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Nature leverages the primary sequence of proteins to guide the folding of protein chains into specific
three-dimensional shapes, which are crucial for their function. Similarly, abiotic polymers can be engin-
eered with a precise arrangement of monomers and stereocenters through multistep iterative synthesis.
This study explores experimental and computational methods to examine the folding of model oligour-
ethanes and how stereochemistry can tune secondary structures. Our findings reveal that isotactic oli-
gourethanes can form helical conformation in non-polar aprotic media. The sequence of stereocenters in
the polymer backbone fine-tunes the resulting secondary structures and shifts from helical to zig-zag
shapes. While extensive research has focused on amide-based backbones due to their similarity to pro-
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teins, we demonstrate how to fold urethane-based structures that could be a foundation for developing
non-biological polymers with protein-like features. The shape control of oligourethanes is crucial for
their envisioned functions, such as catalytic activity and intramolecular interactions with ligands, making
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Introduction

Nature has achieved a remarkable level of fine-tuning the func-
tionality of proteins through their controlled structure, which
is still beyond the reach of abiotic macromolecules." The infor-
mation encoded by the sequence of amino acids in the protein
polyamide chain dictates the formation of the secondary struc-
ture and, subsequently, the specific role of the protein.
Nowadays, similarly to natural proteins, abiotic polymer back-
bones can be fabricated, preserving the defined order of
monomers using multistep iterative synthesis.””> Moreover,
the use of chiral monomers enables precise stereocontrol of
the backbone.® Among these, we can find examples of oligo
(urethane-amide)s,” oligotriazoles,® ' poly(thioether-amide)
s,'* polyesters,'” and oligourethanes.'*'* In other words, non-
natural macromolecules can be synthesized with a controlled
primary structure. Building on these developments, including
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stereocontrol a powerful tool for the advanced engineering of polymer properties.

our prior work demonstrating the controlled synthesis of
stereo-defined oligourethanes'>'* it becomes increasingly
important to understand how monomer sequence and stereo-
chemistry govern folding and secondary structure in abiotic
polymers. Such insight is essential for establishing design
rules that translate primary structure into predictable higher-
order organization and ultimately function.

Classical polymers in solution typically adopt “random
coil” conformations.'®> However, these conformations can be
controlled by tailoring polymer primary structure, including
sequence, chain length, and stereochemistry or tacticity.'®
Achieving precise control over polymer conformations in solu-
tion remains challenging and requires directional secondary
interactions at the single-chain level.'”>* Inspired by natural
systems, foldamers, sequence-specific oligomers,>* have been
developed to achieve well-defined 3D shapes directed by strong
directional interactions and rigidity of backbones.>*>® While
extensive research has focused on amide-based backbones,*’
including peptoids,**?" due to their similarity to proteins, the
folding behavior of non-amide-based structures remains
largely unexplored,®*~* especially in organic solvents distinct
from physiological environments.

Harnessing secondary structure control in organic solvents
offers a powerful route to designing synthetic macromolecules
with precise, programmable functions, unlocking new possibi-
lities in selective catalysis, molecular sensing, and other high-
performance applications. Despite remarkable advances in fol-
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damer design, key challenges remain in translating structural
control into real-world applications.>**® Achieving complex
tertiary architectures with protein-like sophistication®”~*° that
can rival enzymes or receptors, and create therapeutically rele-
vant scaffolds for drug discovery®® represent major frontiers.
At the same time, practical hurdles such as scalable synthesis,
cost-effectiveness, and integration with high-throughput or
evolutionary approaches must be overcome to unlock the full
potential. Therefore, developing foldamers on non-amide
backbones, such as polyurethanes, which can be fabricated on
a large scale and extended to relatively long chains,*’ is par-
ticularly important. Exploring different abiotic polymer back-
bones can extend the operational window of traditional folda-
mers and open access to media previously restricted by solubi-
lity limitations, for instance, conditions highly relevant for
organic catalysis and molecular recognition, which form the
foundation for designing advanced, functional materials.

In this work, we demonstrate that oligourethanes can fold
into different well-defined secondary structures tunable by the
stereochemistry of the monomer units in non-aqueous solu-
tion. Combining experimental and theoretical methods, we
show that short tetramers with varying sequences of stereocen-
ters are prone to attain conformations of distinct shapes in
non-polar media. Specifically, the isotactic SSSS sequence,
where S denotes the absolute stereoconfiguration of the
monomer units, folds into a helical structure, while replacing
S with R units in an alternating manner introduces disorder in
the helix, resulting in an elongated, sheet-like structure. The
presented study is an initial step to gain complete control over
polyurethane secondary structures that can mimic protein fea-
tures and finally be designed to display specific functionalities.

Results and discussion
Design, synthesis and characterization of oligourethane library

Four sets of abiotic oligourethanes with a defined sequence of
stereocenters were synthesized to investigate folding and the
impact of stereochemistry on the resulting secondary struc-
tures (Fig. 1). To introduce entropic constraints and promote
the formation of well-defined secondary structures, we have
chosen (R)- and (S)-enantiomers of chiral 2-aminopropan-1-ol
as the monomeric building blocks. This way, we limited the
distance between urethane bonds to two carbon atoms while
designing synthetically accessible structures. Each monomeric
unit has a stereogenic center located at the carbon adjacent to
the nitrogen atom of the urethane group. As we previously
reported, substituting 3-aminopropan-1-ol monomers,*?
having three carbon atoms between urethane groups, with
their constitutional isomer 2-aminopropan-1-ol resulted in a
significant increase of the backbone rigidity, as evidenced by
the increase in the T, values.'** On the other hand, the
urethane group adopts a stable planar conformation due to
the delocalization of n-electrons on the backbones, which can
be further stabilized by intra-chain hydrogen bonds, as
reported for monomer** and oligourethane-ligand com-
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plexes.*”> Therefore, we hypothesized that oligourethanes con-
structed from chiral 2-aminopropan-1-ol monomers can form
stable secondary structures that can be tuned by a sequence
of stereocenters. To test the hypothesis, we investigated the
three-dimensional structure of model oligourethanes by
Density Functional Theory (DFT) and several experimental
methods in chloroform, representing non-polar, aprotic
media. Oligourethanes with a defined sequence of stereocen-
ters are obtained by multistep solution synthesis that involves
two iterative steps: (i) activation of a hydroxyl group by N,N-dis-
uccinimidyl carbonate (dSu) and (ii) chemoselective coupling
of amino alcohol monomer followed by aqueous washing
(Fig. 1a, Scheme S1 and Tables S1-S3)."* For characterization
of obtained oligourethanes see SI (Fig. S1-S28).

The synthesized library of oligourethane tetramers varies in
the number (01, 02, O4) and arrangement (02, O3) of S and R
stereocenters, which influence their thermal characteristics.
Differential Scanning Calorimetry (DSC) analyses (Fig. 2a and
S29) reveal that the stereocenter sequence significantly influ-
ences intermolecular interactions, as reflected in different T,
values and crystalline properties among diastereoisomers in
the solid state. The T, obtained from the first heating curve
for the isotactic sequence is Ty, = 130 °C, and the change in
stereochemistry of the last monomer unit leading to the
sequence SSSR does not cause a significant difference. A
drastic change is observed when the stereocenter of the second
monomer is altered), leading to an increase of about 17 °C in
Tm, up to 147 °C for O3 SRSS. Change of stereochemistry into
an alternated manner in 04 SRSR, where the second and the
last monomers are turned to opposite stereoconfiguration,
leads to an even further increase in Ty, up to 167 °C, which is
37 °C higher compared with the isotactic motif. The same be-
havior was observed for enantiomer series 01-04’ (Fig. S29).
From the second heating curves, we can clearly see that Ty,
which represents backbone rigidity, occurs at about 40 °C and
remains unchanged across all investigated sequences. The two
sequences, O3 and O4, exhibit highly crystalline properties
that enable further examination in the solid state using X-ray
crystallography for O3 and 3D electron diffraction for O4.
Interestingly, the DSC data correlate with the distinct crystal
structures of the studied diastereoisomer series. The O3 SRSS
and 04 SRSR in the solid state form flat, zig-zag-shaped struc-
tures that promote orderly chain packing, leading to a confor-
mational arrangement resembling a sheet-like structure
(Fig. 2b and S30-S33). For O1 SSSS and O2 SSSR, however,
suitable crystals for structural analyses have not been obtained
so far.

Computational studies of the oligourethane conformation
landscape

Structural differences in solution among oligourethanes were
revealed by theoretical explorations of the conformational
landscape of each oligomer using DFT. Depending on the
sequence of stereocenters, the calculated secondary structure
of 01-04 is indeed different, as visualized in Fig. 3a. O1 SSSS
shows an ordered helical conformation, whereas O4 SRSR is

This journal is © The Royal Society of Chemistry 2026
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Fig. 1 (a) Synthesis route to oligourethanes. (b) A library of investigated oligourethanes O1-0O4 and their enantiomers O1'-04'. (c) Characterization
of representative oligomer O4 SRSR by Size Exclusion Chromatography (SEC, refractive index — RI trace) and Liquid Chromatography — Mass
Spectrometry (LC-MS, base peak chromatogram — BPC trace); for others, see Fig. S1-S28.
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b Crystal structure 04 SRSR

Fig. 2 (a) Differential scanning calorimetry analyses of O1-04 oligourethanes. (b) Crystal structure of O4 oligourethane “top view”, “side view" and
packing (coordinate systems indicated). For O3, see Fig. S30.
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Fig. 3 Stereocontrol dictates oligourethane shapes. (a) Simulated structures of the lowest energy conformation of oligourethanes O1-0O4 after a
prior optimization of the initial structure geometries. (b) Ramachandran plot (dihedral angles @ and ) of oligourethanes O1-04, with O1 and O4

representing helix and zig-zag, respectively.

elongated, displaying a rather zig-zag shape. The other oligo-
mers represent intermediate structures. The O2 SSSR and O3
SRSS show a part of the chain forming a helical pattern, but
flipping the chirality of one unit certainly introduces structural
change. For all oligomers O1-0O4, we observed a large energy
gap (~1.5-2 kcal mol™") between the lowest energy confor-
mations and the other conformers as indicated by Gibbs free
energy (AG) analyses (Fig. S34). This is a stark contrast to the
previous study on the Boc-S monomer, where six confor-
mations were found within a 1 kcal mol™" energy window.**
Boc-S refers to tert-butyl (S)-(1-hydroxypropan-2-yl)(methyl)car-
bamate, which serves as the monomeric building block used
for the synthesis of the oligomers O1-O4. The structural stabi-
lity of oligomers is attributed to intramolecular hydrogen
bonding between urethane units (C=0---H-N) as visualized by
Non-Covalent Interaction (NCI) analyses for the lowest energy
conformer of each tetramer (Fig. S35).

Stereocontrol tunes the geometry of oligomers by affecting
intramolecular hydrogen bonds that guide torsions toward dis-

Polym. Chem.

tinct angle preferences. The unique structural feature of
urethanes is that the angle ¥ takes values only around —180, 0,
180°, meaning that the urethane bond is planar, as visualized
in Fig. 3b.** The planarization is attributed to the extended
delocalization of n-electrons. The most significant effect of the
stereochemistry appears for @ angles. The @ angles for O1
SSSS are mainly distributed between —60 and —180° (Fig. 3b,
top left). When the stereocenters are altered, the majority of @
angles flip the value signs. For sequence O4 SRSR, the @ distri-
bution of the first and third unit populates between —60 and
—180° while the second and fourth unit populates between 60
and 180° (Fig. 3b, bottom right). The same tendency was
observed for O2 and O3 oligomers (Fig. 3 top right and bottom
left). This result suggests that stereochemistry can be used to
design the folding structure of oligourethanes by dictating the
sign of the torsion angle &. This is crucial information for the
future programming of sequence-defined polyurethanes,
where we could possibly control the polymer folding into a
helix, sheet, coil etc., through sequences of stereocenters.

This journal is © The Royal Society of Chemistry 2026
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Experimental investigation of oligourethane conformations in
solution by spectroscopic analyses

Detailed experimental characteristics in non-aqueous media
indicate that the secondary structure of oligourethanes is
indeed dependent on stereochemistry, which proves the
outcome of the computational data shown in Fig. 3a. Notably,
while structural studies are commonly conducted in aqueous
environments, our study was performed in chloroform,
offering new insights into folding under non-aqueous con-
ditions. Based on Nuclear Magnetic Resonance (NMR, Fig. 4
and S38-S41), Infrared (IR, Fig. 5a and S42) and Vibrational
Circular Dichroism (VCD, Fig. 5b and S43) spectroscopies, we
qualitatively characterized the formed shapes of the oligour-
ethanes. The combination of NMR, IR, and VCD spectra has
been used as a powerful method for studying molecular con-
formations of various systems*®™>> and has proved its relevance
in analyzing the secondary structure of oligourethanes.

NMR reveals the structural differences between oligour-
ethanes O1-O4 caused by the alteration in the sequence of
stereocenters. In the "H NMR spectra the signals from methyl-

a 'HNMR (300K)

o o
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ene (CH,) and methine (CH) groups in the backbone (range
around 3.3-4.5 ppm) serve as distinctive fingerprints for a
given oligomer (Fig. 4a). Concomitantly, a large variation of
the peaks representing amine (NH) protons (around
4.5-6.8 ppm) is observed between four tetramers. These spec-
tral differences are attributed to the various proton spatial
arrangements that depend on the sequence among diastereo-
isomers. Similarly to "H NMR data the "*C NMR spectra also
show differences in chemical shift signals between stereose-
quence arrangements (Fig. S25-528). At 300 K (about room
temperature), all NMR signals are broadened, reflecting
restricted molecular motions and limited rotational freedom
of the oligourethanes. Heating up to 323 K does not cause a
significant difference. In contrast, cooling reduces confor-
mational exchange, moving the system out of the intermediate
exchange regime, which sharpens and resolves the signals
when the temperature reaches 263 K (Fig. 4b and Fig. S38a-
41a). This effect likely arises from structured regions, such as
folded helical segments, that create an anisotropic environ-
ment and increase spectral resolution. The presence of hydro-
gen bonds is confirmed by the characteristic downfield shift of

b Variable temperature 'TH NMR

01ssss @000
________________NV\JV‘N\M__.___..

323K
300K
el CH U VY v AUV SN
-NH 2 283K
LLomoln | AL™ g ki
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Fig. 4 Conformational variations caused by the sequence of stereocenters probed by *H NMR. (a) Full range *H NMR with signals assigned to
corresponding functional groups (top) and zoomed range of amine and backbone protons (O1-04, 5 mM). Amine and backbone protons reveal dis-
tinct signal patterns for each diastereoisomer, evidencing a particular spatial arrangement for each oligourethane tetramer. (b) Variable temperature
*H NMR of O1 SSSS oligourethane. (c) Variable concentration *H NMR of O1 SSSS oligourethane.

This journal is © The Royal Society of Chemistry 2026
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Fig. 5 Conformational variations caused by the sequence of stereocenters probed by IR and VCD spectroscopies in CDCls. (a) IR spectra range
from 3200-3750 cm™2, demonstrating differences in signal patterns between Boc-S (100 mM) monomer and oligourethane diastereoisomers (O1—
04, 15 mM). (b) VCD spectra of Boc-S monomer, oligourethanes (O1-04, black) and their enantiomers (O1'-04’, red). (c) Experimental VCD spectra
compared with the best-fitted weighted average of the DFT calculated spectra of conformers.

NH proton signals during variable temperature NMR experi-
ments (Fig. 4b and Fig. S38a-41a). It is present for all studied
oligourethanes O1-0O4 and their enantiomers O1-04'. The
NMR analyses indicate significant spectral differences among
01-04 are due to distinct intramolecular interactions and a
formed hydrogen bond network. Variable-concentration 'H
NMR experiments in CDCl; in the concentration range
1-10 mM show no change in NH chemical shifts, confirming
their intramolecular origin (Fig. 4c and Fig. S38b-41b).

Similarly, IR analyses of the four oligourethanes exhibit
notable differences depending on the sequence of stereocen-
ters, especially in the spectral range of 3200-3750 cm™" repre-
senting NH stretching (Fig. 5a, full spectra Fig. S42). The
broad peak around 3350 cm™' in the oligomer spectra is
assigned to hydrogen-bonded N-H, as the spectrum of Boc-S
alone does not reveal this signal. When the stereocenter of the
second unit is altered (O3 SRSS), a new peak appears at
~3400 cm™!, and the broad band at ~3350 cm™" shifts to
~3300 cm™" compared to O1 SSSS and 02 SSSR. Those results
confirm that altering stereochemistry changes the environ-
ment of the hydrogen-bonded NH stretching mode along with
NMR data.

In the VCD spectra, fingerprint regions (amide I, IT and III)
become indicative for assigning helical, zig-zag and disordered
intermediate structures, similar to the amide range used for
structural analysis of peptides.®® A striking contrast emerges

Polym. Chem.

when comparing oligomer spectra to the monomer, highlight-
ing the structural diversity driven by their 3D conformations.
The VCD spectra of 01-0O3 show qualitatively comparable sig-
natures, while O4 reveals a clearly distinct spectral pattern.
This aligns with the simulated conformations, which showed
an ordered helix for O1, while flipping the chirality of one of
the repeating units introduced disorder in helical structures of
02-03. On the other hand, the VCD spectrum of O4 is
different from O1-03, which presumably reflects its elongated
zig-zag sheet-like structure, further reinforcing the unique
folding behavior of the studied sequences. The mirror-image
relationship between the VCD spectra of enantiomeric pairs
confirms the enantiopurity of the synthesized compounds
(Fig. 5b). The experimental VCD spectrum of each sequence is
statistically different as indicated by the cosine similarity ana-
lysis (Table S6). VCD spectra of the 20 lowest energy confor-
mers were calculated using DFT employing B3LYP-D3/
6-311++G(d,p)/PCM for each sequence (see SI for details).
Using these 20 spectra as basis spectra, we performed linear
combination fitting on the experimental spectrum (Fig. 5c).
The fitting results showed that the most weighted conformers
were not necessarily the lowest energy conformers (Tables S7-10).
This is due to the challenge of DFT calculations in accurately
determining the free energy of each conformer.”” Nevertheless,
it is remarkable that the experimental spectrum can be repro-
duced by the spectra of the 20 lowest energy conformers with

This journal is © The Royal Society of Chemistry 2026
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(a) Simulated structure of O1 SSSS illustrating characteristic through-space interactions for helical structure. (b) 2D NOESY NMR spectra

(zoom of NH range) of O1 SSSS in CDCls (5 mM) with marked through-space interactions characteristic of helical secondary structure; other signals
present in the spectra are attributed to TOCSY artifacts. The presence of observed cross signals serves as a confirmation of the helix model, which is
in alignment with the findings discussed above. (c) 2D NOESY NMR spectra (zoom of NH range) of O4 SRSR in CDClz (5 mM) showing the lack of
characteristic through-space interactions present in O1 SSSS. The observed cross signals in NOESY spectra are TOCSY artifacts. The multiple NH

signals present in the spectra confirm the presence of multiple conformers.

good agreement. We also note that the structural features of
the 20 lowest-energy conformers are similar within each
sequence (Tables S7-10).

The 3D structural characterization of oligourethanes con-
firmed that the sequence of stereocenters guides the folding
and conformation of oligourethanes to form helices, as indi-
cated by computational studies. The helical structure of O1 oli-
gourethane was confirmed by 2D Nuclear Overhauser Effect
Spectroscopy (NOESY), detecting through-space proton inter-
actions characteristic of oligourethane helical conformations
(Fig. 6a and S57). To assign particular signals in "H NMR
spectra, which is critical for structural analysis, we performed
COSY (Fig. S45-548) and TOCSY (Fig. S49-S52) analyses of all
studied sequences O1-O4. Based on these spectral data, we
identify individual spin systems representing each monomer
unit, using a similar strategy as we reported previously for iso-
tactic oligourethane (Fig. S53-S56).”® The NOESY spectra show
different signal patterns between diastereoisomers (Fig. S57-
S60) that confirm their distinct spatial arrangements.
Presented in Fig. 6b, the 2D NOESY spectrum of O1 shows
characteristic NOE couplings between the amine and methine
protons (NH,-H, and NHg-H;) that match the DFT simulated
structure. The same strategy was applied to analyze spectra of
other oligomers (02-04). However, due to spectral complexity
and signal overlapping caused by the disorder introduced as
the effect of stereocenter alterations, it was not feasible to
assign individual protons accurately, which is crucial for
further structural analysis (for details see SI, Fig. S53-556). As
an example, the corresponding NOESY spectra of 04 SRSR oli-
gourethane are shown in Fig. 6c. For the oligourethane with an
alternating sequence of stereocenters O4 SRSR, we do not
observe NOESY cross-peaks characteristic of a helically folded
structure. Instead, the absence of these signals may support
the existence of an elongated, zig-zag-like conformation, where
the increased distance between NH protons and backbone

This journal is © The Royal Society of Chemistry 2026

signals between the monomers prevents observation of cross-
peaks typical of a compact, helically folded shape.

Conclusions

The sequence of stereocenters in the oligourethane backbone
leads to various structural patterns in organic solvents, such as
helical and sheet-like motifs, as evidenced by the range of
methods, including NMR, IR, and VCD. The data show that
stereochemistry can be used to design the folded structure of
oligourethanes by dictating the sign of torsional angle values.
An isotactic sequence (SSSS) forms a helical structure, whereas
a syndiotactic sequence (SRSR) attains an elongated zig-zag
resembling sheet-like structure. These examples prove that the
secondary structure of sequence-defined oligomers can be
tuned by stereochemistry. Our findings represent a significant
step toward achieving precise control over the folding of oligo/
polyurethanes in non-aqueous environments—an underex-
plored area, which opens up the possibility of engineering
their shape and function. Therefore, stereocontrol is expected
to play a crucial role in developing sequence-defined polymers
as abiotic protein-like materials tailored for non-physiological
environments, paving the way for unforeseen applications in
organic-phase catalysis, chemical sensing, and interactive
materials.
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