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The ring-opening polymerization (ROP) of N-carboxy anhydrides (NCAs) is mostly divided into two classes:
NCAs of a-substituted amino acids and N-methylated NCAs of a-unsubstituted glycine derivatives (NNCAs).
The use of both monomer types offers different mechanistic features and results in a multitude of func-
tional materials. To combine these properties, the synthesis and ROP of a-substituted and N-methylated
NCAs (aNNCAs) of several amino acids were investigated. The current study provides insight into the
influence of polymerization conditions and the limitations caused by the enhanced steric demand of the
amino acid NCA monomers and their N-methylated derivatives. Namely, the effects of solvent polarity
(DMF and DCM) and steric demand of the initiator by using neopentyl amine (NPA) and n-butyl amine (nBu)
were studied. Analysis by HFIP-GPC and MALDI-ToF MS reveals that the polymerization and the resulting
polymers are tremendously affected by the steric demand of both the initiators and the monomers, while
electronic effects seem to have only minor influences. The experimental results are further compared with
computational studies, based on coupled cluster (CC) calculations, which underline that electronic effects
are of lower importance than steric constraints for the ROP of aNNCAs. Moreover, poly(N-methyl-L-meth-

Received 23rd July 2020,
Accepted 5th October 2020

DOI: 10.1039/d0py01055¢ ionine) forms helical secondary structures in solution. Therefore, this work combines mechanistic studies of

Published on 06 2020. Downloaded on 04.11.2025 21:16:33.

rsc.li/polymers

Introduction

Amino acids and peptides can be modified synthetically in a ver-
satile manner to fulfill a desired function. Besides the incorpor-
ation of p-amino acids, cyclic amino acids or dehydroamino
acids, the N-alkylation of amino acids plays an important role in
modulating the solubility, metabolic stability and biological
activity."””> The simplest form, N-methylation, prevents intra-
molecular hydrogen bonds and causes changes of conformation,
polarity and steric demand. Furthermore, the lipophilicity,?
membrane permeability® and metabolic stability® are increased
and the proteolytic stability® is improved. All these properties
make N-methylated amino acids interesting building blocks for
the synthesis of polypeptides to obtain new biopolymers.
Currently, most of the ongoing research on polypeptides
is either focused on the synthesis, characterization and
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the ROP of aNNCAs with initial studies on the solution properties of these polypeptides.

polymerization of o-amino acids,”® N-substituted glycine

derivatives (polypeptoids)”'® and block copolymers thereof
(polypept(o)ids),"*** but only a few publications have addressed
the synthesis and properties of N-substituted a-amino acid con-
taining polymers. An example for polypeptoids relies on the use
of the naturally occurring N-methyl glycine, also known as sarco-
sine. The corresponding N-substituted N-carboxy anhydride
(NNCA) can be polymerized by nucleophilic ring opening
polymerization (ROP) for the synthesis of the highly water-
soluble polysarcosine. Due to the absence of the acidic proton at
the nitrogen, only the normal amine mechanism (NAM) can
occur and thereby well-defined polymers with a low dispersity
(P < 1.1) are obtained."® The polymerization of NNCAs with longer
alkyl chains proceeds slowly (in the order Sar > EtGly > PrGly >
nBuGly > iBuGly).'° The reason for lower polymerization rates is
the steric hindrance for f-C branched NNCAs and the aggrega-
tion of the side chains for linear or y-C branched NNCAs."”

One of the most studied o- and N-substituted polypeptides
is poly(N-methyl-i-alanine), which was first synthesized by a
ROP of the corresponding NNCA by Goodman and Fried in
1967."® Using conformational energy calculations, CD and
NMR techniques, it was shown that this structure adopts a
right-handed helix with all-trans peptide bonds.'>>' This
polymer could also be synthesized from an activated urethane
derivate of N-methyl-i-alanine with in situ NCA formation by
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heating in N,N-dimethylacetamide (DMAc) to 60 °C in the pres-
ence of the initiator n-butyl amine. The latter method is a
phosgene-free synthesis and benefits from the absence of HCI
to achieve control over molecular weights through the feed
ratio of the monomer to the initiator.*>** Cosani et al. describe
their unsuccessful attempts in the polymerization of
N-benzylglycine, N-benzyl-t-alanine or N-methyl-L-phenyl-
alanine NCAs. As an alternative route for the preparation of
poly(N-methyl-y-methyl-L-glutamate) ~ and  poly(N-methyl-
y-ethyl-L-glutamate), they tested different methylation methods
on poly(y-methyl-i-glutamate) or poly(y-ethyl-L-glutamate).>*
Like poly(N-methyl-i-alanine), both polymers were found to
form a right-handed helix in a TFE solution of remarkably
high stability, which retained their conformation even in pure
TFA as observed by CD (circular dichroism) measurements.”*> A
special case is the amino acid proline, the only proteinogenic
amino acid containing a secondary amine. Poly(r-proline)
(PLP) can form a right-handed PLP I helix (cis) in aliphatic
alcohols and a left-handed PLP II helix (trans) in water and
organic acids.*® The synthesis of well-defined PLP was challen-
ging due to the impurity of the monomer and termination
reactions in the polymerization. Highly pure NCA monomers
can be synthesized from N-(Boc)-protected r-proline and were
polymerized efficiently using dimethylamine as an initiator.>”

In this work we describe the synthesis of different
a-substituted and N-methylated NCAs (aNNCAs) with various
side chains. Three synthetic strategies are widely used to
prepare N-methylated amino acids: reductive amination,
N-methylation by alkylation and a reductive ring opening of
5-oxazolidinones with a triethylsilane/TFA mixture.*®*° The
latter method introduced by Freidinger et al. proceeds without
racemization and was therefore chosen to synthesize NMMet
and NMLeu in the current work.>® The polymerization of these
aNNCAs strongly depends on the steric demand of the side
chain and the resulting electronic structure of the applied
monomers. Various conditions for the ROP of the prepared
oaNNCAs were investigated to study the influence of initiators
with different steric demands and solvents with varying
polarities. The resulting polymers were analyzed via GPC and
MALDI-ToF measurements to obtain a deeper insight into the
mechanistic pathway of the polymerization. Furthermore, the
impact on secondary structure formation was investigated via
CD spectroscopy and the results were compared with previous
studies on these rarely described poly(N-alkylated
a-substituted amino acids).

Experimental part

Schlenk techniques were used for the reactions with air- and
moisture-sensitive reagents or intermediates, performed under
an argon atmosphere, using laboratory glassware, and dried
under high vacuum at 120 °C with a hot air gun. All the used
solvents and reagents were purchased from ACROS Organics
(Thermo Scientific GmbH, Nidderau), Alfer Aesar GmbH & Co.
KG (Karlsruhe), Carbolution Chemicals GmbH (Saarbriicken),
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Iris Biotech GmbH (Markredwitz), Merck KGaA (Darmstadt),
Sigma-Aldrich Chemie GmbH (Taufkirchen) and TCI
Deutschland GmbH (Eschborn). Prior to use, water was demi-
neralized, using PURELAB® flex by Elga. Solvents used for air-
or moisture-sensitive reactions were bought anhydrous. DCM
was dried using a solvent purification system. All the qualitat-
ive thin layer chromatography (TLC) analyses were carried out
using silica coated aluminum sheets (60 A, F,s,) purchased
from MACHEREY-NAGEL GmbH & Co. KG (Diiren). The detec-
tion of the analytes was performed using UV light (4 = 254 nm)
and the detection reagent ninhydrin or KMnO,. Flash chrom-
atography (FC) was performed by using silica gel with an
average grain size of 15-40 pm, purchased from ACROS
Organics™. Purification via medium pressure liquid chrom-
atography (MPLC) was performed on a Sepacore® Easy
Purification System (BUCHI Labortechnik AG) equipped with a
UV-Photometer C-640 (BUCHI) and a Fraction Collector C-660
(BUCHI). All runs were performed on a CHROMABOND Flash
RS 120 C;5 column (MACHEREY-NAGEL GmbH & Co. KG). Gel
permeation chromatography (GPC) was performed with hexa-
fluoroisopropanol (HFIP) containing 3 g L™" potassium tri-
fluoroacetate (KTFA) as an eluent at 40 °C. The column
material was modified silica gel (PFG columns, particle size:
7 pm, porosity: 100 A and 4000 A), purchased from PSS
Polymer Standards Service GmbH. For calibration, polymethyl
methacrylate (PMMA, Polymer Standards Services GmbH) was
used and toluene was used as the internal standard. A refrac-
tive index detector (G1362A RID) and a UV/VIS detector (at
230 nm, Jasco UV-2075 Plus) were used for polymer detection.
All mass spectra were recorded on an electrospray ionization
spectrometer (ESI) QT of Ultima. MALDI-ToF mass spectra were
recorded using a Bruker rapifleX MALDI-ToF mass spectrometer
equipped with a 337 nm N, laser. Acceleration of the ions was
performed with pulsed ion extraction (PIE, Bruker) at a voltage
of 20 kV. The analyzer was operated in the reflection mode and
the ions were detected using a microchannel plate detector. The
mass spectra were processed using the X-TOF 5.1.0 software
(Bruker, Billerica, MA, USA). Sample preparation was performed
using  trans-2-[3-(4-tert-butylphenyl)-2-methyl-2-propenylidene]
malononitrile (DCTB) as the matrix, sodium trifluoroacetate as
the cationizing salt, and dichloromethane as the solvent. All
NMR spectra were recorded on a BRUKER Avance II 400 spectro-
meter and the measurements were carried out in deuterated sol-
vents (CDCl;, DMSO-ds, and D,O). All the recorded NMR
spectra were analyzed using MestReNova v12.0.0. CD spec-
troscopy was performed on a Jasco J-815 spectrometer at 20 °C.
The spectra were analyzed using Spectra Manager 2.0. All
spectra were recorded using a quartz cell with a path length of
1 mm at a concentration of ¢ = 0.25 g L™" polymer in HFIP. Oy
was calculated from the following equation:

0- Mrepeating unit

[°em? dmol 1]
10c¢y - [

gMR =

with Miepeating unic = 147.1 g mol™, ¢y = 0.25 g L™ and [ =
0.1 cm. All measurements of optical rotation were carried out
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with a PerkinElmer 241 polarimeter at 589 nm. A quartz glass
cuvette with a path length of 10 cm was used.

Synthesis of N-methyl-.-methionine NCA (NMMet-NCA)

For the synthesis of NMMet-NCA, 2.0 g (10.2 mmol, 1 eq.) of
the corresponding amino acid was suspended in 150 mL of
freshly distilled, anhydrous THF. Diphosgene (0.97 mL,
8 mmol, 0.8 eq.) was added at room temperature at once to the
stirred suspension. After 15 min, the turbid solution became
clear and was further stirred at room temperature for 30 min,
before N, was bubbled through the solution for 10 min. The
solution was cooled with an ice bath and dry TEA (7.1 mL,
51.1 mmol, 5.1 eq.) was added slowly while precipitation
occurred (TEA-HCI). After filtration under a N, atmosphere,
THF was removed under high vacuum and the residue was dis-
solved again in a minimum amount of dry ethyl acetate. The
ethyl acetate solution was added to a mixture of dry n-hexane
and diethyl ether (1:1) and stored at —20 °C overnight. This
resulted in the crystallization of the corresponding NCA, which
was filtered under a N, atmosphere and dried to yield 1.4 g
(7.3 mmol, 72%). Crystal structure: CCDC 1976455;F "H-NMR
(400 MHz, CDCl;) § [ppm] = 4.29 (dd, %/ = 3.6, 3.2 Hz, 1H,
-CH-), 3.00 (s, 3H, -NCH3), 2.67-2.51 (m, 2H, -CH,SCHj3),
2.32-2.23 (m, 1H, -CH,CH,SCH;), 2.18-2.13 (m, 1H,
-CH,CH,SCH3), 2.11 (s, 3H, -SCH;); ">C-NMR (101 MHz,
CDCl): & [ppm] = 168.64 (-COO), 152.13 (-CNOO), 59.82
(-CHN-), 28.86 (-NCHj;), 28.43 (-SCH,), 27.94 (-SCH,CH,-),
15.56 (-SCH3).

Synthesis of N-methyl-pr-methionine NCA (pL.-NMMet-NCA)

The synthesis of pL.-NMMet-NCA is analogous to the synthesis
of NMMet-NCA. After the crystallization of the NCA, the solu-
tion was decanted in order to separate the crystallized NCA
from the residual solvent. The NCA could not be collected via
filtration, since the melting point of the crystals was below
room temperature (20 °C). After decanting, the crystals melted
and the resulting colorless and clear oil (yield: 64 mg,
0.3 mmol, 67%) was dried under reduced pressure to remove
trace solvents. The oil was then characterized and used for
polymerization. "H-NMR (400 MHz, CDCl;) § [ppm] = 4.29 (dd,
3] = 3.6, 3.2 Hz, 1H, -CH-), 3.00 (s, 3H, -NCHj), 2.67-2.51 (m,
2H, -CH,SCH3), 2.32-2.23 (m, 1H, ~-CH,CH,SCH3), 2.18-2.13
(m, 1H, -CH,CH,SCH3;), 2.11 (s, 3H, -SCH3).

Synthesis of N-methyl-pi-alanine NCA (NMAla-NCA)

N-Methyl-pr-alanine (1.70 g, 16.5 mmol, 1 eq.) was suspended
in 100 mL of anhydrous THF. After the addition of diphosgene
(1.59 mL, 13.2 mmol, 0.8 eq.), the suspension was stirred at
room temperature for 1.5 hours until it became clear. N, was
bubbled through the solution for 15 min and THF was
removed in vacuo. The residue was dissolved again in 20 mL of
anhydrous THF and added to 200 mL of n-hexane. After
storage at —20 °C overnight, NMAla-NCA (1.10 g, 8.2 mmol,
51%) crystallized and was collected via filtration under a N,
atmosphere and dried. Crystal structure: CCDC 1976456;t
"H-NMR (400 MHz, CDCl;) 6 [ppm] = 4.19 (q, *J = 7.0 Hz, 1H,
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-CH-), 2.98 (s, 3H, -NCHj3), 1.54 (d, *J = 7.0 Hz, 3H, -CHj,);
3C-NMR (101 MHz, CDCl,): § [ppm] = 169.42 (-COO), 151.73
(-CNOO), 57.00 (-CHN-), 28.37 (-NCH3), 15.19 (-CHCH3;).

Synthesis of N-methyl-i-leucine NCA (NMLeu-NCA)

N-Methyl-i-leucine (0.60 g, 3.7 mmol, 1 eq.) was suspended in
75 mL of anhydrous THF. After the addition of 1.9 mL phos-
gene in toluene (20% phosgene in toluene, 4 mmol, 1.1 eq.),
the suspension was stirred at room temperature for 15 min
until it became clear. Due to the incomplete reaction (reaction
control was performed via "H-NMR), TEA (1.1 mL, 8 mmol,
2 eq.) was added to the cooled solution in order to convert
N-carbamoyl chloride to the corresponding NCA. The formed
precipitate (TEA-HCI) was filtered under a N, atmosphere and
THF was removed under reduced pressure from the clear,
colorless solution. The residual oil could neither be crystal-
lized nor precipitated and therefore the colorless oil was
characterized and used for polymerization (NMLeu-NCA:
0.30 g, 1.7 mmol, 46%). "H-NMR (400 MHz, CDCl;) 6 [ppm] =
4.14 (t, *] = 5.6 Hz, 1H, -CH-), 2.99 (s, 3H, -NCH3), 1.93 (dsep,
3] = 6.6, 1.2 Hz, 1H, -CH(CHj,),), 1.78 (dd, *J = 5.7, 2.2 Hz, 2H,
~CH,CH(CH3),), 0.98 (dd, *J = 6.7, 1.1 Hz, 6H, ~CH(CH,),);
C-NMR (101 MHz, CDCl,): § [ppm] = 168.66 (-COO), 151.94
(-CNOO), 59.47 (-CHN-), 37.86 (-CH,CH(CHj),), 28.56
(-NCH,), 24.00 (-CH,CH(CH3),), 22.86 (-CH(CHj),), 21.98
(-CH(CHS),).

Ring-opening polymerization of xNNCAs

In the following, the procedure is described exemplarily for
the polymerization of NMAIa-NCA, but it can be extended to
all other aNNCAs.

NMAla-NCA (78.9 mg, 0.61 mmol, 50 eq.) was transferred
into a Schlenk tube under a dry nitrogen counter flow. Dry
DMF (0.9 mL) and absolute n-butylamine (1.21 pL, 0.89 mg,
0.01 mmol, 1 eq.) in dry DMF were added using a stock solu-
tion. A steady flow of dry nitrogen was sustained during the
polymerization, preventing any impurities from entering the
Schlenk tube, while ensuring the escape of the produced CO,.
The progress of the polymerization was monitored via IR spec-
troscopy by the decreasing intensities of the NCA-associated
carbonyl peaks at 1858 and 1788 cm™'. Samples were taken
using a nitrogen flushed syringe through a septum. If no con-
version was observed after 16 h, equimolar amounts (relative
to the initiator) of triethyl amine (TEA) in DMF were added,
using a stock solution. The polymer precipitated after com-
plete conversion in a mixture of cold diethyl ether and
n-hexane (2:1). The suspension was centrifuged (3000 rpm,
10 min, 0-5 °C) and decanted. This procedure was repeated
three times yielding poly(N-methyl-pi-alanine) (45 mg, 71%) as
a colorless solid.

Results and discussion

The synthesis of aNNCAs starts with the synthesis of the
corresponding amino acids. N-methyl-.-methionine and
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N-methyl-1-leucine were prepared via a reductive ring-opening
reaction using the corresponding Fmoc-protected 5-oxazolidi-
none according to literature procedures®*®' and in the last
step the Fmoc-protecing group was removed. N-Methyl-pr-
alanine was synthesized starting from 2-bromopropanoic acid
and methylamine.** The synthesis of a-substituted and
N-methylated N-carboxy anhydrides («NNCAs) was performed
by suspending the corresponding N-methylated amino acids in
dry THF and adding diphosgene at room temperature
(Fig. 1A). After the suspension became clear, it was cooled
down with an ice bath and anhydrous TEA was added slowly to
precipitate the formed HCI, followed by filtration. In the case
of N-methyl-i-leucine (NMLeu-NCA), addition of TEA was
essential for ring closure, due to the reduced reactivity of the
intermediate N-carbamoyl chloride.

THF was removed under reduced pressure and the crude
product was dissolved in a minimum amount of dry ethyl
acetate. Addition of an excess amount of the n-hexane/diethyl
ether mixture (1:1 by volume) caused the precipitation of
aNNCAs, which could be collected by filtration under an inert
atmosphere. The dried aNNCAs were characterized via
"H-NMR spectroscopy (Fig. 1B-D). In addition, a small amount
of each aNNCA was crystallized for characterization by X-ray
diffraction. Crystal structures were obtained for all samples
except for the N-methyl-i-leucine NCA, for which we were
unable to obtain suitable crystals. In the next step, the ring-
opening polymerization of the prepared aNNCAs (Fig. 2A) was
carried out under various conditions, which are presented in
Table 1.

Monomer conversion could be monitored by FT-IR spec-
troscopy, since the intensities of the carbonyl vibration bands
at 1786 and 1854 cm™" are directly related to the remaining
NCA concentration. Only the ROP of the N-methyl-pr-alanine
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Fig. 1 Synthetic route for the preparation of «-substituted and
N-methylated N-carboxy anhydrides (structures 1, 2, 3 and 3b) using the
Fuchs—Farthing method**3* (A). H-NMR spectra of N-methyl-pL-
alanine NCA (NMAla-NCA) (B), N-methyl-L-leucine NCA (NMLeu-NCA)
(C) and N-methyl-L-methionine NCA (NMMet-NCA) (D) in CDCls. Crystal
structures via X-ray diffraction of NMAla-NCA and NMMet-NCA are illus-
trated in the corresponding NMR spectra.
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Fig. 2 Polymerization of aNNCAs 1, 2, 3 and 3b in DMF (DCM) using
different initiators (n-butyl amine and neopentyl amine) (A). Proposed
accelerated amine mechanism through monomer activation (AAMMA) (B).
Proposed mechanism for initiator activation caused by the added tertiary
amine (TEA) (C).*®

Table 1 Conditions for the ROP of aNNCAs. The used solvent, initiators
and monomer to initiator ratios (M/l). In cases where no conversion was
observed after 12 h (no detectable change of aNNCA related carbonyl
peaks in the FT-IR spectrum), an anhydrous base (tertiary amine) was
added in equimolar amounts relative to the initiator

Sample Solvent Initiator M/1 Added base
NMAla-P1 DMF NPA 25 —
NMAla-P2 DMF NPA 50 —
NMAla-P3 DMF nBu 50 —
NMLeu-P1 DMF nBu 50 TEA
NMMet-P1 DMF NPA 50 DIPEA
NMMet-P2 DMF NPA + DABCO 25 —
NMMet-P3 DMF nBu 25 TEA
NMMet-P4 DCM NPA 50 TEA
pL-NMMet-P1 DMF nBu 25 TEA

NCA (NMAla-NCA) could be carried out to full conversion
without the addition of a tertiary amine, whereas the polymer-
ization of N-methyl-(p).-methionine (NMMet-NCA, pL.-NMMet-
NCA) and NMLeu-NCA required equimolar amounts of a base
(relative to the initiator) until initiation could be detected and
reached full conversion after several days.

Complete conversion was confirmed by FT-IR spectroscopy
and is exemplarily shown with NMAla-P1 in Fig. S1.f Due to
this observation, the possible protonation of the initiator by
residual HCI was tested by the reaction with silver nitrate solu-
tion (AgNOj3). Therefore, all the used monomers, initiators and
solvents were treated separately in relevant concentrations
with AgNO; solution. Since all samples showed no precipi-
tation of AgCl, the residual HCI content could be neglected.
Recently, Hadjichristidis and co-workers proposed the acceler-
ated amine mechanism through monomer activation
(AAMMA) for the ROP of NCAs, which is a combination of the
normal amine mechanism (NAM) and the activated monomer
mechanism (AMM) (Fig. 2B). They observed increased reaction
kinetics by the use of initiators having primary and tertiary
amines.>®> However, monomer activation like in AMM or
AAMMA is not possible for aNNCAs, due to N-methylation.
Therefore, it is most likely that addition of a tertiary amine
enhances only the reactivity of the attacking nucleophile due
to coordination effects (Fig. 2C).>° In this regard, a possible
reduced reactivity caused by the steric hindrance of the
initiator was investigated in more detail. Both neopentyl
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amine and the less bulky n-butyl amine showed no reaction
with the N-methylated NCAs of (p)-methionine and r-leucine,
unless equimolar amounts of TEA, DIPEA or DABCO were
added to the polymerization system.

However, steric demand in general seems to be a critical
factor for the ROP of oaNNCAs, since NMAla-NCA could be
initiated by both NPA and nBu, without the need for tertiary
amine addition. Therefore, polymerization was carried out
under various conditions and the resulting polymers were ana-
lyzed via HFIP-GPC (Fig. 3). The HFIP-GPC traces of NMAla-P1
to P3 showed an overall elution volume that is higher than
expected when compared to NPA initiated polysarcosine (pSar)
with a degree of polymerization (DP) of 50. Due to the same
monomer to initiator ratios (M/I = 50) used for the polymeriz-
ations of NMAIla-NCA and Sar-NCA together with comparable
solubility in HFIP, the elution volumes were expected to be
similar. Therefore, the discrepancy between elugrams is
caused by differences in the DP of the samples NMAla-P1 to
P3.

This means that a methyl group in the a-position is already
decreasing the polymerization efficiency if a methyl substitu-
ent on the N atom is also present. In addition, the use of the
less bulky n-butyl amine as the initiator leads to an increased
degree of polymerization compared to initiation by neopentyl
amine, when using similar M/I ratios. However, the steric
demand of the side chain in the o-position has a stronger
impact on the polymerization compared to the initiator itself.
The GPC analysis of NMLeu-P1 leads to the suggestion that the
polymerization of NMLeu-NCA is tremendously hampered and
only results in the production of low molecular weight oligo-
mers. The multiple shoulders at lower elution volumes with
decreasing intensities can be explained by the presence of
different oligomers. The GPC results underline the reduced
reactivity of the B-C branched NMLeu-NCA towards a nucleo-
philic attack of a primary amine. For further analysis, the
samples NMAla-P1 and P3 were characterized via MALDI-ToF

1 (—
3 | —— NMAla-P1
o (NPA; M/I=25)
c 081" NMAla-P2
5 L (NPA; M/I=50)
c NMAla-P3
fE«O.G B (nBu; M/I=50)
c I — pSar,
3 04l (NPA; M/I=50)
a —— NMLeu-P1
© r (nBu; M/I=50)
5
D021
> L
)
0 1 L 1 f 1 L | L | 1 |
14 16 18 20 22 24

elution volume / mL

Fig. 3 HFIP-GPC elugrams of NMAla-P1 to P3, NMLeu-P1 and polysar-
cosine for reference. For all the samples, toluene was used as the
internal standard (peak at 23.4 mL) and polymerizations were carried
out in anhydrous DMF.
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Fig. 4 Full MALDI-ToF spectra of NMAla-P1 (red) and NMAla-P3
(orange) (A) and the corresponding magnifications (B) with assignment
of the individual peaks.

mass spectrometry (Fig. 4). The average DPs were determined
relative to the most intensive peak and resulted in
X, marpi(NMAla-P1) = 16 and X, maroi(NMAla-P3) = 29. Both
spectra showed additional polymer distributions caused by
water initiation, which is especially pronounced in the spec-
trum of NMAla-P1. In this case, initiation by traces of water
seems to be more effective than initiation by neopentyl amine,
given the higher intensity of water-initiation associated peaks
compared to peaks resulting from NPA-initiation. If the less
bulky n-butyl amine is used as an initiator, the H,O-initiation
related peaks decrease in intensity. These effects can also be
observed in the NMR spectra of NMAla-P1 (Fig. S21) and
NMAla-P3 (Fig. S3t). The different amounts of the water
initiated polymer lead to a higher discrepancy between the
used M/I ratio and the DP determined via end group analysis
by NMR at NMAla-P1 and a less pronounced discrepancy at
NMAIla-P3. The discrepancy is due to a reduction in the inten-
sity for the initiator NMR signal compared to the polymer
backbone NMR signal, caused by water initiation.

MALDI-ToF analysis thus clearly reveals that NMAla-NCA
polymerization can be initiated by a primary amine, but the
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polymerization still suffers from the enhanced steric demand
of the NCA monomer. The use of less bulky initiators helps to
improve the initiation step, but does not seem to overcome the
reduced reactivity towards a nucleophilic attack due to the
high steric demand of the monomer. Our findings regarding
the preparation of poly(N-methyl-pi-alanine) are in line with
the results reported by Endo et al.>® They also obtained poly-
mers with lower DPs as calculated from the initiator to
monomer ratio, although they used a different approach for
the preparation of the polypeptoids. In their protocol, the NCA
was formed in situ, which can also contribute to the observed
reduced degrees of polymerization, because impurities are not
removed and could thus interfere with the polymerization.

To get a deeper insight into how the side chain influences
the polymerization rate, the ROP of NMMet-NCA was per-
formed under various conditions. The resulting polymers were
characterized by HFIP-GPC (see Fig. 5). In all cases, the
HFIP-GPC elugrams show the same trend as already observed
for the NMAla-based experiments. A comparison of the
N-methylated derivatives with the unmethylated derivatives of
poly-t-methionine reveals that all polymerizations resulted in
lower molecular weights as expected based on the monomer to
initiator ratio. In analogy to the ROP of NMAla-NCA, the use of
the less bulky initiator n-butyl amine slightly improved the
obtained degrees of polymerization, but in contrast the
addition of a tertiary amine was needed for the efficient
initiation of NMMet-NCA. Note that the polymerization of
NMMet-NCA proceeds significantly better than the ROP of
NMLeu-NCA (see Fig. 3, red-brown curve), even though the
side chains at the a-position are of comparable steric demand.

Very recently, Ling and co-workers have shown in a detailed
DFT study that linear and y-C branched N-substituents lead to
similar reaction barriers, regarding the calculated Gibbs free
energies for nucleophile addition."” Given the observed differ-
ences in polymerization efficiency between NMLeu-NCA and
NMMet-NCA, we conclude that branching in the side chains of
a-substituted and N-methylated aNNCAs decreases the carbo-
nyl reactivity much more compared to branching in the ali-
phatic side chains of N-alkylated and a-unsubstituted NCAs.

For additional insights, the samples NMMet-P1 to NMMet-
P3 were analyzed by MALDI-ToF and the comparison of all
three is shown in Fig. 6. In the mass spectra of NMMet-P1 and
P2, most peaks are related to initiation by water. This trend
could already be observed in the MALDI-ToF spectrum of
NMAla-P1 (Fig. 4) and shows again that the steric demand of
NPA presumably causes inefficient initiation. In comparison,
initiation by the less bulky n-butyl amine yields polymers with
a higher molecular mass, detectable by MALDI-ToF (Fig. 6)
and HFIP-GPC (Fig. 5). The DP assignment of NMMet-P3 was
performed using the most intense, initiator related peak and
resulted in X, marpr (NMMet-P3) = 8. This value has to be
taken with caution though, since the mass spectrum is biased
towards lower m/z ratios, due to a considerable mass discrimi-
nation effect.’”

To further support our findings and validate our expla-
nation, coupled cluster (CC) calculations of the LUMO (lowest

6924 | Polym. Chem., 2020, 1, 6919-6927

View Article Online

Polymer Chemistry

11 A AR L 1
5 L
© —— NMMet-P1
-
0.8 (NPA; DMF; M/I=50)
E | —— NMMet-P2
) (NPA+DABCO; DMF; M/I=25)
—~0.6 - —— NMMet-P3
E | (nBu; DMF; M/I=25)
o NMMet-P4
Ro4t (NPA; DCM; M/1=50)
=~ —— DL-NMMet-P1
P r (nBu; DMF; M/I=25)
-%0.2 L — pMety,
= (NPA; DMF; M/I=50)
-]
0 1 ) ] | ! P ket ¥
14 16 18 20 2
-~ - €lution volume / mL \

-

o o o
IS o ©

UV signal (230 nm) norm. / a.u.
o
N}

0 1 1 L 1 . I A
19 20 21 22

elution volume / mL

Fig. 5 HFIP-GPC elugrams of NMMet-P1 to P4, p.-NMMet-P1 and
poly-L-methionine for reference (A). For a better overview of the NMMet
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all the samples, toluene was used as the internal standard (peak at
23.4 mL). Bottom: Full MALDI-ToF spectra of NMMet-P1 (lower, purple),
NMMet-P2 (middle, dark blue) and NMMet-P3 (upper, light blue) (A) and
the corresponding magnifications (B) with assignment of the individual
peaks.

unoccupied molecular orbital) energies at the DLPNO-CCSD(T)
level of theory with the cc-pVDZ basis set were performed to
check for a possible electronic influence of the N-methyl sub-
stituents but the results were inconclusive. The CC method
was chosen over DFT because the former allows a comparison
of the calculated single point energies of different molecules
and also delivers highly accurate results.>®**° In Fig. 7 the cal-
culated frontier orbitals of NMMet-NCA, Met-NCA and ethyl-
amine are illustrated and also the relative energy of the indi-
vidual orbitals is provided.

Based on the Klopman-Salem theory, an interaction is
favored if the related orbitals are similar in geometry and
energy level.">*" Based on the differences in frontier orbital
energy levels, a higher reactivity would be expected in the case
of NMMet-NCA with a primary amine, since the LUMO of
NMMet-NCA has a smaller energy difference to the HOMO of
ethyl amine (|AE| = 14.10 eV) compared to the LUMO of Met-
NCAQ7(|AE| = 14.31 eV. However, this trend disagrees with the
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Fig. 6 Full MALDI-ToF spectra of NMMet-P1 (lower, purple), NMMet-P2
(middle, dark blue) and NMMet-P3 (upper, light blue) (A) and the corres-
ponding magnifications (B) with assignment of the individual peaks.

observed reactivities of the NCAs. Since the reduced reactivity
does not seem to be a consequence of energetic properties, we
conclude that the increased steric hindrance dominates and is
the decisive factor for the decreased polymerization kinetics
upon the N-methylation of a-substituted NCAs. The results pre-
sented so far, generated by experimental observations and
GPC and MALDI-ToF analyses, showed decreased polymeriz-
ation efficiency and lower degrees of polymerizations with
increasing steric demand of the initiator and the substituents
in the a-position of the applied NCA monomer. The reduced
reactivity is also reflected in the need for the addition of a
base (TEA) in order to start and promote the polymerization.
These findings can be related exclusively to an enhanced steric
hindrance, since an energetic contribution could be excluded
by the comparison of the involved frontier orbitals, which were
calculated using CC.

Besides differences in the polymerization rates, we also
expected differences in the solution properties between poly-
peptides and poly(N-methylated o-amino acids), because
N-methylation is known to suppress the formation of second-
ary structures of polypeptides due to the lack of intramolecular
hydrogen bonding. However, hydrophobic side chains are still
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present and can contribute to interactions of the individual
chain segments and domains. The use of enantiopure mono-
mers may therefore lead to secondary structure formation,
which can be seen in the CD spectrum of NMMet-P3 (Fig. 8).
The CD pattern of NMMet-P3 in HFIP shows a broad sym-
metric negative band at 226 nm and a positive band at
195 nm. The results have strong similarities to previous
studies by Cosani et al. where they observed similar values
(min(Oyr) = 228 nm; max(fyg) = 196 nm) for poly(N-methyl-
y-methyl-t-glutamate) and poly(N-methyl-y-ethyl-i-glutamate)
in TFE.”®> Along with conformational studies on poly(N-methyl-
t-alanine), carried out by Goodman et al., the authors pro-
posed a right-handed helix as the secondary structure.'®
Despite a small blue shift of 1-2 nm for both bands (positive

—— NMMet-P3

8,z / deg cm? dmol’

1 n 1 1 1 n 1 n 1 1
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A /nm

Fig. 8 CD spectrum of NMMet-P3 in HFIP (c = 0.25 g L™3).
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and negative), our observations match the results obtained by
Cosani et al. Therefore, it is most likely that poly(N-methyl-i-
methionine) also forms a helical secondary structure. Since
N-methylation entails the loss of H-bond formation, the result-
ing structure has an increased hydrophobic character. The use
of polar solvents, like DMF, could in consequence cause the
formation of hydrophobic domains, due to insufficient solubil-
ization of the polymer chains. In this regard, the polymeriz-
ation of NMMet-NCA was further carried out in DCM to
examine the influence of the solvent on the reaction pro-
perties. As can be seen in Fig. 4 (turquoise curve), the use of a
less polar solvent, compared to DMF, has no benefit on the
resulting polymerization and instead causes a bimodal distri-
bution in HFIP-GPC.

Conclusions

In the present work, the influence of N-methylation on
the polymerization properties of a-substituted N-carboxy
anhydrides (NCAs) was investigated. To this end, different
a-substituted and N-methylated NCAs (aNNCAs) were prepared
and polymerized under various conditions. Next to the increas-
ingly popular NCA polymerization of N-methylated glycine (sar-
cosine), and few reports using N-methylated alanine, we were
intrigued that a strategy to polymerize «NNCAs had not been
reported. We were able to demonstrate that the steric demand
of both the initiator and side chain of the monomer has a
major impact on the achievable degree of polymerization of
the resulting polymer. The steric hindrance of the side chain
in the a-position of the monomer is recognized as the major
contribution to the low reactivity towards a nucleophilic attack
by an amine. This strongly influences the initiation step of the
polymerization and achievable chain lengths. Using the less
bulky n-butyl amine compared to neopentyl amine resulted in
more efficient initiation and propagation. Polymerization also
benefitted from a heteroatom with free electron pairs in the
side chain of the aNNCA, as shown with N-methyl-.-methion-
ine. On the other hand, solvent polarity did not seem to influ-
ence the polymerization of aNNCAs. Moreover, the synthesized
poly(N-methyl-a-amino acids) tend to form helical secondary
structures in solution, which is in agreement with previously
reported investigations using poly(N-methyl-i-alanine).
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