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Kinetic Investigations on the Polymerization
of 2-Oxazolines Using Pluritriflate Initators

Robert Luxenhofer, Manuela Bezen, Rainer Jordan™

In our ongoing efforts to develop poly(2-oxazoline)s (POx) for biomedical applications, we
report on the preparation of defined, star-like hydrophilic POx. Using pluritriflate initiators, we
show, through online kinetic measurements by gas chromatography, that multiple initiating
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Introduction

The targeted delivery of therapeutic or diagnostic entities
by polymer carriers to diseased tissue, such as cancer, is of
major interest in modern pharmacology and medicinal
chemistry. The use of poly(2-oxazoline)s (POx) in biological
and biomedical applications has been reviewed recently!
and POx is already being discussed as a substitute for
poly(ethylene oxide), the predominantly used synthetic
polymer in biomedical applications.’! In our ongoing
efforts to develop defined carriers for drug delivery on the
basis of POx, we report on the synthesis of star-like POx
using mono-, bis-, tris- and tetrakistriflate as initiators.
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POx are accessible by living cationic ring-opening
polymerization (CROP) of 2-oxazoline. Depending on the
length of the alkyl substituent at the 2-position, the
monomer units of the resulting non-ionic polysoap
become increasingly amphiphilic and, thus, the solubility
behavior of POx can be fine-tuned from hydrophilic to
hydrophobic. Furthermore, numerous functional mono-
mers allow the introduction of pendant functional side
chains. Among others, carboxylic acid,** hydroxyl™*
and, more recently, amine[® thiol”! aldehyde!® and
alkynel®! side chains are of particular interest for prepara-
tion of poly- and multifunctional polymer carriers for
biomedical applications.

Furthermore, the CROP of 2-oxazolines allows for the
preparation of telechelics,®*% (multi)block-copolymers!*!
or surface reactive lipopolymers.'*?! Generally, polymers of
narrow molar mass distributions (M /M, <1.2) can be
obtained and it was demonstrated recently that micro-
wave-assisted synthesis significantly accelerates this
relatively slow polymerization reaction, without loss of
the living character of the CROP.!>**] Hydrophilic POx are a
potential alternative to widely-known poly(ethylene
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glycol)s (PEG). Poly(2-methyl-2-oxazoline) (PMOx) and
poly(2-ethyl-2-oxazoline) (PEOx) are highly water soluble,
non-toxic and several research groups have reported good
biocompatibility.**] Recently, we found that low molar
mass PMOx and PEOx show no unspecific accumulation in
mice and are excreted very rapidly via the urinary tract.!**]

Star-like polymers (star polymers) exhibit special
properties due to their architecture,*®! such as solubility,
decreased viscosity and reduced reptation through pores
smaller than the polymer hydrodynamic radius. The
potential benefit of a star-like architecture to prolong
blood circulation, presumable due to reduced renal
filtration for drug delivery, has been recently demon-
strated by Gillies et al'”! The different migration
mechanism of polymers solubilized in biological matrices
through tissue is schematically depicted in Figure 1. While
linear or low branched polymers can reptate through pores
of sizes significantly smaller than the hydrodynamic
radius (Figure 1a and b), this reptation becomes increas-
ingly hindered for branched polymers (Figure 1c). This
effect becomes significant for hyperbranched or dendritic
polymers, as well as for star polymers. The impact of the
polymer architecture upon the specific drug delivery
properties of polymers has been recently reviewed by
Qiu and Bae.[*8!

Some reports on star homo- and block coPOx can be
found.**2? However, only two reports investigated
whether all functionalities of a multifunctional initiator
are of equal reactivity. In these cases, a step-wise initiation

porous membrane
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I Figure 1. lllustration of the influence of the polymer architecture
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by the plurifunctional initiators, halogen and tosylate, was
observed.?2* since it is well established that triflates are
highly reactive initiators for the 2-oxazoline polymeriza-
tion, whether fast and complete initiation can be achieved
with triflate multimers is of interest. Here we report on the
first preparation of star POx initiated by pluritriflates,
together with kinetic investigations by online gas
chromatographic measurements.

Experimental Part

All chemicals were purchased from Sigma-Aldrich or Acros and
used as received unless otherwise stated. Acetonitrile (ACN),
methyltriflate and 2-methyl-2-oxazoline were refluxed over CaH,
and distilled under nitrogen prior to use. Initiators were prepared
according to literature procedures.[2*2%

Gel permeation chromatography (GPC) was performed on a
Waters system [pump mod. 510, RI-detector mod. 410, precolumn
Plgel and two PL Resipore columns (3 wm, 300 x 7.5 mm)] with
N,N-dimethyl acetamide (DMAc) (75 mmol-L* LiBr, T=80°C,
1 mL-min~?) as eluent and calibrated against polystyrene
standards. Gas chromatography was performed on a Varian CP
3380 equipped with a CombiPal robot arm and with a Nordion NB-
54 column (25 m, 0.20 mm, 0.25 pum) and FID detector (helium
carrier gas). For the kinetic measurements, the polymerization
mixture was prepared and sealed in a glove-box under an inert
and dry atmosphere. The agitator was preheated to the indicated
temperature. The CombiPal was programmed for 2 syringe wash
cycles (ACN) prior and after sampling. The sealed reaction
container was introduced to the agitator immediately (=1 s)
before the first sampling, in order to obtain a zero-time value. Per
injection, 2 pL of the reaction mixture were taken. The monomer
consumption was followed by the change of the ratio of the
integrals of the monomer and the internal standard (chloroben-
zene).

All polymerization reactions were carried out in dry ACN as
solvent, with chlorobenzene as the internal standard, in 10 or 20
mlL crimp vials that were filled and sealed under dry and inert
atmosphere (glove-box). All polymerizations were carried out at
85 °C. The typical procedure was as follows (exemplified for 8): To a
solution of 16.9 mL ACN and 111 mg of 4 (0.17 mmol, 1 eq), 1.123 g
(13.2 mmol) MOx and 1 mL chlorobenzene were added at room
temperature and the vial sealed; To start the polymerization, the
vial was inserted to the preheated agitator unit of the GC.

Results and Discussion

According to previous accounts,?*?! a stepwise initiation
of the polymerization of 2-oxazolines is observed with
plurihalogen and pluritosylates. We were interested if this
is also the case with the more reactive triflate initiating
group. To this end, the polymerization reactions of MOx in
the presence of bis-, tris- and tetrakistriflates (Figure 2)
were investigated and compared with the polymerization
initiated by methyl triflate.
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Figure 2. a) Structures of the initiators: methyl triflate (1) and bis- (2), tris- (3) and tetra- (4) kistriflate. b) Illustration of the different polymer

structures prepared with the various initiators.

Especially pentaerythritol tetrakis(trifluoromethylsulfo-
nate) (4) appears sterical crowded, which could lead to a
step-wise and/or incomplete initiation of at least one of
the four triflate moieties. The first order kinetic plots of the
polymerization of MOx at an initial concentration of
[MOx]o~0.8 mol-L™* at 85°C, initiated by the four
different triflates, are shown in Figure 3. The initiator
concentration for all experiments was kept constant ([I]o)
and, thus, the concentration of triflate groups ([I]}) varied,
depending on the initiator functionality. As apparent from
the results displayed in Figure 3a, all four plots are strictly
linear, indicating a living character of the polymerization,
with no termination reaction. The polymerization reac-
tions proceeded to quantitative monomer conversion.
Furthermore, the slope of the plots increases with
increasing numbers of triflate groups per initiator
molecule. The calculated apparent polymerization rates
are shown in Table 1.

To allow a direct comparison between the polymeriza-
tion kinetics of the mono- with the plutrifunctional
initiators, two rates were calculated for each experiment:
First, the apparent polymerization rate (k5"") and, second,
the apparent polymerization rate per initiating group
(k2PPT). According to the increasing slope in the first order
plots, the values for kP¥ increase with the numbers of
initiating functions. The rates for the polymerization
initiated with 2 and 3 (6 and 7, respectively) are
approximately twice and thrice the value of 5 (initiated
with 1), respectively. The experiment with 4 was
performed twice (8 and 9), which led to only slightly
different polymerization rates. The arithmetic average,
however, is in good accordance with the values for the
other initiators. With an average value of 19.6 x 10 >+
2.85 L-mol*-s7%, the polymerization initiated with 4 is
four times faster as compared to the polymerization
initiated by methyl triflate. The similar values of k2P for
the different initiators indicate that all triflate groups of 2,
3 and 4 show a comparable reactivity. Additionally, in
Figure 3b the number of initiating functions are plotted
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Figure 3. a) Linear first order kinetic plots for the polymerization
of 5to 8. b) The linear dependency between the number of triflate
initiating groups per initiator molecule and the polymerization
rate shows that all initiating groups are of equivalent reactivity
and all polymer arms grow at the same rate.

against k3PP. A linear increase is observed and extrapola-
tion to zero triflate units gives a rate of zero, as expected.

These results are in contrast to earlier reports by Chujo
et al® and Kobayashi et al®! and suggest that it is
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I Table 1. Calculation of apparent rate constants k;P" of the polymerization of MOx with the initiators 1 to 4.

Sample  [M]o/[I] [To (1§ [MOx], Slope RGP k;Pp,f
mmol-L™* mmol- L™ mol-I™' 10°s™' 10 3L-mol™*s7! 10 3L-molt'.s7?

5 80/1 8.69 9.69 0.695 448 5.16 5.16

6 80/2 8.75 17.5 0.690 8.99 10.3 5.14

7 80/3 8.20 24.6 0.661 12.6 15.4 5.12

8 80/4 8.77 35.1 0.693 19.7 22.5 5.61

9 80/4 8.63 345 0.690 14.5 16.8 4.20

possible to obtain star POx with arms of equal length using
small and crowded initiators such as 4. However, the linear
first-order kinetics only show that the concentration of
living chain ends remains constant over the course of the
polymerization; chain transfer reactions cannot be ruled
out on the basis of these experiments. Therefore, an
additional polymerization of MOx with 4 as the initiator
was performed and samples where taken at different
reaction times and analyzed by GPC (Figure 4). The molar
masses, as obtained from GPC, are lower than calculated.
This, however, can be expected for star polymers because
of the analyte, RI-detection and polystyrene as standards
for GPC calibration. However, a linear increase for M, with
the conversion is observed (indicative of the absence of
chain transfer) and, with values below 1.2, the poly-
dispersities are reasonable low for all samples. Unfortu-
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Figure 4. Development of the polydispersity index and the molar
mass of a 4-arm star PMOx 10 ([MOx]/[4]o = 80). The polydis-
persity indices (PDI) marginally increases with the conversion, but
remains below 1.2 after full monomer conversion. The linear

increase of the average molar mass (M,) with the conversion
indicates the absence of chain transfer reactions.
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nately, no MALDI-TOF mass spectra of any samples of star
polymers could be obtained using various matrix compo-
sitions and measurement conditions. The reason for this is
unknown, but corroborates that no linear POx were
obtained, since it is well known that linear PMOx are
well suited for MALDI-TOF analysis.[1%15:25]

Conclusion

Defined star POx could serve as valuable polymer carriers
for biomedical applications. Here we report, for the first
time, the preparation of star POx with the use of
pluritriflate initiators. It was shown that the polymeriza-
tion rate increases linearly with the number of initiating
functions, that the polymerizations follow linear first order
kinetics and that the molar mass of the polymers increases
linearly with the monomer conversion. This shows that it
is possible to obtain quantitative initiation with pluritri-
flates and that the resulting arms are of equal length. This
structural definition is of great importance for the
projected use as injectable drug carriers. In vivo evaluation
of the star POx is currently under investigation.
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