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ABSTRACT: Cyclic polymers display unique physico-
chemical and biological properties. However, their 
development is often limited by their challenging 
preparation. In this work, we present a simple route to 
cyclic poly(α-peptoids) from N-alkylated-N-
carboxyanhydrides (NNCA) using LiHMDS promoted 
ring-expansion polymerization (REP) in DMF. This 
new method allows the unprecedented use of lysine-
like monomers in REP to design bioactive macrocy-
cles bearing pharmaceutical potential against Clos-
tridioïdes difficile, a bacterium responsible for noso-
comial infections. 

So far, three main routes have been proposed to syn-
thesize cyclic polymers.7,9,10 Two of these routes in-
volve a post-polymerization grafting using tailored 
extremities of linear polymers and uni- or bi-
molecular couplings.11–13 In these two options, the 
synthesis of polymers remains difficult in marked 
contrast to the third option, named ring-expansion 
polymerization (REP), that is far more efficient.1,14 
REP involves the insertion of cyclic monomers via the 
use of specific catalyst/initiator systems and it has 
been used in metathesis polymerization to produce 
cyclic olefins,15 or in ring-opening polymerization 
(ROP) to produce cyclic polyesters14,16 and polypep-
tides.17 N-heterocyclic carbenes (NHCs) have provid-
ed spectacular results in this direction by promoting 
REP with evolving growth control.14,17,18 Cyclic polymers are unique macromolecules that 

have different physical properties than their linear 
counterparts due to the “double constraint” related to 
the cyclization. For instance, cyclic polyesters demon-
strated modified solubility,1,2 crystallinity2,3 and im-
proved degradation profile against chemical hydroly-
sis.4 Theoretically, the radius of gyration of a cyclic 
polymer is expected to be 1/Ö2 that of the linear one in 
unperturbed conditions.5 With cyclic diblock copoly-
mers, the models predict a transition from the disor-
dered to an ordered phase in bulk at (cN)c=17.8 for a 
symmetric diblock copolymer as compared to linear 
diblocks for which (cN)c=10.5.6 In solution, cyclic 
polymers possess a ring-like topology displaying 
smaller hydrodynamic volume and it has been shown 
that cyclization concentrates spatial distribution of the 
side chains to achieve unique biological properties.7,8 
For these reasons, efficient syntheses of cyclic poly-
mers have attracted great interest in recent years.  

 

Scheme 1. LiHMDS-mediated REP of NNCA: cyclic and 
bioactive species are produced in a controlled fashion. 



 

This work is focused on the synthesis of cyclic 
poly(α-peptoid)s using the ROP of glycine-based N-
alkylated-N-carboxyanhydrides (NNCA).19 D. Zhang 
and her collaborators carried out pioneer works about 
such cyclic structures: they have shown that NHC18 
and 1,8-diazabicycloundec-7-ene (DBU)20 can afford 
cyclic polypeptoids from NNCA. Although being 
quite efficient, these approaches remain sensitive to 
solvent effects, limiting the scope of the monomers 
that can be used for solubility reasons.18,21 Herein, we 
report an alternative approach leading to another REP 
of NNCA that can be performed in a more polar medi-
um (DMF), using lithium bis(trimethylsilyl)amide 
(LiHMDS). LiHMDS is a strong base already known 
to promote the superfast ROP of non-alkylated NCA 
monomers.22 Unexpectedly, in this work, the use of 
LiHMDS allowed the synthesis of cyclic polypeptoids 
when mixed with various NNCA: sarcosine-NCA 
(Sar-NCA), N-benzyl-NCA (N-phe-NCA) or N-Cbz-
aminobutyl-NCA (Z-N-lys-NCA). Using those mono-
mers, the LiHMDS methodology allows simple access 
to cationic macromolecules with interesting antibacte-
rial activities (Scheme 1). 

moiety (5-hydroxy-2,3-dihydrooxazolium enolate = 5-
OH-DHE in figure 2). 

 

 

As part of a catalytic study aiming at synthesizing 
polysarcosine (poly(sar)), we first implemented the 
ROP of Sar-NCA at 0.4 M in DMF from hexylamine, 
with or without a stoichiometric amount of LiHMDS 
(as compared to hexylamine) at a monomer/LiHMDS 
ratio (M/B; B stands for base) = 100, leading to 
poly(sar) 1 and 2, (table 1). Monitoring the disappear-
ance of the NNCA peak by FTIR (figure S3) revealed 
that the Sar-NCA stretching was disappearing at a 
faster rate of k = 9.5x10-3 min-1 in absence of hexyla-
mine (poly(sar) 3). Upon purification, polymer 3 was 
characterized by 1H NMR and the SEC analysis re-
vealed a lower elution time and a narrow dispersity 
(figures 1A, S4 and table 1). MALDI analyses were 
then carried out to clarify the structure of 3: it revealed 
the presence of three sets of ions matching Δ ≈ 71 
g/mol with an initiation attributable to previously ob-
served spirocyclic structures (figure 1B).21 So far, the 
existence of cyclic poly(α-peptoid)s in solvents with 
high dielectric constants such as DMF was never re-
ported. In this work, ESI-MS and FTIR spectra run 
during the early stages of the polymerization (figures 
S6-7) highlight most of the key intermediates of a 
possible REP mechanism starting from Sar-NCA 
deprotonation (scheme S4.4).21 Moreover, DFT calcu-
lations carried out on a model zwitterionic intermedi-
ate (5 monomer unit) show that the cyclic form is 
energetically more favorable than the linear one (ΔG = 
-18.6 KJ/mol, figure S8). As depicted in figure 2, the 
chemical structure of this intermediate includes 
LiHMDS and involves three stabilizing interactions 
between the polymer and the Li+ cation, allowing 
spatial proximity between the anionic carbamoyl ex-
tremity and the positive charge of the Münchnone 

Figure 1. Macromolecular characterizations A) SEC 
characterization in DMF (1% LiBr) of poly(sar) 1 and 
poly(sar) 3. B) Full MALDI-ToF spectra with assign-
ment of the individual peaks from poly(sar) 1.  

 
By decreasing the M/B ratio to 35 (an increase in 

dispersity was observed for lower ratios), polymer 4 
was synthesized to confirm the presence of a 
Münchnone ring on the macromolecule. 1H and 13C 
NMR spectra of this new polymer corroborated the 
proposed Münchnone specie (figures S10 and S13) 
and FTIR analyses showed both the carbonyl stretch-
ing of the zwitterionic structure and the Münchnone 
initiation species at 1568 and 1759 cm-1 as well as the 
polymer backbone at 1639 cm-1 (figure S11).23 It is to 
note that the mesoionic oxazole moiety is known to 
ring-open, in acidic conditions24 (scheme S4.5). Thus, 
the reactivity of the 5-OH-DHE ring from the cyclic 
structures was first evaluated by exposing polymer 4 



 

to HBr (2 equiv.) in TFA. After this treatment, 
MALDI-TOF and 13C NMR spectra indeed revealed 
possible ring-opening into an iminium acid derivative 
(figures S12-S14) without modification of the overall 
macrocyclic topology, as attested by NMR, MALDI-
TOF and SEC analyses (figure S15). On another hand, 
cyclic poly(α-peptoid) were reported to react with acyl 
chlorides to afford the linear counterparts.21 Accord-
ingly, MALDI-TOF analyses revealed that the treat-
ment of cyclic polymer 4 with propionic anhydride (2 
equiv.) afforded a linear analogue of the polymer for 
which the SEC analysis revealed a higher molar mass 
(figures S15-18). Similar propylation was repeated 
with polymer 3 and, in agreement with previous re-
ports,18 the more compacted structure of the cyclic 
polymer (before propylation) was reflected by a larger 
elution volume at the same molar masses (figure 3A 
and S15).  

To further study the LiHMDS-induced polymeriza-
tion, several REP of Sar-NCA were carried out in 
DMF by varying the M/B ratio from 60 to 400 (yield: 
89%-97%, table S5). SEC characterizations were per-
formed and all polymers presented increasing Mw 
values with controlled dispersities (Ð = 1.03-1.08, 
table 1 and figure 3B). The lower the amount of 
LiHMDS added, the higher the weighted-average 
molecular weight (Mw), and an unexplained deviation 
was observed, especially for the higher ratios. For all 
polymers, the Mw cyclic/Mw after propylation from SEC analy-
sis were close to 0.8, the value established with cyclic 
polypeptoids when formed from NHCs promoted REP 
(<G>, table 1 and ESI).25,26 Ultimately, the living na-
ture of the REP was evaluated. Synthesis of poly(sar) 
at M/B = 50 was first performed and, at full conver-
sion, another feed of Sar-NCA (M/B = 50) was added 
to the reaction until it was also consumed (FTIR moni-
toring). The resulting poly(sar) 9 presented a Mw of 
3200 g.mol-1 close to the Mw of polymer 3 and associ-
ated with a low dispersity of Ð = 1.1 (table 1). This 
result indicated that diblocks could be designed using 
LiHMDS. 

 

Scheme 2. Postulated basic mechanism for 
LiHMDS-mediated REP of NNCA.  

 
Table 1. LiHMDS-mediated REP of Sar-NCA (B = 

LiHMDS). Mass relation <G> (Mw cyclic/Mw after propyla-

tion) provides a clue regarding the radius gyration. 
Molar masses were determined by SEC using MALS 
detection in DMF (LiBr 1%). aTheoretical Mw taking 
B as initiator; bPolymerization degree (DP = Mn/71 g 
mol-1); c B stands for hexylamine.  

 M/B Theo. Mw 
(g/mol)a  

Mw
  

(g/mol) 
DP from 

SECb Đ <G> Figure 2. The most stable zwitterionic intermediate 
upon DFT calculation (basis M062X/6-31+G(d,p)) in 
DMF. A) front view and B) top view. The polymer 
backbone is colored black. Red lines show stabilizing 
interactions between Li+, the polymer chain, the car-
bamoyl extremity and the Münchnone moiety (5-OH-
DHE). 

Poly(sar) 1 100c 7100 6100 89 1.06 - 
Poly(sar) 2 100 7100 2300 33 1.29 - 
Poly(sar) 3 100 7100 3500 47 1.06 0.88 
Poly(sar) 4 35 2500 1800 24 1.03 0.81 
Poly(sar) 5 60 4200 2100 29 1.04 0.88 
Poly(sar) 6 75 5300 2600 34 1.08 0.89  
Poly(sar) 7 200 14200 5000 66 1.06 0.83 
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Poly(sar) 8 400 28400 8200 115 1.04 - phenylalanine-like NNCA (N-phe-NCA). Monomers 
were prepared through an optimized 3-step synthesis 
method (ESI). The LiHMDS-mediated REP of Z-N-
lys-NCA was carried out in DMF at M/LiHMDS = 50, 
alone (polymer 10 table 2 and ESI) or in copolymeri-
zation with N-phe-NCA, either one-pot (leading to 
statistical copolymers 11 to 15, table 2) or sequentially 
(leading to block copolymers 16 to 20, table 2). For all 
copolymers, acidic deprotection of the Cbz group 
(HBr 2 equiv. in TFA) afforded side-chain deprotec-
tion, allowing producing cationic macrocycles show-
ing molar masses and chemical compositions, in 
agreement with the feed ratios (table S6 and figure 
S25). 

Poly(sar) 9 50+50 7100 3200 40 1.10 - 
 

 

The bioactivity of the copolymers was then as-
sessed. Cyclic peptoids are promising scaffolds to 
design anti-infective agents,32,33 but antibacterial co-
polymers have never been developed based on this 
chemical design. We targeted a pathogenic Gram-
positive bacterium responsible for severe hospital 
acquired intestinal infections: Clostridioides difficile 
(C. difficile)34,35 and copolymers 11-21 were evaluated 
in vitro against this pathogen (table 2). In this study, 
the bacteria were incubated for 24 h with increasing 
concentrations of cyclic polypeptoids, to determine the 
minimum inhibitory concentrations (MICs). In paral-
lel, the in vitro cytotoxicity of the best polymers (15, 
19-21) was tested on a human intestinal epithelial cell 
line (Caco-2), allowing to measure the 50% cytotoxic 
concentrations (CC50) and calculate the selectivity 
indices (SI = CC50/MIC). Optimizing the cationic 
content of copolymers was a key design to optimize 
the antibacterial activity and copolymer 15 showed a 
good profile, similar to the ones of LL37 (linear AMP, 
table 2) or antibiotic controls (table S7). Interestingly, 
this statistical copolymer 15 was significantly less 
toxic than copolymer diblock counterparts (19-20) or 
than the linear counterpart 21, (linearization of 15 by 
propylation, figure S26). We also observed that com-
pound 15 preserved its activity after trypsin digestion, 
in marked contrast to LL37 (figure S28). This re-
sistance to proteolysis and the ability to destabilize 
phospholipid membranes were further confirmed by in 
vitro assays involving liposomes (figure S29). Overall, 
this proof-of-concept demonstration shows that 
LiHMDS-mediated REP enables quick and simple 
access to libraries of copolymers to design anti-
infective backbones.  

Figure 3. LiHMDS-mediated REP of Sar-NCA. A) 
Difference of elution profiles of polymer 3 before or 
after propylation versus the logMw (g/mol). The dif-
ference in slope is hypothetically explained by a slight 
contamination of 3' with cyclic structures. B) Evolu-
tion of Mn and ÐM (Mw/Mn) with M/LiHMDS ratio 
(determined by SEC in DMF using a dn/dc = 0.0978). 

 
Cyclic structures are used by living systems to 

achieve specific bioactivities.27 This encompasses 
cyclic antimicrobial peptides (cAMP) that are cationic 
and broad-spectrum anti-infective backbones.28 The 
use of a simple REP methodology, working in DMF, 
opens up interesting prospects to design simplified 
analogues of such cAMPs. Up to now, only few mon-
omers have been used in REP because of some limita-
tions related to the solvents used (in which, for exam-
ple, poly(sarcosine) was not soluble).29,30 Considering 
that both the hydrophobic and cationic characters are 
key structural features to design antimicrobial poly-
mers,31 we consequently prepared copolymers by mix-
ing N-protected-lysine-like NNCA (Z-N-lys-NCA) and 

 
Table 2. In vitro antibacterial activity against C. dif-

ficile and cytotoxicity over Caco-2 cell line (r: random 
copolymers and b: block copolymers). 

Polymer  
(r: random & 

 b: block) 

Cationic 
content 

(%)a 

C. diff. 
MIC 

(µg/mL) 

Caco-2 
CC50 

(µg/mL) 
SIb 

P(N-lys) 10 100 >100c - - 
P(N-lys-r-N-phe) 11 93 (90) >100c - - 



 

P(N-lys-r-N-phe) 12 85 (80) >100c - - Antoine Tronnet: 0000-0002-7158-9305 
P(N-lys-r-N-phe) 13 69 (70) >100c - - Marc Since: 0000-0003-3984-5812 
P(N-lys-r-N-phe) 14 61 (60) >100c - - Sandra Bourgeade-Delmas: 0000-0001-9027-765X P(N-lys-r-N-phe) 15 50 (50) 12.5 208 +/-9 17 

Jean-Luc Stigliani: 0000-0002-9916-689X 15 post-trypsin 50 (50) 12.5 - - 
Amélie Vax: 0000-0002-4766-7908 P(N-lys-b-N-phe) 16 95 (90) >100c - - 
Sebastien Lecommandoux: 0000-0003-0465-8603 P(N-lys-b-N-phe) 17 79 (80) >100c - - 

P(N-lys-b-N-phe) 18 68 (70) >100c - - Bruno Dupuy: 0000-0001-7176-8453 
P(N-lys-b-N-phe) 19 59 (60) 12.5 77 +/-6 6 Pierre Verhaeghe: 0000-0003-0238-2447 P(N-lys-b-N-phe) 20 49 (50) 100 105 +/-8 <1 

Colin Bonduelle: 0000-0002-7213-7861 P(N-lys-r-N-phe) 21 52 (50) 25 47+/-1 2 
 LL37d 12.5 213 +/-7 17 

LL37 post-trypsin >200c - - 

REFERENCES Doxorubicine - 8.1 +/-0.1 - 
aFrom 1H NMR (in bracket, targeted) bSelectivity 

index = CC50/MIC; cThe MIC value was not reached 
at the highest tested concentration; dLL37 was used as 
AMP reference, eDoxorubicin was used as a cytotoxic 
drug control. 
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