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Foldamers: design principles, building blocks and
applications

Anna H. P. Cronjé, Rueben Pfukwa ‘&) and Bert Klumperman = *

This review article explores foldamers, a class of synthetic oligomers designed to mimic the structural and
functional diversity of natural proteins. We begin by defining foldamers and outlining their significance,
tracing the historical development of the field and highlighting key milestones that shaped its progress.
The article examines the fundamental design principles of foldamers. Particular attention is given to back-
bone building blocks, the intra- and intermolecular interactions that stabilise folded structures, and the
influence of side-chain functionality and stereochemistry. The growing contribution of computational
methods in predicting foldamer conformations and dynamics is also addressed. A central part of this
review is devoted to structural diversity, guiding the reader through foldamer architectures ranging from
phenylene—ethynylene and aryltriazole systems to oligoamides, oligoureas, indolocarbazoles, and other
notable scaffolds. This structural journey sets the stage for a survey of applications, which include folda-
mer-based anion receptors and transporters, cation sensors, biomolecular recognition capsules, and
systems for protein complex and surface recognition. We also highlight developments in foldamer-based
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1 Introduction

Foldamers represent a groundbreaking class of synthetic poly-
mers engineered to adopt well-defined three-dimensional
structures through precise control of their monomer sequence
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stimuli-responsive materials and other emerging applications.

and chemical interactions. Unlike natural proteins, which are
composed of amino acids and fold into intricate structures
essential for biological functions, foldamers are constructed
from abiotic building blocks and designed to mimic protein-
like folding behaviour." These artificial macromolecules offer
unprecedented opportunities for creating molecular architec-
tures with tailored properties and functions, bridging the gap
between traditional small molecules and biological macro-
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Fig. 1 a. Hypothetical spiral model of an a-linked chain of 30 glucose units, reproduced from ref. 2 with permission from Wiley, C. S. Hanes, The
action of amylases in relation to the structure of starch and its metabolism in the plant, copyright 1937. b. 3:7 helix and 5:1 helix of polypeptides,
reproduced from ref. 3 with permission from the National Academy of Sciences, H. R. Branson, R. B. Corey and L. Pauling, The structure of proteins;
two hydrogen-bonded helical configurations of the polypeptide chain, copyright 1951. c. Double helix structure of DNA, reproduced from ref. 4 with
permission from Springer Nature: J. D. Watson, C. Crick and F. H., Molecular structure of nucleic acids a structure for deoxyribose nucleic acid,

Nature, copyright 1953.

molecules. The significance of synthetic foldamers lies in their
potential to revolutionize diverse fields such as drug discovery,
materials science, nanotechnology, and biotechnology.

The concept of foldamers dates back to the early to mid-
20" century. The first hypothetical “spiral” model of a-Malt
amylase was proposed by Charles Hanes in 1937 (Fig. 1a).” In
1951, Branson and his colleagues proposed the two hydrogen
bonded helical configurations of polypeptides (Fig. 1b).?
Shortly thereafter, Watson and Crick proposed the double
helical structure of deoxyribose nucleic acid (DNA) (Fig. 1c).*
These findings led to a major breakthrough in molecular
biology and resulted in a spike in research of amino acid poly-
mers through the 60s to 80s.>® Polymer chemists also found
these structures in synthetic polymers. In the 1950s, Natta and
co-workers first recognised that branched polyolefins can form
helical conformations in their crystalline regions.’ In 1960, Pino
and Lorenzi found experimental evidence of these structures in
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solution and later, others also reported this.'®"> The helical
conformations of other synthetic polymers, such as polyisocya-
nides,"® polychloral,'” chiral polysilanes,"® soon followed.

In 1992, Percec and co-workers reported on a synthetic
polymer able to self-assemble into disc-like and column-like
supramolecular structures similar to that of the tobacco
mosaic virus (Fig. 2a)."® In 1996, Gellman and co-workers
reported on a p-peptide oligomer which folded into a helical
structure different to that of the a-helix, which expanded the
repertoire of foldamer building blocks beyond natural amino
acids (Fig. 2b). Gellman’s group was also the first to use the
term “foldamer” to describe polymers that have the propensity
to fold into predictable secondary structures.”® At the same
time, polymer chemists synthesized polymers that could solvo-
phobically be driven to form helical structures such as oligoar-
ylenes by Hanan and co-workers in 1995,>' and oligo(aryle-
neethynylene)s by Nelson and co-workers in 1997.%*

In 2001, Hill and co-workers redefined foldamers to refer to
oligomers that fold into conformationally ordered states in
solution, of which the structure is stabilised by noncovalent
interactions between nonadjacent monomer units." Since
then, two research streams have focused on peptidomimetic/
202324 and abiotic foldamers.
Peptoids have been studied as peptide mimics since the intro-

nucleotidomimetic foldamers

duction of their efficient synthesis through submonomer
solid-phase synthesis by Zuckerman and colleagues.>
Peptoids are oligomers of N-substituted glycines which have
the ability to fold into several secondary structures and have
applications in metal binding, catalysis®® and medicine.””
There are dedicated reviews on peptoids and their potential as
pharmaceuticals,”® tools and sensors and recent advances on
peptoids as antimicrobials.*® This review, however will focus
on abiotic foldamers.

The motivation for studying foldamers stems from the
inherent limitations of natural proteins and small molecules
in addressing complex biomedical and material science chal-
lenges. Although proteins offer remarkable specificity and
functionality, their synthesis and modification are often

This journal is © The Royal Society of Chemistry 2026
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Fig. 2 a. Poly(2-vinyloxyethyl 3,4,5-tris[4-(n-dodecanyloxy)benzyloxylbenzoate) and the disc-like and column-like structures of the tobacco
mosaic virus, reproduced from ref. 19 with permission from the Royal Society of Chemistry, V. Percec, J. Heck, M. Lee, G. Ungar and A. Alvarez-
Castillo, Poly(2-vinyloxyethyl 3,4,5-tris[4-(n-dodecanyloxy)benzyloxylbenzoate): a self-assembled supramolecular polymer similar to tobacco
mosaic virus, copyright 1992. b. B-Peptide oligomer that self-assembles into a helical structure, adapted from ref. 20 with permission from the
American Chemical Society, D. H. Appella, L. A. Christianson, I. L. Karle, D. R. Powell and S. H. Gellman, p-Peptide foldamers: robust helix formation

in a new family of amino acid oligomers, copyright 1996.

complex and labour-intensive. On the other hand, small mole-
cules are relatively simple to design and synthesize but lack
the structural complexity and diversity of proteins.

The significance of foldamers lies in their potential to
bridge the gap between small molecules and biological macro-
molecules, thereby offering unique opportunities for designing
molecular architectures with tailored properties and functions.
Foldamers offer a middle ground combining the simplicity of
small molecules with the structural complexity and functional-
ity of proteins. By rationally designing foldamer sequences
and tuning their folding properties, researchers can develop a
variety of molecular architectures with precise control over
shape, size, and surface properties. This opens up exciting pos-
sibilities for the design of foldamer-based therapeutics,*® bio-
materials,®! molecular sensors,**® molecular machines,** and
materials with tailored properties and functions.

2 Design principles of foldamers

Abiotic foldamers represent a fascinating class of synthetic
molecules designed to fold into well-defined secondary and
tertiary structures that mimic the structural versatility and
functional diversity of natural proteins. Unlike traditional poly-
mers that adopt random coil conformations in solution, folda-
mers are engineered to exhibit predetermined folding patterns
driven by specific intra- and intermolecular interactions. These
interactions govern the folding process and stabilise the
desired three-dimensional structures.

This journal is © The Royal Society of Chemistry 2026

2.1 Backbone building blocks in foldamer design

The design of foldamers relies on carefully selected building
blocks, which govern the folding process and stabilises the
desired conformations. Building blocks refer to repeating units
that constitute the foldamer backbone, and specific arrangements
of these units lead to the desired folded structures.

Among the most commonly employed building blocks are
aromatic rings,?*® and cyclic structures,®” which restrict the
degrees of freedom available to the foldamer backbone. By
taking advantage of different arene substitution patterns,
these building blocks can be linked together in multiple ways,
which introduces a certain curvature angle to be built into the
polymer backbone (Fig. 3a). An example of this can be seen by
varying the way aromatic oligoamide units are linked together
to form helixes with different cavity sizes. When meta-di-
substituted building blocks are linked to each other the helix
has a cavity size of 9 A (Fig. 3b). However, alternating this
block with a para-disubstituted building block increases the
cavity size to 30 A (Fig. 3c).*® Backbone rigidity also plays a
crucial role in determining the folding propensity and stability
of foldamer structures and therefore aromatic rings and cyclics
are perfect backbone building blocks.

2.2 Building blocks for intra- and intermolecular interactions

Other specific building blocks are used to link these aromatic
units to introduce patterns of intramolecular interactions that
dictate the folding pathway and stability of the foldamer struc-
ture. These interactions include hydrogen bonding, solvophobic
interactions, n-r stacking, and metal coordination.**™*! Some of

Polym. Chem.
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Fig. 3 a. Arene substitution patterns. b. Aromatic oligoamide helix from meta-disubstituted building blocks. c. Aromatic oligamide helix from alter-
nating meta and para disubstituted building blocks, reproduced from ref. 38 with permission from Wiley, A. R. Sanford, K. Yamato, X. Yang, L. Yuan, Y.
Han and B. Gong, Well-defined secondary structures: information-storing molecular duplexes and helical foldamers based on unnatural peptide
backbones, copyright 2004.

42,43 mide and creates a cavity of 0.85 nm.*® Gong reported on inter-

esting oligoamide polymers that consist of benzene rings linked

the most commonly employed are amides, triazoles,™*

ureas,”*® and hydrazines,"” which will be discussed later.

An example of an intramolecular hydrogen-bond-driven fol-
damer is shown in Fig. 4a. Here, intramolecular hydrogen
bonds stabilise the helical conformation of the oligoanthirila-

with secondary amide groups. Depending on insertion of only
meta or meta/para linked repeat units, and on the length of the
foldamers, they could form crescents, helices or macrocyclesst-
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Fig. 4 a. Hydrogen-bond-driven helix formation in oligoanthirilamides, reproduced from ref. 48 with permission from Elsevier, H. P. Yi, C. Li,
J. L. Hou, X. K. Jiang and Z. T. Li, Hydrogen-bonding-induced oligoanthranilamide foldamers. Synthesis, characterization, and complexation for ali-
phatic ammonium ions, copyright 2005. b. Cresents, helices, and macrocycles of oligomide foldamers, reproduced from ref. 49 with permission
from the American Chemical Society, B. Gong, Hollow crescents, helices, and macrocycles from enforced folding and folding-assisted macrocycliza-
tion, copyright 2008. c. Oligo(m-phenylene ethylene) foldamers, reproduced from ref. 50 with permission from Springer Nature: O. Keunchan, K.
Jeong and J. S. Moore, Folding-driven synthesis of pligomers, Nature, copyright 2001. d. PBI staircase helical structures, reproduced from ref. 51
with permission from the Royal Society of Chemistry, V. Dehm, M. Blchner, J. Seibt, V. Engel and F. Wirthner, Foldamer with a spiral perylene bisi-
mide staircase aggregate structure, copyright 2011.

Polym. Chem. This journal is © The Royal Society of Chemistry 2026
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abilised by intramolecular hydrogen bonding (Fig. 4b).** A
typical example of solvophobically driven folding, where n—n
stacking stabilises the helical structure is that of meta-connected
phenylene ethynylene oligomers (m-PPE) (Fig. 4c).”® Another
interesting helical structure, where an oligophenylene ethyny-
lene/perylene bisimide (PBI) forms a staircase aggregate helical
structure due to n-x stacking has also been reported (Fig. 4d).>"

2.3 Side-chain functionality and stereochemistry

Side-chain functionality also influences foldamer-folding
behaviour by dictating intermolecular interactions and steric
constraints. Functionalized pendant groups such as polar
groups, hydrogen bond donors and acceptors, and aromatic
residues can participate in specific interactions that stabilise
the folded structure. Moreover, the spatial arrangement of side
chains can dictate the overall shape and surface properties of
the foldamer, thereby influencing its interactions with other
molecules. The most commonly employed pendant groups are
based on oligo(ethylene glycol) attached via ether, ester or
amide linkages. Other common side groups are tert-butyl and
isobutyl groups attached via ether linkages.

Stereochemistry, particularly in chiral foldamers, introduces
additional complexity and diversity into foldamer design. By
controlling the stereochemistry of the monomer units and their
spatial arrangement within the foldamer backbone, researchers
can create enantiomerically pure structures with unique folding
properties and chiral recognition capabilities. This level of
control over molecular chirality opens new avenues for design-
ing bioactive compounds, catalysts, and materials with
enhanced stereoselectivity and biological activity.

a. b.
Achiral Chiral
Building block Building block

|

|
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There are a few different ways that specific stereochemistry
can be introduced into foldamers. The easiest way to explain
these are by looking at helical foldamers. Helices are chiral
structures, they have a twist sense, because they twist clockwise
(P-helix) or anti-clockwise (M-helix) along a central axis. When
achiral building blocks are used, there will be a racemic
mixture of P and M-helices in solution (Fig. 5a).>> To produce
helices with a specific handedness, multiple routes are avail-
able. The building block itself can be chiral, which only allows
the helix to twist in a certain direction (Fig. 5b).>>* Attaching
chiral side chains to the foldamer backbone can also influence
the chirality of the backbone, producing single-handed helices
(Fig. 5¢).>*7 The foldamer can also be modified at one end
with a chiral group, which by the sergeants and soldiers effect
induces a certain chirality to the whole backbone (Fig. 5d).>*®*
Davis and co-workers recently reported that using different
end groups provides a means to control the helical pitch of the
foldamer helix.®*

Ansari and Knipe recently wrote an interesting concept
article exploring the use of atropisomeric bonds as design
elements in foldamer formation. This opens up another
dimension of control when designing foldamers and is an
interesting, yet underexplored design tool which can advance
the future of foldamers.®®

2.4 Computational methods for predicting foldamer
structures and dynamics

One of the key challenges in foldamer design is the prediction
of folded structures and stability from the primary sequence of
the monomer units. Computational methods offer valuable
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Fig. 5 a. Racemic mixture of M and P-helices from achiral building blocks. b. single-handed helix from chiral building blocks, reproduced from ref.
52 under the terms of the Creative Commons Attribution 3.0 International License. c.single-handed helix induced by attached chiral side chains,
reproduced from ref. 56 with permission from Springer Nature: P. H. J. Kouwer, M. Koepf, V. A. A. Le Sage, M. Jaspers, A. M. Van Buul; Z. H. Eksteen-
Akeroyd, T. Woltinge, E. Schwartz, H. J. Kitto, R. Hoogenboom, S. J. Picken, R. J. M. Nolte, E. Mendes and A. E. Rowan, Responsive biomimetic net-
works from polyisocyanopeptide hydrogels, Nature, copyright 2013. d. single-handed helix induced by chiral endgroups, reproduced from ref. 61
with permission from the Royal Society of Chemistry, M. Lago-Silva, M. Fernandez-Miguez, R. Rodriguez, E. Quifiod and F. Freire, Stimuli-responsive

synthetic helical polymers, copyright 2023.

This journal is © The Royal Society of Chemistry 2026
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insights into the thermodynamics and kinetics of foldamer
folding, allowing researchers to identify key interactions
driving the folding process and optimize foldamer sequences
for desired structural motifs and properties.

In the last three decades, computational methods have
emerged as powerful tools for predicting the folding behaviour
and structural dynamics of foldamers. As early as 1994, Gellman
and co-workers performed model studies and screened a library
of B-peptide foldamers to identify backbones that favoured helical
conformations.””®* Simulations have been used to predict which
functionalised meta-phenylene ethynylene polymers will adopt
helical conformations in different solvents, based on structural
and energetic considerations.”>*® Molecular modelling tech-
niques, such as molecular dynamics simulations,” " Monte
Carlo simulations,”””® and DFT quantum mechanical
calculations,”>””” enable researchers to explore the conformation-
al space of foldamers and identify energetically favourable folding
pathways.

Moreover, computational approaches facilitate the design of
novel foldamer structures with tailored properties and functions
by guiding rational design strategies and virtual screening of can-
didate sequences. By integrating experimental data with compu-
tational modelling, researchers can accelerate the discovery and

View Article Online

Polymer Chemistry

optimization of foldamer-based materials, therapeutics and mole-
cular devices,”® thereby unlocking new opportunities for inno-
vation in molecular engineering and nanotechnology.

3 Exploring the diversity of foldamer
architectures and their building blocks

Foldamers, which are synthetic polymers capable of adopting
defined three-dimensional conformations, exhibit remarkable
structural diversity and versatility. By tuning their chemical
composition and backbone architecture, foldamers can adopt
a wide range of shapes and structures with unique properties
and potential applications. Here, we delve into the different
classes and shapes of foldamers, focusing on synthetic poly-
mers, and provide examples of each.

3.1 A journey through shapes and structures

Pillar-like architectures are typically composed of aromatic
rings linked by flexible chains that allow them to stack
(Fig. 6a). Folding is typically driven by solvophobic effects
stabilised by n-n stacking.”®"®> These types of stacked struc-
tures can be compared to important natural structures such as

Fig. 6 a. Pillar-like architecture, adapted from ref. 82 with permission from the American Chemical Society, V. J. Bradford and B. L. Iverson,
Amyloid-like behaviour in abiotic, amphiphilic foldamers, copyright 2008. b. Oligoamide knots, reproduced from ref. 84 with permission from Wiley,
J. Brlggemann, S. Bitter, S. Muller, W. M. Miiller, U. Muller, N. M. Maier, W. Lindner and F. Vogtle, Spontaneous knotting — from oligoamide threads
to trefoil knots, copyright 2007. c. “Tail-biter"/pocket structure of an oligoamide, reproduced from ref. 86 with permission from the Royal Society of
Chemistry, C. A. Hunter, A. Spitaleri and S. Tomas, Tailbiter: a new amide foldamer, copyright 2005. d. Zig-Zag structure of oligo m-aniline, repro-
duced from ref. 89 with permission from Elsevier, S. Li, D. X. Wang and M. X. Wang, Oligo-m-aniline foldamers, copyright 2012. e. Aromatic oligoa-
mide folding into canonical and noncanonical herringbone helices with amide and quinoline units (grey) and 6-aminomethyl (red), adapted from ref.
90 with permission from the American Chemical Society, N. Delsuc, F. Godde, B. Kauffmann, J. M. Léger and I. Huc, The herringbone helix: a nonca-
nonical folding in aromatic—aliphatic peptides, copyright 2007. f. Oligoamide-based p-sheet, adapted from ref. 93 with permission from the
American Chemical Society, L. Sebaoun, B. Kauffmann, T. Delclos, V. Maurizot and I. Huc, Assessing stabilisation through n—= interactions in aromatic
oligoamide B-sheet foldamers, copyright 2014.

Polym. Chem. This journal is © The Royal Society of Chemistry 2026
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G-quadruplexes which have interesting applications in DNA
machines.®® Oligoamide knots have also been reported where
the extended threads are thought to knot in favourable sol-
vents through pre-programmed favourable hydrogen-bond pat-
terns (Fig. 6b).*" The knot motif is of interest because in
nature they are present in cyclotides which are macrocyclic
peptides derived from plants which have applications in agri-
culture and as scaffolds in pharmaceutical designs.®® Another
interesting architecture was reported by Tomas and co-
workers, of a so called “tail-biter”. A synthetic oligoamide was
programmed to fold in solution, driven by hydrogen bonding
and aromatic interactions, leading to a pocket-like structures
(Fig. 6¢).%° Multiple groups have also reported on zig/zag or
snake-like architectures which are typically built from rigid
aromatic units linked by amide or amine functionalities to
enable hydrogen bonding directed folding, and to stabilise the
folded structures (Fig. 6d).>”®° Huc and co-workers reported a
noncanonical herringbone helical architecture based on alter-
nating 8-amino-2-quinoline carboxylic acid (Q) and dimethyl
2,6-pyridinedicarboxylate (P) monomer units. The methylene
units of the “P” repeat units set the pyridine and amide units
at a 90° angle, resulting in the formation of a herringbone
helical structure (Fig. 6€).”® More common architectures are,
crescents, macrocycles, helices and f-sheets.' %9192

View Article Online

Review

Helical foldamers are characterized by the repetitive arrange-
ment of monomer units along a helical axis, with specific back-
bone torsion angles driven by solvophobic interactions, intra-
molecular interactions such as hydrogen bonding and n-r stack-
ing, to self-assemble into well-defined helical architectures.
B-Sheets are foldamers with two oligomeric strands that are
linked with a rigid turn which stack on top of each other and are
typically stabilised by intramolecular n-n stacking (Fig. 6f).*
Natural proteins have specific functions due to their folding pat-
terns, and o-helix and p-sheet segments are common folding
motifs present in proteins.”* The B-sheet and its interactions in
various biological processes have made it an important motif to
study and understand, specifically in amyloid related diseases
such as Alzheimer’s,”® and as protein recognition motifs.”®
Another emerging research field is development of higher order
structures, however very few have been reported.”’® In the next
section the plethora of foldamers based on the different building
blocks they are made of is discussed.

3.2 Phenylene-ethynylene-based foldamers

3.2.1 ortho-Phenylene-ethynylene foldamers (o-PE). Jones
and co-workers were the first to study the folding behaviour of
0-PE tetramers. A library of o-PEs containing electron-rich and
electron-poor phenylene rings were synthesized (Fig. 7a). The

/?0
o0

N ((S.S.P)-T),Pd;

‘Cl

Fig. 7 a. o-PE tetramers with electron-rich (red) and electron-poor (blue) phenylene rings, adapted from ref. 100 with permission from the
American Chemical Society, T. V. Jones, M. M. Slutsky, R. Laos, T. F. A., De Greef and G. N. Tew, Solution *H NMR confirmation of folding in short
O-phenylene ethynylene oligomers, copyright 2005. b. o-PE, CPL-based ratiometric probe, adapted from ref. 102 with permission from the
American Chemical Society, P. Reiné, J. Justicia, S. P. Morcillo, S. Abbate, B. Vaz, M. Ribagorda, A. Orte, L. Alvarez De Cienfuegos, G. Longhi,
A. G. Campafia, D. Miguel and J. M. Cuerva, Pyrene-containing ortho-oligo(phenylene)ethynylene foldamer as a ratiometric probe based on circu-
larly polarized luminescence, copyright 2018. c. Stapled nucleus (S,S,P)-1, helical, systems (S,S,P)-2 (S,S,P)-6, ligand (S,S,P)-7 and metallosupra-
molecular complex ((S,S,P)-7)2Pd,, reproduced from ref. 103 with permission from the Royal Society of Chemistry, A. M. Ortufio, P. Reiné, S. Resa, L.
Alvarez De Cienfuegos, V. Blanco, J. M. Paredes, A. J. Mota, G. Mazzeo, S. Abbate, J. M. Ugalde, V. Mujica, G. Longhi, D. Miguel and J. M. Cuerva,
Extended enantiopure ortho-phenylene ethylene (o-PE)-based helical systems as scaffolds for supramolecular architectures: a study of chiroptical
response and its connection to the CISS effect, copyright 2021.
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effect of n-rich and n-poor systems was studied, and it was con-
cluded that slight temperature variations could also stabilise
the folding structure, in addition to solvent effects.'” Jones
and co-workers were also the first to use "H NMR and NOESY
spectroscopy to show evidence of helical folding behaviour in
0-PEs. Subsequently, Slutsky and his colleagues developed a
method using HMBC NMR spectroscopy experiments to assign
the aromatic spin systems of these 0-PEs.'®! More recent devel-
opments include the attachment of fluorescent pyrene to
0-PEs, which function as circularly polarized luminescence
(CPL)-based ratiometric probes,'®? (Fig. 7b) and metallo-supra-
molecular complexes formed from stapled o-PEs foldamer
helices (Fig. 7¢).'*

3.2.2 meta-Phenylene-ethynylene foldamers (m-PPE). As
early as 1997, Nelson and co-workers reported a nonbiological
oligomer with an aromatic hydrocarbon backbone that has
structural features that allow for a helical conformation with a
large cavity (Fig. 8a and b). The meta-phenylene acetylene oli-
gomers were appended with triethylene glycol monomethyl
ether side chains, which allowed solubility in multiple organic
solvents.”” The folding behaviour was driven by solvophobic
effects, and they showed that folding was sensitive to chain
length, solvent quality and temperature. In 2002, Kiibel and
colleagues reported on the molecular packing and morphology
of m-PPEs. When all monomer units were in the cisoid state,
helices were formed, and when all monomer units were in the
transoid state, ribbon-like structures were formed.'®* Moore’s
group extended their research on m-PPEs by incorporating
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chiral and rod-like guests into the helical cavity and showed
that the system had potential in molecular recognition (Fig. 8c
and d).”"'® By 2004, Stone synthesized the first water soluble
m-PPE, by appending hexa(ethylene glycol) side chains to the
backbone."*®

3.3 Aryltriazole-based foldamers

3.3.1 meta-Linked triazole-based foldamers. Since the
introduction  of  2,6-bis(1-aryl-1,2,3-tri-azol-4-yl)pyridines
(BTPs) as building block for foldamers by Meudtner and co-
workers in 2007, a lot of research has been done on BTPs as it
provides a highly functional kinked building block with an
extended ligand scaffold, which can be readily accessed via
“click chemistry”.'®” These foldamers switche to the syn-syn
conformation upon protonation or metal coordination, which
allows chelation of metals and formation of metal complexes
using BTPs as ligands (Fig. 9a). The BTP building block was
used to create higher oligomers, which prefer the anti-anti
conformation, and the kinked building blocks are linked by
meta-substituted phenylene hinges. The only allowable
rotation occurs around the connecting bonds at the m-pheny-
lene hinges, which leads to folding into a helical conformation
that is enthalpically stabilised by the resulting n-n stacking
interaction. By incorporation of side chains with chiral groups,
helicity of the polymers in polar solvents could be controlled
and helix inversion was achieved by incorporation of achiral
halide ions (Fig. 9b).'®

Fig. 8 a. m-PPE polymer structure appended with triethylene glycol side chains. b. Helical conformation of a m-PPE octadecamer, adapted from
ref. 22 with permission from AAAS, J. C. Nelson, J. G. Saven, J. S. Moore and P. G. Wolynes, Solvophobically driven folding of nonbiological oligo-
mers, copyright 1997. c. Incorporation of a chiral guest in m-PPE, adapted from ref. 71 with permission from the American Chemical Society,
R. B. Prince, S. A. Barnes and J. S. Moore, Foldamer-based molecular recognition, copyright 2000. d. Incorporation of a rod-like guest in m-PPE,
adapted from ref. 105 with permission from the American Chemical Society, A. Tanatani, M. J. Mio and J. S. Moore, Chain length-dependent affinity

of helical foldamers for a rodlike guest, copyright 2001.

Polym. Chem.
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Fig. 9 a. BTPs as ligands for metal complexes with syn—syn conformations upon protonation or metal coordination, reproduced from ref. 107 with
permission from Wiley, R. M. Meudtner, M. Ostermeier, R. Goddard, C. Limberg and S. Hecht, Multifunctional “clickates” as versatile extended hetero-
aromatic building blocks: efficient synthesis via click chemistry, conformational preferences, and metal coordination, copyright 2007. b. Higher BTP
oligomers with chiral side chains form helical structures in polar solvents, reproduced from ref. 108 with permission from Wiley, R. M. Meudtner and
S. Hecht, Helicity inversion in responsive foldamers induced by achiral halide ion guests, copyright 2008.

This work inspired the development of similar foldamers
based on 1,2,3-triazoles. Using the same concept, research into
aryl-triazole oligomers has become popular, and their ability
to bind to anions is a topic of interest. Juwarker and co-workers
were the first to explore the intermolecular interactions between
the electropositive CH side of the aryl-triazole oligomers and elec-
tron-rich anions. It was shown that the 1,2,3-triazole CH---CI~
interaction could guide folding in solution and in the solid
state."® Juwarker and co-workers then studied the binding
affinities of these oligomers with various anions by "H NMR spec-
troscopy titrations. The effective ionic radii of the anions were
found to be the primary determinant of the binding interactions
of the guest molecules. They concluded that the solvent effects
are significant, and the strength of the binding interaction
depends directly on the donor ability of the solvent (Fig. 10a)."*°
Wang and co-workers designed a variety of cationic oligo(aryl-tri-
azole)s able to fold into helical conformations in water and incor-
porated an amide N-H group as hydrogen-bond donor to con-
struct anion-receptor oligo( phenyl-amide-triazole)s (Fig. 10b and
¢).""412 Similar work was reported by Shang and colleagues,
where a pyridinium motif were incorporated for anion
binding.""? This anion binding mechanism led You and co-co-
workers to design a triazole-based oligomer as a halogen bonding
receptor for organohalogens (Fig. 10d)."**

The 1,2,3-triazole moiety is an excellent hydrogen bond-
donor due to its high dipole moment. Jiang and co-workers

This journal is © The Royal Society of Chemistry 2026

reported on the incorporation of halogen aryl-triazole units
with oligomers based on isobutyl-4-fluorobenzoate or isobutyl-
4-chlorobenzoate and their folded conformations (Fig. 10e &
£).** The research into meta-linked aryl-triazole oligomers
evolved and a lot of interesting foldamers were created in the
last decade, some of which are discussed below.

Hua and co-workers designed a triazole-based oligomer
capable of encapsulating chloride ions in aqueous acetonitrile
solutions. The hydrophobic collapse of the foldamer capsules
drives the solvent out and allows a microenvironment for
hydrogen bonding (Fig. 11a)."*> Wang and co-workers devel-
oped ruthenium(m) complexes of aryl-triazole oligomers as
anion receptors (Fig. 11b)."*® Zhao and co-workers then syn-
thesized a triazole-based oligomer with ethynyl spacers to
allow binding of various shaped anions including halides and
oxyanions (Fig. 11c).""” Yang and co-workers, modified an aryl-
triazole foldamer with a naphthalimide fluorescent motif that
enabled monitoring of enhanced anion-induced folding by
fluorescence spectroscopy (Fig. 11d)."'® Borissov and co-
workers designed interesting neutral iodotriazole foldamers as
tetradentate halogen bonding anion receptors with enhanced
anion affinities compared to their hydrogen bonding ana-
logues, and with higher selectivity towards iodide ions over the
lighter halides."® Thereafter, Borissov and co-workers pro-
posed a novel approach for the recognition of anions in water
by using a charge-neutral c-hole halogen and a chalcogen

Polym. Chem.
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Fig. 10 a. 1,4-Diaryl-1,2,3-triazole oligomer capable of binding anions, adapted from ref. 110 with permission from the American Chemical Society,
H. Juwarker, J. M. Lenhardt, J. C. Castillo, E. Zhao, S. Krishnamurthy, R. M. Jamiolkowski, K. H. Kim and S. L. Craig, Anion binding of short, flexible
aryl triazole oligomers, copyright 2009. b. Cationic oligo(aryl-triazole) oligomers, reproduced from ref. 112 with permission from Wiley, Y. Wang, F.
Li, Y. Han, F. Wang and H. Jiang, Folding and aggregation of cationic oligo(aryl-triazole)s in aqueous solution, copyright 2009. c. Representation of
folding of oligo(phenyl-amide-triazole) with chloride binding, reproduced from ref. 111 with permission from Wiley, Y. Wang, J. Xiang and H. Jiang,
Halide-guided oligo(aryl-triazole-amide)s foldamers: receptors for multiple halide ions, copyright 2011. d. Triazole-based oligomers bind organoha-
lides through multiple N---I halogen bonds, reproduced from ref. 114 with permission from Wiley, L. Y. You, S. G. Chen, X. Zhao, Y. Liu, W. X. Lan,
Y. Zhang, H. J. Lu, C. Y. Cao and Z. T. Li, C—H---O hydrogen bonding induced triazole foldamers: efficient halogen bonding receptors for organohalo-
gens, copyright 2012. e. Structure of isobutyl-4-fluorobenzoate triazole based oligomer, adapted from ref. 44 with permission from the American
Chemical Society, J. Shang, N. M. Gallagher, F. Bie, Q. Li, Y. Che, Y. Wang and H. Jiang, Aromatic triazole foldamers induced by C-H---X (X = F, Cl)
intramolecular hydrogen bonding, copyright 2014. f. Structure of isobutyl-4-chlorobenzoate triazole based oligomer, adapted from ref. 44 with per-
mission from the American Chemical Society, J. Shang, N. M. Gallagher, F. Bie, Q. Li, Y. Che, Y. Wang and H. Jiang, Aromatic triazole foldamers

induced by C—H---X (X = F, Cl) intramolecular hydrogen bonding, copyright 2014.

bonding acyclic host. The integration of halogen and chalco-
gen bond-donor atoms into a foldamer structure containing
hydrophilic functionalities exploits the intrinsic hydrophobi-
city of the polymer. A 2:1 host-guest stoichiometric complex
assembly was formed in water, with the anion encapsulated,
stabilised by multidentate, o-hole donors
(Fig. 11e).1%°

Bunchuay and co-workers’ more recent work includes syn-
thesis of a charge-neutral halogen bonding tetradentate iodo-
triazole macrocycle for anion recognition. The macrocycle con-
sists of a tri-ester group for solubilization, a bidentate iodotria-
zole as the anion binding site, and an aromatic xylyl/naphthyl
spacer unit."”* Liu and co-workers also proposed a foldamer
capable of encapsulating anions, inspired by the solvent exclu-
sion principle. They designed sequence-defined aryl-triazole
foldamers, which in their helical folded states are pre-organ-
ised for 1:1 anion complexation."*?

3.3.2 para-Linked aryl-triazole foldamers. Pfukwa was the
first to postulate that the use of para-aryl-disubstitution in poly
(aryl-triazoles) (P(p-AT)s) could lead to helical conformations,
given that the 1,4-disubtitution of the triazole moiety would
induce enough curvature in the polymer (Fig. 12a). This substi-

convergent

Polym. Chem.

tution pattern would lead to a helical structure with a much
larger cavity than the meta-linked systems studied before and
had the potential of encapsulating much larger molecules.
Molecular modelling of the all cisoid P(p-AT) predicted a helix
with a cavity of 30.6 A (Fig. 12b). The P(p-AT)s were appended
with tri(ethylene glycol) monomethyl ether side chains to
impart solubility, stability and chirality to the helix
(Fig. 12¢)."** The folding was solvophobically driven by adding
water (a bad solvent) to DMF (a good solvent). Folding was
tracked by UV-Vis spectroscopy and circular dichromism (CD)
spectroscopy. As the water content increased from 0 to 13%,
the polymer started to fold, forming loose spring helices,
while at higher water contents the helices started tightening
and form stable helices. When the water content exceeds 28%
the helices started to stack and form nanotubes that eventually
aggregated into bundles (Fig. 12d). Pfukwa and co-workers
also showed that the foldamer was capable of encapsulating
poly(y-benzyl-i-glutamate) (PBLG), which was chosen to mimic
a single RNA strand (Fig. 12e).'** Recently, Carter and co-
workers also showed how linear dichromism (LD) could be
used as a tool to track the higher-order assembly of these P(p-
AT)s in solution.'®®

This journal is © The Royal Society of Chemistry 2026
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Fig. 11 a. Triazole-based oligomer for encapsulation of anions, adapted from ref. 115 with permission from the American Chemical Society, Y. Hua,
Y. Liu, C. H. Chen and A. H. Flood, Hydrophobic collapse of foldamer capsules drives picomolar-level chloride binding in aqueous acetonitrile solu-
tions, copyright 2013. b. Ruthenium(i) complexes of aryl-triazole oligomers, reproduced from ref. 116 with permission from Wiley, Y. Wang, W.
Zhao, F. Bie, L. Wu, X. Li and H. Jiang, Ruthenium(i) complexes of aryl triazole foldamers as receptors for anions, copyright 2016. c. Triazole-based
oligomer with ethynyl spacers binding HSO,4™ ions, reproduced from ref. 117 with permission from Elsevier, W. Zhao, F. Huang, Y. Wang, Q. Li,
J. Shang, Y. Che and H. Jiang, Aryl-triazole foldamers with ethynyl spacers as effective receptors for halides and oxyanions, copyright
2016. d. Neutral iodotriazole foldamers as tetradentate halogen bonding anion receptors, reproduced from ref. 118 with permission from the Royal
Society of Chemistry, L. Yang, Y. Wang, Y. Che and H. Jiang, An aryl-triazole foldamer containing a 1,8-naphthalimide fluorescent motif for monitor-
ing and enhancing the anion-induced folding, copyright 2017. e. Charge-neutral 6-hole halogen and chalcogen bonding acyclic host, reproduced
from ref. 120 with permission from the American Chemical Society, A. Borissov, |. Marques, J. Y. C. Lim, V. Félix, M. D. Smith and P. D. Beer, Anion
recognition in water by charge-neutral halogen and chalcogen bonding foldamer receptors, copyright 2019.
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Fig. 12 a. para-Linked aryl-triazole backbone with 1,4-disubstituted triazole units. b. Molecular model of P(p-AT) helix. c. P(p-AT)s appended with
chiral and nonchiral tri(ethylene glycol) monomethyl ether side chains, reproduced with permission of the author, copyright 2012.12® d. Hierarchial
self-assembly of P(p-AT)s with increasing water content. e. Encapsulation of PBLG in P(p-AT)s, reproduced from ref. 124 with permission from Wiley,
R. Pfukwa, P. H. J. Kouwer, A. E. Rowan and B. Klumperman, Templated hierarchical self-assembly of poly(p-aryltriazole) foldamers, copyright 2013.

3.4 Oligoamide-based foldamers stabilised by intramolecular hydrogen bonding. These folda-
mers can adopt helical conformations with varying pitches

3.4.1 Aromatic oligoamide foldamers. Aromatic oligoa- and handedness, offering a versatile platform for designing
mide-based foldamers, exhibit helical secondary structures biomimetic materials and molecular recognition elements.

This journal is © The Royal Society of Chemistry 2026 Polym. Chem.
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Zhang and co-workers developed an aromatic oligoamide
where they replaced the amide hydrogen bonds with the acid-
labile 2,4-dimethoxybenzyl (DMB) group. Upon removal of the
DMB groups, the polymer folded into multiturn helices
(Fig. 13a)."*® Bao and co-workers reported an interesting supra-
molecular capsule with a cavity in which 1,10-decanediol could
be bound. This carefully designed aromatic amide foldamer
allows encoding of three levels of information including, cavity
size, recognition of guests, and the ability to adopt a single or
double helical structure (Fig. 13b)."*” Singleton and co-workers
developed a method for increasing the size of the cavity by
strand intercalation (Fig. 13c).'*® Tsiamantas and colleagues
designed an aromatic oligoamide-based macrocycle, where two
helices were intermolecularly connected with disulfide brid-
ging. They showed that helix-helix handedness was communi-
cated remotely by the disulfide bridged side chains and was
specific for a given side chain-length (Fig. 13d)."*® Zhao and
co-workers studied the folding and self-association mecha-
nisms of a range of aromatic oligoamide foldamers by compu-
tational methods. The results revealed that the formation of
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single helices was driven by n-n interactions and that aggrega-
tion of two single-helical motifs was energetically favourable.
The spontaneous self-assembly was thought to proceed by an
“unwinding-threading-rewinding” mechanism (Fig. 13e)."*°
Zhao and his colleagues also studied aromatic oligoamides,
and the effect of oligomer length, solvent, and temperature on
the self-association of these oligomers. They reported that the
n-n stacking interaction strength increased nonlinearly with
oligomer length. Opposite to typical aromatic stacking, it was
found that stacking of these oligomers was enhanced in low
polarity solvents, weakened in polar solvents, and was sensitive
to temperature changes (Fig. 13f)."*" More recently Yu and co-
workers showed that when the aromatic oligoamides are
linked through a disulfide bond it could form a helix-turn-
helix trimer and after reduction of that bond it would form a
anti-parallel double helix. It is also possible to form different
host : guest complexes with diacids in both helical forms."?*?
These aromatic oligoamide foldamers were typically syn-
thesized through a condensation step-growth type polymeris-
ations which made molecular weight control challenging.

double helical
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Fig. 13 a. Oligoamide polymer with DMB groups that fold into helices upon removal of the DMB group, reproduced from ref. 126 with permission
from the American Chemical Society, A. Zhang, J. S. Ferguson, K. Yamato, C. Zheng and B. Gong, Improving foldamer synthesis through protecting
group induced unfolding of aromatic oligoamides, copyright 2006. b. Double helix oligoamide capsule encapsulating 1,10-decanediol, reproduced
from ref. 127 with permission from Wiley, C. Bao, Q. Gan, B. Kauffmann, H. Jiang and |. Huc, A self-assembled foldamer capsule: combining single
and double helical segments in one aromatic amide sequence, copyright 2009. c. Intercalation of a helical segment with a wide diameter and a pro-
pensity to self-hybridize into duplexes (in red) into a longer sequence that exists as a single helix (in green) to form a heteroduplex, reproduced from
ref. 128 with permission from Wiley, M. L. Singleton, G. Pirotte, B. Kauffmann, Y. Ferrand and I. Huc, Increasing the size of an aromatic helical folda-
mer cavity by strand intercalation, copyright 2014. d. Oligoamide C2-symmetrical, two-helix bundle-like macrocyclic structure, reproduced from ref.
129 with permission from Wiley, C. Tsiamantas, X. de Hatten, C. Douat, B. Kauffmann, V. Maurizot, H. lhara, Takafuji, N. Metzler-Nolte and I. Huc,
Selective dynamic assembly of disulfide macrocyclic helical foldamers with remote communication of handedness, copyright 2016. e. Double-
stranded helical aromatic oligoamide foldamer, reproduced from ref. 130 with permission from the American Chemical Society, D. Zhao, L. Yang,
Y. Yuan, H. Wang, H. Dong and S. Li, Molecular mechanism of self-assembly of aromatic oligoamides into interlocked double-helix foldamers, copy-
right 2017. f. Self-assembly and stacking of aromatic oligoamides, reproduced from ref. 131 with permission from the American Chemical Society,
Y. Zhao, A. L. Connor, T. A. Sobiech and B. Gong, Effects of oligomer length, solvents, and temperature on the self-association of aromatic pligoa-
mide foldamers, copyright 2018.
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Recently, Pal and co-workers developed a living polymerisation
method using phosphorus based reagents which allow high
molecular weights and narrow molar mass dispersities,
opening up more opportunities for these foldamers to be used
in industry.**?

3.4.2 Quinoline-derived oligoamide foldamers. Another
heavily investigated group of oligoamide foldamers is based
on quinoline. Dolain and co-workers did a comprehensive
study on the helical handedness of quinoline-derived oligoa-
mide foldamers and the role of steric effects in solution and in
the solid state. The foldamers had specific chiral groups
attached to the end of quinoline-derived oligoamides to
induce chirality (Fig. 14a). After assigning R or S chirality of
the stereogenic centre, it was observed that R chirality usually
led to right-handed helices and S chirality to left-handed
helices. The conformation of the stereocenter typically pre-
ferred its bulkiest group pointing away from the helix, its
second bulkiest group in line with the helix and the smallest
group pointing towards the helix.”® Wolffs was part of a group
that investigated photoinduced processes in electron donor—
acceptor pairs and how it was affected by helical bridge length
and chromophore position. Quinoline-derived foldamers func-
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tionalized with oligo(p-phenylene vinylene) on one end and a
perylene bisimide-chromophore on the other end were studied
(Fig. 14b)."** They concluded that the foldamer bridge
mediated the charge transfer from donor to acceptor through
a super-exchange mechanism, and that there exists a linear
trend between the logarithm of the charge separation rate con-
stant and the distance between the chromophores.** Dawson
and co-workers designed a series of water-soluble quinoline-
derived foldamers capable of retaining their chiral handedness
in water. They were able to separate P and M helices with
HPLC for foldamers that contained chiral moieties with no
handedness induction, and identified foldamers that had
single-handedness by incorporation of a chiral moiety onto the
8-position of the quinoline monomer (Fig. 14d)."3*

Zheng and co-workers published an investigation of
induced helicity on quinoline-derived foldamers appended
with pyridyl moieties either at the N- or C-terminus. The work
concluded that absolute chiral induction was obtained when
the chiral pyridyl acid was appended at the N-terminus, and
incomplete chiral induction was obtained when appended on
the C-terminus (Fig. 14c).”*® Zheng an co-workers also
observed single-handed foldamers when S- or R-enantiomers
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Fig. 14 a. Quinoline-derived oligoamides and chiral substituents, reproduced from ref. 58 with permission from the American Chemical Society,
C. Dolain, H. Jiang, J. M. Léger, P. Guionneau and I. Huc, Chiral induction in quinoline-derived oligoamide foldamers: assignment of helical handed-
ness and role of steric effects oligomers, copyright 2005. b. Quinoline-derived oligoamide functionalised with oligo(p-phenylene vinylene) and a
perylene bisimide chromophore, reproduced from ref. 134 with permission from the American Chemical Society, M. Wolffs, N. Delsuc, D. Veldman,
N. V. Anh, R. M. Williams, S. C. J. Meskers, R. A. J. Janssen, |. Huc and A. P. H. J. Schenning, Helical aromatic oligoamide foldamers as organizational
scaffolds for photoinduced charge transfer, copyright 2009. c. Quinoline-derived oligoamide functionalised with enantiomers of oxazolylaniline,
reproduced from ref. 136 with permission from the American Chemical Society, copyright 2017. d. Water-soluble quinoline-derived foldamers,
reproduced from ref. 135 with permission from Wiley, S. J. Dawson, A. Mészaros, L. Peth, C. Colombo, M. Csékei, A. Kotschy and I. Huc, Controlling
helix handedness in water-soluble quinoline oligoamide foldamers, copyright 2014.
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of oxazolylaniline were attached to the ends of the quinoline-
derived foldamers."®” These quinoline derived foldamers have
potential in many medical applications, however up until now,
their general use has been largely prevented by a limited
access to required monomers and the difficulty of synthesizing
the oligomers. Recently, Zwillinger and co-workers have devel-
oped an automated solid-phase synthesis method, which can
produce 20-unit oligomers with diverse sidechain modifi-
cations possible on the 4, 5, and 6 position of the quinoline
rings.”*® Xu and colleagues also developed an easy conden-
sation synthesis strategy for alternating pyridine and quinoline
helical foldamers with polymers up to 128 units long."*°

3.5 Oligourea-based foldamers

Hamilton and Rodriguez developed benzoylurea oligomers
inspired by the a-helix. They were the first to show that the
benzoylurea derivatives are water compatible and can function
as a-helix mimics (Fig. 15a)."*® After this, the interest in oligo-
meric aromatic/aliphatic N,N-linked urea oligomers exploded,
given that the urea linkage has desirable features for folding,
including its rigidity, planarity, polarity and its hydrogen
bonding capacity.*® These peptidomimetic oligoureas have the
propensity to fold into helical conformations in solution and
can interact with biological targets.'*! The 2,5-helix is stabil-
ised by intramolecular three-centred H-bonds closing 12- and
14-membered H-bonded pseudorings (Fig. 15¢).'*?

View Article Online
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Gan and co-workers designed oligourea-based helical mole-
cular tapes that can slowly wind around rod-like guests, with
promising capabilities in molecular machinery (Fig. 15b).'*?
Shortly thereafter, Wu and co-workers developed an oligourea
foldamer capable of coordination with chloride.*® Wechsel
and co-workers reported the first oligoureas of meso cyclo-
hexane-1,2-diamines. A preferred screw sense could be
induced by selective protection of the enantiotopic end groups
or by coordination with a chiral carboxylate anion."*® Wechsel
then showed that these meso-helices and the intermolecular
association with achiral anionic guests could lead to inversion
of their preferred conformation. The inversion is caused by
strong intermolecular hydrogen bonding, which leads to reor-
ganization of the intramolecular H-bonding network."*” Gupta
and co-workers investigated the folding behaviour after
N-methylation of the N-terminus in oligourea foldamers and
concluded that the methylated oligoureas have similar helical
structures as unmethylated ones.'*® More recently, Pendem
and co-workers designed well-defined parallel helical hairpin-
motifs by bridging aliphatic oligourea helices with 4,4"-methyl-
ene diphenyl diisocyanate (Fig. 15d)."**

3.6 Indolocarbazole-based foldamers

Chang and co-workers were the first to report on an oligoin-
dole-based foldamer that adopts a helical conformation by
interactions with chloride ions to form a helix that is stabilised
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Fig. 15 a. Benzoylurea oligomers as an a-helix mimic, reproduced from ref. 140 with permission from Wiley, J. M. Rodriguez and A. D. Hamilton,

Benzoylurea oligomers: synthetic foldamers that mimic extended a helices,
from ref. 143 with permission from AAAS, Q. Gan, Y. Ferrand, C. Bao, B. Kau

copyright 2007. b. Oligourea-based helical molecular tapes, reproduced
ffmann, A. Grélard, H. Jiang and I. Huc, Helix-rod host—guest complexes

with shuttling rates much faster than disassembly, copyright 2011. c. N,N-Linked urea oligomers and the 2,5-helix stabilised by intramolecular three-
centred H-bonds, reproduced from ref. 142 with permission, N. Pendem, C. Douat, P. Claudon, M. Laguerre, S. Castano, B. Desbat, D. Cavagnat, E.
Ennifar, B. Kauffmann and G. Guichard, Helix-forming propensity of aliphatic urea oligomers incorporating noncanonical residue substitution pat-
terns, copyright 2013. d. Helical hairpin-based on aliphatic oligoureas, reproduced from ref. 144 with permission from Wiley, N. Pendem, Y. R. Nelli,
L. Cussol, C. Didierjean, B. Kauffmann, C. Dolain and G. Guichard, Synthesis and crystallographic characterization of helical hairpin oligourea folda-

mers, copyright 2023.

Polym. Chem.

This journal is © The Royal Society of Chemistry 2026


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d6py00173d

Open Access Article. Published on 29 June 2026. Downloaded on 6/30/2026 1:20:06 AM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

View Article Online

Polymer Chemistry Review

2-Methylbenzyl
: R= (S)-1-(1-naphthyl)ethyl

Fig. 16 a. Oligoindole and its helical conformation induced by hydrogen bonding with Cl~, reproduced from ref. 149 with permission from the
American Chemical Society, K. J. Chang, B. N. Kang, M. H. Lee and K. S. Jeong, Oligoindole-based foldamers with a helical conformation induced by
chloride, copyright 2005. b. Reversible [4 + 4] cycloaddition of S-shaped foldamers 5a—-5c, reproduced from ref. 151 with permission from the
American Chemical Society, H. Masu, |. Mizutani, T. Kato, . Azumaya, K. Yamaguchi, K. Kishikawa and S. Kohmoto, Naphthalene- and anthracene-
based aromatic foldamers with iminodicarbonyl linkers: their stabilities and application to a chiral photochromic system using retro [4 + 4] cyclo-
addition, copyright 2006. c. Indolocarbazole—pyridine that fold into helices, reproduced from ref. 152 with permission from the American Chemical
Society, H. G. Jeon, J. Y. Jung, P. Kang, M. G. Choi and K. S. Jeong, Folding-generated molecular tubes containing one-dimensional water chains,
copyright 2016. d. Molecular structure of indolocarbozole trimer and its crystal structures when complexed with (BusN*),S042", reproduced from
ref. 153 with permission from the American Chemical Society, J. M. Suk, D. A. Kim and K. S. Jeong, Helicity control of an indolocarbazole foldamer
by chiral organic anions, copyright 2012. e. Molecular structures of indolocarbozole foldamers 1-6 with varying central aromatic linkers, reproduced
from ref. 154 with permission from the Royal Society of Chemistry, J. S. Kim, H. G. Jeon and K. S. Jeong, Modulation of helix stability of indolocarba-

zole—pyridine hybrid foldamers, copyright 2016.
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by hydrogen bonding (Fig. 16a). Suk and Jeong then
reported a water-soluble indolocarbazole-based foldamer and
described its capability of binding halides in water in order
ClI” > F~ > Br™, which differs to the order in organic solvents
due to competing solvation.*>°

Masu and co-workers prepared a foldamer using iminodi-
carbonyl linkers to position an anthracene moiety sandwiched
between two naphthalene moieties. The S-shaped folding
structure was confirmed with X-ray analysis and it was con-
cluded that foldamers 5a and 5b formed achiral single crystals,
while 5 formed chiral crystals and that facile intramolecular
[4 + 4] photocycloaddition could be attained (Fig. 16b).">
Jeong’s group later reported that the helicity of indolocarba-
zole foldamers can be controlled by interaction with chiral
organic anions (Fig. 16d).">® Jeon and co-workers also created
a series of indolocarbazole-pyridine (IP) foldamers. The
helical folding is induced by dipolar interactions and stabil-
ised by n-m stacking of the repeat units (Fig. 16c).">>
Modulation of helix stability by varying the central pyridine
with other aromatic monomers in different solvents was
further studied by Kim and co-workers (Fig. 16e).">*
co-workers then showed that the IP foldamers were capable of
hosting up to 4 iodide ions in the cavities."”®

Lee and

This journal is © The Royal Society of Chemistry 2026

3.7 Oligomeric cholates

Between 2005 and 2009, Zhong, Zhao and co-workers studied
amphiphilic foldamers made of cholic acid monomer units
connected in a head-to-tail fashion. Cholic acid has a hydro-
phobic p-face and a hydrophilic a-face (Fig. 17a). In nonpolar
solvents the oligomeric cholates form helical structures with a
nanosized cavity. The nonpolar solvent preferentially solvates the
hydrophobic f-face and buries the hydrophilic a-face, forcing the
oligomer into its helical conformation (Fig. 17b)."*® Zhong and
Zhao also constructed a hybrid foldamer with six cholate units
and two methionines labelled with a dansyl group. Surfactants
were added to solubilize the foldamer in micelles and it was used
as a fluorescent sensor for mercury ions (Fig. 17¢).">” Zong’s
group also studied the folding behaviour of cholate oligomers in
nonpolar solvents with a small amount of polar solvent. Folding
created a hydrophilic nanocavity where the polar solvent was
entrapped. They concluded that folding was favoured for larger
sized polar solvent molecules and smaller/acyclic nonpolar
solvent molecules (Fig. 17d).">® Zhong and co-workers also did a
study on controlling the conformation of oligocholate foldamers
by surfactant micelles and how addition of NaCl affects the
folding behaviour in solution. When solubilized in sodium

Polym. Chem.
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Fig. 17 a. Cholic acid monomer with its a-face and p-face. b. Oligocholates by linking cholates in a head-to tail manner and their helical confor-
mation in nonpolar solvents, reproduced from ref. 156 with permission from the American Chemical Society, Y. Zhao and Z. Zhong, Oligomeric cho-
lates: amphiphilic foldamers with nanometer-sized hydrophilic cavities, copyright 2005. c. Cholate foldamer-based fluorescence sensor modulated
by surfactant micelles for Hg?* detection, reproduced from ref. 157 with permission from the American Chemical Society, Y. Zhao and Z. Zhong,
Detection of Hg®" in aqueous solutions with a foldamer-based fluorescent sensor modulated by surfactant micelles, copyright
2006. d. Oligocholates with hydrophilic nanocavity where a polar solvent is entrapped, reproduced from ref. 158 with permission from the American
Chemical Society, Y. Zhao, Z. Zhong and E. H. Ryu, Preferential solvation within hydrophilic nanocavities and its effect on the folding of cholate fol-
damers, copyright 2007. e. Effect of NaCl on oligocholate folding in SDS micelles, reproduced from ref. 159 with permission from the American
Chemical Society, Z. Zhong and Y. Zhao, Controlling the conformation of oligocholate foldamers by surfactant micelles, copyright 2008. f. Higher
oligocholates by click chemistry, reproduced from ref. 160 with permission from the American Chemical Society, X. Pan and Y. Zhao, Efficient con-

struction of oligocholate foldamers via “click” chemistry and their tolerance of structural heterogeneity, copyright 2009.

dodecyl sulfate, the foldamers were stable in their helical confor-
mation, and upon addition of NaCl they unfolded (Fig. 17e)."*
Their research was extended to oligocholates which include
nonamer and dodecamer derivatives by utilizing 1,3-dipolar cyclo-
addition between an alkynyl-terminated cholate trimer and an
azido-functionalized cholate hexamer. These longer “clicked” oli-
gomers folded in a similar manner to their parent foldamers
because of the solvophobically driven folding mechanism
(Fig. 17f).**°

3.8 p-Sheet foldamers

Apart from o-helices, p-sheets are another common secondary
structure easily obtainable when designing foldamers. Only a
couple of examples will be briefly discussed. Maurizot and co-
workers designed foldamers that fold into cylindrical p-sheets
based on alternating 1,5-diamino-2,4-dinitrobenzene units and
1,5-diamino-2,4-dialkoxybenzene units. The six-membered
hydrogen bond ring between the NH and the NO, as well as
the five-membered hydrogen bond ring between the same NH
and the OR group, allows the trimer to from a crescent shape
which is further stabilised by n-r stacking when the oligomer
is long enough (Fig. 18a)."®" Sebaoun and co-workers devel-
oped p-sheets based on n-m aromatic stacking, using 4,6-
dinitro-1,3-phenylenediamine unit. They used rigid hairpin

Polym. Chem.

turns that lead to face-to-face interactions between the linear
aromatic segments and studied the influence of substituents
of the adjacent rings on the folding of the p-hairpins
(Fig. 18b).*®> Shortly thereafter, Sebaoun and co-workers also
studied the stability of these structures using two-stranded
B-sheets with variable linear aromatic segment lengths. They
concluded that conformational stability of these p-sheets can
be reached using less rigid turn units with longer linear
strands which have more extensive interactions
(Fig. 18c).”> Lamouroux and co-workers also developed a
basket-type structure by incorporating bent p-sheets into
helical conformations. The basket cavity size is controlled by
the curvature of the f-sheet segment and can bind and release
a guest with minimal disturbance to its structure (Fig. 18d)."®*

-7

3.9 Other interesting foldamers

Hou and co-workers reported on the first oligohydrazine-based
foldamers that adopt helical conformations driven by intra-
molecular hydrogen bonding used for recognition of alkyl sac-
charides in chloroform (Fig. 19a).'®* Cai and colleagues
extended the research of oligohydrazine foldamers and found
that they formed stable vesicles in methanol and gels in non-
polar aliphatic hydrocarbons (Fig. 19b)."®> Liu and co-workers
reported that triazene-arylene oligomers could fold and unfold

This journal is © The Royal Society of Chemistry 2026
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Fig. 18 a. Folding of oligomers through intramolecular hydrogen bonds and crystal structures, reproduced from ref. 161 with permission from the
Royal Society of Chemistry, V. Maurizot, S. Massip, J. M. Léger and G. Déléris, Cylindrical sheet formation of oligo-meta-aniline foldamers, copyright
2009. b. Design elements for building aromatic oligoamide p-sheet foldamers and influence of substituents on folding of hairpins, reproduced from
ref. 162 with permission from the American Chemical Society, L. Sebaoun, V. Maurizot, T. Granier, B. Kauffmann and |. Huc, Aromatic oligoamide
B-sheet foldamers, copyright 2014. c. Two-stranded aromatic oligoamide B-sheets possessing linear segments of increasing length, reproduced
from ref. 93 with permission from the American Chemical Society, L. Sebaoun, B. Kauffmann, T. Delclos, V. Maurizot and I. Huc, Assessing stabilis-
ation through n—x interactions in aromatic oligoamide p-sheet foldamers, copyright 2014. d. Design of basket with helix-sheet-helix architecture
that can bind and release a guest with minimal perturbation of its structure, adapted from ref. 163 with permission from the American Chemical
Society, A. Lamouroux, L. Sebaoun, B. Wicher, B. Kauffmann, Y. Ferrand, V. Maurizot and I. Huc, Controlling dipole orientation through curvature:
aromatic foldamer bent -sheets and helix-sheet-helix architectures, copyright 2017.

upon application of chemical stimuli in aqueous solution
(Fig. 19¢).'®® Linear oligomers containing two (lin2) or four
(lin4) perylene tetracarboxylic diimide units, monocyclic comp-
lement (cyc2), and concatenated foldable rings (cat4) were pre-

This journal is © The Royal Society of Chemistry 2026

pared and studied by single molecule fluorescence spec-
troscopy by Han and co-workers (Fig. 19d)."®”

Bie and co-workers reported the capability of oligohydra-
zines to recognise saccharides as well as halide anions.'”®
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Fig. 19 a. Oligohydrazine-based foldamer, reproduced from ref. 164 with permission from the American Chemical Society, J. L. Hou, X. B. Shao,
G. J. Chen, Y. X. Zhou, X. K. Jiang and Z. T. Li, Hydrogen bonded oligohydrazide foldamers and their recognition for saccharides, copyright
2004. b. Oligohydrazine and the proposed mechanism of vesicle formation and organogel formation, reproduced from ref. 165 with permission
from the American Chemical Society, W. Cai, G. T. Wang, Y. X. Xu, X. K. Jiang and Z. T. Li, Vesicles and organogels from foldamers: a solvent-modu-
lated self-assembling process, copyright 2008. c. Triazene-arylene oligomer, reproduced from ref. 166 with permission from the American Chemical
Society, S. Liu, P. Y. Zavalij, Y. F. Lam and L. Isaacs, Refolding foldamers: triazene-arylene oligomers that change shape with chemical stimuli, copy-
right 2007. d. Linear, monocyclic and concatenated foldable rings with perylene tetracarboxylic diimide units, reproduced from ref. 167 with per-
mission from the American Chemical Society, J. J. Han, A. D. Shaller, W. Wang and A. D. Q. Li, Architecturally diverse nanostructured foldamers
reveal insightful photoinduced single-molecule dynamics, copyright 2008. e. Pyridine/oxadiazole-based helical foldamer ion channel, reproduced
from ref. 168 with permission from Wiley, F. Chen, J. Shen, N. Li, A. Roy, R. Ye, C. Ren and H. Zeng, Pyridine/oxadiazole-based helical foldamer ion
channels with exceptionally high K*/Na* selectivity, copyright 2020. f. Size and shape shifting foldamer based on disulfide peptides, reproduced
from ref. 169 under the terms of the Creative Commons Attribution 4.0 International License.

Zhao and co-workers designed a well-folded pyridone foldamer hydrogen bonding and n-n interactions could form. These

172

capable of binding with potassium that serves as an organo-
catalyst for transition-metal-free arylations of unactivated
arenes.’””" Ahn and Grate reported that triazene-based folda-
mers are biomimetic and robust. Molecular dynamic simu-
lations showed that linear nanorod foldamers stabilised by

Polym. Chem.

nanorods resemble those of DNA, a-helices, and f-sheets.
More recently, Chen and co-workers reported on pyridine/oxa-
diazole-based helical foldamer ion channels with high selecti-
vity for potassium and sodium ions (Fig. 19e).'°® Another
interesting building block based on an aromatic di-thiols has

This journal is © The Royal Society of Chemistry 2026
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been developed by Pappas and co-workers. They showed that
different sized cyclic structures form depending on the
attached side groups.'”® The reversable covalent nature of the
disulfide bond also makes it possible to form dynamic folda-
mer structures. Following this, Jin and colleagues reported the
first size and shape shifting foldamer based on disulfide pep-
tides. They reported that the macrocycle ring size as well as its
folded shape could be changed through varying the pH of the
solution (Fig. 19f).'®® Recently Lee and colleagues have
reviewed foldamers based on N-arylene and ethynylene, giving
a good summary of their structure, function and
applications."”

The diverse building blocks and shapes of foldamers offer a
rich landscape of structural motifs and functional properties,
providing a versatile platform for molecular design and engin-
eering. By harnessing the unique characteristics of each folda-
mer class, researchers can tailor their properties for specific
applications paving the way for innovative solutions to
complex challenges in healthcare, energy, and environmental
sustainability.
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4 Applications of foldamers
4.1 Foldamer-based anion receptors/transporters

As seen from the discussion of different foldamers, anion reco-
gnition chemistry is a highly explored research field in supra-
molecular chemistry. Most anions are generally good hydrogen
bond acceptors, and the foldamers are typically constructed
with the required hydrogen bond donor groups in the back-
bone of the oligomers."”> The hydrogen bond donors typically
include the polarized CH protons of 1,2,3-triazoles™*''!
(Fig. 11a and b), and the NH protons of indoles'**'”®
(Fig. 16a), ureas'”””'”® (Fig. 20a and b) and amides (Fig. 20c)."”
These foldamers can be designed with specific hydrogen bond
directionality leading to specific conformations with specific
sizes, which allows differentiation among anions. In designing
foldamers with effective host : guest interactions, the organisation
energy of the foldamer to encapsulate the guest ion is of great
importance.’® In the last decade, focus has progressed from
developing foldamers as anion receptors to their application as
anion transmembrane transporters.'®" Anions fulfil important
roles in multiple biological processes.'®>'®* Multiple diseases
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Fig. 20 a. A macrocyclic hexaurea that wraps around two Cl™ ions in a figure eight shape, reproduced from ref. 177 with permission from Wiley,
D. Meshcheryakov, V. Béhmer, M. Bolte, V. Hubscher-Bruder, F. Arnaud-Neu, H. Herschbach, A. Van Dorsselaer, I. Thondorf and W. Mégelin, Two
chloride ions as a template in the formation of a cyclic hexaurea, copyright 2006. b. Aliphatic helical oligourea for anion recognition, reproduced
from ref. 178 with permission from Wiley, V. Diemer, L. Fischer, B. Kauffmann and G. Guichard, Anion recognition by aliphatic helical oligoureas,
copyright 2016. c. Aromatic amide-based oligomer with folding induced by benzene-1,2,3-tricarboxylate anion, reproduced from ref. 179 with per-
mission from the American Chemical Society, Y. X. Xu, G. T. Wang, X. Zhao, X. K. Jiang and Z. T. Li, Folding of aromatic amide-based oligomers
induced by benzene-1,3,5-tricarboxylate anion in DMSO, copyright 2009. d. Preorganised aryl-triazole foldamer effective in transmembrane trans-
port of Cl7, reproduced from ref. 185 with permission from the American Chemical Society, J. Shang, W. Si, W. Zhao, Y. Che, J. L. Hou and H. Jiang,
Preorganized aryltriazole foldamers as effective transmembrane transporters for chloride anion, copyright 2014. e. Decalin tetra urea foldamers for
transmembrane anion transport, reproduced from ref. 186 with permission from Elsevier, H. Valkenier, C. M. Dias, C. P. Butts and A. P. Davis, A
folding decalin tetra-urea for transmembrane anion transport, copyright 2017. f. Triazole-cyanostilbene foldamer capable on transmembrane trans-
port of anions through a lipid bilayer membrane, reproduced from ref. 187 with permission from the American Chemical Society, D. Mondal, M.
Ahmad, P. Panwaria, A. Upadhyay and P. Talukdar, Anion recognition through multivalent C—H hydrogen bonds: anion-induced foldamer formation
and transport across phospholipid membranes, copyright 2022.
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such as cystic fibrosis, Batter syndrome and Dent’s disease are
thought to be caused by the dysfunction of Cl~ ion channels.'®*
Understanding the Cl™ ion transmembrane transport mechanism
and possible replacement of these ion channels with biocompati-
ble foldamers are therefore of interest. Shang and co-workers
were the first to report that a preorganized aryl-triazole foldamer
could be used as an effective transmembrane transporter for ClI™
ions across a lipid bilayer (Fig. 20d).’® Valkenier and co-workers
identified another foldamer capable of anion transmembrane
transport. They synthesised a decalin-bis isocyanate coupled with
o-aminophenyl urea side arms that could bind and transport
anions (Fig. 20e)."®® Mondal and co-workers designed a triazole-
cyanostilbene foldamer that could effectively transport SO,>~ and
Cl” ions through a lipid bilayer membrane (Fig. 20f)."®” Other
similar work has been reported for quinoline-derived helical
unimolecular transmembrane proton channels,"®® and pyridine-
oxadiazole-derived transmembrane potassium channels.’® In
contrast, oligourea based foldamers have been shown to have
excellent water permeability across lipid membranes with low to
no ion transport. This allows oligourea foldamers to have poten-
tial applications in water purification.'*®

4.2 Foldamer-based sensors/transporters for alkaline ions
and metal cations

Binding of cations in helical cavities has also been a widely
explored research field in foldamer applications. Lehn and co-
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workers developed a naphthyridine-pyrimidine oligomer that
possesses electrical dipoles pointing into the helical cavity
suitable for binding to alkaline ions such as K" and Cs'
through ion-dipole interactions (Fig. 21a)."*" Tian and co-
workers have recently showed that artificial ion channels could
be constructed using o-phenanthroline-oxadiazole-based folda-
mers with H', Na* and K' transport capabilities similar to
natural gramicidin A."°> Lin and co-workers also used o-phe-
nanthroline-oxadiazole-based foldamers functionalised with
carboxylic acid terminal end groups, which allowed high Ca*"/
Mg>" selectivity ratios. The deprotonation of the carboxylic end
groups in aqueous media allowed effective electrostatic inter-
action with the Ca*" ions, and the size of the cavity made it
more selective towards Ca®>* than Mg>" ions (Fig. 21c)."** Xu
and colleagues synthesized aromatic foldamer channels with
tunable pore sizes, those with larger pore sizes were able to
transport larger molecules such as glucose and those with
narrow pore sizes had selectivity towards Na*/K* ions."®* Shen
and his colleagues developed a Li" selective channel using pyr-
idine and thiopyridone units. The helical structure is stabil-
ised through hydrogen bonding between the amide H-atom
and the O- and S-atoms within the cavity and the electron rich
nature and the cavity size made it highly selective for trans-
porting Li* ions over Na* and K" ions."® Zubair and colleagues
wrote a short review classifying all the different building
blocks used in foldamers channels and highlighted their
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Fig. 21 a. Naphthyridine—pyrimidine oligomer binding to alkali metal cations within a helical cavity, reproduced from ref. 202 with permission from
the Royal Society of Chemistry, H. Juwarker, J. M. Suk and K. S. Jeong, Foldamers with helical cavities for binding complementary guests, copyright
2009. b. Fluorescence spectra of mercury solution titration experiment with oligocholate foldamers, reproduced from ref. 198 with permission from
the American Chemical Society, Y. Zhao and Z. Zhong, Tuning the sensitivity of a foldamer-based mercury sensor by its folding energy, copyright
2006. c. o-Phenanthroline-oxadiazole-based foldamer Ca?* ion channel, reproduced from ref. 193 with permission from Wiley, Z. Lin, S. Yu, J. Chen,
J. Tian, Z. Xu, C. Yao and Z. Dong, Artificial foldamer-based calcium ion carriers with high Ca>*/Mg?* selectivity ratio, copyright 2025. d. Pyridine-
hydrazone oligomer demonstrating 1:2 binding to Pb?*, reproduced from ref. 202 with permission from the Royal Society of Chemistry,
H. Juwarker, J. M. Suk and K. S. Jeong, Foldamers with helical cavities for binding complementary guests, copyright 2009.
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potential to be used in remedial applications for dysfunctional
natural channels.'®® Yao and colleagues showed that pyridine-
oxadiazole based foldamers were suitable for use as catalysts
for alkali-cation-selective arylation reactions.'®” Zhao and
Zhong focused some of their research on metal cation sensors
based on cholates. Although oligocholates do not have any
intramolecular forces that drive folding, they are very sensitive
to solvophobic interactions. They reported on an oligocholate
as a mercury sensor. The foldamer end groups were modified
with naphthyl and danzyl allowing them to study the folding
behaviour using FRET (Fig. 21b)."*® Zhao and Zhong also
designed an oligocholate capable of detecting zinc ions, by for-
mation of a pyrene excimer when binding occurs through
helical folding."*® Ramirez and co-workers developed a pyri-
dine-hydrazone oligomer capable of binding lead ions in a
1:2 stoichiometry (Fig. 21d).*°° For more examples of the role
of metal ions in foldamers and their interaction, see the recent
review by Algar and co-workers.>*"

4.3 Foldamer-based capsules for biomolecular recognition

Foldamers offer a versatile platform for designing sensors
capable of selectively recognising and detecting biomolecules
with high sensitivity and specificity. By engineering foldamers
with tailored binding pockets and recognition motifs,
researchers can develop sensors for a wide range of targets,
including proteins, nucleic acids, and small molecules.
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Molecular capsules have been used in catalysis,”*® drug deliv-
ery,’® and protection of ligands from degradation,**®
which inspired the design of foldamer capsules that can do
the same.

Wang and co-worker designed a hybrid polymer for selec-
tive DNA fluorescence probes. The polymer consisted of an
alternating sequence of a biological single strand deoxyribonu-
cleic acid and an organic fluorescent sequence, which enabled
self-assembly into folded nanostructures. The biological
sequences helped with molecular recognition and the syn-
thetic sequence offered fluorescence detection. They showed
that configurational changes occur when binding with polynu-
cleotides by using fluorescence measurements.”’® Li and co-
workers developed chiral aromatic hydrazide foldamers
capable of encapsulating alkylated glucose derivatives with
good diastereomeric selectivity. Selectivity was probed by
incorporating R- or S-proline units at the ends of the backbone
(Fig. 22a).>"

In 2014, Zhang and colleagues wrote a thorough review an
aromatic amide and hydrazide-based foldamers and their
host-guest capabilities. The focus of the review was on larger
guests such as mono- and disaccharides, chiral aromatic
amines and acids and on how to potentially tune the dynamics
of the host-guest interactions.>'! Huc’s group has also focused
on designing sequence-defined aromatic oligoamides for selec-
tive encapsulation of fructose,*'? citric acid,?®° (Fig. 22c¢) tarta-

Fig. 22 a. Chiral aromatic hydrazide foldamers complexing with alkylated glucose derivatives in chloroform, reproduced from ref. 207 with per-
mission from the American Chemical Society, C. Li, G. T. Wang, H. P. Yi, X. K. Jiang, Z. T. Li and R. X. Wang, Diastereomeric recognition of chiral folda-
mer receptors for chiral glucoses, copyright 2007. b. Hybrid pyridine—quinoline arylamide foldamers and their two binding sites in the capsule,
reproduced from ref. 208 with permission from the Royal Society of Chemistry, A. M. Abramyan, Z. Liu and V. Pophristic, mechanistic and dynamic
insights into ligand encapsulation by helical arylamide foldamers, copyright 2014. c. Double helix equilibrium of aromatic oligoamide and its encap-
sulation of citric acid, reproduced from ref. 209 with permission from the Royal Society of Chemistry, N. Chandramouli, Y. Ferrand, B. Kauffmann
and |. Huc, Citric acid encapsulation by a double helical foldamer in competitive solvents, copyright 2016. d. Indolocarbazole—naphthyridine encap-
sulating glucose, reproduced from ref. 210 with permission from the American Chemical Society, J. Y. Hwang, H. G. Jeon, Y. R. Choi, J. Kim, P. Kang,
S. Lee and K. S. Jeong, Aromatic hybrid foldamer with a hydrophilic helical cavity capable of encapsulating glucose, copyright 2017.
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ric acid,®"® xylobiose and homomeric or heteromeric pairs of
pentoses.”’* Abramyan and co-workers did an intensive study
on arylamide foldamers based on hybrid pyridine-quinoline
sequences and its ‘apple peel’ shaped capsule capable of
encapsulating ligands such as water, hydrogen peroxide,
hydrazine, formic acid and methanol (Fig. 22b).>°® Hwang and
coworkers reported on a foldamer based on indolocarbazole-
naphthyridine capable of encapsulating monosaccharides
(Fig. 22d).”* Ge and co-workers recently reported that posi-
tively charged helical foldamers could also be used for trans-
membrane delivery of nucleic acids, and hence could be used
in therapeutic applications.*"®

4.4 Foldamers in protein complexes and protein surface
recognition

Proteins typically function as complexes or within networks by
interactions with other proteins.?'® The study of foldamers in
protein complexes and recognition of protein surfaces has
been a topic of research in the last decade. Inhibition of
protein-protein interaction (PPI) has high therapeutic poten-
tial;>'” however, PPI inhibitors based on traditional small
molecules are still a challenge because they often struggle to
disrupt these interactions due to the large and dynamic
binding interfaces in PPIs.>'® The use of a-helix mimetics as
PPI inhibitors has increasingly been studied, as they exhibit
more complex binding modes that utilize more than one reco-
gnition point or can bind with longer surface contacts.*'’
Developments in this area using foldamers can lead to the
development of new PPI inhibitors, pharmacological tools and
therapeutics.**’

Buratto and co-workers developed 10 helical aromatic oli-
goamide foldamers based on 8-amino-2-quinolinecarboxylic
acid (Q), where the repeat units were equipped with proteino-
genic side chains. The crystal structure of the complex
between one foldamer and human carbonic anhydrase II
(HCA) could be resolved and revealed several foldamer-
protein, foldamer-foldamer, and protein—protein interactions
(Fig. 23a).?*' Mandal and colleagues was the first to identify
that quinoline-based oligoamide foldamers are a powerful
class of ligands for G-quadruplex DNA (Fig. 23b).>** Jewginski
and co-workers also showed that protein dimerization can be
promoted using the aggregation properties of a protein ligand.
Crystal structures showed that the hydrophobicity of the oli-
goamide and its side chain interaction formed a HCA,-folda-
mer; complex in which you can find three stacked helices with
two of them linked to an HCA molecule (Fig. 23c).”** Vallade
and colleagues extended their research to other proteins such
as cyclophilin A (CypA) and interleukin4 (IL4), which are rele-
vant therapeutic targets in PPIs. They developed a tethering
approach for detection of the protein-foldamer interactions.
The CypA/IL4 were linked by a disulfide bridge of varying
lengths and the foldamers were equipped with different protei-
nogenic side chains. CD spectroscopy revealed diastereo-
selective surface interactions between foldamer and protein,
which induced preferred handedness of the foldamer helix
(Fig. 23d).2**
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4.5 Foldamer-based stimuli-responsive materials

Foldamers can also be designed to respond to external stimuli,
such as UV light, temperature changes, pH changes or solvent
polarity, leading to the development of stimuli-responsive
materials. By incorporating responsive elements into the folda-
mer backbone, researchers can engineer materials with tune-
able properties and dynamic functionalities.®’ Incorporating
foldamers into mechanoresponsive materials has also been a
topic of many research teams due to the fact that it allows for
reversibility that can typically not be achieved by small mole-
cules due to irreversible bond breaking.***

A good example of a photo-responsive foldamer was
reported when Hecht and Khan incorporated a photochromic
azo-benzene unit into an m-PPE. They designed it with cis- and
trans azobenzene moieties, which selectively turn the helical
conformation on and off with UV radiation (Fig. 24a).>****” Yu
an co-workers did a comprehensive study on these photo-
switchable polymers focussing on the role of the number of
switching units and their specific location and orientation in
the helical backbone.??® Steinwand and colleagues studied the
ultrafast dynamics of the photoisomerization of the azo-
benzene moieties in the foldamer backbone by time resolved
femtosecond/picosecond ~ pump-probe  spectroscopy.**°
Meudtner and co-workers introduced an alternating triazole-
pyridine/benzene copolymer that forms helical structures and
with addition of transition metal ions, these polymers turn
into gels. The metal ions cause coordinative crosslinks to form
between polymers, which leads to gelation of the polymer solu-
tions. These polymers show potential applications as sensors
and magnetic materials (Fig. 24b).>*° In 2010, Flood and Hua
developed an achiral aryl-triazole-based foldamer able to regu-
late chloride concentrations in solution by photoisomeriza-
tion. The polymer was modified with two azobenzene end
groups which creates a folded binding pocket for the chloride
ions. Upon irradiation with UV light, the chloride ions are
released, because the trans-dominated structure becomes
unstable (Fig. 24c).>*" Similar work was also reported by Wang
and Lee.?***** Another photo-active group that can be used is
tetraphenylethylene (TPE). Hardoin and coworkers showed
that the photo-induced protonation of TPE end groups causes
the difunctionalised oligopyridine dicarboxamide helical fol-
damers to unfold (Fig. 24d).>** Kouwer and co-workers pre-
sented a synthetic gel that can mimic gels prepared from pep-
tidic materials. These foldamers are polyisocyanopeptides
grafted with oligo(ethylene glycol) side chains. These thermally
responsive polymers possess a stiff helical structure, have
strong intramolecular hydrogen bonds and show a thermal
transition upon heating where the chains start bundling
together and then generate a transparent gel.’® A pH-respon-
sive foldamer was designed by Chen and co-workers, based on
phenanthroline-derived oligoamides bearing a chiral (R)-phen-
ethylamino end group. In solution, these foldamers formed
helices with a single-handedness, and addition of triflic acid
led to protonation of the phenanthroline, which caused
random coil formation. This “off” switch could be reversed by

This journal is © The Royal Society of Chemistry 2026
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Fig. 23 a. Library of oligoamide foldamers, and crystal structure of the HCA—foldamer complex, reproduced from ref. 221 with permission from
Wiley, J. Buratto, C. Colombo, M. Stupfel, S. J. Dawson, C. Dolain, B. Langlois D’Estaintot, L. Fischer, T. Granier, M. Laguerre, B. Gallois and I. Huc,
Structure of a complex formed by a protein and a helical aromatic oligoamide foldamer at 2.1 A resolution, copyright 2014. b. Aromatic amide folda-
mers and G-quadruplex DNA, reproduced from ref. 222 with permission from Wiley, P. K. Mandal, B. Benoit, B. Anglois D’estaintot, B. Kauffmann and
I. Huc, Multivalent interactions between an aromatic helical foldamer and a DNA G-quadruplex in the solid state, copyright 2016. c. HCA,—foldamers
complex, reproduced from ref. 223 with permission from the American Chemical Society, M. Jewginski, T. Granier, B. Langlois D’Estaintot, L. Fischer,
C. D. Mackereth and I. Huc, Self-assembled protein-aromatic foldamer complexes with 2:3 and 2: 2: 1 stoichiometries, copyright 2017. d. Tethering
of a racemic mixture of P- and M-helical foldamers to a protein via a disulfide bridge and preferred helix handedness through diastereoselective fol-
damer/protein surface interactions, reproduced from ref. 224 with permission from the American Chemical Society, M. Vallade, M. Jewginski,
L. Fischer, J. Buratto, K. Bathany, J. M. Schmitter, M. Stupfel, F. Godde, C. D. Mackereth and |. Huc, Assessing interactions between helical aromatic
oligoamide foldamers and protein surfaces: a tethering approach, copyright 2019.

deprotonation with triethylamine (Fig. 24e).”** Sun and co-
workers reported interesting amine-responsive phenol-based
oligoamides. These foldamers contained deprotonateable OH
groups that were sensitive to the basicity of the solutions and
undergo amine-induced folding, which results in fluorescence
quenching (Fig. 24f).>*° Brioche and co-workers developed a
library of 2-aminoisobutyric acid-based achiral helical folda-
mers capable of functioning as a “proton-counting” molecular
device by pH-dependent conformational changes. The folda-
mer had a basic binding site, which interacted with the most
acidic chiral ligands in the ligand mixture and induced an
absolute helical screw sense that could be relayed by the con-
formational reporter (enantiotropic methyl end groups)
attached to the C-terminus. When a base or acid was added,
the binding site modulated its interaction with the mixture of
ligands, which resulted in a change in the helical sense
(Fig. 24g).>*” Another acid switchable group that can be used

This journal is © The Royal Society of Chemistry 2026

for foldamer transitions is the N-alkylated imidazole amide,
which prefers the trans-configuration after protonation.*® Liu
and co-workers also developed sequence-defined aryl-triazole-
based foldamers that form chloride templated helices. They
could interconvert between a 1:1 single helix and a 2:2
double helix through the interplay of the unit sequences,
solvent quality, temperature and concentration. The double
helix was highly preferred when the chain end had stabilising
CH---Cl” hydrogen bonding units such as the bisamide pheny-
lenes. Solvophobic effects could also help to stabilise the 2:2
double helix (Fig. 24h).>*°

4.6 Foldamers as charge-transfer materials

Bridge-mediated electron transport is subject of research in
fields such as physics, chemistry, and biology.>*° Some pro-
teins are known to act as electron-transfer agents, which is key
in multiple cellular processes including, photosynthesis,>**~>*3
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Fig. 24 a. Photo-responsive m-PPE with incorporated azobenzene, reproduced from ref. 226 and 227 with permission from Wiley, A. Khan and
S. Hecht, Towards photocontrol over the helix-coil transition in foldamers: synthesis and photoresponsive behaviour of azobenzene-core amphiphi-
lic oligo(meta-phenylene ethynylene)s. and A. Khan, C. Kaiser and S. Hecht, Prototype of a photoswitchable foldamer, copyright 2006. b. BTP-con-
taining linear main chain polymers, their solution conformation, and formation of metallo-supramolecular gels, reproduced from ref. 230 with per-
mission from Wiley, R. M. Meudtner and S. Hecht, Responsive backbones based on alternating triazole-pyridine/benzene copolymers: from helically
folding polymers to metallosupramolecularly crosslinked gels, copyright 2008. c. Achiral aryl-triazole and cycle of photo-driven binding and release
of chloride ions, reproduced from ref. 231 with permission from the American Chemical Society, Y. Hua and A. H. Flood, Flipping the switch on
chloride concentrations with a light-active foldamer, copyright 2010. d. Photo-active tetra-phenylene end groups, reproduced from ref. 234 with
permission from Wiley, L. Hardoin, R. Kdouh, Y. Aidibi, S. Azar, B. Siegler, M. Siegler, S. Goeb, E. Levillain, P. A. Bouit, O. Galangau, M. Sallé and
D. Canevet, Photoresponsive helical foldamers: conformational control through double helix formation and light-induced protonation, copyright
2025. e. Phenanthroline-derived oligoamides with acid- and base-controllable switches, reproduced from ref. 235 with permission from the
American Chemical Society, H. Y. Hu, J. F. Xiang, Y. Yang and C. F. Chen, Chiral induction in phenanthroline-derived oligoamide foldamers: an acid-
and base-controllable switch in helical molecular strands, copyright 2008. f. Phenol-based oligoamides and their amine-induced folding and fluor-
escence quenching behaviour, reproduced from ref. 236 with permission from the American Chemical Society, C. Sun, Y. Liu, J. Liu, Y. J. Lu, L. Yu, K.
Zhang and H. Zeng, Computational insights into processes underlying the amine-induced fluorescence quenching of a stimuli-responsive phenol-
based hexameric foldamer host, copyright 2014. g. 2-Aminoisobutyric acid-based helical foldamer with basic binding site (blue), ligand interaction
(red) and conformational reporter (green), reproduced from ref. 237 under the terms of the Creative Commons Attribution 4.0 International
License. h. Sequence-defined aryl-triazole chloride-templated helixes, 1:1 single helix and 2:2 double helix, reproduced from ref. 239 with per-
mission from the American Chemical Society, Y. Liu, F. C. Parks, W. Zhao and A. H. Flood, Sequence-controlled stimuli-responsive single-double
helix conversion between 1:1 and 2: 2 chloride-foldamer complexes, copyright 2018.
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enzyme catalysis®**?**> and DNA repair. This inspired the
design of artificial molecular electronic devices, as an appli-
cation of foldamers in recent years. In 2016, Li and co-workers
synthesized photoactive triads. An electron donor oligo( para-
phenylenevinylene) was bridged with varying lengths of helical
oligoamides appended with an electron acceptor (perylene
bismide) on the other end. They showed that after photo-
excitation, electron transfer through the bridge to the acceptor
occurs on a picosecond time scale. The electron donor is oxi-
dized and the hole migrates through the bridge to the accep-
tor, with the charge-separated state being in the micro second
scale (Fig. 25a).>*° In the following year, Méndez-Ardoy investi-
gated long-range vertical and horizontal charge transport in
helical oligo-quinolinecarboxamide foldamers, organized as a
single monolayer on a gold surface. Conductive AFM revealed
that vertical conductivity occurred efficiently and horizontal
conductivity was negligible (Fig. 25b).>*” Pulka-Ziach and co-
workers introduced o-helicomimetic oligoureas capable of
directional electron transport with length-dependant conduc-
tivity properties (Fig. 25¢c).>*®

4.7 Other interesting foldamer applications

Most of the intensely investigated applications of foldamers
have been discussed thus far; however, other interesting appli-
cations of foldamers have been reported. For example, an oli-
gopyridine foldamer has been reported that can interact with
crystal surfaces and modify the growth of calcite crystals.>** In
2011, Moore and Gosh studied an m-PE foldamer with macro-
molecules appended to its chain ends, and showed that the
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foldamers collapsed into helical conformations when the
macromolecules exceeded a certain size limit (Fig. 26a).>°
They compared this to the ability of unstructured proteins,
which induce folding of globular proteins. In 2016, a fluo-
rescent probe for anions such as sulfate and fluoride were
developed based on indolocarbazole-pyridine hybrid folda-
mers. Fluorescence of this foldamer was completely quenched
in its helical conformation, but with disruption by anion inter-
actions it became highly fluorescent (Fig. 26b).>>" In 2020,
Bueno and co-workers discussed the principles of capacitive
ion-sensing interfaces. They developed an aryl-triazole folda-
mer-based electrochemical anion sensor capable of recruiting
ions from an electrolyte solution (Fig. 26¢).>*> Foldamers can
even be used in catalysis of chemical reactions, and the chiral-
ity of these polymers can lead to enantioselectivity with
respect to the formed products. This is exemplified by the
asymmetric hydrogenation of dehydroamino acid esters with a
chiral Rh(1) catalyst, synthesized by complexation of Rh
(cod),BF, with single-handed helical quinoline oligoamide fol-
damers (Fig. 26d).>®® Another foldamer-based chiral catalyst
was based on naphthalenediamine oligomers, which could be
used in the chemoselective addition reaction of malonate half-
thioesters with enolate acceptors.”>® Hou and co-workers
reported an interesting urea-based foldamer quaternary cocrys-
tal. The foldamer co-crystalized with a halide anion, tetraalky-
lammonium cation and haloalkyne through hydrogen and
halogen bonding (Fig. 26€).”>® Recently Laffilé and colleagues
showed that water soluble quinoline based foldamers were
able to emit circularly polarised luminescence, with potential
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Fig. 25 a. Photoactive triad bridged with 9, 14, 18, 19, or 34 8-amino-2-quinolinecarboxylic acid repeat units, N-terminal electron-donor oligo
(paraphenylenevinylene) (yellow) and a C-terminal electron acceptor perylene bisimide (red), reproduced from ref. 246 with permission from the
American Chemical Society, X. Li, N. Markandeya, G. Jonusauskas, N. D. McClenaghan, V. Maurizot, S. A. Denisov and |. Huc, Photoinduced electron
transfer and hole migration in nanosized helical aromatic oligoamide foldamers, copyright 2016. b. Oligo-quinolinecarboxamide monolayer on a
gold surface and conductive AFM analysis, reproduced from ref. 247 with permission from the Royal Society of Chemistry, A. Méndez-Ardoy,
N. Markandeya, X. Li, Y. T. Tsai, G. Pecastaings, T. Buffeteau, V. Maurizot, L. Muccioli, F. Castet, I. Huc and D. M. Huc, Multi-dimensional charge trans-
port in supramolecular helical foldamer assemblies, copyright 2017. c. a-Helicomimetic oligoureas with 8—-12 repeat units as candidate for nanoe-
lectronics, reproduced from ref. 248 with permission from the American Chemical Society, K. Pulka-Ziach, A. K. Puszko, J. Juhaniewicz-Debinska
and S. Sek, Electron transport and a rectifying effect of oligourea foldamer films entrapped within nanoscale junctions, copyright 2009.
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Fig. 26 a. m-PE appended with macromolecules equilibrate between unstructured and helical conformations, reproduced from ref. 250 with per-
mission from the American Chemical Society, K. Ghosh and J. S. Moore, Foldamer structuring by covalently bound macromolecules, copyright
2011. b. Indolocarbazole—pyridine hybrid fluorescent probe for anions, reproduced from ref. 251 with permission from the American Chemical
Society, copyright 2016. c. Depiction of an occupied mesoscopic receptor—electrode based on aryl-triazole foldamers, reproduced from ref. 252
with permission from the Royal Society of Chemistry, P. R. Bueno, R. Hein, A. Santos, and J. J. Davis, The nanoscopic principles of capacitive ion
sensing interfaces, copyright 2020. d. Single-handed quinoline oligoamide foldamer complex resulting in a chiral Rh() catalyst, reproduced from ref.
253 with permission from the Royal Society of Chemistry, L. Zheng, D. Zheng, Y. Wang, C. Yu, K. Zhang, and H. Jiang, Chiral bisphosphine ligands
based on quinoline oligoamide foldamers: application in asymmetric hydrogenation, copyright 2019. e. Illustration of quaternary cocrystal formation

of urea foldamer, anion, cation and halogenated alkene, reproduced from ref. 255 with permission from the American Chemical Society, L. Hou, L.
Gao, W. Zhang, X. J. Yang and B. Wu, Quaternary cocrystals based on halide-binding foldamers through both hydrogen and halogen bonding, copy-

e = tetraalkylammonium cation

eE halideion YE halogenated alkane

right 2021.

applications in chiroptical bioimaging.>*® As discussed pre-
viously foldamers have potential as PPI inhibitors. Mauran
and co-workers have also shown that attaching a short oli-
gourea helix to the termini of peptides aided the formation of
a-helix structures in water, a structure which is typically com-
promised in water due to competitive H-bonding with the
solvent.””’

5 Conclusions and future outlook

This review summarizes the current state-of-the-art in abiotic
foldamer research and highlights the transformative potential
of this rapidly evolving field. Aromatic rings and cyclics are the
most commonly used backbone building blocks given that
they impose constraints in the folded conformation and aid in
stabilisation of foldamers through n-n interactions. Amides,
triazoles, ureas and hydrazines are typically introduced into a
backbone to stabilise the foldamer through hydrogen bonding.
Side-chain functionalities are just as important for the folda-
mer-folding behaviour because they dictate intermolecular
interactions, the shape and surface characteristics in solution.
Stereochemistry, introduces additional complexity and diver-
sity into foldamer design and by controlling spatial arrange-
ment within a foldamer backbone, researchers can create

Polym. Chem.

enantiomerically pure structures with selective folding pro-
perties, chiral recognition capabilities and enhanced biologi-
cal activity. Using computational approaches can accelerate
the discovery and design of new foldamer structures with tai-
lored properties and functions. A relatively unexplored area in
foldamer design is the use of atropisomeric bonds which
restrict rotation around specific single bonds. Researchers can
potentially open up another dimension of control when
designing foldamers with atropisomeric bonds. By harnessing
these principles of foldamer design and leveraging innovative
synthesis and characterization techniques, researchers can
unlock new opportunities for advancing molecular engineer-
ing and addressing complex biomedical and materials science
challenges. The diversity of foldamer architectures and their
building blocks, is potentially limitless, and understanding
how different building blocks can be used to create different
shapes and structures, can help researchers develop new folda-
mers. While challenges remain in foldamer design, synthesis,
and characterization, interdisciplinary collaborations and
technology integration offer exciting opportunities for advan-
cing foldamer research and realizing their full potential in
nanotechnology and beyond. An understudied topic in folda-
mer research concerns tertiary and higher-order structures. To
maximize understanding of foldamers and their potential
applications, the design and study of more complex architec-

This journal is © The Royal Society of Chemistry 2026
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tures is still needed. By exploring the emerging applications, it
is clear that abiotic foldamers are closing the gap between
small molecules and natural proteins. Foldamers can be
designed to have specific functions, which include, anion,
alkaline and metal ion receptors/transporters and bio-
molecular and protein recognition. Foldamers can be designed
to react to external stimuli such as (UV) light, temperature
changes and pH changes, which give access to specific func-
tionality on demand. Foldamers with charge-transfer capabili-
ties can be used to design artificial molecular electronic
devices. In conclusion, foldamers are poised to make signifi-
cant contributions to molecular engineering, materials
science, and therapeutics, potentially shaping the future of
healthcare, energy and environmental sustainability.
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