromolecular and
supramolecular helices. However, although the helices are different
and each one has its own intrinsic properties, the stimuli-response
capacity of the building blocks or monomer repeating units, and the
mechanisms involved in the structural changes of the helices are
similar, making it possible to extract information from a specific
system and employ it in another different material. Thus, by combin-
ing information from different systems, it is possible to search
for novel helical polymers with new or improved functionalities.
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