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Polysarcosine (M, = 3650-20000 g mol™, B ~ 1.1) was syn-
thesized from the air and moisture stable N-phenoxycarbonyl-N-
methylglycine. Polymerization was achieved by in situ transform-
ation of the urethane precursor into the corresponding N-methyl-
glycine-N-carboxyanhydride, when in the presence of a non-
nucleophilic tertiary amine base and a primary amine initiator.

Poly(amino acids)s or polypeptides are considered as bio-
compatible, biodegradable, and can exhibit stimuli-responsive
features,'™ which makes them ideal candidates for advanced
applications in targeted drug delivery,"® gene therapy,” and
tissue engineering.® Synthetic polypeptide materials are most
commonly prepared by ring-opening polymerization (ROP) of
a-amino acid N-carboxyanhydrides (NCAs)® or by polyconden-
sation.’®'" The ROP of NCAs produces well-defined homo- and
co-polypeptides with predictable molar mass and low disper-
sity; however, the wide spread adoption has been limited due
in large part to the initial synthesis of the monomer. The pro-
duction of the NCA monomers requires the use of toxic and
harmful chemicals, i.e., phosgene and its derivatives, and also
the purification and handling of the extremely moisture-sensi-
tive NCA is tedious and difficult and subsequently quite costly.

To address these limitations, Endo and co-workers intro-
duced a “greener” method to make polypeptides through the
use of activated urethane derivatives of protected a-amino
acids, which are in situ transformed into the corresponding
NCA and polymerized when heated or in the presence of an
initiator."> The urethane derivative can be obtained from
bis(aryl)carbonate instead of phosgene and is far more stable -
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even storable in air at room temperature - and easier to
handle than the NCA monomer. Importantly, the polymeriz-
ation occurs preferably via the NCA (not by polycondensation
of the urethane precursor) in highly polar solvents, e.g., N,N-di-
methylformamide (DMF) or dimethyl sulfoxide (DMSO), and is
accelerated by the presence of amines.'*'* Although the
mechanism of the reaction appears to be rather complex, it
was successfully applied to the controlled synthesis of a variety
of polypeptides.'>2°

To date, this method has only been applied for the polymeri-
zation of activated urethane derivatives of a-amino acids, the
only exception being N-(4-nitrophenoxycarbonyl)-L-proline).'?
Polymerization of the secondary amine proline derivative
implies that the in situ transformation into the NCA does not
occur via an isocyanate intermediate,”® hence the method
should be generally applicable to a-amino acid derivatives
including N-alkylated amino acids. Poly(N-alkylglycine)s,
known as polypeptoids,” are an emerging class of poly-
peptides with similar beneficial and widely tunable properties,
but have the added benefit of better solubility due to the lack
of hydrogen bonding. Polypeptoids are typically prepared by
primary amine-initiated ROP of their respective N-alkylglycine
NCAs, which are even more susceptible to degradation with
atmospheric moisture than a-amino acid NCAs.>?

Herein, we report on the extension of the activated urethane
derivative method to the simplest of the N-alkylglycines, i.e.,
N-methylglycine or sarcosine (Sar). The outline of the process
is given in Scheme 1.

N-Phenoxycarbonyl-sarcosine (Poc-Sar) was chosen as the
activated urethane precursor because phenoxy is considered as
a sufficiently good and so far most atom economic leaving
group. Introducing electron withdrawing groups on the aro-
matic ring would increase the reactivity, but would decrease
the atom efficiency and potentially make it less stable. Poc-Sar
was prepared by the two-step reaction of sarcosine with tetra-
butylammonium hydroxide and diphenyl carbonate (DCP)"
with a yield of 49%. The reaction could be simplified by react-
ing the sarcosine with KOH/LiCl and DCP to give the Poc-Sar
with a similar yield of 52% (see ESI{).
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Scheme 1 Synthesis of polysarcosine through in situ synthesis of
N-methylglycine-NCA from an activated urethane precursor in the pres-
ence of tertiary amine base and primary amine initiator.

For polymerization of the Poc-Sar, we first had to induce
the intramolecular condensation of the Poc-Sar into the corres-
ponding Sar-NCA, which was monitored by '"H NMR spectro-
scopic analysis of aromatic protons of the released phenol
(PhOH) co-product (Scheme 1). Initially, the reaction was con-
ducted at ~13 wt% (~0.77 M) in DMSO-d, solution at room
temperature and 60 °C. After 1 day, no reaction was observed
at room temperature and at 60 °C the conversion rose to only
~5%. Evidently, the condensation of Poc-Sar requires elevated
temperature, but still the reaction rate is very low even in a
highly polar solvent like DMSO.

In order to accelerate the condensation of the Poc-Sar into
the Sar-NCA, we considered to use a strong, non-nucleophilic
tertiary amine base, such as triethylamine (TEA) (conjugated
acid in DMSO: pK, 9.0) or diisopropylethylamine (DIPEA,
Hiinig’s base) (pK, 8.5).>**> The amine base would deproto-
nate the Poc-Sar and transform the carboxylic acid group into
a more nucleophilic carboxylate. Ideally, the tertiary amine
base does not initiate an uncontrolled polymerization of the
Sar-NCA (which is a cyclic tertiary amide without acidic
protons), which can only happen with an a-amino acid NCA
(deprotonation of the NCA secondary amide and subsequent
polymerization via the activated monomer mechanism).'*2¢
Also, the released PhO™ should be readily protonated (PhOH,
pK, 18.0 (DMSO))*® by Poc-Sar or by the protonated amine
base, leading to a regeneration of the amine base (Scheme 1).

The intramolecular condensation of Poc-Sar in the presence
of different amounts of TEA (0.2, 0.5, 1.0, and 2.0 equiv. with
respect to Poc-Sar) in DMSO-dg at 60 °C was monitored by 'H
NMR spectroscopy; results are shown in Fig. 1. FT-IR analyses
confirmed the transformation of Poc-Sar into Sar-NCA, by the
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Fig. 1 Conversion of Poc-Sar (by quantitative *H NMR analysis of
released PhOH; [Poc-Sar]p = 0.77 M) in the absence and presence of ter-
tiary amine base (TEA; 0.2, 0.5, 1.0, and 2.0 equiv.) in DMSO-dg at 60 °C.
Lines are to guide the eye.

two characteristic vibration bands (NCA, C=O stretch) at 7 =
1775 and 1850 em™" (ESI}).>® As expected, the reaction was
dramatically accelerated by the presence of TEA, and quantita-
tive conversion of the Poc-Sar could be achieved within less
than 8 hours (>0.5 equiv. TEA) or 14 hours (0.2 equiv. TEA).

Next, the polymerization of Poc-Sar was performed using
benzylamine (BnNH,) as the primary amine initiator in the
presence of catalytic amounts of tertiary amine base, DIPEA
(or TEA), i.e., 2 vol% in DMSO (0.16 equiv. with respect to Poc-
Sar). The amount of base was reduced to 2 vol% because the
tertiary amine, unlike the released PhOH, appeared to be a
poor solvent for polysarcosine.

For the first polymerization attempt (entry 1 in Table 1),
Poc-Sar (1 equiv.) was dissolved in DMSO ([Poc-Sar], = 0.77 M)
and then the BnNH, (0.02 equiv.) and DIPEA (0.16 equiv.) were
added at room temperature. The mixture was then heated to
60 °C and stirred for 24 h. The product was precipitated in
acetone, dried in vacuum (isolated yield: 75%), and analyzed
by "H NMR spectroscopy (M, = 3650 g mol '; end group
analysis), size exclusion chromatography (SEC) (MpPP = 4580
g mol™", PP = 1.11), and MALDI-TOF mass spectrometry

Table 1 Synthesis of polysarcosine by reaction of BnNH, with Poc-Sar
in 2 vol% DIPEA (or TEA) in DMSO at 60 °C for 24 h

M, cal b M d

n n

Entry Base n“ (gmol™)  Conv.c (%) (gmol™") p*PPe
1 DIPEA 50 3660 >99 3650 1.11
2 TEA 68 4940 >99 4440 1.11
3 DIPEA 96 6930 >99 7780 1.10
4 DIPEA 194 13900 >99 16 500 1.08
5 DIPEA 307 21940 >99 20 000 (1.2)f

“n = [Poc-Sar]y/[BnNH,],, calculated average degree of polymerization.
b Calculated average molar mass, M&! = (n x 71.1 + 107.2) g mol ™.
¢ Conversion of Poc-Sar, by 'H NMR. ¢ Number-average molar mass, by
'H NMR (600 MHz, D,0O) end group analysis. ¢ Apparent dispersity
index, by SEC (eluent: 0.058 M LiBr in N-methyl-2-pyrrolidone (NMP),
60 °C, polystyrene calibration)./See ESL.
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Fig. 2 MALDI-TOF mass spectrum of polysarcosine (K* adducts) as pre-
pared by Poc-Sar/BnNH,/DIPEA/DMSO at 60 °C (entry 1 in Table 1).

(M, = 3200 g mol™', Fig. 2). '"H NMR and MALDI-TOF MS
identified the product as polysarcosine (mass of repeat unit,
m(Sar)-m(H,0) = (89.1-18.0) Da = 71.1 Da) carrying a-BnNH
and o-H end groups (Fig. 2). Evidently, the polymerization was
initiated by the BnNH, (and not by DIPEA or PhOH>’) and pro-
ceeded via the in situ formed Sar-NCA (and not via the Poc-Sar
through polycondensation) as depicted in Scheme 1. Further-
more, the number-average molar mass of the polysarcosine
was very close to the calculated molar mass, and the molar
mass distribution was monomodal and narrow (Table 1).

It is important to note that initially the BnNH, should be
protonated (BnNH;'), by reaction with the carboxylic acid
group of Poc-Sar ([COOH], > [amine]y), thus is non-nucleophilic.
Transformation of the Poc-Sar into the Sar-NCA, aided by the
tertiary amine base, decreases the carboxylic acid content and
causes a continuous shift of the primary ammonium-amine
equilibrium (Scheme 1) toward BnNH,, which then can attack
the Sar-NCA and initiate the polymerization.>****° Since the
propagating chain end is a secondary amine, the polymerization
rate should also be affected by the ammonium-amine equili-
brium (actually, the rate should increase during polymeri-
zation). However, as long as the ammonium-amine exchange is
faster than monomer addition, the resulting polysarcosine
should still have a narrow molar mass distribution.**"

A series of polysarcosines with different chain lengths (n =
50-307; M = 3660-21 940 g mol~*) were then prepared from
Poc-Sar ([Poc-Sar], = 0.77 M) in 2 vol% DIPEA (or TEA) in
DMSO; results are summarized in Table 1 (entries 1-5). Always
full conversion of Poc-Sar was achieved within 24 h (*H NMR),
and the products did not contain residual Sar-NCA (FT-IR)
(yields: n/d, except 75% for entry 1). The number-average
molar masses (M,; "H NMR) of the polysarcosines were close
to the calculated values (usually within +10% error) and the
molar mass distributions were narrow (PP ~ 1.1; SEC)
(see ESIY), indicating that the polymerization proceeded in a
well-controlled manner.

In summary, we demonstrated the successful preparation of
polysarcosine (M;,, = 3650-20 000 ¢ mol™', P ~ 1.1) from the

This journal is © The Royal Society of Chemistry 2016

View Article Online

Communication

stable Poc-Sar precursor, which was in situ transformed into
Sar-NCA monomer, using primary amine as the initiator in a
2 vol% solution of a tertiary amine base (DIPEA or TEA) in
DMSO at 60 °C. The intramolecular condensation of Poc-Sar
and subsequent polymerization of the Sar-NCA are accelerated
by the non-nucleophilic tertiary amine base, due to the de-
protonation (activation) of the Poc-Sar and shifting of the
ammonium-amine equilibrium toward the amine.

Current work is devoted to a more detailed mechanistic
and kinetic analysis of the process, which actually is a two-step
cascade reaction involving acid-base equilibria, and appli-
cation to other stable urethane precursors (variation of the
N-alkyl chain and leaving group) and the synthesis of (block)
copolypeptoids.
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