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Accelerated living cationic ring-opening
polymerization of a methyl ester functionalized
2-oxazoline monomer†

Petra J. M. Bouten,‡a,b Dietmar Hertsen,‡c Maarten Vergaelen,a Bryn D. Monnery,a

Marcel A. Boerman,b Hannelore Goossens,c Saron Catak,c,d Jan C. M. van Hest,b

Veronique Van Speybroeck*c and Richard Hoogenboom*a

Kinetic studies on the homo- and copolymerization of 2-methoxy-

carboxyethyl-2-oxazoline (MestOx) with 2-methyl-2-oxazoline

(MeOx) and 2-ethyl-2-oxazoline (EtOx) were performed. For the

homopolymerisation of MestOx an increased propagation rate

constant was observed compared to MeOx and EtOx while the

copolymerization of MestOx with MeOx or EtOx unexpectedly

revealed slower incorporation of MestOx. Density functional

theory (DFT) calculations show that nearby MestOx residues in the

living chain can activate both the oxazolinium chain end and the

attacking monomer, stabilizing the propagation transition state,

leading to faster homopolymerisation of MestOx. These effects

also accelerate incorporation of both monomers in the copoly-

merisations. However, since MeOx is shown to be more nucleo-

philic than MestOx, the incorporation order is reversed in the

copolymerisations.

Poly(2-alkyl/aryl-oxazoline)s (PAOx) are an interesting class of
polymers because of their tuneable properties, biocompatibil-
ity, stealth behaviour and thermosensitivity.1–3 The living cat-
ionic ring-opening polymerisation (CROP) of 2-oxazoline
monomers was first reported in the 1960s4–7 providing an easy
access to a wide variety of well-defined PAOx with controlled
end-group functionality.1,8–12 The properties of PAOx can be
tuned by variation of the side chain substituent. Side chain
functionalities, often protected, are mainly introduced during
the 2-oxazoline monomer synthesis yielding functional PAOx
by CROP.13–22 PMeOx and PEtOx are of special interest for

biomedical applications by their biocompatibility and stealth
behaviour that is similar to poly(ethylene glycol) (PEG).1,2,23

Methyl ester functionalized side chains are especially inter-
esting as they can be hydrolyzed to the carboxylic acid, a versa-
tile functionality for conjugation of peptides and proteins, as
well as the introduction of pH responsive behaviour. Moreover,
PAOx with side chain methyl ester groups can undergo direct
amidation with a variety of functional amines to easily
introduce functional moieties in the side chain, such as
amine, alcohol or hydrazide units.24 Even though the synthesis
and polymerization of 2-methoxycarbonyl-ethyl-2-oxazoline,
a methyl ester containing oxazoline monomer (MestOx;
Scheme 1), was already first reported by Levy and Litt in 196813

and this monomer has also been used more recently by the
groups of Nuyken and Voit,13–18 the (co)polymerisation kine-
tics of MestOx are yet unknown.

In this contribution we describe an improved synthesis
method for MestOx (1) as well as detailed kinetic studies on
the homo- and copolymerisation behaviour of MestOx with
MeOx (2) and EtOx (3) revealing an unexpected effect of the
MestOx side chain.

MestOx can be prepared in two steps from the commercially
available methyl succinyl chloride (Scheme 2). At first methyl
succinyl chloride (1a) is reacted with 2-chloroethylamine
hydrochloride in presence of triethylamine, yielding the inter-
mediate compound 1b in 83% yield after purification. The
MestOx monomer (1) is then obtained by ring closure of this
linear precursor (1b) with a mild base, namely sodium carbon-
ate, to avoid saponification of the ester. This ring-closing reac-
tion is cumbersome due to the high viscosity of the reaction
mixture in combination with the heterogeneity of the used salt

Scheme 1 Structures of MestOx (1), MeOx (2) and EtOx (3).

†Electronic supplementary information (ESI) available: Detailed experimental
and theoretical methodology, Cartesian coordinates of all structures, interaction
energies. See DOI: 10.1039/c4py01373e
‡These authors contributed equally to this work and share first authorship.
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and the required removal of the CO2 that is released. In this
work it was found that the yield of this ring-closing reaction
can be strongly enhanced by performing it on a rotary evapor-
ator at 40 °C under reduced pressure with sodium carbonate
powder. The rotation of the reaction mixture improves the
mixing of the salt while the reduced pressure and the enlarged
liquid–air surface of the film in the flask facilitates CO2

removal. The formed MestOx was purified and dried by double
distillation over barium oxide leading to 69% yield (57%
overall yield).

After preparation of the MestOx monomer, its homopoly-
merisation was investigated and compared to MeOx and EtOx.
Therefore, the polymerisation kinetics were determined using
previously optimized polymerisation conditions, namely at
140 °C under microwave irradiation with methyl p-toluene-
sulfonate (MeOTs) as initiator, acetonitrile (CH3CN) as solvent
and 3 M monomer concentration with a [M]/[I] ratio of 100.25

The first order kinetic plots for MestOx, MeOx and EtOx are
shown in Fig. 1 revealing linear first order kinetics for all
monomers, indicating a constant concentration of propagating
species in time and, thus, the absence of termination reac-
tions. Each data point represents a separate polymerisation
indicating the good reproducibility. The livingness of the
CROP of these homopolymerisation was confirmed by a linear
increase of the number average molecular weight (Mn) with
conversion as well as the low dispersities of the resulting poly-
mers (Đ < 1.16, SI Fig. S1†).

The propagation rate constants (kp) for the homopolymeri-
sations were calculated from the slope of the kinetic plots in

Fig. 1 and are summarized in Table 1. The kp’s obtained for
the homopolymerisations of MeOx and EtOx are in good agree-
ment with previously reported values.26 MestOx, however,
revealed a significantly faster polymerisation with a kp of 0.171
l mol−1 s−1. This fast propagation might be related to the acti-
vation of the chain ends and/or stabilization of the transition
state by nearby MestOx residues as will be discussed in more
detail further on. This mechanism is also indirectly supported
by literature,27 Saegusa and Ikeda showed that the first
monomer addition to the oxazolinium cation formed during
initiation (kp,1) is the rate determining step. After this the
propagation rate (kp) dramatically increases proposedly due to
the interaction of the carbonyl of the penultimate unit with
the oxazolinium ring, resulting in the stabilisation of the tran-
sition state and shift towards the more reactive species. The
MestOx has an additional carbonyl group that enhances this
effect.

To further evaluate this intriguing polymerisation behav-
iour of MestOx, its copolymerisations were studied with MeOx
and EtOx. Herein, MestOx was copolymerized with MeOx or
EtOx, both with a monomer to monomer ratio (M1 : M2) of
50 : 50 using the same conditions as for the homopolymerisa-
tions. Commonly the copolymerisation of different 2-oxazoline
monomers follows the same relative order of monomer in-
corporation as the corresponding homopolymerisations of the
individual monomers;28–31 the only reported exception being
the copolymerisation of 2-butyl-4-ethyl-2-oxazoline with
2-phenyl-2-oxazoline ascribed to steric constraints.32 Remark-
ably, the first order kinetic plots for the copolymerisation of
MestOx with MeOx or EtOx also revealed that MeOx or EtOx is
incorporated faster than the MestOx, which is the reversed
order compared to the homopolymerisations (Fig. 2). Nonethe-
less, the linearity of the first order kinetic plots in combination
with a linear increase of Mn with conversion and low Đ indi-
cate that the copolymerisations also proceed in a living
manner (Fig. 3; ESI Fig. S2 and S3†). A closer look at the first
order kinetic plot of the MeOx-MestOx copolymerisation
(Fig. 2A) reveals that MeOx reacted almost twice as fast in the
copolymerisation (kp = 244 × 10−3 L mol−1 s−1, Table 2) com-
pared to its homopolymerisation (kp = 133 × 10−3 L mol−1 s−1)
while MestOx is remarkably slower in the copolymerisation
(kp = 89 × 10−3 L mol−1 s1) compared to its homopolymerisation
(kp = 171 × 10−3 L mol−1 s1). The same trend is also observed
for the EtOx-MestOx copolymerisation (Fig. 2B, Table 2), con-
firming that the presence of MestOx accelerates the polymeris-
ation of the MeOx or EtOx comonomer. This observation is in
agreement with the proposed chain end activation and/or tran-
sition state stabilization mechanisms, as both MeOx/EtOx and

Fig. 1 First order kinetic plot for homopolymerisation of MeOx, EtOx
and MestOx (CH3CN as solvent; 140 °C under microwave irradiation;
[M] = 3 M; MeOTs as initiator; [M]/[I] = 100).

Table 1 Propagation rate constants (10−3 L mol−1 s−1, 140 °C) obtained
for the MeOx, EtOx and MestOx homopolymerisations

Monomer kp

MeOx 133 ± 4
EtOx 99 ± 3
MestOx 171 ± 4

Scheme 2 Synthesis route for preparation of MestOx (1).
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MestOx residues are present in the living chain. Hence, nearby
MestOx residues will lower the kinetic barrier for the incorpor-
ation of both monomers in the copolymerisation. However,
the incorporation of MeOx or EtOx is favoured over MestOx,
due to lower nucleophilicity of the MestOx monomer (see
further).

Despite the reversal in monomer incorporation order, it is
interesting that the copolymerisation of MestOx with MeOx or
EtOx leads to faster incorporation of MeOx or EtOx followed by
slower incorporation of MestOx. From the ratios of the kp’s of
the individual monomers during the copolymerisations, the

apparent reactivity ratios were estimated,33 especially for
MeOx-MestOx indicating the spontaneous formation of a gra-
dient copolymer structure (Table 2). The average distribution
of the monomers along the polymer chain was also calculated
from the kinetic plots and are visualised in the ESI Fig. S5A
and B† demonstrating the formation of gradient copolymer
structures.

In an effort to rationalize the faster incorporation of MeOx
into the copolymer chains, the copolymerisation of MeOx and
MestOx was further investigated by means of a DFT study
(Fig. 3).34 A population analysis was conducted to compare
relative nucleophilicities and reactivities of the two monomers.
Furthermore, the MeOx propagation step was modelled in the
presence of a nearby MestOx residue to better understand the
rate enhancing effects. All geometry optimizations and popu-
lation analyses were performed at the M06-2X/6-31+G(d,p) level
of theory35 utilizing the Gaussian 09 program package.36

Further computational details can be found in the ESI.†
Hirshfeld-I (HI)37 charges were calculated for isolated MeOx

and MestOx monomers as well as for the N-methyl MeOx and
N-methyl MestOx oxazolinium cations (Table 3). The nitrogen
atom is shown to be more negative in MeOx than in MestOx,
indicating a slightly higher nucleophilicity and reactivity
towards the living chain, in line with the observed MeOx/
MestOx copolymerisation kinetics. In the MestOx+ cation, the
side chain prefers to interact with the ring (ΔG = 6.7 kJ mol−1,
Fig. 4) causing a slight change in the electrophilicity of the C5′
atom (Table 3).

In order to understand the effect of the nearby MestOx
residue, the MeOx propagation step was modelled as a methyl-
terminated MestOx-MeOx+ living chain attacked by a MeOx
monomer (Fig. 3). HI charges were calculated for pre-reactive
complexes (PRCs, Table 4) of three transition states (see

Fig. 3 Schematic representation of the MeOx propagation step in the
presence of a nearby MestOx residue.

Table 2 Propagation rate constants (10−3 L mol−1 s−1, 140 °C) and
apparent reactivity ratios obtained for the copolymerisations of MestOx
with MeOx and EtOx

Monomer 1 Monomer 2 kp,1 kp,2
r1,app
(k1/k2)

r2,app
(k2/k1)

MeOx MestOx 244 ± 6 89 ± 3 2.74 0.37
EtOx MestOx 162 ± 4 97 ± 3 1.67 0.60

Table 3 HI charges (M06-2X/6-31+G(d,p)) in isolated MeOx and
MestOx monomers and N-methyl oxazolinium cations

Monomers O1 C2 N3 C4 C5

MeOx −0.395 0.671 −0.577 −0.026 0.083
MestOx −0.395 0.650 −0.567 −0.027 0.083

Cations O1′ C2′ N3′ C4′ C5′

MeOx+ −0.279 0.707 −0.132 −0.119 0.041
MestOx+ (interacting) −0.292 0.708 −0.137 −0.123 0.047
MestOx+ (extended) −0.266 0.683 −0.137 −0.118 0.040

Fig. 2 First order kinetic plot for copolymerisation of (A) MeOx and
MestOx and (B) EtOx and MestOx.

Fig. 4 Interacting and extended MestOx+ cation (M06-2X/6-31+G(d,p),
relative Gibbs free energies at 140 °C and 1 atm, energy refinement with
IEF-PCM in acetonitrile (ε = 35.688)).
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further, Fig. 5). Charges on the electrophilic C5′ carbon atom
of the oxazolinium cation are shown to be considerably more
positive ((+0.060)–(+0.071)) in the PRC’s than in the isolated
MeOx+ cation (+0.041, Table 3). Furthermore, the nucleophilic
N3 nitrogen atom of the attacking monomer is also shown to
be more negative ((−0.624)–(−0.634)) in the pre-reactive
complex than in the isolated MeOx monomer (−0.577,
Table 3). Hence, the interactions of the nearby MestOx side
chain induce both an increase in the electrophilicity of the
oxazolinium chain end and an increase in the nucleophilicity
of the attacking monomer. Three unique transition states
(Fig. 5), which differ in the orientation of the MestOx side
chain, were identified. Inter- and intra-molecular interaction
energies (ΔEint) were determined by natural bond orbital
(NBO)38 analyses (see ESI†).

In TS1, the MestOx side chain adopts a relatively extended
conformation. The only apparent intermolecular interaction is
between the backbone carbonyl-O and the methyl group of the
monomer. In TS2, the MestOx residue interacts closely with
the attacking MeOx monomer. MestOx side chain carbonyl-O
coordinates toward the monomer C2′, effectively stabilizing
the charge formation in the transition state (ΔEint(e) = 15.8 kJ
mol−1), hence lowering the barrier and increasing the propa-
gation rate. Additionally, an intermolecular interaction takes

place between the monomer O1 and the MestOx methoxy side
chain (ΔEint(f ) = 15.9 kJ mol−1), potentially increasing the elec-
tron density on N3 and further activating the nucleophile.
Both interactions originating from a nearby MestOx residue
serve to accelerate the MeOx propagation. In TS3, the side
chain of the MestOx residue is more densely packed around
the cationic ring moiety and does not extend toward the MeOx
monomer as in TS2. The MestOx carbonyl-O interacts with ox-
azolinium ion (ΔEint(h) = 11.2 kJ mol−1) inductively lowering
the electron density on C5′, hence activating the chain end
and further lowering the barrier for TS3. As a result, TS3 (ΔG =
−25.6 kJ mol−1) is more stable than TS2 (ΔG = −7.6 kJ mol−1),
and both are more stable than TS1, which lacks interactions
with the MestOx side chain.

Conclusions

MestOx was successfully synthesized with an overall yield of
57% via the reaction of an acid chloride with 2-chloroethyl-
amine and subsequent ring closure with powderous sodium
carbonate under reduced pressure using a rotary evaporator.
Homopolymerisation kinetic studies unexpectedly revealed a
higher kp for MestOx compared to MeOx and EtOx while a
reversal of monomer incorporation order was found for the
copolymerisation of MestOx with MeOx or EtOx, yielding gradi-
ent copolymer structures with a gradual change in monomer
composition from MeOx or EtOx to MestOx. Density functional
theory calculations show that MeOx is a better nucleophile
than MestOx, leading to a faster incorporation of MeOx during
copolymerisations. Moreover, MestOx residues in a living
polymer chain can stabilize the propagation transition state
and increase kp for MeOx, relative to MeOx homopolymerisa-
tions. Future work will focus on the variation of the spacer
between the oxazoline ring and the methyl ester as well as vari-
ation of polymerization temperature to further evaluate this
transition state stabilisation mechanism.
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