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A helical architecture is a hallmark of structural organization
in both natural and synthetic systems," enabling precise
spatial arrangement of functional groups® and often confer-
ring unique chiroptical properties.® Inspired by motifs in pro-
teins, nucleic acids, and polysaccharides, chemists have devel-
oped foldamers, which are synthetic oligomers that adopt
stable, predictable conformations and act as versatile plat-
forms for chiral recognition,” catalysis,” molecular transport,®
and responsive materials.” Among these, aromatic oligoamides
have attracted sustained interest for their predictable folding,
high stability, and modular synthetic design.

Tubular aromatic oligoamides developed by Gong and co-
workers®® form a distinct class within this family. Built from
meta-alkoxy-linked aromatic amide units reinforced by intra-
molecular three-centre hydrogen bonds, these rigid backbones
fold into persistent cylindrical helices with internal cavities
and tunable outer surfaces. Such tubular foldamers assemble
into columnar stacks via n-r interactions,'® creating continu-
ous channels for molecular encapsulation'' or transport.'?
While structurally precise and robust, these helices have not
been extensively explored for their chiroptical properties;
despite their well-defined helicity, parent systems have rarely
been examined for circular dichroism (CD) activity or systema-
tic control of helical chirality.”

Other aromatic foldamer systems demonstrate that peri-
pheral substituents can strongly influence helicity,"* self-
assembly,'® and optical properties."® Among them, quinoline-
derived oligoamides, pioneered by Huc and co-workers, have
been studied extensively for helical folding,'” chiral induc-
tion,"® and functional group organization along a rigid aro-
matic helix. In such systems, remote stereocenters,'® steric
bias,”® and hydrogen-bond-mediated conformational control
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monomers to probe side-chain steric effects on helical chirality. Circular dichroism revealed tunable,
reversible helicity dictated by substituent bulk. This work establishes tubular oligoamides as structurally
precise yet responsive foldamers, enabling controlled chiroptical activity through targeted side-chain

have been exploited to achieve absolute helical handedness
and switchable chirality in solution and the solid state.”’
Additionally, Zeng and co-workers*> have reported macrocyclic
aromatic oligomers with specific functional end groups that
stack into columnar assemblies, highlighting how noncovalent
forces can control supramolecular helicity. Li** and others®*
have designed aromatic macrocycles®® and helices*® bearing
hydrogen-bonding and n-stacking motifs that drive hierarchi-
cal organization into nanorods, fibrils, and other anisotropic
structures. These studies illustrate a general principle: the per-
iphery of a foldamer and its side chains or appended function-
alities can be as critical as the backbone in dictating folding
propensity, supramolecular organization, and emergent chiral
properties.>”

In helical aromatic foldamers, side chains can influence
conformation through steric effects,>®
of aromatic stacking, and secondary noncovalent inter-
actions.?® Such influences can bias helix handedness,*® alter
the helical pitch,®' and modulate aggregation, with potential
to enable reversible chiral switching.*> However, a systematic
investigation into how side-chain design affects the helicity
and chiroptical signatures of “tubular” aromatic oligoamides,
such as those developed by the Gong group, has not yet been
reported.

Herein, we present a detailed study of side-chain-functiona-
lized tubular aromatic foldamers that display measurable and
tunable CD activity. In the absence of chiral induction, the
helices typically exist as a racemic mixture of left- and right-
handed forms. Incorporation of chiral side chains or chiral
initiators can bias this equilibrium to favor one handedness,
which is reflected in their chiroptical signals. By introducing
chiral substituents of varied steric demand, we examine how
peripheral modifications influence the magnitude of chiral
induction. Helices bearing achiral side chains were biased
toward a preferred helical sense by introducing a chiral initiat-
ing group into the backbone, exploiting the well-known ‘ser-
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geant-and-soldiers’ effect. Variable-temperature CD spec-
troscopy reveals distinct side-chain-dependent trends, includ-
ing reversible modulation of CD intensity. Structural analysis
suggests these effects arise from the interplay between side-
chain packing. This work demonstrates, for the first time, that
Gong-type tubular foldamers can be rendered chiroptically
active through targeted side-chain engineering. The resulting
CD signals provide direct access to their helicity in solution,
bridging the gap between structurally precise yet previously
uncharacterized chiral-responsive foldamer systems.

A recently developed polymerization method®*™® was
employed by our group to synthesize oligomers and polymers
directly from aromatic amino acid monomers (Fig. 1), as it can
produce presumed helical foldamers in a single step. The
latest phosphine-based reagent, R (Fig. 1), was used to activate
the carboxylic acid to the corresponding acid chloride in the
presence of an amine under slow monomer addition con-
ditions (Scheme 1). Initially, monomer A, bearing minimally
sterically demanding methoxy groups, was polymerized using
the chiral initiator I1 to yield PA1. Although the polymerization
was targeted to form only a 16-mer (A:I1 = 16: 1), precipitation
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of the resulting polymer was observed. This limited the solubi-
lity and hindered subsequent characterization by size-exclu-
sion chromatography (SEC) in DMF and via NMR spectroscopy.
Fortunately, CD spectroscopy could be performed in both
CHCI; and DMF due to the low concentration needed for the
measurements. In CHCl3, a positive Cotton effect was observed
(Fig. 2A). Concentrations from 0.01 to 0.1 mg mL~" showed a
proportional increase in both CD (Fig. 2B) and absorbance
intensities (Fig. 2C). Fluorescence measurements were also
conducted in CHCl; (0.01 mg mL™") (Fig. 2D) using the exci-
tation wavelength 1 = 274 nm where the absorbance value was
0.1 AU (Fig. S). In DMF, a lower-intensity CD signal was
detected, and heating the solution up to 110 °C caused a slight
decrease in CD intensity (Fig. 2E). Upon cooling to 20 °C and
equilibrating for one hour, the CD intensity recovered almost
to that of a freshly prepared sample at 20 °C (Fig. 2F), indicat-
ing that heat can act as a stimulus for these chiral initiator-
induced helices. To increase solubility and thereby to obtain
control over the helix synthesis during polymerization,
monomer B was prepared (see the SI) and initiated with I1 at a
B:I1 ratio of 8:1. SEC analysis of the precipitated polymer

HZN: : :cozH -
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Fig. 1 Chemical structures of the monomer (A-J), initiators (I11-13) and the phosphine reagent (R) used in this study.
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Scheme 1 The polymerization process to produce foldamers employing reagent R.
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Fig. 2 Analysis of polymer PA1. (A) CD spectrum at 20 °C in CHCls (0.1 mg mL™Y). (B) CD spectra in CHCl; at 20 °C, at varying concentrations. (C)
UV-VIS spectra at 20 °C at varying concentrations. (D) Fluorescence spectrum of PAl in CHCls. (E) Effect of increasing temperature on the CD inten-
sity of PAL in DMF (0.05 mg mL™Y). (F) The heated sample when cooled back to 20 °C.

PB1 (from cold methanol) in DMF showed a number-average
molar mass (M,,) of 4.8 kDa (theoretical M,, = 5.3 kDa) with a
dispersity of 1.09. CD spectra were recorded in a range of sol-
vents at a fixed concentration (0.1 mg mL™"), including CHCI;,
DMF, a CHCl3/methanol (1:1) mixture, and CCl,. In all cases,
a positive Cotton effect was observed (Fig. 3A), though with
varying intensities. CHCl; showed the highest intensity signal
among the solvents tested here. Temperature-dependent CD
measurements were further performed in CHCl; and DMF.
Heating a chloroform solution to 40 °C did not alter the CD
signal (Fig. S3) whereas increasing temperature showed a con-
tinuous decrease of the CD signal in DMF (Fig. 3B). Plotting of
the CD absorption maximum (at 340 nm) vs. temperature

This journal is © The Royal Society of Chemistry 2026

yielded a cross-over point at around T = 80-85 °C which
resembled a melting transition of PB1 in DMF (Fig. 3C). When
the same solution was gradually cooled to 20 °C, the CD signal
returned to almost its original value indicating a reversible
process (Fig. 3D). This phenomenon indicates that PB1 is ther-
mally stable yet dynamic. The polymer underwent reversible
unfolding and refolding of its helices in response to tempera-
ture changes. This phenomenon should be similar in magni-
tude and transition temperature for similar helices. However,
this scenario was less pronounced in the case of PA1 compared
to PB1. We assume that the three center hydrogen bonding
strength is of similar magnitude for PA1 and PB1, and in
fact, all helices synthesized here. The enthalpic benefit from
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Fig. 3 (A) CD spectra of PB1 in different solvents. (B) Effect of increasing temperature on CD signal intensities of PB1 dissolved in DMF (0.05 mg

mL™2). (C) Plotting CD intensity at 340 nm vs. temperature yielded the melting temperature of PB1 in DMF. (D) Effect of cooling of the heated PB1
sample. (E) Thermoreversible helicity of PB1 in DMF (0.05 mg mL™%) under repeated heating and cooling cycles. (F) Temperature ramping effect of

PB3 in DMF (0.05 mg mL™).

n-interactions between phenyl rings of adjacent helical turns,
however, will be highly dependent on the helical pitch, which
will be a function of steric bulk of the attached side chains.

It is, therefore, reasonable to assume that helices carrying
bulkier side chains give rise to larger helical pitches. This in
turn should decrease the strength of aromatic interactions and
facilitate helical racemization. For chirally initiated helices in
particular, a larger pitch will reduce the steric contact between
the initiator group and the first “overlapping”, i.e. a helical
monomer unit and hence weaken the chiral induction.

We, therefore, believe that the loss of the CD signal is due
to a loss of chiral bias rather than proof of complete unfolding
of the helix.

To understand the effect of side chain steric bulk on para-
meters, such as the helical pitch, we carried out simple mole-
cular dynamics simulations using an implicit solvent model
(Hawkins-Cramer-Truhlar, see the SI for details). Helices com-
posed of 60 phenyl rings were simulated for all monomers A-I
for 100 ns, with the last 50 ns used for averaging geometric
parameters.

We calculated the helical pitches for poly-A (3.45 A) and
poly(B) (5.35 A). This difference in pitch of almost 2 A shows
how polymers of these densely side-chain decorated monomer
units are very susceptible to small steric effects. Therefore,
assuming a larger pitch for PB1 compared to PA1, we can
assume that weakened aromatic interactions in PB1 could be
responsible for a more pronounced thermal response in CD-

1506 | Org. Biomol. Chem., 2026, 24,1503-1509

spectroscopy. To examine the effect of the helix length on heli-
city, PB2 was synthesized under the same conditions as PB1,
except using a B:I1 ratio of 16:1. A chloroform-soluble
polymer was obtained; however, PB2 precipitated at the SEC
characterization concentration (2 mg mL™") in DMF, and SEC
in chloroform yielded no elution, the reason for which
remains unclear. Despite these challenges, CD analysis of PB2
revealed a Cotton effect similar to that of PB1, confirming the
presence of helical folding in longer oligomers in solution (SI,
Fig. S5). However, at the same mass concentration (0.1 mg
mL™") the CD intensity of PB2 was lower than that of PB1, indi-
cating that the chiral bias does not propagate along the entire
length of the helix for this type of monomer (Fig. S8).
Moreover, PB1 exhibited a thermoreversible behaviour, with
CD signals decreasing upon heating and largely recovering
upon cooling for several cycles, indicating reversible helical
folding (Fig. 3E). Initiator I2 was used to synthesize PB3 (12: B
= 1:8), which, as expected, showed a negative Cotton effect
(Fig. 3F) and a similar thermal response during CD analysis.
To improve the solubility of the helical polymers in both
nonpolar (CHCl; during synthesis) and polar (DMF for SEC
analysis) solvents, a pentyl tert-butoxycarbonyl (BOC) side
group was introduced into monomer C. Monomer C was poly-
merized using R and I1 under slow monomer addition
(0.07 mL h™") conditions. The resulting 20-mer, PC1, exhibited
controlled M, (11 kDa) and dispersity (1.08) in SEC (DMF).
Subsequently, a 50-mer, PC2, was synthesized with similarly

This journal is © The Royal Society of Chemistry 2026
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Fig. 4 (A) SEC elugram of PC2. (B) CD spectra of PC2 in CHClz (0.1 mg mL™) at various temperatures. (C) SEC elugrams of PD1 and PE1. (D) CD
spectra of PI1 in different solvents (0.1 mg mL™) at 20 °C. (E) PI1 in DMSO (0.1 mg mL™) at different temperatures. (F) Linear plot of M,, vs. the J/13

ratio showing control over polymerization of monomer J.

controlled M, and dispersity (Fig. 4A). CD analysis of PC2
revealed a positive Cotton effect in CHCl3, although the signal
intensity was comparatively weak (Fig. 4B). Heating a CHCl;
solution up to 40 °C did not result in any loss of CD signals.
Despite the longer chain length, the foldamer retained its
helical conformation, consistent with the classical sergeant-
and-soldiers effect. MD simulations of a 60mer of poly(C)
allowed the calculation of a pitch of 4.14 A, which was much
shorter than that of polymers of A and B. MD simulations
show that attractive H-bonds amongst the side chain BOC
urethane groups are responsible for a more compact and less
sterically interfering periphery of the helix, which manifests in
a smaller pitch and hence reduced thermoresponsive behavior
in CD-measurements.

To investigate the effect of steric crowding on the solution-
state helicity of these foldamers, ethylhexyl side chains were
introduced to afford monomers D and E. The only difference
between the two monomers is that D is racemic, whereas E is
the enantiomerically pure (S)-isomer (see the SI). Mosher’s
ester derivatives were prepared from the synthesized pure (S)
alcohol and the commercial racemic alcohol to prove the enan-
tiomeric purity of the synthesized side groups. '°F and '*C
NMR comparison of both esters unequivocally proved that the
chiral (S)-2-ethylhexan-1-ol was indeed enantiomerically pure
(see Fig. S12-S15). Monomer D was polymerized using I1 to
target a 25-mer (PD1), which was well-characterized by SEC
(Fig. 4C). As expected, PD1 did not exhibit any CD signals in
CHCI;, CCl,, or DMF. A similar observation was made for PE1

This journal is © The Royal Society of Chemistry 2026

(synthesized from E with I3, see the SI), which was striking
given that each repeat unit contains two chiral side chains.
MD simulations of a 60mer of poly(E) gave a pitch of 6.43 A.

These results strengthen our hypothesis that steric side
chain bulk affects the helical pitch, which in turn results in a
loss of the ability to be chirally biased by the initiator or side
chains.

Additionally, PD1 and PE1 showed good solubility in DMF
and can be readily characterized by SEC, despite their inherent
hydrophobicity. This observation aligns with our hypothesis
that a larger helical pitch allows solvent molecules to interact
with the exposed amide and phenyl groups, enhancing
polymer solubility in DMF. In fact, the molecular dynamics
simulated pitches (see the SI) can only be considered as
minimum values, useful for comparing the effect of different
substituents. We believe that the excellent solubility of PD1
and PE1 can only be explained by solvation of the helices,
which would significantly expand their helical pitches if the
three center H-bonds remain unbroken.

Next, a systematic study of the effect of steric groups on CD
behavior was performed by designing monomers F-I.
Monomer F has a slightly lower steric bulk than D and E; G
contains alternating chiral branched and achiral straight alkyl
groups; H bears a methoxy group on one side and a bulky (S)-
configured ethylhexyl side chain on the other, whereas I has
one methoxy group on one side and a chiral (S)-2-methylbutyl
on the other. F, G, and H could all be polymerized in a con-
trolled manner (see the SI). PF1 (pitch: 5.80 A, see the SI) and

Org. Biomol. Chem., 2026, 24,1503-1509 | 1507
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PH1 (pitch: 5.10 A, see the SI) were CD silent, whereas PG1
(pitch: 5.27 A, see the SI) showed a very weak CD signal in
CCl, (Fig. S7 and S8).

Gratifyingly, PI1 (pitch: 4.90 A, see the SI) showed a strong
CD signal across multiple solvents and temperatures, includ-
ing DMSO (Fig. 4D). In CHCl;, a bisignate signal was initially
observed but disappeared when the solution was kept at room
temperature overnight, likely due to aggregation-induced pre-
cipitation. In DMF and DMSO, PI1 consistently showed a posi-
tive Cotton effect, with the highest intensity in DMSO. Notably,
the CD signal in polar, potentially H-bond-disrupting solvents
persisted for extended periods without racemization. Heating
the DMSO solution to 100 °C did not alter the CD signal much
(Fig. 4E), which also remained stable at room temperature for
over 45 days. Interestingly, unlike PB1, here, the CD intensity
did not decrease to almost zero upon heating in either DMSO
or DMF (Fig. S9). The dissymmetry factor (g-factor) of PI1 in
DMSO at room temperature was calculated as 9.8 x 107 (see
the SI). This high g-factor suggests significant chiral asymme-
try in the electronic transitions of PI1 in a polar solvent such
as DMSO.

The monomer structures of H and I only differ slightly in
that the stereogenic center in H carries an ethyl and a butyl
group, whereas the stereogenic center of I carries a methyl and
an ethyl group. This slight difference in the steric bulk leads to
a 0.2 A (see MD simulations) larger helical pitch for H (5.10)
compared to I (4.90) and complete loss of any helical bias in
H. It is important to note that branched side chains, which are
often used for increased solubility, can easily affect the helical
folding if the steric bulk due to the branching group is too
close to the helical core.

Due to strong aggregation, PI1 was insoluble for NMR or
SEC analysis. To overcome this, a protection-deprotection
strategy was employed. Monomer J was prepared in one step
from I and polymerized to three different lengths (PJ1: 16-mer,
PJ2:32-mer, and PJ3: 50-mer). A controlled polymerization
could be achieved as shown by the linear relationship between
observed M,, and monomer (J) to initiator (I3) ratio employed
(Fig. 4F). As expected, PJ1 did not show any CD signal.
Following trifluoroacetic acid treatment and trituration from
methanol, the resulting polymer exhibited a sharp CD signal
in CHCI;, confirming the pH-triggered helical folding of the
polymer (Fig. S12). Fluorescence spectra of both protected and
deprotected PJ1 revealed an additional emission peak at
around 420 nm, which is likely attributable to folding of the
helical backbone (Fig. S13).

Conclusions

In summary, we demonstrate that the helicity and chiroptical
activity of tubular aromatic oligoamide foldamers can be pre-
cisely modulated through side-chain design and chain length.
Minimally sterically demanding side chains yield strong,
thermoresponsive CD signals, while bulky substituents sup-
press the signal, highlighting the critical role of steric effects

1508 | Org. Biomol. Chem., 2026, 24,1503-1509
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and likely the helical pitch. Notably, the introduction of opti-
mized side chains further enables stable CD responses, even
in polar solvents and at elevated temperatures. These findings
were further supported by molecular dynamics simulations of
polymers constructed from all monomers. These results estab-
lish Gong-type meta-alkoxy-linked meta-aminobenzamide-
based tubular foldamers as a versatile platform for controlling
solution-state  helicity and designing chiral-responsive
materials through side-chain engineering. These results also
suggest that in all applications of these polymers as tube-like
structures or channels, the side-chains must be designed care-
fully in order not to widen the helical pitch beyond the point
where aromatic interactions are lost.
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