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Design and synthesis of macrocycles with tuneable
diameters and helical foldamers with customizable
peripheral side chains

Saquib Farooq, Aurelien Crochet® and Andreas F. M. Kilbinger (2 *

Tubular structures with nanosized pores have shown remarkable applications in areas such as ion transport
and water filtration, but their development is often hindered by challenges including low yields, limited
functionalization, and poor uniformity. Herein, we present a new series of macrocycles with tuneable
diameters and helical foldamers featuring customizable peripheral side chains. The macrocycles, with
diameters ranging from 0.8 to 1.4 nm, were synthesized in moderate to good yields using a one-pot
method. Solid-state analysis revealed that these macrocycles form nanochannels, highlighting their
potential applications in areas such as molecular recognition and artificial water channels (AWCs).
Additionally, we synthesized helical aromatic amide polymers with narrow dispersities via a living chain-
growth process. Our strategy enables the incorporation of diverse functional groups, including ethers,
esters, acids, and amides, on the outer surfaces of the macrocycles or synthetic nanotubes. Circular
dichroism (CD) spectroscopy confirmed the helical conformations of the polymers in solution. These
macrocycles and foldamers present exciting opportunities for designing bioinspired membrane channels
and functional nanotubes with tuneable hydrophobicity and cavity sizes, paving the way for innovative

rsc.li/chemical-science

Introduction

Tubular structures are of significant interest due to their
extensive range of applications like molecular recognition, ion
transport and optoelectronics.”” Among these, tubes with
nanosized pores are particularly noteworthy due to their size
similarities to naturally occurring transmembrane channels.®”
For instance, carbon nanotube porins (CNTPs) with diameters
of 0.8 nm exhibit exceptional water transport capabilities,
surpassing those of many biological channels.*'* However,
further development of CNT pores is hindered by challenges
such as difficulties in adjusting pore diameters, functionalizing
the inner walls of the pores, obtaining control over the length
and achieving uniform pore sizes. In contrast, molecular and
supramolecular tubular structures offer distinct advantages,
including easier functionalization, better processability, and
adjustable cavity sizes.'* One straightforward approach to con-
structing organic tubes involves the stacking of -cavity-
containing precursors.”*** Notable examples are the
aromatic oligoamide macrocycles reported by Gong's group.'®
These macrocycles, with a non-collapsible hydrophilic cavity
have been shown to transport Na“ and K' ions through lipid
bilayers.'®* Measurements of transmembrane currents indicate
that the conductance of these macrocycles exceeds that of many
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applications in nanotechnology and materials science.

natural and synthetic ion channels.® The macrocycles align
into nanotubes through face-to-face stacking, forming large
channels. In comparison to biological ion channels, most
synthetic pores reported featured hydrophilic cavities with poor
ion selectivity and only a few have demonstrated evidence for
water transport.'””'®* However, macrocycles with nanometer-
diameter hydrophobic cavities have shown significant applica-
tions in transporting water across biological membranes.'*°
For instance, macrocycles based on arylene ethynylene back-
bones, synthesized through stepwise methods, have demon-
strated efficient water transport across lipid membranes.”
Recently, Aida's group created a series of macrocycles with
hydrophobic cavities and pore sizes ranging from 0.9 to 1.9 nm,
achieving water permeation rates that surpass those of aqua-
porin AQP1.>*> However, the synthesis of these macrocycles is
highly challenging and suffers from low yields.??

Another possibility to prepare tubular structures with better
yields is via polymerization. Several groups have reported
helical polymeric aromatic amide foldamers.***” These fol-
damers have also shown great potential in the field of water
transport. Zeng's group, for example, has engineered foldamers
with aliphatic hydrophobic inner pores, resulting in ultrafast
water permeation with high selectivity.”® All reported foldamer
systems are synthesized via step-growth polymerization with
a broad distribution of chain lengths and hence helical lengths.

However, the transport properties, in particular across
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membranes of defined widths, are highly dependent on average
molecular weight and dispersity.**

Here, we report a synthetic protocol that allows the synthesis
of macrocycles or precisely defined helical polymers that form
tube-like structures in solution, carrying functional groups on
both, the outside and the inner cavity.

Results and discussion
Synthesis

We recently described three new chlorophosphonium iodide
reagents that tolerate aromatic amines and rapidly convert
carboxylic acids into acyl chlorides.”** This allows for the
chain-growth synthesis of poly(aromatic amide)s under mild
conditions for a large variety of amino acid monomers. The
extremely high reactivity of the PHOS3 (chloro-tri-o-
tolylphosphonium iodide, Fig. 2A) reagent* prompted us to
investigate its performance in the synthesis of functional
aromatic amide macrocycles and polymeric helical tubes. Six
monomer structures were, therefore, designed and synthesized
(Fig. 1). Their gram scale synthesis is described in detail in the
SI Section (Fig. S1-S6). All monomers were fully characterized by
"H NMR and "*C NMR spectroscopy and high-resolution mass
spectrometry (HRMS).

Monomers 1-6 are all built from two aromatic amino acids
known for their strong hydrogen bond-forming capabilities.** 4-
Amino-2,3-dimethoxy benzoic acid (always depicted on the left
in Fig. 1) forms a hydrogen-bonded linear building block that is
connected to a 3-amino-2-alkoxy-benzoic acid derivative, which,
through hydrogen bonds, gives rise to the crescent shape. Upon
oligomerization or polymerization of these monomers, the
upper part (as shown in Fig. 1) will form the outside of
a macrocycle or helical tube, while the lower part (as shown in
Fig. 1) will form the inside, via the formation of the three centre
hydrogen bonds that stabilize the crescent conformation.

We first investigated macrocyclization reactions using the
new PHOS3 reagent. Macrocyclization reactions were carried
out similarly to polymerization reactions, i.e. via slow addition
of the monomers to a PHOS3 and pyridine-containing solution
but without the presence of a mono-amine initiator. We
assumed that the amino acid monomers (M1-M6) would act as
initiators allowing chain-growth-like propagation of oligomers
which would cyclize readily when reaching the appropriate
degree of oligomerization.
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Fig. 1 Chemical structures of the different monomers synthesized in
this study.
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To test our hypothesis, a chloroform (CHCl;) solution of
monomer M1 was added slowly (0.1 mL h™") to a chloroform
mixture containing PHOS3 and pyridine at room temperature
(Fig. 2A). After the completion of monomer addition, the crude
product was concentrated and precipitated in methanol to
remove pyridinium salt and phosphine oxide byproducts
(Fig. S7). Matrix-assisted laser desorption ionization-time of
flight (MALDI-ToF) MS analysis of the crude mixture revealed
a dominant signal at m/z = 1735.8, corresponding to the
macrocycle 1a (Fig. 2B) [M + Na'] ion (expected m/z = 1735.76),
which consists of four residue units of M1 (Fig. $39). Additional
signals at m/z = 2163.87 and 2592.18 correspond to macrocycles
1b (Fig. S40) and 1c (Fig. S41) as their sodium adducts and with
five and six residue units of M1, respectively (Fig. 2b). To isolate
these individual macrocycles, preparative high-pressure liquid
chromatography (HPLC) separation was employed. 10-20% di-
ethyl ether in dichloromethane (DCM) was used as the mobile
phase, and a normal phase silica gel column was used as the
stationary phase to obtain pure 1a (22%), 1b (8%), and 1c (1%)
(Table 1, and Fig. S7) as colourless solids with an overall yield of
33%. A reduced set of peaks indicating highly symmetric
structures was observed in the "H-NMR spectra of 1a, 1b, and 1c
further confirming their cyclic structure (Fig. S71, S73, and S75).
The successful formation of the macrocycles (1a-1c) demon-
strates the folding-assisted macrocyclization process driven by
the H-bonding between the oligomers, as postulated above.

Crystal structure and AFM analysis of macrocycles

To further validate the cyclic structures and gain deeper
insights into their conformations, we attempted to obtain
single-crystal X-ray structures. Single crystals were grown by
slow diffusion of methanol into a chloroform solution of 1a. As
shown in Fig. 3A, the crystal structure of 1a reveals a well-
defined square shape enclosing a hydrophobic cavity of
roughly 0.8 nm between the centroids of the internal methyl
groups (Fig. S60). The methoxy groups are oriented towards the
cavity, due to H-bonding interactions, causing the amide
hydrogens to face inward and establish a three-centered intra-
molecular hydrogen bonding pattern. Interestingly, the
macrocycle 1a has a planar backbone (Fig. 3C), which facilitates
perfect face-to-face m-m stacking between the aromatic flat
surfaces (Fig. 3D and S60c). The packing pattern of 1a reveals
densely packed nanochannels stabilized by large w surfaces
(Fig. 3C and D).

In contrast, the crystal structure of macrocycle 1b, obtained
by slow diffusion of methanol into a chloroform solution of 1b,
shows a pentagonal shape with a cavity of roughly 1.17 nm
between the centroids of the internal methyl groups (Fig. S61d).
Unlike 1a, the backbone of 1b deviates from planarity, adopting
a slightly puckered conformation possibly due to increased ring
strain. A slightly higher ring strain could also be responsible for
the lower yields observed during the cyclization reaction (see
above).

Despite numerous attempts, we were unable to obtain the
crystal structure of 1c. To estimate the internal diameter of its
cavity, we utilized an optimized structure generated with the

Chem. Sci., 2025, 16, 20570-20579 | 20571


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d5sc04138d

Open Access Article. Published on 06 2025. Downloaded on 11.6.2026 12:06:05.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

Chemical Science

View Article Online

Edge Article

o 9

o @Q

0

/ \
HooC N / \
. — VAN
O h iy > 7
1 ] 2 Slow addition (0.1 mL/h) ¥ / e 9
ol pyridine, chloroform
Monomer: M1-M6
O == Newly formed
amide bonds
R
B R R v @Y»
\
o o \,"‘ P
"i 0 N \ <G 0
Lt R ' o} - |
’ O\n O N {\H / /o”\,N R
N. & No ) N 2
:‘: ’ A0 N = - oy 0
R \ " R 7 _o
N-H o~ < \,H =
;:4\@ N -

o
1a,R=A A~~~ (22%) 4 R= YU\OJ< (26 %)

) i |(quantitative)

2b,R= (133%) ar= X
2a,R =;\0 (30 %) 4d,R= \)LOH ;\o/\(\/\ fo % Vo
[} ii | (quantitative) 0

4e,R= \)LN

at

16, R=A A~~~ (1%)

2¢,R =}~o/\(\/\ (1.76 %)

4c,R= \)OLOJ<

(2%)

No
N-H
A 0
wd N
R
R

oL - 4Ny
)3 o,
[e] o

o}
@®%) 4R= \/U\Ok (116%)

=4
1b, R NoTNANAN ° i |(quantitative)

iii |(quantitative)

4g,R= ‘?’LﬂHh

N
\
H O N
C 0 r
0,
(R c
N op WP ’ y
N U
0, “TH N
OJ(N k= o \n,o7<
H‘ -H _~ O o
N-" o ~o A
o Oy ) \ N
Mol H
N
O )
N~
01 H

6a,n=1 (12%)

6b,n=2 (3%)

Fig. 2 Structures of macrocycles synthesized (A) synthetic route to macrocycles. (B) Molecular structures of the different macrocycles
synthesized in this study. Reagents and conditions: (i) TFA, DCM, 25 °C (ii) oxalyl chloride, chloroform, dodecyl amine, pyridine, room

temperature.

Spartan software (version 14), which was subsequently analyzed
in the Mercury software. This analysis revealed an internal
cavity diameter of 1.43 nm, measured between the centroids of
the internal methyl groups (Fig. S61e).

Furthermore, the solid-state assembly of macrocycles 1a, 1b,
and 1c was confirmed by using atomic force microscopy (AFM).
A solution (4 mg L™") of 1a, 1b, and 1c drop cast from CHCl;
solution onto a mica surface revealed linear fibre-like aggre-
gates (Fig. S66-S68). These long, rod-like fibres suggest the
stacking of individual macrocycles, stabilized by extensive -7
interactions, consistent with the packing patterns observed for
1a (Fig. 3C, D) and 1b (Fig. S61).

20572 | Chem. Sci,, 2025, 16, 20570-20579

Preferential formation of tetramer macrocycle 1a

The efficient formation of macrocycle 1a (Fig. 2B) can be
attributed to the intrinsic preorganization of the uncyclized
oligomeric backbone. Oligomers shorter than the tetramer
struggle to undergo cyclization due to the rigidity of their
structures, which prevents the reactive ends from coming into
close proximity. In contrast, the tetramer precursor adopts
a folded conformation that aligns the amine and acid chloride
groups favourably, enabling rapid intramolecular cyclization.
Given the irreversible nature of amide bond formation, the
cyclic tetramer dominates as the primary product, while the

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Table 1 Synthesized macrocycles, their isolated yields and respective
monomers used for the macrocyclization

Macrocycles Monomer Isolated yield (%)
la M1 22
1b M1 8

1c M1 1

2a M2 30
2b M2 13.3
2¢ M2 1.76
4a M4 26
4b M4 11.6
4c M4 2

5a M5 10
6a M6 12
6b M6 3

formation of higher oligomers is significantly less favoured due
to deviation from planarity and an increase in ring strain (1a vs.
1b). To support this argument, we carefully analyzed the 'H-
NMR spectra of 1a, 1b, and 1c (Fig. S71, S73, and S75), which
revealed significant differences in the chemical shifts of the
amide protons across the three macrocycles. 1a exhibited the
most pronounced downfield shift (11.18-11.03 ppm), suggest-
ing the presence of stronger intramolecular hydrogen bonds.
This observation is consistent with the observed planar
conformation of 1a, which aligns the amide proton and
methoxy oxygen atoms in the same plane for optimal hydrogen
bonding interactions. In contrast, the amide proton signals for
1b (10.52-10.46 ppm) and 1c (10.31-10.13 ppm) appeared
upfield shifted, indicating comparatively weaker hydrogen
bonds, likely due to increased ring strain and deviations from

View Article Online
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planarity. Additionally, these results also align well with Aida's
reported macrocycle systems? These findings underscore the
crucial role of backbone rigidity and favourable hydrogen bonds
in promoting efficient cyclization in a one-pot set-up under mild
reaction conditions.

Synthesis of branched macrocycles from monomer M2

To explore the effects of structural modifications, we synthe-
sized macrocycles using monomer M2 (Fig. 1), which is struc-
turally similar to M1 but includes branched substituents. Using
the same macrocyclization approach, we obtained macrocycles
2a, 2b, and 2c¢ (Fig. 2B) with an overall yield of 45% after
preparative HPLC purification. The product distribution was
30% for 2a, 13.3% for 2b, and 1.76% for 2¢ (Table 1, Fig. 2B, and
S8). The increased yields are attributed to the branched alkyl
substituents in 2a, 2b, and 2¢, which likely reduce - stacking
interactions, thereby enhancing solubility and simplifying the
purification process.

Synthesis of macrocycles with diverse functionalities

The synthesis of macrocycles with diverse functionalities such
as amides, esters, acids etc. is crucial for expanding their
application potential, particularly in the fields of supramolec-
ular chemistry and materials science.”**'-** For example, Aida's
group recently demonstrated that macrocycles with amide
functionalities on their peripheries play a key role in the
formation of 1D nanochannels, showcasing the importance of
specific functional groups in achieving unique structural
features and enhancing supramolecular interactions.* Inspired
by these findings we attempted to synthesize amide-linked
macrocycles using monomer M3 (Fig. 1). However, the
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Fig. 3 X-ray crystal structures of macrocycle 1a. (A) Top view of the crystal structure of 1a. Atom colours carbon, black; nitrogen, blue; oxygen,
red. (B) Packing structure of 1a (top view). (C) Side view of the crystal structure of 1a. (D) Packing structure of 1a (side view).
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Fig. 4 Crystal structures of macrocycle 6a. (A) Top view of the crystal structure of 6a. Atom colours carbon, black; hydrogen, white; nitrogen,
blue; oxygen, red. (B) Side view of the crystal structure of 6a. (C) Packing structure of 6a (side view). (D) Packing structure of 6a (top view) with
DMSO solvent masked. (E) Packing structure of 6a (top view) with DMSO solvent in the cavity.

purification of these macrocycles proved challenging, as they
could not be effectively purified using either preparative HPLC
or recycling gel permeation chromatography (RGPC) with DMF
as the solvent. We believe this is likely due to supramolecular
aggregation caused by intermolecular hydrogen bonding of the
amides.*" To address this problem, we proposed incorporating
the amide linkage as a post-functionalization reaction on a well-
defined, pre-existing macrocycle. This strategy allowed us to
incorporate a wide range of functionalities beyond the amide
group. Therefore, we synthesized macrocycles 4a, 4b, and 4c
(Fig. 2B) that contain a tert-butyl ester group on the outer
surface of the rings by utilizing monomer M4 (Fig. 2 and
Figure S9). Notably, the purification of these macrocycles was
simpler using a similar procedure as described for 1a.

The combined isolated yield was 40%, with a distribution of
26% for 4a, 11.6% for 4b, and 2% for 4c (Table 1, Fig. 2B, and
S9). 4a and 4b were fully characterized by "H NMR spectroscopy
(Fig. S83 and S84) and MALDI-ToF mass spectrometry (Fig. S45
and S46) respectively. Subsequently, the tert-butyl groups of the
purified macrocycles 4a (Fig. 2B), and 4b (Fig. 2B) were removed
using 50% trifluoroacetic acid (TFA) in DCM to obtain the tetra
carboxylic acid macrocycle 4d (Fig. 2B), and the penta carboxylic
acid macrocycle 4f (Fig. 2B), in quantitative yields (Fig. 2B and
S10, S11). The compounds 4d and 4f (Fig. 2B) were transformed
into the corresponding acyl chlorides using excess oxalyl chlo-
ride and reacted with dodecyl amine to give the corresponding
peripheral amide functional macrocycles 4e, and 4g (Fig. 2B,
and S10, S11). The crude mixtures of 4e and 4g were concen-
trated and triturated with methanol to obtain pure macrocycles
in near quantitative yield. MALDI-ToF MS analysis of the puri-
fied macrocycles revealed signals with monoisotopic masses at

20574 | Chem. Sci, 2025, 16, 20570-20579

mj/z = 2180.41 for 4e, and at m/z = 2719.59 for 4g corresponding
to the expected amide substituted macrocycles (Fig. S49 and
S50). The post-modification or functionalization of these
subnanometer-pore aramid macrocycles, in our opinion, will
create new possibilities in the realm of supramolecular
chemistry.

The incorporation of amide side chains, either through
carbonyl (C-centered) or nitrogen (N-centered) linkages,
provides a versatile approach for tuning chemical properties
and enhancing intermolecular interactions in the field of
supramolecular polymerization.** Inspired by this, we also
synthesized N-centered amide-functionalized macrocycle 5a
(Fig. 2B) using monomer M5 (Fig. 1). RGPC (in DMF) was
employed to isolate 5a with a yield of 10% (Table 1 and S12).
MALDI-ToF MS analysis of the purified macrocycle 5a revealed
a signal with monoisotopic mass at m/z = 2012.29 corre-
sponding to the expected [M + Na'] ion (expected m/z = 2011.99)
(Fig. S51). However, macrocycles of larger diameters, containing
five and six monomeric units of M5 could not be effectively
purified.

Tuning the hydrophobicity of macrocycle cavities has
demonstrated significant applications in ion selectivity. For
instance, Zeng's group illustrated that substituting a methyl
group with an ethyl group increases hydrophobicity, thereby
minimizing interactions with anions in artificial water channels
(AWC).>

Motivated by these findings, we synthesized macrocycles 6a
(vield: 12%, Table 1 and Fig. 2B) and 6b (yield: 3%, Table 1 and
Fig. 2B) with enhanced hydrophobic cavities using monomer
M6 (Table 1, Fig. 2B, and S13). MALDI-ToF MS analysis of the
purified macrocycles revealed signals with monoisotopic

© 2025 The Author(s). Published by the Royal Society of Chemistry
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polymers synthesized in this study. (A) Synthesis of polymer P1-P4 using monomer M1 and initiator I1. (B) Synthesis of polymer P5-P7 using
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P16 using monomer M1 and initiator (S)-12 and (R)-I13.

masses at m/z = 1851.76 for 6a, and at m/z = 2309.00 for 6b
corresponding to the expected [M + Na'] ion (6a, expected m/z =
1851.72) and [M + Na'] ion (6b, expected m/z = 2308.91)
(Fig. S52 and S53).

To illustrate the H-bond driven folding of the self-initiated
macrocyclization, we calculated (DFT, wb97xd/def2SVP,
Gaussian 09 (ref. 35)) an amino acid version of 6a, just prior
to its ring-closure. The H-bond driven preorganization of the
macrocycle can could clearly be observed (see SI).

Solid-state structure analysis of modified macrocycles

To evaluate the impact of amide functionality on solid-state
aggregation and packing, we attempted to crystallize 4e for
single-crystal X-ray analysis, but it failed in various solvents.
However, the single-crystal X-ray structure of macrocycle 6a was
successfully obtained in DMSO solution. The single-crystal X-
ray structure 6a (Fig. 4A) also reveals a well-defined square
shape with a hydrophobic cavity of 0.83 nm between the
centroids of the internal methyl groups and 0.9 nm between the
centroids of the internal ethyl groups (Fig. S62f). The ethoxy and

© 2025 The Author(s). Published by the Royal Society of Chemistry

methoxy groups are oriented towards the cavity, causing the
amide hydrogens to face inward and establish a three-centred
intramolecular hydrogen bonding pattern as observed in the
case of 1a (Fig. 4). Interestingly, 6a forms a one-dimensional
assembly in the solid-state via the assistance of intermolec-
ular H-bonding between two NHBoC groups in two adjacent
macrocycles (Fig. 4C). Such a perfect alignment of the cycles on
top of each other resulted in the formation of an organic
nanotube with well-defined hydrophobic pores (Fig. 4D).

In the crystal structure of 6a, disordered DMSO solvent
molecules were present, which were eliminated during refine-
ment using the Platon SQUEEZE software (Table S11). This
suggests that the macrocycles, particularly 4e, 4¢g, 5a, and 6b
may contain internal cavities suitable for accommodating guest
molecules.

Synthesis of polymers

So far, the novel amino acid monomers M1-M6 could be shown
to form macrocycles with sub-nanometer pores in reasonable
yields through one-pot synthesis. Solid-state analysis revealed

Chem. Sci., 2025, 16, 20570-20579 | 20575
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that these macrocycles can self-assemble into tubular struc-
tures. Even though this approach is attractive, a key limitation is
the difficulty in controlling the length of the resulting self-
assembled tubes. Alternatively, these tubular structures can be
made via step-wise organic synthesis. However, yields in solu-
tion are typically low, and solid-supported synthesis requires
a large excess of valuable reagents in each coupling step.
Another possible strategy to prepare tubular structures with
excellent yields and good length control is living polymeriza-
tion.>*** A narrow length distribution is critical for tailoring the
properties of foldamer systems, allowing for precise control
over structural features.”* To address these challenges, a previ-
ously described chain-growth living polymerization method
developed by our group was employed here to produce polymers
with a wide range of helical lengths and narrow dispersities.
Subsequently, M1-M6 were polymerized by adding their
monomer solutions slowly to a mixture of PHOS3 and pyridine
while using a mono-amine as an initiator (Fig. 5).

For instance, a CHCI; solution of monomer M2 (5 equiv.) was
added slowly (0.07 mL h™") to a preheated (55 °C) mixture of
aniline (I1, 1 equiv.), PHOS3 (15 equiv.) and pyridine (25 equiv.)
(Fig. 5A and S14). After completion of monomer addition, the
crude mixture was purified using RGPC (in CHCl;) to obtain
pure polymer P1 which showed a narrow dispersity (P = 1.08)
and a number average molecular weight (M, sgc (cucl,) = 3-1
kDa) very close to that of the [M2] : [I1] ratio (Mp theo. = 2.3 kDa)
(Table 2 and S23). Further polymerizations (Fig. 5A) were carried
out by varying the monomer M2 to initiator I1 ratio (Table 2) to
obtain polymers P2 (M, sic (cucl,) = 6.3 kDa, My, ¢heo. = 4.6 kDa,
D = 1.08), P3 (My skc (cuot,) = 13.0 KDa, My, theo. = 9.2 kDa, D =
1.16), and P4 (M,,, sec (cuar) = 17 kDa, My, theo. = 13.7 kDa, D =
1.14). All showed excellent molecular weight control while
maintaining narrow dispersities (Table 2). Moreover, a plot of
the observed M, (via SEC) vs. M2:1I1 ratio showed a linear
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relationship, supporting our claim of a living chain-growth
polymerization process (Fig. 6A). Furthermore, MALDI-ToF MS
analysis of the purified polymer P2 allowed us to evaluate the
defined end-groups of the living polymer chains. The mono-
isotopic mass distribution of the P2 matched with the expected
polymeric structure carrying the initiator fragment (aniline) at
one chain end (Fig. 6B and S54). Additionally, monomer M2 was
polymerized using a chiral primary amine (S)-12 by varying the
monomer M2 to initiator (S)-12 ratios (10 : 1, My, theo. = 4.7 kDa,
20:1, My, theo. = 9.2 kDa and 40 : 1, M, ¢heo. = 18.3 kDa) (Tables 2
and S17, S18). The obtained polymers (Fig. 5B) P5 (M sec (crcl,)
=5.7 kDa, D = 1.08), P6 (M, sxc (cuc,) = 8.7 kDa, D = 1.03) and
P7 (Mpsec (cucl,) = 15.0 kDa, B = 1.14) showed controlled
molecular weights with narrow dispersities (Table 2, and
Fig. 516, S17). Drawing on the structural analysis of macrocycles
derived from M1 (which is structurally almost identical to M2),
we can reasonably assume that the polymers synthesized above
adopt a tubular or helical shape with exceptional control over
their length.

Amide groups as side-chain functionalities are particularly
interesting for engineering nanotube-like structures with
specific, tuneable properties due to their ability to form strong
hydrogen bonds. These additional interactions further increase
the stability of the polymer backbone due to strong intra-
molecular H-bonding between the side chains on the outer
surface of the helical tube.*® Consequently, we polymerized
monomers containing amide functional groups (such as M3
and M5) on the exterior using the same slow monomer addition
protocol.

Therefore, M3 was polymerized using (S)-12 as the initiator
and taking the M3 to (S)-I2 ratios of 10, 20 and 40 (Fig. 3C and
S$18) to obtain polymers P8 (M, theo. = 5.5 kDa, My, sec (pmr) = 6
kDa, D =1.12), P9 (M theo. = 11.0 kDa, My, sic (pmr) = 12.03 kDa,
D =1.20) and P10 (M, theo. = 21.7 kDa, M, spc (omr) = 30 kDa, D

Table2 Number average molecular weights (M,,) and polydispersity indexes (P = M,,/M,,) of the polymers (P1-P16) synthesized from monomer

M1-M6 and initiator 11, (S)-12, and (R)-13

Polymer Monomer (M) Initiator (I) M/I M theo.” [kDa] Mn,SEcb [kDa] D

P1 M2 1 5 2.3 3.1 1.08
P2 M2 n 10 4.6 6.3 1.08
P3 M2 1 20 9.2 13.0 1.16
P4 M2 n 30 13.7 17.0 1.14
P5 M2 ()12 10 4.6 5.7 1.08
P6 M2 (S)12 20 9.2 8.7 1.03
P7 M2 (S)12 40 18.3 15.0 1.14
P8 M3 (S)12 10 5.5 6.0 1.12
P9 M3 (S)12 20 11.0 12.0 1.20
P10 M3 (S)12 40 21.7 30.0 1.20
P11 M5 (S)12 10 5.1 6.7 1.13
P12 M5 ()12 40 20.0 16.6 1.25
P13 M6 ()12 10 4.5 4.3 1.19
P14 M6 ()12 40 17.8 10.5 1.17
P15 M1 (R)}13 10 4.4 5.4 1.05
P16 M1 ()12 10 4.4 6.0 1.05

“ Theoretical molecular weight as calculated by the ratio of M/I ratio. © for polymers P1-P7, M,, was determined by SEC in CHCI, and for P8-P16 in

DMF.
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matching with the proposed end groups.

= 1.20). The excellent control over the polymerization was
further realized by the end-group analysis on P8 using MALDI-
ToF MS (Fig. S55).

To switch amide connectivity (N-centred) on the peripheries
of the polymers, monomer M5 (Fig. 5D) was next employed in
our polymerization initiated by (S)-12 (Fig. 5D and S20). The
synthesized polymers P11 (M, theo. = 5.1 kDa, My spc (pmr) =
6.75 kDa, D = 1.13) and P12 (M, theo. = 20.0 kDa, My, sic (pmr) =
16.60 kDa, P = 1.25) showed narrow dispersities and M,, close to
the target set by the [M5]:[(S)-I2] ratio (Table 2). Additionally,
the MALDI-ToF MS analysis of polymer P11 was in very good
agreement with the proposed structure (Fig. S56).

Synthesis of polymers with protective groups

Incorporating protective groups into polymeric nanotubes is an
effective strategy to enhance functionality and enable further
modifications. To achieve this, monomer M6 was used in our
polymerization protocol. The polymerizations were initiated
with (S)-I2 using M6 to (S)-12 ratios of 10 and 40. The obtained
polymer P13 (M, sgc (omr) = 4.30 kDa, b = 1.19) (Fig. 5E, Table
2) showed a narrow dispersity and M,, close to the theoretical
mass (Mn theo. = 4.5 kDa, Table 2). On the other hand, P14 (M,
sec (omr) = 10.5 kDa, b = 1.17) while also giving a narrow di-
spersity, showed a molecular weight that was lower than the
target value (Mp theo. = 17.8 kDa). We believe that this discrep-
ancy at a higher degrees of polymerization (DP = 40) might be
due to decreased solubility.

A distinct advantage of incorporating BOC groups in P13 and
P14 (Fig. 5E, top middle) is the potential for post-synthetic
modification to obtain amine functionalities on the aromatic
moieties which potentially offer reactive sites on the external
surface of the nanotubes.

Structure elucidation of polymers

To further confirm the claimed helical/folded structures of the
polymers in solution, achiral monomer M1 (Fig. 5F) was

© 2025 The Author(s). Published by the Royal Society of Chemistry
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(A) Linear plot of observed M, vs. M2 : I1 ratio for the synthesis of polymers P1 to P4. (B) MALDI-ToF mass spectrum (DCTB, NaTFA) of P2

initiated using enantiomerically pure initiators (S)-I2 (enantio-
meric excess (ee) = 99.5%) and (R)-12 (ee = 99.5%) (Fig. 5F and
S22). The resulting polymers P15 ((R)-I3, My theo. = 4.4 kDa,
M, sec (cucl) = 5-4 kDa, B = 1.05, Table 2) and P16 ((S)-12,
M, sec (cuct,) = 6.0 kDa, B = 1.05, Table 2) were synthesized with
a degree of polymerization (DP) of approximately ten (Table 2).
MALDI-ToF MS analysis of P15 revealed monoisotopic peaks
matching with the proposed chiral end group (Fig. S57). CD-
spectroscopic analysis of P15 (R-enantiomer) and P16 (S-enan-
tiomer) in toluene at room temperature showed opposing CD
signals for P15 (R-enantiomer) and P16 (S-enantiomer) which
highlight the enantiospecific induction of helicity (Fig. 7). This
clear differentiation indicates that the helical sense of the
polymer is biased by the handedness of the initiator, with each
enantiomer generating a polymer with an opposite helical twist.

Furthermore, the CD results for polymer P8 (Fig. 5C), which
also carries a chiral initiator, also showed a significant CD
signal (Fig. S70). The consistent findings across different

50

40

30 —— S-enantiomer
R-enantiomer

CD (mdeg)

-40 4

-50

’ T £ T ») T E T A 1
300 325 350 375 400 425
Wavelength (nm)

Fig. 7 CD spectra of P15 (red) and P16 (black) recorded in toluene
(100 mg L) at room temperature.
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polymers reinforce the conclusion that these polymers adopt
helical conformations in solution.

Conclusion

In conclusion, we report the strategic design and successful
synthesis of macrocycles with clearly defined inner cavities,
achieved in moderate to good yields. This synthetic design
enables the functionalization of both the periphery and internal
cavities. Although not explored in this study, the design
framework provides the potential to incorporate other func-
tional groups, such as chiral moieties, which could potentially
be useful for future applications in asymmetric catalysis and
selective recognition of chiral guest molecules. Notably, we
incorporated a range of functional groups, including ethers,
esters, acids, and amides, on the macrocycle periphery.

Single crystal X-ray analysis of several macrocycles revealed
the formation of nanotubes with hydrophobic cavities ranging
from 0.8 nm to 1.4 nm, suggesting potential applications as
artificial water channels (AWC), functional supramolecular
polymers, and in molecular recognition, as demonstrated by
research from our group,*® Aida,*” Meijer,***” Zeng,*® and Man-
ish's groups.*®?°

Additionally, we showed that helical polymeric foldamers
with various functionalities can be prepared in good yields via
a chain-growth living polymerization method giving good
control over the helical lengths and dispersities. The high yield
of tetrameric macrocycles under self-condensation conditions
indicates that four monomeric units are required per helical
turn. Notably, circular dichroism (CD) measurements confirm
the helical conformations of the polymers in solution. We
believe these foldamers will pave the way for designing func-
tional nanotubes.
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