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Effect of N-alkylation in N-carboxyanhydride (NCA) polymerization kinetics
Pedro Salas-Ambrosio,a Antoine Tronnet,b Mostafa Badreldin,a Sifan Ji,a Sebastien
Lecommandoux,a Simon Harrisson,a Pierre Verhaeghe,b,c Colin Bonduelle*a

Polypeptoids are an emerging class of biomimetic polymers prepared by ring-opening
polymerization (ROP) of N-alkylated-N-carboxyanhydride (NNCA) monomers. The N-
alkylation provides a unique structural isomerism with peptides but its influence on NNCA
reactivity is not yet fully understood. In this report, we provide a comprehensive study using
12 monomers to better rationalize the contribution of the steric hindrance and electronic
effects of the N-alkyl group toward the synthesis of NNCA and their reactivity in ring-opening
polymerization (ROP) reactions. We found that varying the alkyl group does not significantly
influence the formation of NNCAs prepared by the Leuchs’ method. In marked contrast,
depending on the alkyl group, the efficiency of the NNCA polymerization initiated by
allylamine showed that electron-donating groups enhanced the ROP kinetic rates through
significant inductive effect and could counterbalance the negative influence of bulky groups
during the propagation steps.

Introduction

Peptoid polymers, also called poly(N-substituted-glycines) or polypeptoids are N-alkylated
analogs of synthetic polypeptide polymers: they are polypeptides with an N-substituted
amide bond.1,2 The physicochemical properties of polypeptoids can be tailored by the N-
alkylation, enabling control over 1) the hydrophilic to lipophilic balance,3 2) the charge
characteristics,4,5 3) the backbone conformation,6 4) the solubility,7 5) the thermal and
crystallization properties.8,9 The most direct way to prepare polypeptoids is to polymerize
N-alkylated-N-carboxyanhydride monomers (NNCA). Historically, the Leuchs method made
use of thionyl chloride (SOCI2)10 or other halogenated electrophilic reagents such as PCI3
and PBr3.11,12 Adaptation of the Leuchs method later involved a mixture of acetyl chloride
and acetic anhydride,13 or the use of alternative reagents.14 More recently, NNCAs
production was also achieved using phosgene or its derivatives, a strategy called the Fuchs
Farthing method.7 The advantage of this approach relative to the Leuchs method is that
there are fewer chlorine acid traces in the reaction medium that can retard polymerization,
even though recent improvements in purification processes tend to mitigate this
advantage.15-17

NNCA polymerization is a controlled process when initiated with nucleophiles such as
amines (primary or secondary),7 strong bases such as LIHMDS18 or N-heterocyclic
carbenes.12 Recent developments includes the use of organocatalysis to speed up the ROP
kinetics such as 1,3-bis[3,5-bis(trifluoromethyl)phenyl]urea, 19 7-methyl-1,5,7-
triazabicyclo[4.4.0]dec- 5-ene (MTBD),20 and 1,8-diazabicyclo[5.4.0Jundec-7-ene (DBU).21
These different methods all result in a living polymerization process: the addition of more
NNCA monomers leads to a stoichiometric increase in the number average length of the
polymer chains,22 and this enables the preparation of both random23-25 and block
copolymers.22,26—28 The most studied polypeptoid is obtained by polymerizing N-methyl-
glycine-N-carboxyanhydride, also called sarcosine NCA, (Sar-NCA). Its polymerization
proceeds in a controlled manner without chain transfer or termination events, producing
polysarcosines with narrow molar mass distributions (DM = 1.1-1.3).22 The same behavior
has been observed with other NNCAs bearing a range of N-alkyl side chains.7,29 The
chemical nature of the N-alkyl group strongly influences the ROP kinetics, which are much



slower than those of Sar-NCA for most NNCAs.19 Previous studies involved NNCAs with
varying aliphatic chains 1,7,30-33 or with heteroatom-containing side chains N-(3-tert-
butoxy-3-oxopropyl) NNCA,5 N-2-methoxyethyl-NCA (MeOEt NCA) and N-2-(2'-
methoxyethoxy)ethylglycine derived NCA (Me(OEt)2 NCA).34 For most of these NCAs, the
polymerization rate depended primarily on steric hindrance,35 but the electron-withdrawing
effect of substituent could also inhibit the ROP.36

In this work, we present a study based on 12 NCA monomers for which synthesis and
polymerization kinetics were evaluated by infrared spectroscopy and molecular modelling.
The obtained polymers were also fully characterized by a combination of NMR, SEC and
MALDI-TOF analyses. The objective of this study was to better understand the influence of
N-alkylation on the efficiency of ring closure during the formation of NNCA and on ring
opening, during their polymerization. While for the formation of NNCAs by the Leuchs
method, N-alkylation did not strongly influence the cyclization kinetics, our study revealed
that steric hindrance can be significantly counterbalanced by positive inductive electronic
effects activating the propagation steps of the ROP.

The main text of the article should appear here with headings as appropriate.

Experimental

Materials and methods

Materials. All chemicals and solvents were purchased from Sigma Aldrich, Fluorochem,
Acros, TCI, Strem and, unless otherwise described, were used without further purification.
Dimethylformamide (DMF) and tetrahydrofuran (THF) were obtained from a solvent system
purifier (PureSolv, Innovative Technology), kept under argon atmosphere and freshly used.
MilliQ water was obtained from a system purifier (Purelab Prima, ELGA). The monomers
synthesized were stored at 4 °C under argon atmosphere and weighed in a glove box
(Jacomex GP13 No. 2675) at the Laboratoire de Chimie des Polyméres Organique (LCPO,
Pessac, France).

Methods. The IR spectra were recorded using an FTIR spectrometer (Vertex 70, Bruker), and
the samples were measured with an ATR (GladiATR, Pike Technologies) from Fisher
technologies performing 32 scans at the LCPO (Bordeaux, France). The raw data were
obtained with Opus?.5 software and processed using Originlab 2016 software. The NMR
spectra were recorded using a Bruker Avance 1l 400 spectrometer (LCPO, Bordeaux, France).
The spectra were obtained at 295 K and data was analyzed using Mestrenova 14.1.2
software. The chemical shifts of the signals are given in ppm. The spectra obtained were
calibrated using the residual solvent signals (CHCI3 7.26 ppm, H20 4.79 ppm, DMSO-d6 2.50
ppm). The signals were categorized as follows: singlet (s), doublet (d), triplet (t), quartet (q),
multiplet (m) and broad (br). Polymer molar masses were determined by Size Exclusion
Chromatography (SEC) using: a) Dimethylformamide (DMF + lithium bromide LiBr 1g/L) as
the eluent (LCPO, Bordeaux, France). Measurements in DMF were performed on an Ultimate
3000 system from Thermoscientific equipped with diode array detector DAD. The system
also included a multi-angle light scattering detector MALS and differential refractive index
detector dRI from Wyatt technology. Polymers were separated on two Shodex Asahipack gel
columns GF310 and GF510 (300 x 7.5 mm) (exclusion limits from 500 Da to 300 000 Da) at a
flow rate of 0.5 mL/min. Column temperature was held at 50°C. The chromatograms were
recorded with Chromeleon 7.2 software and Astra 7.1.0 software and analyzed using
Originlab 2016 software. The dn/dc were determined experimentally. b) Hexafluoro-2-
propanol (HFIP+ 0,05% KTFA) as the eluent (LCPO, Bordeaux, France). Measurements in HFIP
were performed on an Ultimate 3000 system from Thermoscientific equipped with diode



array detector DAD. The system also included a multi-angle light scattering detector MALS
and differential refractive index detector dRI from Wyatt technology. Polymers were
separated on PL HFIP gel column (300 x 7.5 mm) (exclusion limit from 100 Da to 150 000 Da)
at a flow rate of 0.8 mL/min. Column temperature was held at 40°C. The chromatograms
were recorded with Chromeleon 7.2 software and Astra 7.1.0 software and analyzed using
Originlab 2016 software. The molar mass was calculated using either a calibration curve or
the dn/dc value. The calibration curve was performed with polystyrene standards with molar
masses in the range 0.9-364 kg/mol. The dn/dc were determined experimentally. MALDI-MS
spectra were performed at CESAMO facility (Bordeaux, France) on an Autoflex maX TOF
mass spectrometer equipped with a frequency tripled Nd:YAG laser emitting at 355 nm.
Spectra were recorded in the positive-ion mode using the reflectron and with an
accelerating voltage of 19 kV. For MALDI-MS analyses, polypeptoid deposits were prepared
according to the two following recipes: 1) Polypeptoid and the cationic agent (Nal) were
dissolved in methanol at 10 mg/mL. The a-CHCA matrix (a-cyano-4-hydroxycinnamic acid)
solution was prepared by dissolving 10 mg in 1 mL of methanol and the solutions were
combined in a 10:1:1 volume ratio (matrix:sample:salt). One microliter of this solution was
deposited onto the grid and vacuum-dried before analysis. 2) the polymer and the cationic
agent (Nal) were dissolved in methanol at 10 mg/mL. The dithranol matrix solution was
prepared by dissolving 10 mg in 1 mL of dichloromethane and the solutions were combined
in a 10:1:1 volume ratio (matrix:sample:salt). One microliter of this solution was deposited
onto the grid and vacuum-dried before analysis.

Kinetics study. The analyzed compounds were dissolved in anhydrous solvent in the Schlenk
vessel under an argon atmosphere at 20 °C at 0.4 M. Samples (50 pL) were taken with an
argon purged syringe at predetermined intervals. The samples were dropped onto the ATR
unit of the IR spectrometer and measured in the range of 400-4000 cm-1. The monomer
conversion was followed using the band height of the C=0 stretching at about 1850 cm-1,
whose increase is linear in the examined concentration range. The initial value for the band
at 100% conversion was corrected using THF or DMF as blank. Samples were taken until no
further change in band height was observed in order to determine the monomer conversion
and corresponding reaction times (the point were no further change occurred was assumed
to correspond to 100% conversion). Data analysis was carried out using Origin 2016 software
(OriginLab).

Molecular modelling. Calculation were performed usually on 4 cores on a “home-made”
setup equipped with 4 Dual Intel Xeon Silver 4214 2.2GHz, 3.2GHz Turbo, 12C and 8x32GB
DDR4 2933MHz RDIMM ECC Memory. Computations were performed on NNCA monomers,
allylamine and methyl ester N-alkylated glycines structures. The structures were built and
pre-optimized with the software Chemcraft. Geometry optimizations of the resulting
structures were performed with the B3LYP density functional37 and the 6-311+G(d,p) basis
set with the Orca program.38 The bulk solvent effects were described with the integral
equation formalism polarizable continuum Model (IEFPCM) with DMF as solvent.39
Vibrational frequencies were computed to confirm the convergence to local minima and to
calculate the unscaled zero-point-energy (ZPE), the Gibb’s free energy at 298 K as well as the
HOMO and the LUMO energies.

Synthetic Procedures.



The N-alkylated-N-Boc-glycine NNCA precursors were prepared according to the procedures
presented in the ESI. In a second step, the synthesis of the different NCAs were operated
using the Leuchs method, as previously reported18 and detailed below.

Synthesis of sarcosine-NCA (N-Me-NCA 1): In a clean, dry Schlenk flask N-methyl-N-Boc-
glycine (2.27 g, 12 mmol, 1 equiv.) was dried for 10 min in vacuo, then 14 mL anhydrous THF
was added, followed by thionyl chloride (0.88 mL, 12 mmol, 1 equiv.). The reaction was
stirred for 2 h at RT. The solvent was evaporated in vacuo, and the residue was washed with
3x30 mL anhydrous hexane, filtered using a cannula, and the powder was dried. Then 7.5 mL
of anhydrous DCM were added and the suspension was filtered over previously dried Celite.
The system was washed with 5x15 mL of anhydrous DCM and the solvent was evaporated in
vacuo. The product was obtained as a white solid yielding 72% (0.99 g). CAH5NO3, M =
115.09 g/mol, MS ESI+: m/z = 116.03 [M+H]+. 1H-NMR, CDCI3 400 MHz &: 3.03 (s, 3H, CH3),
4.12 (s, 2H, CH2). 13C-NMR, CDCI3 100 MHz 6: 30.41 (s, CH3), 51.04 (s, CH2), 152.45 (s,
NCOO), 165.45 (s, COO). Both proton and carbon NMR were in agreement with previously
reported syntheses.7,12

Synthesis of N-isopropyl-NCA (N-iPr-NCA 2): The product was prepared according to the
synthesis of N-Me-NCA 1 and isolated as a white solid in 89% yield (0.99 g) starting from N-
isopropyl-N-Boc-glycine (1.7 g, 7.8 mmol). C6HINO3, MW = 143.14 g/mol, MS (Cl+): m/z=
144.06 [M+H]+, 1H-NMR, CDCI3 400 MHz 6: 1.25 (d, 6H, J=6.8 Hz, CH3), 4.04 (s, 2H, CH2),
4.27 (hept, 1H, J=6.8 Hz, CH). 13C-NMR, CDCI3 100 MHz 6: 20.05 (2CH3), 44.89 (CH), 45.31
(CH2), 151.35 (NCOO), 165.93 (CO0). Both 1H- and 13C-NMR were in agreement with
previously reported syntheses.30

Synthesis of N-cyclohexyl-NCA (N-ch-NCA 3): The product was prepared according to the
synthesis of N-Me-NCA 1 and isolated as a white power in 80% yield (0.57 g) starting from N-
cyclohexyl-N-Boc-glycine (1 g, 3.9 mmol). C9H13NO3, MW = 183.21 g/mol, MS (Cl+): m/z=
184.09 [M+H]+-, 1H-NMR, CDCI3 400 MHz &: 1.02-1.19 (m, 1H, CH), 1.25-1.49 (m, 4H, 2CH2),
1.65-1.76 (m, 1H, CH), 1.98-1.77 (m, 4H, 2CH2), 3.72-3.97 (m,1H, NCH), 4.04 (s, 2H, CH2).
13C-NMR, CDCI3 100 MHz &: 25.09 (CH2), 25.18 (2CH2), 30.47 (2CH2), 45.63 (CH), 52.71
(CH2), 151.44 (NCOO), 166.13 (COO0).

Synthesis of N-benzyl-NCA (N-Bz-NCA 4): The product was prepared according to the
synthesis of N-Me-NCA 1 and isolated as a yellowish crystalline powder in 79% yield (0.57 g)
starting from N-benzyl-N-Boc-glycine (1 g, 3.8 mmol). C10H9NO3, MW = 191.19 g/mol, MS
(Cl+): m/z=192.06 [M+H]+-, 1H-NMR, CDCI3 400 MHz &: 3.95 (s, 2H, CH2), 4.57 (s, 2H, CH2),
7.27-7.44 (m, 5H, Ar). 13C-NMR, CDCI3 100 MHz &: 47.67 (CH2), 48.40 (CH2), 128.39 (2CH),
128.70 (CH), 129.34 (2CH), 133.85 (C), 152.29 (NCOO), 165.39 (COO). Both proton and
carbon NMR were in agreement with a previously reported synthesis.40

Synthesis of N-gem-trifluoroethyl-NCA (N-gtfEt-NCA 5): The product was prepared according
to the synthesis of N-Me-NCA 1 and isolated as a white powder in 46% yield (0.32 g) starting
from N-(trifluoroethyl)-N-Boc-glycine (1 g, 3.9 mmol). C5H4 F3NO3, MW = 183.01 g/mol, MS
(Cl+): m/z= 184.02 [M+H]+, 1H-NMR, CDCI3 400 MHz 6: 4.03 (q, 2H, J=8.5 Hz, CH2), 4.92 (s,
2H, CH2). 13C-NMR, CDCI3 100 MHz &: 45.17 (q, J=35.9 Hz, CH2), 49.87 (CH2), 123.43 (q,
J=279 Hz, CH2), 152.16 (NCOO0), 163.74 (COO).

Synthesis of N-(2-methylthio)ethyl-NCA (N-MeSEt-NCA 6): The product was prepared
according to the synthesis of N-Me-NCA 1 and isolated as a yellow viscous oil in 71% yield
(0.49 g) starting from N-[2-(methylthio)ethyl]-N-Boc-glycine (1 g, 4.0 mmol). C6GHINO3S, MW
=175.20 g/mol, MS (Cl+): m/z= 176.03 [M+H]+--, 1H-NMR, CDCI3 400 MHz &: 2.16 (s, 3H,
CH3), 2.76 (t, 2H, J=6.4 Hz, CH2), 3.63 (t, 2H, J=6.4 Hz, CH2), 4.24 (s, 2H, CH2). 13C-NMR,



CDCI3 100 MHz &: 15.29 (CH3), 32.00 (CH2), 41.99 (CH2), 49.70 (CH2), 152.36 (NCOO),
165.34 (COO0).

Synthesis of N-p-nitrobenzyl-NCA (N-pnBz-NCA 7): The product was prepared according to
the synthesis of N-Me-NCA 1 and was isolated as a yellowish powder in 65% yield (0.49 g)
starting from N-(p-nitrobenzyl)-N-Boc-glycine (1 g, 3.2 mmol). CLOH8N205, MW = 236.18
g/mol, MS (Cl+): m/z= 237.05 [M+H]+, 1H-NMR, CDCI3 400 MHz &: 4.03 (s, 2H, CH2), 4.68 (s,
2H, CH2), 7.43-7.55 (m, 2H, CH Ar), 8.20-8.37 (m, 2H, CH Ar). 13C-NMR, CDCI3 100 MHz 6:
47.71 (CH2), 48.43 (CH2), 128.42 (2CH), 128.89 (C), 129.36 (2CH), 133.85 (C), 152.29 (NCOO),
165.37 (COO0).

Synthesis of N-benzyloxycarbonyl-aminoethyl-NCA (N-ZNEt-NCA 8): The product was
prepared according to the synthesis of N-Me-NCA 1 and isolated as a white powder in 47%
yield (0.63 g) starting from N-(Cbz-aminoethyl)-N-Boc-glycine (1.7 g, 4.8 mmol).
C13H14N205, MW = 278.26 g/mol, MS (Cl+): m/z=279.09 [M+H]+, 1H-NMR, CDCI3 400 MHz
6:3.36-3.48 (m, 4H, 2CH2), 4.16 (s, 2H, CH2), 5.07 (s, 2H, CH2), 5.29 (s, 1H, NH), 7.31-7.37
(m, 5H, Ar). 13C-NMR, CDCI3 100 MHz 6: 38.41 (CH2), 43.90 (CH2), 49.39 (CH2), 67.30 (CH2),
128.21 (2CH), 128.46 (CH), 128.75 (2CH), 136.24 (C), 153.00 (NCOO), 157.09 (NCOO), 165.42
(CO0).

Synthesis of N-benzyloxycarbonyl-aminobutyl-NCA (N-ZNBu-NCA 9): The product was
prepared according to the synthesis of N-Me-NCA 1 and isolated as a white powder in 44%
yield (0.6 g) starting from N-(Cbz-aminobutyl)-N-Boc-glycine (1.7 g, 4.5 mmol). C15H18N205,
MW = 306.32 g/mol, MS (Cl+): m/z=307.12 [M+H]+, 1H-NMR, CDCI3 400 MHz 6: 1.38-1.75
(br, 4H, 2CH2), 3.25 (q, 2H, J=6.4 Hz, CH2), 3.42 (t, 2H, J=7.1 Hz, CH2), 4.04 (s, 2H, CH2), 4.84
(s, 1H, NH), 5.09 (s, 2H, CH2), 7.31-7.39 (m, 5H, Ar). 13C-NMR, CDCI3 100 MHz &: 24.39
(CH2), 27.16 (CH2), 40.24 (CH2), 43.31 (CH2), 49.05 (CH2), 66.76 (CH2), 128.11 (2CH), 128.25
(CH), 128.62 (2CH), 136.63 (C), 152.28 (NCOO), 156.69 (NCOO), 165.68 (s, COO).

Synthesis of N-propyl-NCA (N-Pr-NCA 10): The product was prepared according to the
synthesis of N-Me-NCA 1 and isolated as a colorless liquid in 60% yield (0.79 g). 1H NMR,
CDCI3 400 MHz &: 0.97 (t, 3H, CH3), 1.63 (m, 2H, CH2), 3.37 (t, 2H, CH2), 4.10 (s, 2H, CH2).
Proton NMR were in agreement with a previously reported synthesis.7

Glycine and N-methylalanine NCA syntheses are developed in the ESI.

Preparation of polymers. The polymers were prepared in DMF and at a monomer
concentration of 0.4 M. To compare the kinetics, a degree of polymerization (M/I) of 20 was
implemented using allylamine. The details specific to each polymerization are given below.
Synthesis of poly(N-methyl)glycine (PSar 1’). Sarcosine-NCA monomer (0.2 g, 1.74x10-3 mol)
was weighed in a glovebox under pure argon, introduced in a flame-dried Schlenk vessel,
and dissolved in 4.3 mL of anhydrous DMF. A solution of allylamine (0.5 M in DMF) was
prepared and 174 pL (8.69x10-5 mol) were added with an argon purged syringe. The solution
was stirred at RT under argon until completion. The polymer was then recovered as a white
solid by precipitation in diethyl ether and dried in vacuo. Yield: 60% (0.074 g). 1H-NMR
DMSO-d6 400 MHz 6 (ppm): 2.50-3.10 (m, 69H, CH3), 3.62-3.80 (m, 2H, CH2 allylamine),
3.80-4.42 (m, 42H, CH2), 5.0-5.20 (m, 2H, CH2 allylamine), 5.64-5.82 (m, 1H, CH allylamine).
NH terminal missing in these experimental conditions.

Synthesis of poly(N-isopropyl)glycine (PNiPr 2’). The synthesis was similar to the one
described for 1’. The polymer was recovered as a white solid in 60% yield (72 mg) starting
from N-iPr-NCA (174 mg, 1.22x10-3 mol). 1H-NMR TFA-d 400 MHz & (ppm): 1.03-1.57 (m,
150H, CH3), 3.16-4.14 (m, 24H, CH), 4.52-4.15 (m, 55H, CH2), 4.78-4.91 (m, 2H, CH2



allylamine), 5.25 (m, 1H, CH allylamine). NH terminal missing in these experimental
conditions.

Synthesis of poly(N-cyclohexyl)glycine (PNch 3’). The synthesis was similar to the one
described for 1’. The polymer was recovered as a white solid in 79% yield (0.12 g) starting
from N-chG-NCA (0.2 g, 1.09x10-3 mol). 1H-NMR TFA-d 400 MHz 6 (ppm): 1.08-2.32 (m,
275H, CH2), 3.27-3.69 (m, 26H, CH), 3.76-3.86 (m, 2H, CH2 allylamine), 4.08-4.59 (m, 57H,
CH2), 5.14-5.40 (m, 2H, CH2 allylamine), 5.90-5.71 (m, 1H, CH allylamine). NH terminal
missing in these experimental conditions.

Synthesis of poly(N-benzyl)glycine (PNBz 4’). The synthesis was similar to the one described
for 1’. The polymer was recovered as a yellowish solid in 68% yield (66 mg) starting from N-
Bz-NCA (0.126 g, 6.59x10-4 mmol). 1H-NMR TFA-d 400 MHz & (ppm): 3.71-3.91 (m, 2H, CH2
allylamine), 3.96-4.81 (m, 70H, CH2+CH2Ar), 5.00-5.20 (m, 2H, CH2 allylamine), 5.57-5.76 (m,
1H, CH allylamine), 6.73-7.51 (m, 85H, Ar). NH terminal missing in these experimental
conditions.

Synthesis of poly(N-(gem-trifluoroethyl))glycine (PNtfg 5’). We did not succeed in
polymerizing this monomer (see discussion section).

Synthesis of poly(N-(2-methylthioethyl))glycine (PNmt 6’). The synthesis was similar to the
one described for 1’. The polymer was recovered as a white solid in 41% yield (0.12 g)
starting from N-mtG-NCA (400 mg, 2.28x10-3 mol). 1H-NMR DMSO-d6 400 MHz & (ppm):
1.98-2.23 (m, 86H, CH3), 2.53-2.72 (m, 47H, CH3), 3.67-3.79 (m, 2H, CH2 allylamine), 3.86-
4.70 (m, 49H, CH2), 4.97-5.29 (m, 2H, CH2 allylamine), 5.66-5.93 (m, 1H, CH allylamine). NH
terminal missing in these experimental conditions.

Synthesis of poly(N-(p-nitrobenzyl))glycine (PNpBz 7’). The synthesis was similar to the one
described for 1’. The polymer was recovered as a yellowish solid in 69% yield (88 mg)
starting from N-pbz-NCA (157 mg, 6.62x10-4 mol). 1H-NMR DMSO-d6 400 MHz 6 (ppm):
3.53-3.71 (m, 2H, CH2 allylamine), 3.78-4.84 (m, 72H, CH2+CH2Ar), 4.91-5.15 (m, 2H, CH2
allylamine), 5.56-5.78 (m, 1H, CH allylamine), 7.23-8.37 (m, 92H, Ar). NH terminal missing in
these experimental conditions.

Synthesis of poly(N-(Cbz-2-aminoethyl))glycine (PNzae 8’). The synthesis was similar to the
one described for 1’. The polymer was recovered as a yellowish solid in 52% yield (81 mg)
starting from N-Zae-NCA (185 mg, 6.65x10-4 mol). 1H-NMR DMSO-d6 400 MHz &6 (ppm):
2.92-3.60 (m, 86H, 2CH2), 3.78-4.50 (m, 34H, CH2) 4.84-5.21 (m, 40, CH2), 5.59-5.90 (m, 1H,
CH2 allylamine), 7.04-7.49 (m, 104H, Ar+NHCO). NH terminal missing in these experimental
conditions.

Synthesis of poly(N-(Cbz-2-aminobutyl))glycine (PNzab 9’). The synthesis was similar to the
one described for 1’. The polymer was recovered as a yellowish solid in 64% yield (110 mg)
starting from N-Zab-NCA (0.203 g, 6.63x10-4 mol). 1H-NMR DMSO-d6 400 MHz 6 (ppm):
1.20-1.63 (m, 110H, 2CH2), 2.91-3.06 (m, 41H, CH2), 3.10-3.36 (m, 40H, CH2), 3.60-4.47 (m,
39H, CH2), 4.92-5.12 (m, 51H, CH2), 5.65-5.90 (m, 1H, CH allylamine), 7.05-7.46 (m, 156H,
Ar+NHCO). NH terminal missing in these experimental conditions.

Synthesis of poly(N-propyl)glycine (PNPr 10’). The synthesis was similar to the one described
for 1’. The polymer was recovered as a white solid in 58% yield (0.08 g) starting from N-Pr-
NCA (200 mg, 1.40x10-3 mol). 1H-NMR D20i 400MHz & (ppm): 0.77-1.05 (m, 38H, CH2),
1.37-1.94 (m, 59H, CH3), 3.10-3.54 (m, 40H, CH2), 3.80-3.91 (m, 2H, CH2 allylamine), 3.97-
4.62 (m, 39H, CH2), 5.16 (s, 2H, CH2 allylamine), 5.86 (s, 1H, CH allylamine), 7.49 (s, 1H, NH
terminal).



Synthesis of polyglycine, poly(L-alanine) and poly(N-methyl-L-alanine). The detailed
procedures of these 3 syntheses are developed in the ESI.

Results and discussion

Even though they were first prepared over 100 years ago, the synthesis of NCAs from amino
acids remains an important topic of research.41 The first examples of NCA synthesis were
described with thionyl chloride (SOCI2)10 and various NCA compounds were successfully
prepared from N-carboxybenzyl- or N-carboxyethyl-substituted amino acids including for
instance glycine, L-phenylalanine and L-leucine.10,42,43 Reacting N-substituted amino acids
with other chlorinated or brominated electrophilic reagents, such as PCI5 and PBr3 also
afforded NCA including L-ornithine, L-phenylalanine, L-alanine, L-lysine and L-valine
derivatives.44,45 This approach, called the Leuchs method, is an alternative to the Fuchs’
and Farthing’s method consisting in the reaction of unsubstituted amino acids with an excess
of phosgene or its derivatives (diphosgene and triphosgene).46-48 The knowledge
developed from the synthesis of N-carboxyanhydrides can be extended to the synthesis of
N-alkylated-NCA. Several routes were investigated with NNCAs. For example, N-
(benzyloxycarbonyl)glycine derivatives bearing various N-alkyl substituents were reacted
with acetyl chloride and acetic anhydride.7,22,30 Other reagents such as PBr311,49 or PCI3
were used to prepared NNCAs from N-(tert-butoxycarbonyl)glycine derivatives bearing a
wide range of alkyl and oligo(ethylene glycol) groups.6,9,12,13,29,34,50-52 Although both
approaches can be considered to be variations of the Leuchs method, the original protocol
using SOCI2 has scarcely been developed: early studies demonstrated the preparation of N-
phenylglycine-NCA43 and more recent ones presented the preparation of lysine-,
phenylalanine-like- and sarcosine-NCAs.18 Therefore, we decided in this work to focus on
the use of the Leuchs method with SOCI2 (scheme 1).

We first designed a method to prepare a library of N-alkylated-N-Boc-glycines, as NNCA
precursors (scheme 1a).10 The N-alkyl-N-Boc intermediates are formed in a one-pot
procedure consisting of i) the formation of N-alkyl-glycine (not isolated) from reductive
amination of glyoxylic acid with various primary alkylamines and ii) Boc protection (using
Boc20) of the secondary amine without prior purification. We initially prepared five N-
alkylated-N-Boc-glycine derivatives bearing alkyl side chains of increasing lipophilicity
(methyl, propyl, isopropyl, cyclohexyl and benzyl groups). All compounds were isolated with
good purity (60-77% yields) after liquid-liquid extractions, avoiding the use of
chromatographic purification (see Supporting information). We then prepared five more N-
alkyl-N-Boc-glycine derivatives bearing functionalized side chains (gem-trifluoroethyl,
methylthioethyl and p-nitro-benzyl and two N-protected aminoalkyl groups). The last two
intermediates were prepared from commercial 1,2-diaminoethyl- or 1,4-diaminobutyl-
containing reagents on which one amine function was protected by a benzyloxycarbamate
(Cbz or Z) group (see Supporting information). Finally, N-Boc derivatives of N-methyl-L-
alanine and glycine were purchased or prepared according to a different method (see
experimental part and esi). These synthetic efforts resulted in a library of 12 N-Boc-
aminoacid derivatives, enabling further study of i) the formation of each NNCA via the
Leuchs reaction and ii) their ROP kinetics, initiated with allylamine (scheme 2).

Scheme 2. The different NNCA monomers that were prepared and studied (polymerization
kinetics) considering several key effects brought by the N-alkylation.
Kinetics of NNCA formation via the Leuchs method.



Despite growing interest in the synthesis of NCA monomers, the effect of the N-alkyl side
chains on the kinetics of the N-carboxyanhydride ring formation has not really been
described. We addressed this question by i) conducting a kinetic study of the preparation of
10 N-alkylated NCA monomers bearing various alkyl side chains via the Leuchs method using
SOCI2 and ii) achieving DFT calculation to optimize the geometry of the monomers and to
determine the LUMO energy level of each different NNCA ring (see table 1 and exp. section).
The rates of NNCA formation were measured by monitoring the IR absorbances
corresponding to the C=0 bond in NCO (1850 cm-1 stretching) (figure 1). Effects of steric
hindrance (NNCAs 1-4), electron withdrawing or donating effects (NNCA 5-9) and carbon
chain length (NNCA 8, 9) were therefore evaluated.

Figure 1. Monitoring of the NNCA formation. A) Synthesis scheme and B) evolution of the
C=0 (NCO) stretching signal during the NNCA formation monitored by FITR at 1850 cm-1.
NNCA formation were carried out at RT (20 °C) in THF solution (0.4 M). We first studied the
effect of the different aliphatic side chains with increasing steric hindrance by following the
preparation of N-methyl-glycine-NCA (Sar-NCA 1), N-isopropyl-glycine-NCA (N-iPr-NCA 2), N-
cyclohexyl-glycine-NCA (N-ch-NCA 3) and N-benzyl-glycine NCA (N-Bz-NCA 4, figure S1) from
the corresponding N-Boc glycine derivatives. We used the conversion at 50-60 min to
determine the speed of the NNCA formation. We observed a decrease in NNCA conversion
when a bulkier alkyl substituent was introduced. First, Sar-NCA showed the highest
conversion of 99.4% at 58 min, while N-ch-NCA presented a lower conversion of 73.2% at 50
min, followed by N-Bz-NCA (82.6% conversion at 60 min, table 1). The slight difference
observed between N-cyclohexyl and Sar-NCA was attributed to a conformational effect of
the cyclohexyl inducing a higher steric hindrance while the higher conversion rate of N-
benzyl could be explained by an inductive effect. Second, formation of N-iPr-NCA was
associated with the lowest conversion rate of 56.7% at 60 min, a behavior that was
attributed to stronger steric hindrance in the vicinity of the amine function that ring-closed,
as confirmed by the calculated value of the LUMO energy (-0.93 eV) found in the same range
as the LUMO energy values found for 1, 3 and 4.35

Table 1. Summary of the kinetics obtained for the synthesis of NNCA using the Leuchs
method.

NNCA Yield
(%)  Conversion
(%)

at 60 min LUMO
(eV) NNCA Yield
(%)  Conversion
(%)

at 60 min LUMO
(eV)

Sarcosine-NCA (1) 72 99.4a -0.99
N-MeSEt—NCA (6) 71 74.5 -1.00



N-iPr-NCA (2) 89 56.7 -0.93
N-pnBz—NCA (7) 65 98.5 -0.98

N-ch-NCA (3) 80 73.2b -0.93
N-ZNEt—NCA (8) 47 68.7 -1.02

N-Bz-NCA (4) 79 826 -1.02
N-ZNBu—NCA (9) 44 41.9c -0.98

N-gtfEt—NCA (5) 46 46.6 -1.14
[a] recorded at 58 min, [b] recorded at 50 min, [c] recorded at 54.6 min

We then studied the effect of different heteroatom-containing side chains by following the
preparation of N-gem-trifluoroethyl-glycine NCA (N-gtfEt-NCA 5), N-methylthioethyl-glycine
NCA (N-MeSEt-NCA 6), N-para-nitrobenzyl-glycine NCA (N-pnBz-NCA 7), N-Z-aminoethyl-
glycine NCA (N-ZNEt-NCA 8) and N-Z-aminobutyl-glycine NCA (N-ZNBu-NCA 9). The N-Boc-
glycine intermediates when they were mixed with SOCI2 were all fully converted to their
corresponding NNCAs (see figure S1). The conversion rates of the cyclization reaction were
not significantly influenced by the presence of the heteroatoms, as evidenced first by the N-
pnBz-NCA formation (98.5% conversion at 60 min, table 1) that was found in the same range
as the one found for N-Bz-NCA formation (82.6% conversion at 60 min). As an exception to
this observation, the N-trifluoroethyl derivative showed that the formation of the
corresponding NNCA monomer was significantly slowed down (46.6% conversion at 60 min),
an effect that we attributed to the very strong attractive effect of the fluorine atoms toward
the electron density on the nitrogen atom during ring-closing. This electronic effect was
further confirmed by the calculated LUMO energy value that was found at -1.14 eV, the
lowest value calculated for any of the NNCA monomers (see table 1).

In summary, we prepared a small library of NNCAs using an optimized protocol involving a 2-
step synthesis: 1) reductive amination between primary amines and glyoxylic acid followed
by the N-Boc protection in a “one-pot” procedure (yields 60-77%)) without any
chromatography purification; 2) cyclization using the Leuchs method with SOCI2 (yields 44-
89%). A kinetic study of the cyclization step established that bulkier alkyl groups slowed
down the NNCA formation (time range: 1 to 7 h to complete conversion), while electronic
effects were negligible.

Kinetics of the ring opening polymerization:

During the NCA synthesis, the Leuchs method releases HCl and chlorinated byproducts that
may persist even after recrystallization.53-56 Acidic contaminants retard the ROP process,7
and their elimination is therefore important to obtain an efficient and reproducible
polymerization.15 We found that filtration over celite could successfully remove chlorides
reflected in 0.6-3.8 fold increase in the first-order rate coefficients and afforded the fastest
polymerization of Sar-NCA (k = 0.53 h-1, see figure S2) in comparison to the non-purified and
crystallized monomers at DP = 100. Therefore, we employed this method to purify all our
NNCA monomers in the different ROP kinetic studies.

N-alkylation versus C-alkylation. The N-alkylation of NNCAs or the C-alkylation of NCAs
strongly influences the polymerization kinetics.57,58 In this work, we investigated the ROP
kinetics of glycine NCA, Sar-NCA and N-methyl-alanine-NNCAs in DMF at 0.4 M under argon



and at a targeted ratio of Monomer/Initiator (M/I) = 20, using allylamine as initiator. The
kinetics were determined by FTIR monitoring : decrease of the signal of the carbonyl
stretching band (C=0) at 1850 cm-1. After almost 2 days, all polymerization reactions had
reached complete conversion and the polymers were characterized by 1H-NMR and MALDI-
TOF (see ESI figures S3-5, S15-17 ). To determine the first-order rate coefficients, the data
were fitted by NNLS using an exponential decay (Mt = 1 — exp(-k.(t-t0)), where the Mt is the
intensity at t time. The resulting plots were consistent with first order kinetics for all 3 ROP
reactions (figure 2 and table 2).

Figure 2. Kinetics of the ROP process for NNCA in DMF 0.4 M having an M/I = 20 varying the
methylated position on different peptidomimetic polymers. *PNMeAla is depicted in hours.

Table 2. Kinetic rates of the ROP of NNCA with different methylations

Polymer kobs

(h-1) t0(h) Mn (kg/mol) D

PGly 9.54+0.42 -0.058+0.003 n.aa -

PSar 4.02+0.36 -0.008 +£0.013 1.0b 1.03

PNMeAla 0.084 + 0.006 1.2+0.2 2.7c 1.18

[a] The polymer was not soluble even in HFIP. [b] The Mn was determined by SEC in DMF.
[c] The Mn was determined by SEC in HFIP.

Steric versus electronic effect of the N-alkylation. The methylation data showed that the
effect of N-alkylation was more complex than just steric hindrance. Previous works have
suggested that the electronic effect could be as strong as the steric hindrance in some cases.
For instance, the recent ROP of N-(3-tert-butoxy-3-oxopropyl)-NCA demonstrated the
relatively fast preparation of polypeptoid analogues of polyglutamic acid with a propagation
rate constant, kp, of 181 M-1-h-1.5 This work provided a unique opportunity to rationalize
the influence of different N-substitutions on the ROP kinetics of NNCAs. We set up the
polymerization of NNCA using allylamine as initiator (targeting a M/I = 20) in anhydrous DMF
under argon. The reaction mixtures were monitored by FTIR: the direct observation of the
disappearance of the NNCA stretching band indicated that the reaction time to reach full
conversion varied significantly, ranging from 3 h for PSar (1’) to more than 12 days for PNch
(3’). Upon ROP, all the homopolymers were purified by precipitation using diethyl ether. The
yields were good for almost all polypeptoids (60 to 80% of the mass was recovered) except
for PNmt (6’) that afforded a low yield of 41%. This low yield was attributed to several
precipitation steps performed on an oily product for which a high affinity to DMF was
observed. All the polymers were fully characterized by 1H-NMR analyses, size exclusion
chromatography (SEC), MALDI TOF and FTIR analyses (see figures S4-25, except MALDI TOF
for PNiPr (2’) because we could not determine it using either dithranol or a-CHCA). Solubility
was a very important parameter for the characterization and most of the copolymers were
soluble in polar solvents or in water (table S1). Molar masses determined by SEC showed a
lower value than the theoretical one in most cases which was also found in previous
works.7,29,59 Despite this deviation, the polypeptoids synthesized presented low
dispersities in the range DM = 1.08-1.30, except for PNpBz (7’) (PM=1.91). MALDI TOF



analysis confirmed that allylamine efficiently initiated the ROP and FTIR analyses revealed
the expected amide | stretching band at ~1650 cm-1 (figure S25).7

With aliphatic groups, the experimental kinetics of NNCA monitored by FTIR were highly
influenced by steric hindrance. For instance, PNPr (10’) reached full conversion after 48 h
with a kinetic constant of k = 6.3 + 0.4 x10-2 h-1 (table 3) that was 64 times lower than the
kinetic constant of the ROP forming PSar (1’, k = 4.0 £ 0.4 h-1). This influence was even more
pronounced when we performed the ROP of more sterically hindered monomers such as N-
iPr-NCA and N-ch-NCA. The full conversion into PNiPr (2’) was reached after 15 days and into
PNch (3’) after 20 days respectively (figure 3). Comparatively, the steric effect was reduced
during the synthesis of PNPr (10’). The effect of such steric hindrance was surprising when
we monitored the polymerization of N-benzyl-NCA towards PNBz (4’, k = 1.5 £ 0.08 x 10-2 h-
1). These results showed that the steric hindrance was significantly counterbalanced by
another effect attributable to the benzyl group.

We also followed the ROP of several NNCAs with heteroatoms on their side chains (figure 3).
First, we studied the ROP kinetics of N-pnBz-NCA that possesses a nitro electron-
withdrawing group, to compare it with the N-benzyl side chain (N-Bz-NCA, figure 3).
Inttersestingly, after about 15 days of reaction, we reached a full conversion and monitored
a zero-order kinetic rate of k = 26 + 1.0 x10-2 mol-L-1-h-1 (table 3). We thus noticed that
PNpBz (7’) was slower (25.7% conversion at 50 h) as compared with PNBz (4’, 54%
conversion at 48 h), confirming that the electron withdrawing effect can strongly influence
the ROP reactivity. This effect increased the electron density on the nitrogen atom and thus
its nucleophilicity: it is this same effect that is at the origin of a higher pKa for secondary
amines compared to primary amines.60

Table 3. Characterization of the polypeptides and polypeptoids bearing different N-alkyl
groups.

Polymer Reaction order kobs (x10-2 h-1) t0 (h) Mn (kg/mol) DM
PSar (1') First 40236 -0.008£0.01 1.0 1.03

PNiPr (2') Zero-likea 0.33+0.02 -10+21.5 1.16

PNch (3’) Zero-likea 0.27+0.02 -12+30.8 1.29

PNBz (4') First 1.55+0.03 -0.4+0.3 1.6 1.19

PNmt (6) First 2.4+0.2 -0.9+0.7 54 122

PNpBz (7')  Zero-likea 0.26+0.01 10+1 40 191

PNzae (8') Zero-likea 0.94+0.04 -9+3 1.0+0.3 1.29

PNzab (9’) First 3.3%0.1 -3.0+0.3 5.6 1.08

PNPr (107) First 6.3+0.4 0.4+0.4 2.0 1.09
[a] units of mol-L-1-h-1



It was also interesting to compare the ROP kinetics of N-benzylated-NCAs with NNCA
monomers bearing ethyl substituents with a N-methylthioether (N-MeSEt-NCA) or a N-gem-
trifluoroethyl functional group (N-gtfEt-NCA). The formation of PNmt 6’ (k = 2.4 + 0.2 x10-2
h-1) was 1.5 times faster than PNBz 4’ (figure 3), an effect we attributed to enhanced
nucleophilicity of the secondary amine during the propagation. In marked contrast, the
PNgtfEt (5’) took more than two weeks to achieve less than 5% of conversion (data not
shown). This result indicated that electron-withdrawing groups (negative inductive effect)
could strongly decrease the nucleophilicity during the propagation and consequently the
ROP kinetics.

Finally, we also compared the ROP kinetics of N-ZNEt- and N-ZNBu-NCAs. Interestingly,
PNZae (8’) presented a zero-order kinetics profile (figure 3) whereas PNzab (9’) showed the
characteristic of a first-order kinetics profile reaching full conversion in both cases at 135 h.
NNCA was consumed at the same speed as the CO2 was released, presenting an apparent
zero-order for PNzae 8’ (k = 0.94 + 0.04 mol-L-1-h-1) while in the case of PNzab 9’, the longer
alkyl chain enhanced the constant rate (k = 3.3 £ 0.1 x10-2 h-1) when we compared with
PNBz 4’ (improvement of 2.1 fold). Notably, the kinetics were not fitted with the first-order
model for 7" and &’, similarly to the kinetics from 2’ (k =0.33 £ 0.02: mol-L-1-h-1) and 3’ (k =
0.27 £ 0.02 mol-L-1-h-1 figure 3B). Indeed we observed an induction period within the first
hours of polymerization where the kinetics seemed to present a slower kinetics rate. We
attributed this to two possible effects: 1) in the case of polymers 2’ and 3’ could be
explained due to solubility effect because they become turbid during the course of the
polymerization; 2) in the case of polymer 8’ and 7’ the effect could be due to the
stabilization of the carbamate formed during the ROP (scheme S1), with the decarboxylation
step the rate determining step.

To better estimate the influence of the electronic effect of the N-alkylation over the ROP of
the proposed NNCA, DFT calculations of the HOMO energy levels of allylamine and of the
propagating end extremities have also been performed using the B3LYP level of theory with
the 6-311+G** basis set in DMF (CPCM, see experimental section). Based on the energy
differences between these HOMO energy values and the LUMO of the different NNCA
monomers, a higher reactivity is expected if the energy difference is smaller between these
energy values (see figures 4 and S26). The difference observed with the experimental
kinetics could then be attributed to another effect such as the steric hindrance. These DFT
calculations showed for instance that the electronic effect had a significant influence for the
propagation steps (figure 4) but not for the initiation steps (figure S26).

First, theoretical calculations indicated that for the propagation steps, N-alkylation activated
the reactivity significantly (5.98 eV for glycine as compared to 5.48 eV for sarcosine). As this
electronic effect was not increased with C-methylation, the DFT calculation confirmed that
the slower kinetics during PNMeAla formation were attributable to the steric hindrance.
Then, with aliphatic groups (propyl, isopropyl, cyclohexyl and benzyl), LUMO-HOMO energy
difference values were all in the same range (5.32 to 5.47 eV), and even indicative of a less
reactive system with N-benzylation (5.47 eV). This was in marked contrast to ROP kinetics of
4 suggesting an enhanced propagation rate attributable to Pi-Pi stacking. Finally, positive
and negative electronic effect were confirmed by molecular modelling for the other NNCAs
bearing heteroatoms on their side chains notably, i) a strong inductive acceptor effect for
the ROP of 5 (5.76 eV) and ii) significantly stronger inductive donor effects for 8 and 9 (5.26
and 5.32 eV respectively) as compared to N-methylation (5.48 eV).



Conclusions

The nature of the N-alkyl group on polypeptoids is an effective chemical lever to tune
physico-chemical properties such as solubility, amphiphilicity, conformation and even
crystallization behavior.1 This structural feature also influences the kinetics of NNCA
monomer formation and further polymerization which are still poorly understood. In this
work, we successfully prepared a library of 12 NCAs (including 5 original ones) using a
methodology based on the Leuchs method. Kinetics of NNCA formation showed that the
nature of the alkyl group, considering both steric and electronic effects, had a modest
influence on the cyclization reaction (time to complete conversion ranging from 1to 7 h). In
contrast to NNCA formation, steric and electronic effects were important features in the
ROP reaction, with bulky groups slowing down the kinetics of ROP while electron-donating
groups accelerated it. In some cases, surprisingly, N-alkylation was also found to retard the
CO2 release, leading to deviation from first-order order kinetic profiles. This study opens
interesting perspectives to develop new catalytic systems based on our findings to further
improve the preparation of polypeptoid polymers.
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