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A B S T R A C T

Polypeptoids have been explored as mimics of polypeptides, owing to polypeptoids’ superior stability
upon proteolysis. Polypeptoids can be synthesized from one-pot ring-opening polymerization of amino
acid N-substituted N-carboxyanhydrides (NNCAs). However, the speed of polymerization of NNCAs can
be very slow, especially for NNCAs bearing a bulky N-substitution group. This hindered the exploration on
polypeptoids with more diverse structures and functions. Therefore, it is in great need to develop
advanced strategies that can accelerate the polymerization on inactive NNCAs. Hereby, we report that
lithium/sodium/potassium hexamethyldisilazide (Li/Na/KHMDS) initiates a substantially faster poly-
merization on NNCAs than do commonly used amine initiators, especially for NNCAs with bulky N-
substitution group. This fast NNCA polymerization will increase the structure diversity and application of
polypeptoids as synthetic mimics of polypeptides.
© 2021 Chinese Chemical Society and Institute of Materia Medica, Chinese Academy of Medical Sciences.

Published by Elsevier B.V. All rights reserved.

Polypeptides have diverse biological functions and applications
in antimicrobial [1–5], drug and gene delivery [6–10], bioimaging
[11,12], tissue engineering [13] and biomedical applications
[14–22]. Nevertheless, the application of polypeptides suffers
from their easy enzymatic degradation, high price and difficulties
in large-scale synthesis. Polypeptoids are explored as mimics of
polypeptides because they not only have excellent stability against
proteolysis [23], but also can mimic the functions and applications
of polypeptides [24–28]. Polypeptoids can be synthesized from
one-pot ring-opening polymerization of amino acid N-substituted
N-carboxyanhydrides (NNCAs) [29–35]. However, the polymeriza-
tion of NNCAs may be very slow utilizing the widely used amine
initiators, especially for NNCAs bearing a bulky N-substitution
group such as cyclohexyl. The n-hexylamine-initiated polymeri-
zation on cyclohexyl-NNCA takes at least 6 days even at a high
reaction concentration of 1 mol/L (Fig. 1a).

Aforementioned challenges encourage us to explore new
strategies for NNCAs polymerization. Recent studies in our lab
demonstrated that lithium/sodium/potassium hexamethyldisila-
zide (Li/Na/KHMDS) all can initiate the superfast polymerization
on amino acid N-carboxyanhydrides for easy synthesis of poly-
peptides [36–39], with KHMDS initiating the fastest polymeriza-
tion. Our mechanism study indicates that Li/Na/KHMDS
deprotonates the NH on the NCA ring and initiates the NCA
polymerization, which implies naturally that Li/Na/KHMDS can
initiate the ring-opening polymerization of NNCAs by deprotona-
tion of the acidic CH on the NNCA ring. Experiments supported this
hypothesis and demonstrated that KHMDS initiates the ring-
opening polymerization of cyclohexyl-NNCA with a reaction rate
much faster than does the n-hexylamine initiator and reduces the
reaction time from 6 days to only 20 h, n-hexylamine vs. KHMDS as
the initiator (Fig. 1a). When KHMDS-initiated cyclohexyl-NNCA
completed after 20 h, only 12% of cyclohexyl-NNCA was consumed
if using n-hexylamine as the initiator (Fig. 1b). It is also noteworthy
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that KHMDS-initiated polymerization also provided resulting
polypeptoids with sharp signal of GPC trace and a narrow
dispersity of 1.13 (Figs. 1c and d).
e Academy of Medical Sciences. Published by Elsevier B.V. All rights reserved.
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Our continuous study showed that Li/Na/KHMDS all can initiate
he ring-opening polymerization of cyclohexyl-NNCA to give
olypeptoids, with KHMDS initiated the fastest reaction (Table 1,
ntries 1–3). KHMDS can also initiate the polymerization of
yclohexyl-NNCA to provide polypeptoids with a higher molecular
eight, Mn at 3560 and 4520 g/mol, but also with increased
eaction time (entries 4 and 5, GPC traces in Fig. S16). KHMDS also
uccessfully initiated the ring-opening polymerization of other
nactive NNCAs with bulky N-substitution, such as cyclopentyl-
NCA and cyclooctyl-NNCA, to afford corresponding polypeptoids
ith a narrow dispersity (Ð = 1.14 � 1.15; entries 6 and 7 in Table 1;
PC traces in Figs. 2a and b). It is noteworthy that for active NNCAs,

such as hexyl-NNCA and sar-NNCA, a fast polymerization
proceeded to afford corresponding polypeptoids within 30 min
(entries 8 and 9 in Table 1; GPC trace in Figs. 2c and d). Moreover,
copolymerization can also proceed successfully with this new
NNCA polymerization strategy, as demonstrated by the synthesis
of random copolymer poly(cyclohexyl-NNCA-r-hexyl-NNCA) using
KHMDS as the initiator (entry 10 in Table 1; GPC trace in Fig. 2e).

The polymerization rate difference was directly reflected in the
study on NNCA conversion and reaction rate using inactive
cyclohexyl-NNCA as the model (Fig. 3), which indicates that
KHMDS has superior advantage as an initiator for inactive NNCA
polymerization. The kp[I] value, as the reflection of reaction rate,
for n-hexylamine-, LiHMDS-, NaHMDS- and KHMDS-initiated
cyclohexyl-NNCA polymerization was 0.010 h�1, 0.035 h�1,
0.043 h�1 and 0.177 h�1, respectively, at a cyclohexyl-NNCA
concentration of 1 mol/L and M/I ratio of 20. The substantially
increased polymerization rate on cyclohexyl-NNCA using KHMDS
as the initiator than n-hexylamine encourages us to further figure
out the reaction mechanism.

For the classical n-hexylamine strategy of NNCA polymeriza-
tion, the reactive center for propagation is the secondary amine,
which has low nucleophilicity to attack a new NNCA ring if the N-
substitution group is bulky such as cyclohexyl, cyclopentyl and
cyclooctyl (Fig. 4a). Therefore, the n-hexylamine-initiated poly-
merization on cyclohexyl-NNCA takes over 6 days as aforemen-
tioned. In sharp contrast, as we demonstrated in previous NCA
polymerization to prepare polypeptides [36,39], we proposed that
Li/Na/KHMDS-initiated NNCA polymerization exploits terminal
N-carbamate as the initiator, which is much less affected by the N-
substitution group for nucleophilic attack to a new NNCA and,

ig. 1. Inactive NNCA polymerization in THF. (a) Slow and fast cyclohexyl-NNCA
olymerization initiated by n-hexylamine and KHMDS in THF at room temperature,
espectively. (b) Remaining NNCA across the polymerization time. (c) GPC traces
esult of cyclohexyl-NNCA polymerization using DMF as the mobile phase at a flow
ate of 1 mL/min. (d) GPC characterization result of cyclohexyl-NNCA polymeriza-
ion.

able 1
lkali-metal initiated NNCA polymerization in THF at room temperature.a

Entry Monomer Initiator M:I Mn
(g/mol)

Ð Time

1 cyclohexyl-NNCA LiHMDS 5 2410 1.14 3 d
2 cyclohexyl-NNCA NaHMDS 5 2270 1.11 60 h
3 cyclohexyl-NNCA KHMDS 5 2410 1.13 20 h
4 cyclohexyl-NNCA KHMDS 20 3560 1.12 32 h
5 cyclohexyl-NNCA KHMDS 40 4520 1.17 3 d
6 cyclopentyl-

NNCA
KHMDS 5 2600 1.14 24 h

7 cyclooctyl-NNCA KHMDS 5 2690 1.15 22 h
8 hexyl-NNCA KHMDS 5 3070 1.16 30 min
9 sar-NNCA LiHMDS 5 1590 1.13 30 min
10 hexyl-NNCA

+cyclohexyl-
NNCAb

KHMDS 5 3060 1.12 10 h

Fig. 2. GPC traces of polypeptoids obtained in entries 6-10 in Table 1.
a Polymerization of different NNCAs in THF at room temperature using LiHMDS,
aHMDS or KHMDS as the initiator. All polymers were characterized by GPC using
MF as the mobile phase at a flow rate of 1 mL/min. Mn is the number-average
olecular weight. Ð is the dispersity index.
b Copolymerization to prepare random copolymer poly(cyclohexyl-NNCA-r-
exyl-NNCA). Fig. 3. Polymerization kinetics of cyclohexyl-NNCA polymerization initiated by n-

hexylamine, LiHMDS, NaHMDS and KHMDS at room temperature, respectively.
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Fig. 4. (a, b) NNCA polymerization initiated by primary amine and Li/Na/KHMDS, respectively. (c) Initiation study on cyclohexyl-NNCA polymerization using KHMDS as the
initiator using a 1:1 molar ratio mixture of cyclohexyl-NNCA and KHMDS. (d, e) FT-IR and HRESI-MS characterization, respectively, on a 1:1 molar ratio mixture of cyclohexyl-
NNCA and KHMDS.

Fig. 5. (a) MALDI-TOF mass characterization on polypeptoid that was obtained from KHMDS-initiated polymerization on cyclohexyl-NNCA. (b) In situ C-terminal
functionalization of polypeptoid using KHMDS-initiated cyclohexyl-NNCA polymerization and resulting polypeptoid with almost quantitative C-terminal functionalization of

tert-butyl-benzylamine.
therefore, KHMDS led to the completion of cyclohexyl-NNCA
within 20 h (Fig. 4b). Taking KHMDS for example, we proposed that
KHMDS initiate the NNCA polymerization by deprotonating the CH
on the NNCA ring, followed by nucleophilic attack of the generated
167
carbanion to the carbonyl carbon on a new NNCA ring and a
subsequent ring-opening of the new NNCA ring to give a terminal
N-carbamate as the reactive center for further propagation
(Fig. 4c). Such a polymerization initiation mechanism was
7
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upported by the in situ Fourier transform infrared (FT-IR)
haracterization on the 1:1 molar ratio mixture of cyclohexyl-
NCA and KHMDS, based on the disappearance of characteristic
eaks for two carbonyl groups on the NNCA monomer ring at
864 cm�1 and 1771 cm�1, and the appearance of peaks at
678 cm�1 and 1574 cm�1 for compound 2, and the appearance of
eak at 1744 cm�1 for compound 3. The HRESI-MS characterization
lso supported our proposed mechanism by observing the peaks
or compound 3 at m/z of 297.2181 and 319.2001.

When the obtained polypeptoids are subjected to purification,
ater in solvent could cause hydrolysis of C-terminal unreacted
NCA ring to give a C-terminal carboxylate, and the protonation
nd decarboxylation of N-terminal N-carbamate to give an N-
erminal amine, which is confirmed by the MALDI-TOF mass
haracterization on the purified cyclohexyl-NNCA polypeptoid for
he observation of high intensity peaks at m/z of 613.3, 752.5, 891.6
Fig. 5a). Still we observed peaks of compounds a3, b3, c3, d3 from
his MALDI-TOF mass characterization, which all supported our
roposed mechanism of Li/Na/KHMDS-initiated NNCA polymeri-
ation. It is worth mentioning that we observed a peak at m/z of
34.5, could be the signal of cyclized polypeptoid f5, but at a very
ow intensity. The proposed Li/Na/KHMDS-initiated NNCA poly-
erization mechanism and the C-terminal unreacted NNCA ring

mply that a C-terminal functionalization can be easily obtained to
unctionalize the C-termini of polypeptoids, which was supported
y our proof-of-concept demonstration of C-terminal functional-
zation with tert-butyl-benzylamine in high efficiency, according to
he proton integration at chemical shift of 7.24�7.35 ppm in proton
MR characterization (Fig. 5b). This almost quantitative C-
erminal functionalization, with almost one C-terminal tert-
utyl-benzylamine per polypeptoid chain, underpinned that this
NCA polymerization afford linear polypeptoids dominantly.
In summary, polypeptoids have been explored as synthetic

imics of polypeptides for diverse functions and applications.
mines are widely used as initiators for NNCA polymerization to
repare polypeptoids. Nevertheless, new NNCA polymerization
trategies are in great need, especially to address the slow
olymerization on inactive NNCAs with bulky N-substitution
roup. Our discovery on alkali-metal initiated NNCA polymeriza-
ion addresses this challenge with fast polymerization even on
nactive NNCAs and can substantially enrich the structure diversity
f polypeptoids for functional study and application.
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Appendix A. Supplementary data

Supplementary material related to this article can be found, in the
online version, at doi:https://doi.org/10.1016/j.cclet.2021.02.039.
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