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Photoresponsive Helical Foldamers: Conformational
Control Through Double Helix Formation and

Light-Induced Protonation

Louis Hardoin,” Rana Kdouh,” Youssef Aidibi,” Soussana Azar,” Benjamin Siegler,”
Magali Allain,” Sébastien Goeb,” Eric Levillain,” Pierre-Antoine Bouit,™ Olivier Galangau,*®

Marc Sallé,*? and David Canevet*?!

Helical foldamers constitute particularly relevant targets in the
field of host-guest chemistry, be that as hosts or substrates. In
this context, the strategies reported so far to control the
dimensions and shape of foldamers mainly involve modifica-
tions of the skeleton through covalent synthesis. Herein, we
prepared an oligopyridine dicarboxamide foldamer substituted
by photo-active tetraphenylethylene units (TPE). We demon-
strate that it is possible to toggle the length of a helical

Introduction

Since the early 1990s, foldamers have emerged as an important
family in supramolecular chemistry."™ These oligomer strands
adopt various well-defined secondary structures,” such as
sheets, turns and others. Among this wide range of possible
arrangements, helical structures are the most prominent ones.”
The folding into helices results into the formation of an inner
cavity, which has allowed to bind a wide range of guests to
date and sometimes, with impressive binding constants even in
competing solvents, as well as outstanding selectivities.®” This
justifies why continuous efforts have been dedicated into
controlling the shape and the conformation of these helical
structures, in order to explore their potential towards various
applications such as sensing,®'? purification processes' or
catalysis,”® for instance. In addition, controlling the conforma-
tion and assemblies made up of helical foldamers may have a
strong impact in therapeutics, since some of them were shown
to inhibit protein-protein interactions"?' and can be used as
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foldamer by two means. First, the elongation of foldamers can
be tuned by adjusting the concentration, as demonstrated by
DOSY NMR spectroscopy and X-ray diffraction analyses on both
the single and the double helix structures. Secondly, and in a
more original manner, a photo-induced protonation process
triggered by TPE units promotes a novel pathway to unfold
helical foldamers, leading to dramatic conformational and
spectroscopic changes.

auxiliary agents to into
assemblies.**

Since their ability to fold into well-defined secondary
structures results from noncovalent bonds, foldamers are
dynamic by nature and hence, stimuli-responsive. This feature
allows for controlling their properties on condition to develop
efficient strategies to tune their shapes and/or conformations.
As far as helical foldamers are concerned, it is also worth noting
that important structural rearrangements may also occur
through double helix formation, which occurs when foldamer
strands associate to form multiple helices.”*® From the
dimensions point of view, this process is indeed accompanied
by an extension of the helical backbone, as well as a slight but
significant decrease of the helix diameter.””

In this context, relevant strategies to control the structure of
helical backbones have been reported by various research
groups, either by stimulations of single-stranded structures or
by tuning the single-to-multiple helix equilibrium. In this sense,
variations of solvent composition,®*** concentration,***! and
temperature®>*? have definitely shown their relevance. Other
chemical stimulations, such as pH variations,?*” metal
coordination,“'*? variation of ionic strength”’ or guest
binding™*™ also proved meaningful. Recently, our group and
others have shown to which extent redox processes®” or
photostimulation may constitute interesting opportunities to
control chiroptical properties,*** guest binding,>*® and helical
multiplicity®>464 i

organize  proteins complex

in a reversible manner.

On the other hand, tetraphenylethylene (TPE) constitutes a
remarkable luminescent unit in various capacities: i) it is easily
synthesized®® and its stability is well-documented,®**¥ ij) it
displays an aggregation-induced emission, because photo-
chemical reactions, which are non-radiative relaxation proc-
esses, may be impeded in cumbersome environments and
favored in diluted conditions, and jii) these features make it

© 2025 The Author(s). Chemistry - A European Journal published by Wiley-VCH GmbH
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particularly appealing as solid-state emitter® in the fields of
organic light emitting diodes (OLEDs),*® or as probe in
sensing®™ and biological imaging.®® With this in mind, we
designed foldamer A (Scheme 1), which includes tetraphenyl-
ethylene probes at its extremities, in view to tune its
luminescent properties according to its single or double helical
state. The specific formation of the double vs the single
stranded form could be achieved in solution, as characterized
by DOSY NMR using an uncommon cylindrical model, as well as
in the solid-state, by X-ray diffraction analyses. Though no
particular modification of the luminescent properties could be
evidenced upon double helix formation or dissociation, the
photochemistry of TPE offered a unique opportunity to unfold
the helical structure through an original photoinduced proto-
nation process, which can be reversed under basic conditions.

Results and Discussion

The synthesis of foldamer A was performed according to
Scheme 2. First, TPE-CO,H"? was converted into the corre-
sponding acyl chloride in the presence of oxalyl chloride and a
catalytic amount of dry dimethylformamide, and reacted with
amine 1."¥ This allowed for isolating amide 2 (64 % yield), which
was subsequently converted into carboxylic acid 3 with an
excellent yield. Eventually, target compound A was obtained
through an amide coupling® involving 3 and diamine 4 (79%
yield).*” Along this study, a reference tetraphenylethylene
derivative 5 was synthesized (ESI). The structure of all
intermediates and foldamer A were confirmed through
standard characterization techniques (See ESI).

OiBu OiBu OiBu
C ) u N. i C | i N n ‘ D N_N
N ‘ ) N N N ‘ ) N ‘ )
o o LJ o o LJ o o
Foldamer A

Scheme 1. Chemical structure of target foldamer A.
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Scheme 2. Synthetic scheme leading to foldamer A and reference 5.
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Dissolving A into acetone surprisingly led after few seconds
to the formation of single crystals and allowed for solving a
crystallographic structure of A in the single helical state

(Figures 1a, ST and Movie S1). Alternatively, a slow diffusion of

methanol into a chloroform solution of A afforded the double
helical state (Figures 1b, S1 and Movie S1). Both forms crystal-
lized as racemates in the P-1 centrosymmetric space group,
which indicates that crystals contain equal amounts of P and M
helices in the former case, and P,P and M,M double helices in
the latter one (Table S1). Their respective X-ray crystal structures

allowed to determine the helix pitch in each case. A value of

3.47 A is observed for the single helix, characterizing a tight
stacking mode within the helix loops, whereas a value of 7.34 A
(i.e. approximately double), is observed for the double helix
(Figure S1). Those distances illustrate the high compactness
degree in both objects.

Aiming at controlling the shape of foldamer A through
double-helix formation, a first step consisted in assessing its
capability to form double helices through variable-concentra-
tion '"H NMR experiments. Since oligopyridine dicarboxamide
foldamers commonly form double helical structures in chloro-
form with well-defined spectroscopic signatures, this solvent
was chosen to lead the corresponding measurements at room
temperature. In these conditions, single and double helices
were in slow exchange at the NMR time scale (298 K, 300 MHz)

(Figure 2). At high concentrations (e.g. 42 mM), two sets of

signals were clearly observed (Figure 2 and S2). As evidenced
with NH signals, a predominant set corresponding to the
double helix is observed between 9.8 and 10.1 ppm,***¥ and a
minor one, associated to single helices, appeared at lower fields
(above 10.2 ppm). This was further confirmed upon sample
dilution down to 0.3 mM, which showed that double helices are
fully dissociated at low concentrations (Figure S2). The presence
of two sets of signals allowed for determining an equilibrium
constant Kg,, of 140+4 for double helix formation through
nonlinear curve fitting (Figures S2 and S3). In order to assess
the dimensions of these molecular and supramolecular objects
in solution, DOSY NMR experiments were performed (Figures 2,

S3 and S4). Given the shapes and the rigid conformations of

foldamer A and of the double helix assembly A, in chloroform,
we envisaged two distinct geometrical models to fit the data,
i.e. a spherical model® and a cylindrical one®®" (Table S2).

14.663 A
13.605 A

29.485 A

16.209 A

Figure 1. Crystallographic structures (Movie S1) of foldamer A as a single
helix ((a), M configuration) and as a double helix ((b) P,P configuration) and
the corresponding cylinders dimensions as extracted from DOSY NMR.
Solvent molecules and isobutoxy chains are omitted for clarity.
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Figure 2. 'H NMR spectra of foldamer A at 0.3 mM and 42 mM (CDCl,, 298 K,
500 MHz) and the corresponding DOSY NMR spectra recorded in the same
conditions (42 mM). Minor variations of chemical shifts result from
intermolecular contacts.

The best fits were systematically obtained with the cylin-
drical model, which appears reasonable with regard to the
foldamer shapes (Tables S3 and S4). An important feature of
these objects lies on the change of their size upon double helix
formation (i.e. elongation - contraction along and perpendicu-
lar to the helix axis (Figure 1)). In Figure 3 are represented the
crystallographic structures of foldamer A in the single and
double helical states, as well as cylinders whose dimensions
were calculated thanks to DOSY NMR data (Table S4). In the
single helical state, a diameter of 14.663(23) A was determined
from these DOSY experiments, while the double helical
structure displayed a 13.605(5) A. This corresponds to a 11%
decrease of the diameter. On the other hand, the length of the
foldamer structures, either determined from the X-ray
structures®® or by fitting DOSY NMR data, significantly varies,
from ca 16.209(43) A to 29.485(34) A upon double helix
formation. This corresponds to a 82% elongation process and
confirms that this supramolecular process constitutes a relevant
tool to tune the geometry of helical foldamers and hence, to
control its assembling properties.

An important characteristic of the TPE unit lies on well-
established luminescent properties.”™ The spectroscopic prop-
erties of foldamer A were studied and no particular modifica-
tion of its emission spectrum could be evidenced when varying
the concentration of foldamer. Nevertheless, these experiments
unveiled an interesting photochemical transformation upon
exposure to UV irradiation. In fact, irradiating a solution of
foldamer A in a continuous manner (A, =309 nm) provoked
the progressive disappearance of the 309 nm absorption band
and the appearance of new absorption bands centered at 260
and 360 nm (Figure 3a). It is worth noting that an increase in
the fluorescence intensity was concomitantly observed, at blue-
shifted wavelength compared to the expected TPE lumines-
cence, though the absorption at 309 nm decreased (Figure 3b).

To the best of our knowledge, such a light-promoted
behavior had never been described in the oligopyridine
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Figure 3. Evolutions of absorption (a) and emission (b) spectra of foldamer A
under UV- irradiation (313 nm) (red line =before irradiation, blue line = after
irradiation), CHCl;, C=2.5x10"°> mol.L™", I=1 cm, A.,c=309 nm.

dicarboxamide series, and therefore a photochemical reaction
involving TPE units was considered. This chromophore is
actually known for undergoing the so-called Mallory reaction,
which consists in a photoinduced cyclization reaction followed
by an oxidation process leading to phenanthrene
derivatives.®** This prompted us to study the impact of UV
irradiation (A.,.=309 nm) on a) reference 5, which does not
include any foldamer fragment, b) intermediate 2 and c)
foldamer B (Scheme S1), which does not include any TPE unit.
As anticipated, irradiating foldamer B did not lead to any
significant evolution of its absorption spectrum, which implies
that the foldamer skeleton is not involved in the photochemical
process. On the contrary, reference compound 5 (Scheme 2)
exhibited an absorption band centered at 325nm that
decreased upon irradiation to the benefit of a new absorption
band at 260 nm (Figure S5), and which is similar to the higher
energy band observed upon irradiation of foldamer A. As
reported in the literature for pristine tetraphenylethylene, this
band constitutes a spectroscopic signature of the correspond-
ing photocyclized species. At this stage, one will also note that
such continuous irradiation also led to an increased
fluorescence intensity (Figure S6), which is expected along the
formation of the corresponding phenanthrene derivative.®

© 2025 The Author(s). Chemistry - A European Journal published by Wiley-VCH GmbH
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On this basis, irradiation of intermediate 2 was conducted at
a semi-preparative scale and allowed for isolating the photo-
cyclized compound 2, (Scheme S2 and experimental details),
confirming the occurrence of the Mallory reaction. In addition,
the photocyclization of TPE units after irradiation of foldamer A
was also confirmed by mass spectrometry with the observation
of a peak corresponding to [A-4H+Nal* (m/z=1780.7) (Fig-
ure S7). Eventually, the UV exposure of intermediate 2 also
proved valuable to get insight on the appearance of the
absorption band at lower energies (Figure S8). Unlike the case
of TPE 5, a new absorption band centered at A=360 nm
appeared when exciting solutions of intermediate 2, thus
highlighting the contribution of the foldamer skeleton in the
appearance of this new electronic transition. Since TPE photo-
cyclization remains scarcely reported in the literature with
regard to the hundreds of papers reporting its luminescent
properties, the quantum yields of photocyclization were
determined for 2, 5 and A (Table 1, Figures $8-10).%" The ®,¢
appeared drastically lower in the case of the oligopyridine
dicarboxamide derivatives (compound 2 and foldamer A), which
illustrates a decreased photocyclization ability and hence, the

Table 1. Quantum yields of photocyclization (CHCl;, 20°C, A, =313 nm).

2 TPE 5 Foldamer A

R 0.0009 0.025 0.0005

S A NG IEPIIN N
SUeR SUeR SUSh
H Oxidation H

H  photocyclization
l —| " Tulw — "

6 OiBu 7 OiBu

N w m-CPBA N wu o
o N L _N_N_NHBoc ~N_N__NHBoc

—_ - 0.
N S O N
X X U CHCl, T T U

Scheme 3. a) Photocyclization-oxidation process represented in the case of
5. b) Synthesis of N-oxide 7.
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Figure 4. Normalized absorption spectra of foldamer A before (red curve),
after irradiation (blue curve), after protonation (purple, 80 eq. of TFA) after
irradiation and addition of triethylamine (black, 20 eq.) CHCl;,
C=2.5x10""mol.L™", =1 cm, A, =309 nm.

exc

Chem. Eur. J. 2025, 31, €202403771 (4 of 6)

absence of energy transfer from the foldamer skeleton to the
tetraphenylethylene units.

To explain the appearance of a new absorption band at A,,,=
360 nm, we considered the possibility that Mallory reaction could
be responsible for hydrogen peroxide release, subsequent N-
oxidation of pyridyl rings and hence, modification of the
absorption spectrum. This possibility could be ruled out in a
straightforward manner, by preparing N-oxide 7 (Scheme 3)*®
which does not display any spectroscopic signature above 330 nm
(Figure S11). Since protons may also be released along the
photocyclization-oxidation process,*”*® another hypothesis lied on
the protonation of foldamer pyridyl rings.®® Therefore, two
complementary experiments were performed. First, an irradiated
solution of foldamer A was treated with a base (Et;N), which led to
the disappearance of the low energy absorption band (Figure 4).
Second, trifluoroacetic acid was added to a solution of foldamer A
(Figure S12) and the corresponding modifications of the UV-visible
absorption spectrum strongly resembled those observed upon
irradiation (Figures 4). Finally, the photochemical process was
performed in the presence of propylene oxide (Figure S13), which
is commonly used to trap generated acids along Mallory
reaction.” In these conditions, an increase of the absorbance was
observed in the UV range (~250 nm) but no additional absorption
band was evidenced at ca 350 nm. Consequently, these experi-
ments confirm altogether that the foldamer backbone gets
protonated upon UV-irradiation. In order to identify the proto-
nated pyridyl rings, a solution of 2 was titrated with trifluoroacetic
acid and the evolution of its '"H NMR spectrum was recorded
(Figure S14). This experiment showed that, unlike pyridyl dicarbox-
amide units, diaminopyridyl fragments get protonated.

When it comes to identifying the structures adopted by
foldamers, circular dichroism spectroscopy constitutes an
essential technique.®® Among various possibilities, it notably
allows for determining whether the adopted arrangement is
chiral or not, and identifying the handedness of helical
structures. Taking advantage of this technique, Huc and Coll.
showed in 2003 that pH variations allows for unfolding chiral
oligopyridine dicarboxamide foldamers by partial protonation
with trifluoroacetic acid.®® With this in mind, and taking
advantage of the presence of TPE units in foldamer A, we
considered the possibility to trigger indirectly its unfolding
process through photochemical stimulations.

In the absence of chiral information and in diluted solutions,
foldamer A exists as a racemic mixture of P and M single helices.
This prevents the utilization of a circular dichroism (CD)
spectrometer to study conformational changes. For this
purpose, a large excess of (R)-mandelic acid, known for its
ability to induce a preferential helicity for such foldamers,””
was added to a solution of A in chloroform. As evidenced by CD
spectroscopy, the chiral induction phenomenon proved effec-
tive (Figure 5a) with the observation of a negative Cotton effect.
Interestingly, irradiation of the solution at 313 nm led to the
progressive disappearance of the dichroic signal, as reported
earlier upon protonation of chiral foldamers.>®

As shown by UV-visible absorption spectroscopy (Figure 4),
irradiation and addition of trifluoroacetic acid (80 eq.) both lead
to the protonation of the oligopyridine dicarboxamide strand.

© 2025 The Author(s). Chemistry - A European Journal published by Wiley-VCH GmbH
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Figure 5. (a) Evolution of the CD spectra of foldamer A (CHCI,,
C=3%x10"°mol.L™"), I=1 cm) in the presence of (R)-mandelic acid (200
equivalents) and upon continuous irradiation (313 nm). b) Optimized
geometry of partially protonated foldamer A calculated through molecular
mechanics (MM +). Hydrogen bonds responsible for the unfolding process in
dotted lines.

Thereby, the disappearance of the CD signal may arise from the
dissociation of the ‘chiral guest-helical foldamer’ complexes,
which would result in the racemization of helical structures, or
from an unfolding process. To tackle this issue, a diluted
solution of A in the single helical state (CDCl;, 0.8 mM) was
treated with deuterated trifluoroacetic acid and studied by NMR
spectroscopy. Before addition of acid (Figures S15-518), NOESY
experiments show through-space correlations between amide
protons (Figures S17-518), which corresponds with A adopting
a helical conformation.®® In this state, no correlation was
observed between aromatic protons of pyridyl units and amide
ones in the NOESY NMR spectrum of A, which appears logical
with regard to the orientation of the amide protons towards
the center of the helix cavity. On the other hand, the addition
of trifluoroacetic acid to a solution of A (CDCl;, 0.8 mM)
revealed, 1) that, as for intermediate 2, the diaminopyridyl
fragments of A get protonated (Figures S19-522), and most
importantly, 2) that new correlations appear upon protonation
between the protons in positions 3 and 5 of pyridinium rings
and amide ones (Figures S23, S24). Consequently, these obser-
vations demonstrate, altogether, that protonation, whether it is
induced chemically or photochemically, triggers a modification
of the hydrogen bond network and hence, the unfolding of the
foldamer backbone. The optimized geometry of the latter could
be optimized through Molecular Mechanics MM™* calculations,
which evidenced the strong elongation of the foldamer strand
in comparison to the initial helical conformation. Therefore, this
study shows that TPE moieties act as photoacid units in these
conditions, allowing for unfolding these oligopyridine dicarbox-
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Figure 6. Shape adjustments through double helix formation or unfolding
processes of an helicoidal foldamer.

amide foldamers through light-induced protonation. To our
knowledge, such a possibility had never been reported.

Conclusions

The last decades have shown that foldamers constitute
appealing structures in supramolecular chemistry, be that as
hosts or substrates, as recently exemplified in combination with
proteins. In this context, developing strategies to control their
conformations, secondary structures and overall shape consti-
tutes a current challenge. We herein show that the double helix
formation in solution can be monitored by DOSY NMR experi-
ments combined to relevant data processing based on a
cylindrical model, as well as by single-crystal X-Ray diffraction
analyses of the single and the double helical states (Figure 6).
Remarkably, we show that the conformation of this TPE-based
foldamer can also be controlled thanks to an original light-
induced protonation mechanism (Figure 6). The latter is
provoked by a simple UV irradiation process and is supported
by the photoacid role of the TPE unit. We believe that this
proof-of-concept could constitute an important step towards
future foldamer-based receptors and to photo-responsive
foldamer-based assemblies. Alternatively, optimizing the photo-
acidic features of TPE derivatives, based on the numerus
molecular engineering strategies reported on this scaffold,
could also constitute an interesting track to explore.
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