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Obvious complexity of the anionic polymerization
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Summary

The anionic polymerization and copolymerization of butyl and benzyl malolactonates
initiated with potassium acetate/dibenzo-18-crown-6 or [222] complex have been studied
at 40C in bulk and in dichloromethane and tetrahydrofuran solutions. Kinetics and
polymer molecular weights were followed by SEC. In bulk and for conversion below
30%, molecular weights are close to those calculated for a living process then the
conversion increase leads to a significant discrepancy between theoretical and measured
molecular weights. In solution, side reactions take place significantly and no evident
relationship between molecular weight and initiator concentration can be established,
even at low conversion. Same situation was observed in the case of block copolymers
synthesis. At last, evidence for transfer reactions has been shown by using model
reactions.

Introduction

The variety off3-substituted3-lactones is very important because great attention is being
paid to high molecular weights polyesters aimed at biodegradable or hydrolyzable poly-
esters for temporary applications (1). The adjustement of the properties can be obtained
by the tailor-making of polymers owning a degradable chiral backbone and side
functional groups. Thus, suitable polymer properties such as hydrophilic/hydrophobic
balance, morphology, degradation ratepioactive molecules attaching can be achieved
by copolymerization, cross-linking and chemical modification.

The poly@-malic acid), a polyester with pendant carboxyl groups and a stereogenic
center in the monomer unit, is a very good candidate for building such multimeric and
polyvalent derivatives (2). A large family of functional polymers, copolymers and
stereocopolymers of pol3{malic acid) have been prepared (3-5). These compounds
contain different types of specific side ester groups (neutral, chiral, reactive) (5-8) and
hydrophilic sites arranged in variable proportions and distributions in the macromolecular
chain for modulating solubility and rate degradation. At last, polymer drug carriers have
been exemplified by linking 5-fluorouracil and chloramphenicol through the side
carboxyl group of the malic acid unit (9,10). The possibility for building such tailor-
made macromolecules with a strictly controlled composition has been used for preparing
biomimetic hydrophilic polymers of malic acid interacting with heparin binding fibroplast
growth factor (11).
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The anionic ring opening polymerization of th§seubstitutedp-lactones initiated with

weak bases such as tetraalkylammonium benzoates or amines is well established, the
alkyl oxygen bonds of the monomer molecules being cleaved by carboxylate anions as
propagating species (12). But, in most cases, discrepancies appear between theoretical
and measured molecular weights.

In this paper, we wish to report kinetic results on the anionic polymerization of benzyl
and butyl malolactonates as model monomers and to discuss on mechanistic aspect of
both lactones polymerization for concluding to the complexity and to the non living
character of the process.

Experimental

Materials and methods

All chemicals were purchased from Sigma or Janssen Chemicals.

'H and”C NMR spectra were recorded on a Bruker ATC-300 spectrometer.

Samples were analysed by size-exclusion chromatography (SEC) with #0100,

500 and 2 x 100 A set of styragel columns using toluene or THF as eluent (flow-rate
1 ml . min’) and connected to a Waters Model 410 Differerf@afractometer and a
Viscotek Differential Refractometer/Viscometer.

Osmometry measurements were carried out with a Mechrolab High Speed Membrane
Osmometer Model 501 in toluene afG7

Initiators

Stoichiometric mixtures of potassium acetate and of the complexing agent (2,3,11,12-
dibenzo-1,4,7,10,13,16-hexaoxaclyclooctadeca-2,11-diene ,GPB or  cryptand
[222)]), tetraethyl or tetramethylammonium benzoate were dried under vacuum during
several hours.

Monomer syntheses

The syntheses of lactong&sand2 have been previously described in details (13,14). For
detailed formulas of and2, see scheme 1 in the text.

lactonel : (4 RS)-4-benzyloxycarbonyl-2-oxetanone.

'H NMR (CD,COCD): 3.69-4.09 (2dd, Hand H), 5.09-5.13 (dd, Hc), 5.27 (s,
2H), 7.34-7.46 (m, ©1,).

“C NMR (CDCOCD): 43.3 (C), 65.62 (Q), 67.34 (CHCH, 128.65 et 135.72
(CH,), 166.76 (Q, 168.53 (Q).

lactone2 : (4RS)-4-butyloxycarbonyl-2-oxetanone.

'H NMR (CD,COCD): 0.9 (t, 3H), 1.36-1.44 (m, 2H), 1.61-1.7 (m, 2H), 3.64—4.00
(2dd, Hand H), 4.19-4.23 (t, 2H), 5.01-5.08d, H).

“C NMR (CDCOCD): 13.26 (CH), 18.47 (CHCH,), 30.52 (OCHCH,), 43.24
(C) 65.53 (), 65.62 (OCH), 166.84 (CO), 168.2 (£

Polymer synthesis

Polymerizations were carried out under nitrogen at several temperatures. The kinetic of
the reaction was followed by the periodical removal of aliquots at different times and the
polymerization reaction was stopped by addition of HCI solution.

The polymers were studied after dissolution in acetone and precipitation in methanol.

Characterization

The variation of molecular weight has been monitored by SEC measuremergé. M
reprecipitated samples have been compared with the values obtained by osmometry and
by differential refractometry/viscosity (universal calibration) in order to determine a
corrective factor.
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Results and discussion

General Features of Polymerization.

The lactonel and2 were anionically polymerized in bulk and in solution in the presence

of a stoichiometric mixture of potassium acetate and dibenzo-18-crown-6 complex (

[222] (B) as initiator. All experiments were carried out with a ratio monomer/initiator
close to 10in order to synthesize polyesters withiMthe range 1.5-2 x 10

Size exclusion chromatography and IR spectroscopy analysis of samples taken during the
reaction were used to follow both monomer consumption and formation of polymer. No
cyclic oligomers are formed during the polymerization reaction. Similar results have been
observed for polymerizations initiated by tetraethyl or tetramethylammonium benzoate or
by (B). All results are summarized in table 1.

Table 1 - Anionic polymerization of (4RS)-4-benzyloxycarbonyl-2-oxetanone 1 and
(4RS)- 4-butyloxycarbonyl-2-oxetanone 2 in bulk and in solution.

a) Initiator : *: (A) - **: (B)

b) My, th = Monomer)/(Initiator) x Conversion x Molar mass of the monomer.

Initiator?d Monomer i
C0omol | x103mol | aoeditons | %HP | Maw® | My
Lactone 1
2.0% 1.95 20°C mass 30 60250 66200
44 88350 81400
71 142200 93600
2.0% 1.95 60°C mass 33 66200 56000
67 134500 130000
92 184750 108500
2.0% 2.0 40°C CH,Clp 44 96000 64100
Lactone 2
1.4% 1.7 40°C mass 32 66800 76000
46 95200 84700
55 115850 93150
1.8 ** 1.6 40°C mass 19 29900 30000
31 48800 50000
44 69300 76850
96 151500 58800
5.8% 5.0 40°C CH,Clp 19 39200 15350
1.5% 1.3 35°C THF 5 7450 3350

In these conditions, the rates of polymerization are very low compared to those generally
observed for p-lactones. For example with 1 =1.95 x 10-3 mol and (A) = 2 x 10-6 mol,
100% conversion are reached after 26 hours reaction at 60°C. Moreover, under the same
conditions, the rates of polymerization of 2 initiated by (A) or by (B) are close (100%
after 28 hours), but significantly faster than in the case of tetramethyl or
tetracthylammonium benzoates (100% after 72 hours).

For two experiments in bulk with (A) as initiator, Figure 1a displays the consumption of
lactone 1 in bulk.
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Figure 1 - Conversion-time plot for the polymerization of lactones 1 and 2 in bulk.
a)1l:(A):¢20°C m60°C b)2:40°C: ¢ (A) m(B)

Up to 40% of conversion, the monomer consumption is very fast and seems to follow a
classical first order, the active sites concentration remaining approximatively constant.
For higher yields, a discrepancy from the linearity is observed showing a pronounced
slowing down of the rate at 20.

A similar phenomenon takes place for lactéhén bulk at 40C (Figure 1b) for the
polymerizations initiated byA) and B).

The variation of the molecular weight of the polymer with conversion has been followed
using the SEC curves. At the beginning of the reaction, for both lactones, in the linear
part of the conversion curve, experimental molecular weights are close to those calculated
in agreement with a living process (table 1), and the polydispersity ingé kémains

lower than 1.2. Plot of Mwith monomer conversion leads to a linear relationship from
the origin up to 50% and 40% yield fbeand?2 respectively (Figures 2a, 2b).
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Figure 2 - My, as a function of conversion for the polymerization of 1 and 2 in bulk.
---- theoretical curve a) 1:(A): ¢ 60°C m20°C b) 2:40°C: ¢ (A) u(B)
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For higher conversion, a significant reduction of the experimental molecular weight is
observed and the maximum value of dlculated for a “living” polymerization process

at 100% conversion is never obtained.

The ratio M/M, rapidly increases with a simultaneous increase of the number of
polymeric chains. The continuous increase of the macromolecules concentration is in
agreement with the existence of transfer reaction and/or of degradation reaction.

This effect seems to be more pronounced for the polymerization of both latton@s

in methylene chloride or THF as solvent at@0the experimental Vbeeing lower (by a
factor 0.8 forl and 0.5 foR) than the theoretical Meven at low conversion (Table 1).

Copolymers

In order to prepare block copolymers, a “living” prepolymer of lactdbhe

M. = 93000) was first synthesized and used to initiate the polymerizatizctone

1 after dissolution in CILIl,. At the end of the reaction, SEC trace displays two peaks
clearly identified at M. = 110000 and 31000. Both peaks have been respectively
assigned to the copolymerb-1 and to the homopolymer & A similar result was
obtained with a prepolymer of lactorie(My. = 74000) as initiator. In this case, two
peaks corresponding respectively to, M= 86000 and 11000 were observed after
addition of2.

These results are in good agreement which those obtained during the
homopolymerization of these lactones and suggest a significant presence of transfer
reactions. Due to the particular chemical structure of these lactones, a monomer transfer
reaction can be considered.

Model reactions

In the anionic polymerization @d-lactones owning an hydrogen atom in theosition
initiated by carboxylate anion, chain transfer can occur by proton abstraction on a
monomer molecule by the initiator or by the active chain end. (scheme 1)

lactone -R'

R ooo 1 -CH>-CeHs
-CH2-CH2-CH2-CH3

R-COO Hip—
initiator II) C
or polymer chaln

initiation or transfer by
propagation 0 H-abstraction

€]
ROOC - CH CHo— COO R-COOH + R'OOC-CH=CH-COO
COOR l“)

Scheme 1 - Different pathways for the reaction of carboxylate and malolactonate.

This scheme shows the different reactions that can occur between carboxylate anion and
the monomer. The initiation and propagation reactions result of the ring-opening via a
S.2 at the GO bond (path I). According to path Il, the monomer transfer reaction leads
to the formation of a carboxylic acid function and of an unsaturated carboxylate which
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can also react giving either propagation (path I) or transfer reaction (path Il) leading to a
chain with an insaturated end group.

However,'H NMR analysis of high molecular weight homopolymer does not display
any signal corresponding to the presence of a double bond.

As a model, experiments involving reactions of benzylmalolactobhaveth (A) or
CH.CO,,'NMe, with various ratios (lactone / initiator = 1, 2 and 3) were carried out in
CH,0, at 40C. In each case, thel NMR spectrum of the reaction product displays
one signal corresponding to OH end groupdat 10.5 ppm and two doublets at
0=6.59 and 7.01 ppm assigned to a trans HC=CH (J = 16 Hz).

According to this experimental evidence, the formation of unsatured compounds seems to
confirm the presence of transfer reactions to the monomer in agreement with the results
reported by Duda (15), Jedlinski (16) and Kricheldorf (17). Such a reaction involving a
proton transfer reaction has already been considered in previous papers reporting the
synthesis of block copolymers containgagaprolactone (18,19).

In the case ofi-methyl-a-propylf3-propiolactone, the polymerization reaction initiated by

(B) leads to a “living polymer” with controlled molecular weight upMa = 130000

with a narrow molecular weight distribution. No monomer transfer reaction is observed,
probably on account of the absence of an hydrogen atomdarpbsition (20).

A last attempt at transesterification has been made through reaction on a model molecule
owning the side ester group of mononierSeveral experiments have been carried out
using benzyl butyrate in bulk and in solution in the presence of potassium
acetate/DBC, complex and tetramethylammonium benzoate. G.C. analysis of the
mixtures after one week reaction did not display any peaks corresponding to benzyl
acetate or benzoate. One can conclude that side ester groups do not give rise to any side
reaction during polymerization.

An increase of the polydispersity index can also be due to degradation reactions by the
carboxylate anion of the initiator and/or of the growing polymeric chain.

In order to examplify this type of reaction, 7.2 xX° 1ol of (A) was added to 0.26g of

a deactivated poly(benzf@Hmalate) (M = 99000) and the mixture kept at°@0for one
month. A strong decrease of the molecular weight ¥M82500) was observed without
any change in thiel NMR spectrum of the mixture.

Moreover, it was also observed that the polymeric chainsnainadeactivated polymer

(M, = 66000) obtained for quantitative yield and kept for a month in the reaction medium
under nitogen are relatively stable.

During the anionic polymerization of lactonksor 2, besides monomer transfer reaction
which lowers the molecular weight of the polymers, secondary chain degradation
reactions can take place by reaction of the remaining initiator on the growing polymeric
chains.

Conclusion

This study confirms the non-living process of the anionic polymerization of malolactonic
acid esters initiated by various carboxylates in bulk or in solution, and the difficulty to
synthesize polymers with controlled high molecular weight and narrow molecular weight
distribution.

The synthesis of such homopolymers or copolymers aimed at the preparation of
polymeric devices for drug delivery systems with a specific hydrophilic/ hydrophobic
balance needs another route involving the polymerization,cfsubstituted3-lactones
derivated from malic acid in order to minimize side reactions.
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