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Facile synthesis of polypeptoids bearing bulky
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Polypeptoids, as synthetic mimics of polypeptides, exhibit a variety of biological functions and excellent
proteolytic stability. Polypeptoids can be synthesized by the ring-opening polymerization of a-amino acid
N-substituted N-carboxyanhydrides (NNCAs); however, they suffer from the generally slow reactivity and
poor stability of NNCAs, especially those with bulky substitutes. This long-standing challenge greatly limits
the synthesis of polypeptoids with diverse structures. Herein, we found that commercially available 1,3-bis
[3.5-bis(trifluoromethyl)phenyllurea can greatly accelerate the primary amine-initiated ring-opening
polymerization of NNCAs by activating the NNCA carbonyl via hydrogen bonding interactions. Urea-cata-
lyzed NNCA polymerization is compatible with diverse NNCAs in preparing polypeptoids with variable
polymer lengths and narrow dispersity and is especially suitable for inactive NNCAs bearing bulky
N-substitutes, such as cyclohexyl-NNCA. This urea-catalyzed NNCA polymerization strategy will substan-
tially increase the structural diversity and functional study of polypeptoids, implying wider and diverse
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Introduction

Polypeptoids represent a type of polypeptide mimics with a
backbone composed of N-substituted glycine, which over-
comes peptides’ shortcoming of poor enzyme stability." They
have been actively studied in the fields of antibacterial
agents,”® drug and gene delivery,’” tissue engineering,®
antifouling,”™" and heat-responsive materials,">'* which
exhibit their great potential in applications. Polypeptoids were
prepared by the ring-opening polymerization of a-amino acid
N-substituted N-carboxyanhydrides (NNCAs).'*™® The func-
tional study of polypeptoids involves the diverse functional
groups of NNCAs.'”?® In exploring host defense peptide
mimicking antimicrobial polypeptides,”*™>° it was found that
hydrophobic residues, such as the bulky cyclohexyl group, are
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applications of these polypeptide mimics.

critical in defining the antimicrobial activity and cytotoxicity
of antimicrobial polypeptides.’®?” However, currently only
N-methyl glycine N-carboxyanhydride (sarcosine-NCA) is widely
used to prepare polypeptoids using various polymerization
strategies®®* ' due to the poor reactivity especially for NNCAs
bearing bulky side chains like cyclohexyl.*> To address this
long-standing challenge, we recently reported the fast polymer-
ization of NNCAs to prepare polypeptoids using Li/Na/KHMDS
as the initiator.>” Related advances have been used to initiate
superfast and moisture-insensitive polymerization of a-amino
acid N-carboxyanhydrides (NCAs) to prepare polypeptides.**—*

Among all strategies for polymerization of NNCAs, primary
amines are the dominantly used initiators for ring-opening
polymerization of NNCAs to prepare polypeptoids.’®™** The
merit of primary amine initiators lies in the easy introduction
of diverse functional groups into the C-termini of polypeptoids
via the initiators. Thus, we turn our attention to accelerating
primary amine-initiated polymerization of NNCAs, especially
for NNCAs bearing bulky side chains and with poor reactivity
for polymerization. It has been reported that organocatalysts
can accelerate polymerization reactions through hydrogen
bonding interactions, thus enabling the preparation of poly-
mers with controllable molecular weight and narrow
distribution.***” Specifically, this strategy has been used to

activate NCAs to achieve fast polymerization using

This journal is © The Royal Society of Chemistry 2022
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organocatalysts.*®*? Inspired by these precedent studies,
herein we explored commercially available 1,3-bis(3,5-bis(tri-
fluoro-ethyl)phenyl)thiourea (TU-S) and 1,3-bis[3,5-bis(trifluoro-
methyl)phenyljurea (U-O) as organocatalysts for primary
amine-initiated NNCA polymerization and found that this
strategy greatly accelerates the reaction via hydrogen bonding
with the NNCA carbonyl and results in rapid ring-opening
polymerization of NNCAs, even those bearing bulky side
chains, to prepare polypeptoids efficiently (Scheme 1).

Results and discussion

Using N-cyclohexyl glycine N-carboxyanhydride (cyclohexyl-
NNCA) as a model, we found that the ring-opening polymeriz-
ation of NNCA was very slow using a primary amine, n-hexyl-
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amine, as the initiator. The polymerization took 7 days to
prepare a polymer with a chain length of 20, and took a much
longer time to prepare polypeptoids with longer chain lengths
(Table 1, entry 1). Using TU-S as the organocatalyst at a con-
centration of 1/5 that of the NNCA monomer, the ring-opening
polymerization of cyclohexyl-NNCA was greatly accelerated to
complete within 22 hours and gave polypeptoids at about
20-mer in tetrahydrofuran (THF). However, the GPC trace of
the resulting polypeptoid showed a shoulder (Table 1, entry 2,
GPC trace in Fig. S17). So, we continued to examine the urea
catalyst U-O for its ability to accelerate the polymerization of
NNCAs. We found that U-O, at a concentration of 1/5 that of
the NNCA monomer, has superior performance in accelerating
the polymerization of NNCA, and reduces the polymerization
time from 7 days to 5 hours (Table 1, entry 3). In addition,
using U-O as the catalyst, we obtained polypeptoids with
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Scheme 1 Primary amine-initiated polymerization of NNCAs bearing bulky side chains, with and without using U-O as the catalyst.

Table 1 The n-hexylamine-initiated ring-opening polymerization of cyclohexyl-NNCA?

Catalyst
NS NHe + %/KO \/\/\/NY\ ,)/H

THF, R.T.

Entry Catalyst [M]:[1]:[Cat] Time My catea (g mol™) My sec” (g mol™) pb

1 None 20/1/0 7 days 2900 2900 1.24
2°¢ TU-S 20/1/4 22h 2900 3000 1.20
3 U-O0 20/1/4 5h 2900 3400 1.20
4 U-O0 10/1/1 5h 1500 1900 1.13
5 U-O0 20/1/1 7h 2900 3400 1.20
6 U-O0 50/1/2.5 12h 7100 6500 1.14
7 U-O0 100/1/5 16 h 14 000 9700 1.22
8 U-O0 200/1/10 21h 27 900 14 000 1.20

“The n-hexylamine-initiated ring-opening polymerization of cyclohexyl-NNCA in THF catalyzed by TU-S or U-O ([M], =
were characterized by gel permeation chromatography (GPC) using 0.01 M LiBr in DMF as the mobile phase at a flow rate of 1 mL min™"

1 M). ? All polypeptoids
at 50 °C.

M, skc is the number-average molecular weight. B is the dispersity index. “ GPC curve indicates a shoulder.
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expected polymer lengths, a narrow dispersity (P = 1.20), and a
monomodal distribution without shoulder (Fig. S21). The
observation that U-O showed better catalytic performance in
NNCA polymerization than did TU-S is probably owing to the
stronger electrophilicity of the oxygen atom in U-O than that
of the sulfur atom in TU-S, resulting in a stronger hydrogen
bonding interaction between U-O and the carbonyl in the
NNCA ring.>°

The catalytic performance of U-O in accelerating the ring-
opening polymerization of cyclohexyl-NNCA was evaluated
using polymerization kinetics obtained from HPLC analysis.
The polymerization kinetics indicated a very slow ring-opening
polymerization of cyclohexyl-NNCA initiated by n-hexylamine
with M/I = 50 at an NNCA concentration of 1 M in THF, having
the k[1] value of 0.004 h™" (Fig. 1). Slow polymerization was
due to the weak nucleophilicity of the reactive center, an
N-cyclohexyl substituted secondary amine having steric hin-
drance for continuous nucleophilic addition. We also investi-
gated how the equivalent of U-O relative to the NNCA
monomer affects the polymerization rate. The addition of 5%
U-O into the polymerization of cyclohexyl-NNCA accelerated
the reaction substantially, with the kp[I] value increasing from
0.004 h™' (without catalyst) to 0.293 h™'. Increasing the
amount of U-O catalyst to 10% and 20% relative to the cyclo-
hexyl-NNCA moderately increased the polymerization rate
further to have a k[I] value of 0.362 h™" and 0.403 h™", respect-
ively (Fig. 1). These studies demonstrated that U-O has
superior performance in catalyzing primary amine-initiated
NNCA polymerization to greatly accelerate the polymerization
rate of inactive NNCAs up to 100 fold.

U-O catalyzed ring-opening polymerization of cyclohexyl-
NNCA using n-hexylamine as the initiator can prepare polypep-
toids with variable chain lengths. With an NNCA-to-initiator
ratio of 10, the cyclohexyl-NNCA monomers were completely
converted to polypeptoids in 5 hours at room temperature with
the desired molecular weight (M,, = 1900 g mol™") and narrow
dispersity at ® = 1.13 (Table 1, entry 4). When the monomer-
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Fig. 1 Polymerization kinetics of n-hexylamine-initiated polymerization
of cyclohexyl-NNCA catalyzed by different amounts of U-O in THF at
room temperature ([M] : [I] = 50: 1, [M]p = 1 M).
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to-initiator ratio was gradually increased from 20 to 200, the
obtained polypeptoids have incrementally increased molecular
weight (M, = 3400-14 000 g mol ') and narrow dispersities
(D = 1.14-1.22, Table 1, entries 5-8). All the obtained polypep-
toids exhibited sharp and monomodal GPC traces (GPC traces
in Fig. S3-S7t). This observation echoes the importance of
exploring a new synthetic strategy to greatly accelerate the
polymerization of NNCAs in preparing polypeptoids with vari-
able molecular weights.*> When monomer-to-initiator ratios of
100 and 200 were used, we observed a lower M, than the
theoretical value, possibly due to intramolecular transamida-
tion in the polymerization process as reported in the precedent
literature as a side reaction in the polymerization of
NNCA."!

To test the substrate compatibility of this U-O catalyzed
polymerization on NNCA, we further examined NNCAs bearing
various side chain groups, such as N-cyclopentyl glycine
N-carboxyanhydride (cyclopentyl-NNCA), N-cycloheptyl glycine
N-carboxyanhydride (cycloheptyl-NNCA), N-cyclooctyl glycine
N-carboxyanhydride (cyclooctyl-NNCA) and N-isopropyl glycine
N-carboxyanhydride (isopropyl-NNCA). U-O substantially accel-
erated the polymerization of these NNCAs to complete within
9-12 hours (Table 2, entries 1-5, GPC traces in Fig. S8-S127).
For the polymerization of even more bulky N-tert-butyl glycine
N-carboxyanhydride (tert-butyl-NNCA), only oligomers were
obtained, which was likely because the great steric hindrance
of the tert-butyl group substantially reduces the nucleophilicity
of the secondary amine reactive center (Table S2 and
Fig. S171). We also tested U-O catalyzed polymerization of
NNCAs bearing less bulky side chains, sarcosine-NCA and
N-hexyl glycine N-carboxyanhydride (hexyl-NNCA), and
observed very quick completion of polymerization within
10 min and 30 min for sarcosine-NCA and hexyl-NNCA,
respectively (Table 2, entries 6 and 7, GPC traces in Fig. S13
and S14%). These studies indicated that U-O is compatible
with NNCAs in preparing polypeptoids with diverse side
chains.

The superior performance of U-O catalyzed NNCA polymer-
ization to prepare polypeptoids encouraged us to explore the
mechanism. We proposed that U-O activated the carbonyl
group on the 5 position of the NNCA monomer via hydrogen
bonding, which made NNCA more susceptible to be attacked
by nucleophilic amines and realized the rapid ring-opening
polymerization of NNCA (Scheme 2). In the chain initiation
step, primary amine initiators nucleophilically attack the
NNCA C5 carbonyl and generate the intermediate which is a
secondary amine and act as the reactive center for continuous
propagation. In the further chain propagation step, a second-
ary amine bearing a bulky cyclohexyl substituent acts as the
reactive center and has significantly lower nucleophilicity to
NNCAs than does the primary amine initiator (Scheme 2).

To explore the initiation step, we closely examined the
1:1 molar ratio mixture of an initiator tert-butylbenzylamine
and cyclohexyl-NNCA. High resolution electrospray ionization
mass spectroscopy (HRESI-MS) showed a characteristic peak at
m/z 303.2432, referring to the active species in the initiation

This journal is © The Royal Society of Chemistry 2022
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Table 2 The tert-butylbenzylamine-initiated ring-opening polymerization of NNCAs bearing various N-substituted groups®
n
NH, * =</"\® THF, RT. N‘(\n/\%/)'r‘“
o

®- ;r"!\o ;”r\O f\of\o f\( E NN
Entry Monomer [M]:[1] : [Cat] Time Mi catea (g mol ™) My sec” (g mol™) pb
1 Cyclopentyl-NNCA 20/1/1 10h 2700 2500 1.27
2 Cyclohexyl-NNCA 20/1/1 10h 2900 3400 1.21
3 Cycloheptyl-NNCA 20/1/1 11 h 3200 3400 1.21
4 Cyclooctyl-NNCA 20/1/1 12 h 3500 2700 1.25
5 Isopropyl-NNCA 20/1/1 9h 2100 2700 1.14
6 Sarcosine-NCA 20/1/1 10 min 1600 1400 1.20
7 Hexyl-NNCA 20/1/1 30 min 3000 2900 1.21

“The ring-opening tert-butylbenzylamine-initiated polymerization of NNCAs bearing various N-substituted groups catalyzed by 5% U-O (molar
ratio, [M], = 1 M) in THF at room temperature. ? All polypeptoids were characterized by GPC using 0.01 M LiBr in DMF as the mobile phase at a
flow rate of 1 mL min~" at 50 °C. M,, ggc is the number-average molecular weight. D is the dispersity index.
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Scheme 2 Proposed mechanism of primary amine-initiated ring-opening polymerization of NNCA catalyzed by U-O.

step, which supported our proposed mechanism in the chain
initiation step (Fig. 2a). We also characterized the final poly-
peptoid obtained from the polymerization of cyclohexyl-NNCA
using '"H NMR spectroscopy, and found the characteristic
peaks correlating to the tert-butylbenzyl group, which echoes
the above conclusion that the polymerization is initiated via
the nucleophilic addition of a primary amine initiator to the
NNCA ring and incorporation of a C-terminal functional group
by the primary amine (Fig. 2b). Moreover, the existence of tert-
butylbenzyl terminal groups and cyclohexyl-NNCA residue
repeating units was clearly identified in the characterization
using matrix-assisted laser desorption ionization-time of flight
(MALDI-TOF) mass spectroscopy (Fig. 3). All these studies indi-
cated that U-O catalyzed NNCA polymerization follows the
normal amine mechanism (NAM).”> We hypothesize that
adding U-O into the NNCA polymerization reaction will not
change the mechanism, but could activate NNCAs to facilitate
the nucleophilic attack step and achieve rapid polymerization.
As aforementioned, the addition of U-O significantly
increased the polymerization rate of NNCAs bearing bulky sub-
stituents, using primary amine as the initiator. This obser-
vation encouraged us to determine the catalytic mechanism of
U-O using NMR spectroscopy and density functional theory
(DFT) calculation. A close comparison of the 'H NMR spectra

This journal is © The Royal Society of Chemistry 2022

of U-O and U-O/cyclohexyl-NNCA mixture revealed that the
N-H on U-O shifts downfield from 7.67 ppm to 7.73 ppm due
to the hydrogen bonding interaction between U-O and cyclo-
hexyl-NNCA, as we proposed (Fig. 4). The "*C NMR spec-
troscopy revealed that both carbon atoms on the NNCA C5 car-
bonyl and C2 carbonyl shift downfield slightly after adding
U-O as the catalyst (Fig. S167). This result indicates that U-O
could activate both carbonyl groups on the NNCA monomer.
Nevertheless, the NNCA C5 carbonyl is more easily attacked by
nucleophiles than is the C2 carbonyl due to the higher electro-
philicity of the C5 carbonyl. Furthermore, the geometry-opti-
mized structure of U-O and cyclohexyl-NNCA in THF was
obtained using DFT calculation, which suggested that U-O
served as a hydrogen bond donor to form two hydrogen bonds
with one cyclohexyl-NNCA C5 carbonyl with an average hydro-
gen bond length of 3.10 A (Fig. 5). The structure also featured
a prolongation of the C=0 bond in cyclohexyl-NNCA induced
by the hydrogen bonds. Furthermore, the binding energy of
U-O and cyclohexyl-NNCA (AE = —7.26 kcal mol™") in THF
suggested that the hydrogen bonds are medium strength
hydrogen bonds.”® These studies revealed that U-O activates
the cyclohexyl-NNCA monomer through hydrogen bonding
interaction to increase its reactivity as an electrophile and
accelerate the polymerization of NNCA. DFT calculation also

Polym. Chem., 2022,13, 420-426 | 423
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IH NMR spectrum of polypeptoid synthesized from tert-butylbenzyla-
mine-initiated polymerization of cyclohexyl-NNCA catalyzed by 5%
U-0 in THF at room temperature ([M]/[l] = 20, [M], = 1 M).
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revealed that the hydrogen bonding interaction of TU-S and
cyclohexyl-NNCA (AE = —7.19 kcal mol™") was slightly lower
than that of U-O and cyclohexyl-NNCA (AE = —7.26 kcal
mol "), which is probably caused by the oxygen atom in U-O
being more electrophilic than the sulfur atom in TU-S. This
result is consistent with the experiment wherein both TU-S
and U-O exhibited excellent catalytic performance in speeding
up NNCA polymerization and could reduce the polymerization
time of cyclohexyl-NNCA ([M]/[I] = 20) from 7 days to 22 hours
and 5 hours, respectively (Table 1, entries 2 and 3).

Conclusions

Polypeptoids have attracted more and more attention as a class
of polypeptide mimics for diverse applications and are pre-
pared from the ring-opening polymerization of NNCAs. The
generally slow reactivity and poor stability of NNCAs
greatly limit the synthesis of polypeptoids with diverse struc-
tures and applications. Currently, the N-methyl glycine
N-carboxyanhydride (sarcosine-NCA) is dominantly used
because sarcosine-NCA is the least bulky N-substitute NNCA to
undergo easy polymerization. However, it is a long-standing
challenge to prepare polypeptoids with diverse structures from
NNCAs with bulky substitutes. In this study, we report a fast
NNCA polymerization strategy using primary amine as the
initiator and 1,3-bis[3,5-bis(trifluoromethyl)phenylJurea as the
catalyst. The use of urea catalyst greatly accelerates the reaction
rate of the polymerization by activating the carbonyl in the
NNCA ring via hydrogen bonding interactions, without chan-
ging the NAM mechanism for NNCA polymerization. This fast
polymerization strategy is compatible with diverse NNCAs,
including bulky N-substituted NNCAs, to prepare polypeptoids
that are otherwise inaccessible without using the catalyst. The
use of a commercially available urea catalyst and compatibility
with diverse NNCAs together imply the great potential of this
strategy in fast NNCA polymerization to prepare polypeptoids
for a variety of applications.
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